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Preface

The Space Programs Summary is a six-volume bimonthly publication designed
to report on JPL space exploration programs and related supporting research and
advanced development projects. The titles of all volumes of the Space Programs
Summaary are:

Vol.1. The Lunar Program (Coridential)
Vol. I1. The Planetary-Interplanetary Program (Confidential)
Vol. III. The Deep Space Nettsork (Unclassified)
Vol. IV. Supporting Research and Advanced Development (Unclassified)
Vol. V. Supporting Research and Advanced Development (Confidential)
Vol. VI.  Space Exploration Programs ar.d Space Sciences (Unclassified)

The Space Programs Summary, Vol. VI, consists of: an unclassified digest of
appropriate material from Vols. I, II, and III; an original presentation of the
JPL quality assurance and reliability efforts, and the environmental- and dynamic-
testing facility-development activities; and a reprint of the space science instru-
mentation studies of Vols. I and II.

Approved by:

(N Y Fs

W. H. Pickering, Director ’

Jet Propulsion Laboratory
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47 Systems Analysis
g SYSTEMS DIVISION

A. Optimum Strategies for Seleciing Midcourse
Correction Aiming Points, T. H. Thornton, Jr.

This summary describes t o strategies for selecting
interplaneta: - midcourse correction aiming points when
snch aiming points are restricted by a planetarv quaran-
tine constraint.

With reference to Fig. 1, we define the following
quantities: let R. be the capture radius of the target;
x, and x. be coordinates aligned with the minor and
major axes, respectively, of the midcourse correction dis-
persion ellipse; a, and a. be the center of the final success
zone; R, be the final success zone radius; and u, and g
be the first midcourse correction aiming point. The vec-
tors R and T are shown to illustrate the B-plane.

It will be assumed that the size of the midcourse cor-
rection dispersion ellipse is not a function of u, and p..
This assumes large B-plane errors prior to the midcourse
correction.

It should be noted that ihe oriertation of the mid-
course error ellipse is fixed and does not change with
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w1 or w., and that some orientations, and hence some
trajectories, are more favorable than others.

The first aiming point strategy that we will consider
is that which maximizes the probability of being within
the final success zone after the first midcourse cerrection,
subject to a planetary quarantme constraint P,. This
strategy also minimizes the probability of needing addi-
tional interpianetary corrections.

Let p(x, x., o1, 02, pi. p2) be the B-space error density
function after the correction. We wish to obtain the
max..num:

-
max /j p dx, dx. (1)
g

I

subject to

[/p dx, dx, = P, 2)

The equality is used in Eq. (2), »nd we shall modify the
final answer to account for the desired irequality. Now,
unless the problem is trivial, R, will be sm~1l compared
to o, and «., and P, will be small compared to unily; thus
Egs. (1) and (2) can be written as

max pla,, u, o, o3, 1, p2)
e

so that

_ P
(0,0, oy, oy gy p) = ;ﬁ;

Since p is of the form

exp — %[("1 Y Gl "2)2] (@)

p=s5 f E 2
oy 0 = o T,

Eq. (3) can be written as

min [(01 -"m)" n (cts —:“2)2:‘

vt a7

1 2

so that (5)

L
—- + — = constant
Ty T,

Forming

(Tl

a

Uy = ,“1)-. 4 ((l_' - ,”.'): + /\I’ﬁ 4 £-| (6)
: : Le: o2l

it tollows that

Uy — My ™ pn = A (7)
ey [
or
o4 8
W (8)

This states that the first midcourse aiming point py, p.
should be along the line joining the center of the target
planet and a,, a.. It is obvious that we have a maximum
to Eq. (1) when g, p. is on the same side of the planet
as a,, @, and a minimum to Eq. (1) when g,, . is on the
opposite side of the planet. The actual values of y, and
. are selected to satisfy Eq. (1).

In conclusion

max //p dx, dx.
H1 ML :

so that 9)
f/pdx, dx, <P,
RC
vields
b
2 a2
with u, and g. being determined from (10)

//pdx, dx. = P,
R,

noting that p? + u* must be greater than a? + a2 .

If the probability of being in the final success zone
after the first midcoursc correction is small, one may wish
to choose the first midcourse correction aiming point to
minimize the expected square of the miss rather than to
maximize the immediate probability of success. This will,
in some cases, decrease the chances of a third interplane-
tary correction while increasing the chances of the second
interplanetary correction. We shall consider this as a
possible second strategy.
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Let m,, m. be san:ple miss coordinates in the -, x,

system after the first midcourse correction. We wisk to

M E[(my = w)* + (m. — a.)°] (11)
so that
//p dx, dx, = P, (12)
Now
E[(m — o)*] = 0% + (i — ) (13)

Using Eq. (13) and the assumptions of the constraint
Eq. (5), we write Egs. (11) anc (12) as

min — g\ — 2
fr iz [(P-l @)+ (p — @) ]

so that (14)

Byoop
—+ — = constant
o, O

It follows that

2 2
Oy T+ (f—,l; - 1) Mape — (-0i ax\ pr =0 (15)

o, o, /

It is noted that if o, = o,, Eq. (15) becomes Eq. (8), and
the two strategies are equal. Also as o, becomes large
compared to o,, ., approaches a,; that is, the point a,. a.
will be along the minor axis of the dispersion ellipse.

B. Analysis of a Low-Thrust Solar-Electric
Jupiter Flyby Mission, C. G. Sauer

The following presents some preliminary results of a
trajectory analysis of a low-thrust solar-electric flyby
mission to Jupiter. In order to accurately evaluate the
potential capability of a low-thrust solar-electric propul-
sion vehicle for a specific mission, it is first necessary to
conduct a comprehensive a.alysis covering a relatively
large range of flight time and departurc dates. In this
preliminary analysis it is also desirab'e to place as few
restrictions as possible on the vehicle, specitying only
those parameters which characterize the particular ve-
hicle or propulsion svstem being investigated. The par-
ticular parameters being fixed for this investigation
include the launch vehicle characteristics, the low-thrust

JPL SPACE PROGRAMS SUMMARY 37-45 VOL. IV

powerplant specific mass, and the propulsion system effi-
ciency function.

The specific launch vehicle being considered is the
Atlas SI.V3C/Centaur whose performance is described in
Ref. 1. This lannch vehicle has approximately a 1200-kg
payload capability at parabolic escape speed.

There are a number of vehicle or flight parame ers
which are free and capable of beiug optimized. These
include, in addition to the flight path, the depa-ture
energy, the powerplant mass of the low-thrust vehicle and
the exhaust velocity or specific impulse of the propulsion
system. A conservative value of 30 kg/kW for the power-
plant specific mass was used in this analysis. Any de-
crease in this value would, of course, result in a direct
increase in useful payload.

The optimization of the powerplaut .nass and exhaust
velocity is accomplished using the methods descrited in
Ref. 2 s0 as to result in maximum gross payload into an
inpowered trajeclory past Jupiter.

A range ot departure dates of about 450 days was
covered to include a full synodic period of the earth and
Jupiter, the earliest departure date corresponding to Anril
28. 1975. A range of light times of 600 to 1000 days was
included to provide a reasonably comprehensive cover
age. Because the inclination of the Jovian orbit to the
ecliptic plare is only 1.3 deg, and because the arrival
planet was close to a node during the arrival times inves-
tigated, it was possible to perform the analysis using a
two-dimensional model with a consequent saving in
computing time. A program which numerically integrated
the two-body equations of motion and Euler-Lagrange
equations and solves the two-point boundary value prob-
lem is used for the analysis (Ref. 3).

1. Optimization of the Departure Energy

Since the low-thrust vehicle is a rather low performance
vehicle, optimization of the launch vehicle and low-thrust
vehicle results in hyperbolic or near-hyverbolic escape
from the earth using the high-thrust launch vehicle. The
methods described in SPS 37-36, Vol. IV, pp. 14-19, were
used in computing the effects of the departure planet on
the two-body optimization formulation described in Ref. 3.
The effects of the departure plane’  the analy<is was
included by incorporating an “asymptotic velocity bias”
at the start of the trajectory which was a function of the
departure energy, the gravitational attraction oi the
planet, and the initial thrust acceleration of the low-thrust




o7 TS i B -
| | f I ]
i |
.
|
|
20 — - {
o 15 —
4
S 1o
600 days
(FLIGHT TIME) —|
5— /
0
i
|
-5 l~iv — -
0 100 200 300 420 500

DEPARTURE (JULIAN DATE), d~/s AFTER 2,442,5005

Fig. 2. Jupiter flyby optimum C. deparature date,
1975

vehicle. The direction of this velocity was also optimized.
The results of the optimization of the departure energy
is shown in Fig. 2. In this figure, C, is twice the specific
energy at departure. Figure 3 presents the corresponding
magnitude of the asymptotic velocity bias applied at the
start of the trajectory. Note that although slightly nega-
tive values of departure energy are realized, nevertheless,
the resulting velocity bias is never less than around
300 m/s.

\

2. Vehicle Masses

The mitial mass of the low-thrust vekicle is solely a
function of the magnitude of the departure energy and is
shown in Fig. 4. Note that the carliest launch dates corre-
spond to transfer argies of more than one revolution and
hience may be designated as indirect transfer trajectories,
the vehicle coming significantly inside the orbit of the
carth. The latest launch dates correspond to a more
direct transfer with much shorter transfer angles, these
trajectories when optimized requiring, in general, high
values of departure energy.

VELOCITY BIAS, km/s

INITIAL VEHICLE MASS, kg
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1400

™
o
o

1000

800

600

400

200

500

DEPARTURE (JULIAN DATE), days AFTER 2,442,5005

Fig. 3. Velocity bias versus departure date
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Figure 5 presents the optimized powerplant mass. The
corresponding output electrical power to the propulsion
system may be found by dividing the powerplant mass
by the powerplant specific mass of 30 kg/kW.

Figure 6 gives the gross payload capability of this
vehicle. Note that a larger payload is possible on any
particular departure date by increasing the flight time.
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Fig. 6. Gross payload versus departure date
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The maxima occurring for the early launch dates corre-
spond to the indirect transfers mentioned previously.
The maxima occurring late in the launch period corre-
spond to direct transter trajectories.

3. Exhaust Velocity

The optimized values of exhaust velocity are shown in
Fig. 7. Note that the longer flight times require higher
values of exhaust velocity.
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Fig. 7. Optimum exhaust velocity versus departure date

The form of the efficiency function for the particular
propulsion system being considered is given in Appendix
A of Ref. 4, for a mercury bombardment engine under
development by the Hughes Aircraft Company. This
efficiency function 4 is closely approximated by the fol-
lowing analytic form given in Ref. 2,

0.79¢+

§ T e (1

ot (22.45)

where ¢ is the effective exhaust velocity of the propul-
sion system.

The last three figures present several trajectory-related
parameters which are of interest. Figure 8 presents the
hyperbolic approach velocity at Jupiter for the trajec-
tories being considered. The indirect transfer trajectories
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result in generally high values of approach hyperbolic
velocity.

Figure 9 shows the minimum distance of closest ap-
proach of the vehicle to the sun. The indirect transfer
trajectories require very close approaches to the sun of
0.5 to 0.6 AU, these close approaches possibly severely
compromising the desigr: of the vehicle.

The resulting total propulsion time required by the
low-thrust propulsion system is shown in Fig. 10. Note
that the indirect transfer trajectories require longer oper-
ating times and a corresponding decrease in reliability of
the thrustors.
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Fig. 10. Total propulsion time versus departure date

C. A Note on Diverse Methods for Obtaining
the Mean, Variance, and Higher Moments
in Discrete Probability Theory
H. Lass and C. B. Solloway

In discrete probability theory there are various methods
available to obtain the moments of the distribution.
Generating functions are applicable when the {requency
function has ~n explicit form or can be expressed by means
of a difference egnation. Occasionally one can set up
directly the difference equation for the mean, as in the
case of the gambler ruin problem to be discussed. How-
ever, tu our knowledge, this method has not been exploited
for # calculation of the variance. The method for calculat-
ing the variance will depend on the known fact that the
second moment about a point is simply the variance plus
the square of the distance from the mean to the point in
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question, often called the translation theorem. We will
now exhibit this method by means of various examples.

1. Example 1

Let us consider the standaid problem involving inde-
pendent Bernoulli trials. Let p be the probability of
success and let ¢ = 1—p be the probability of a failure
for a single trial. For n trials we wish to determine the
mean and variarnce for the random variable describing the
number of successes. Since

m=(} e k=012 n

represents the probability of obtaining exactly k successes
in n trials, the moment generating function becomes

M(B) = 3 pee = (pe? + g,

k=0

from which one quickly deduces that . = M’ (0) = np,
pe = M” (8 = 0) = npg + n*p? and o® = p, — p? = npgq.

An alternative approach is to let
E=x, + x4+ - +x, (1

with x, = 1 for a success and x, = 0 for a failure on the
ithtrial, i = 1,2, -~ , n. Thus ¢ is a random variable repre-
senting the number of successes in n trials. It is simple to
deduce that E(x,) = p, V(x,) = pq. Thus . = E(¢) = np
and ¢* = V(¢) = npgq.

Let us now obtain these results by means of difference
equations. If ., is the mean number of successes in n trials,
then u, = a1 + P, since u, is the mean number of suc-
cesses on the first (n — 1) trials, w,-,, with the addition of
one more success which can be obtained with probability
p on the last trial. From g, = 0 it follcws that u, = np.

Now let o be the variance for n trials. With probability
p a success will occur on the first trial, so that the mean
number of successes v 1l be 1 + (n — 1)p, since (n — 1)
trials remain. The distance of this point to », = np is
|1 — p| = g. With probability g, a failure occurs on the
first trial and the mean number of successes is (n — \)p
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whose distance from p, is p. From the tran lation theorem
it follows that

gt = p[n" + (]2] + q [o‘fl_1 -+ p‘“’]

T, g (2)

so that o2 = npq, siace o = 0.

o

2. Example 2

We consider that one-dimensional random walk preb-
lem with p the probability of taking a unit step to the right
and g = 1 — p the probability of taking a unit step to the
left. Starting at the origin we wish to determine the mean
distance and variance from the origin atter n independent
moves.

If w, is the mean distance from the origin after n moves,
it follows that

P = D[l + ,U'rrl] + q['— 1+ l.l.,.,]]
=1t pog (3)

so that u, = n(p —q),since p, = 0.

Now with probability p, the first move is to the right
(x = 1) and the mean distance from the origin after (n — 1)
subsequent moves is 1 + (n —1)(p — q), whose distance
from w, = n(p ~ q)is(1 — p + q) = 2q. A similar argu-
ment if the first move is to x = —1 vields a distance of 2p,
and the translation theorem gives

ol =p (ofl_l +4q¢*) + q (U';” = 4])2)
=a?  + 4pq (4)

a-1

yielding o3 = 4pgn.

These results can be obtained easily by considering
£=1x, + x, -+ + x,, with x = 1, —1 with probabilities
p and g, respectively. Thus E(x,) = p — q, V(xi) = 4pq
yield the results above.

3. Example 3

Let x be the mean number of trials until two consecu-
tive successes occur for the case of Bernoulli trials (see
Example 1). Now one can be successful by obtaining
successes on the first two trials, or by failing on the first
trial and subsequently obtaining two consecutive suc-
cesses, or by obtaining a success vn the first trial, a failure




on the second trial, and subsequently obtaining two
consccutive successes. Thus

w=2p" 4 q(l+p)+pqg2 i w (5)

which yields . = {p + 1)/p*
From the translation theorem it follows that

a = p‘-’( - BF) + g (a* + 1%) + pg (5 + 22)  (6)

which yields ¢* = (1 + 2p — 2p* — p*)/p'.

By letting p, represent the probability that two con-
secutive successes occur for the first time on the kth trial,
one can deduce that p, = gpi, + pgpi-,, k = 3, with
p, =0, p. = p*. From

© :i kp, = i kp, + 2p°

one can 2btain the above results for p. Similarly one can
ohtain o of Eq. (6).

Another method for obtaining u is to note if v, is the
probability that two consecutive successes occur on the
nth trial. but not necessarily for the first time, then
lim, __ ¢, = pq+ pq+t - = p/(1+p) and from
a known result that p = lim 1/v, we obtain

w = (1 = p/p-.

n->

4. Example 4

For Bernoulli trials let i, be the mean number of trials
until the kth success occurs. Then p = p (1 4 wi)
4 g (1 4 w) sothat w = -, + 1/p, and w = k/p.

To obtain the variance, we note that if a success occuis
on the first trial, the mean number of trials to obtain k
successes is (1 + (k — 1)/p) whose distance from g = k/p
is ¢/p; if a failure occurs, the mean number of trials wiil
be 1 4 k/p, whose distance from g, is unity. From the
translation theorem it follows that

o = p(crf/l + %) +q(af, + 1) )

which yields o} = (q/p*) k.

5. Example 5: The Gambler Ruin Problem

Consider a fair game in which A and B exchange one
unit per game. If A starts with ¢ units and B starts with
D units, we wish to determine the mean number of games
played until either A or B is ruined. This problem is
solved in probability texts by letting u, be the mean
number of games played until A or B is ruined if A has
n units, Then, n, = '“¥p,., + 1) + %(up-, + 1), with
po = 0, py, = 0. The solution is w, = (@ + b) n — n?,
so that u = p, == ab, a startling result.

We obtain now the variance by means of the transla-
tion theorem. Let o; be the variance for the number of
games to be played until A or B is ruined if A has n units.
With probability p = 'x, A will gain one unit after the
first game, so that the mean number of games that would
be played is 1 + (a4 b) (n + 1) — (n + 1)*, whose dis-
tance from p, = (¢ + b) n —n* is |[a + b — 2n |, with
a similar result if A loses the first game.

Thus

al =1 [(r""“] + (tl +b~- 211)2]

n

n-1

414 [(,.' + (a + b — 2n)?] (8)

; 2 — 2
with o2 = o2,

= 0. The solution of Eq. (8) is

a

, _ab
(r___a‘:—

; 3 (@@ + b* - 2) (9)

6. Example 6

For n Bernoulli trials let E be the event that a success
is followed by a failure. We wish tu determine the mean
and variance for the event E. Thus

pn = pn-r T PG (10)

since p is the fraction of sample sequences which end
with a success on the (n — 1)th trial, and q is the prob-
ability that a failure occurs on the last trial yielding one
further E. Hence n, = (n — 1)pgq.

Now let z represent the number of times the event E
occurs in n trials, x the number of times E occurs in
(n — 1) trials, and let y = 1 if E occurs on the last trial,
otherwise y = 0. Thus z = x + y, and E(z*) = E(x?)
+ E(y*) + 2E(xy), so that

p® = 0D+ pg + 20q pmes 1Y)
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with n*' the second moment for the event E. The solu-
tion of Eq. (11) yields

w3 =pq + (pg — 6p’q*) (n — 2)
+ prgt(n — 2)(n + 3) (12)

O'ﬁ — IL(‘;") _ (’L")'J = pqg [(5,)(] -— 1) -*‘(]. - 3pq)n]

7. Example 7

For n Bernoulli trials let us consider the mean number
five runs. If u, is the mean number of runs, then
pn = pa-1 + 2pg, since an additional run is obtained on
the last trial if a zero follows a one {failure follows a
success) or a one follows a zero, with probability 2pg.
Hence u, =1 + 2pg(n — 1).

A simple technique for obtaining u, is the following:
Let x,, x., -*-, x,, denote a sequence of zeros and ones.

Consider

=1+ flx,x) + fles,x) 3 -0+ f(xper, x0)  (13)

with f(x, x,,,) = 1 ifx, £ x,.,, and f(x, x,.,) = 0 if
x, = x,,,. Thus z represents the number of runs for any
given sequence. Since E f(x,, x..,) = 2pq, we obtain
wn = E(z) =1 + 2Zpg(n — 1). By considering E(z*) one
can obtain the variance «;.

In conclusion, higher moments can be obtained by
means ot translation theorems. Thus

E[(z— z))] = E{[(z — ) * (p — %)]"}
= El(z = '] + 3(u — 2) El(z — p)]
+ (p — z)? (14)

can be used to obtain third moments about the mean.
For n Bernoulli trials we obtain from Eq. (14),

= q[r-y — 3p(n — 1) pg — p*]
+ plrat +3g(n — 1) pg + ¢°]
= -1 T pq(g — p) (15)

which yields r, = npg(q — p), the third moment.
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D. A New Approach to the Calculus of
Brownian Motion, S. R. McReynolds

1. Introduction

Stochastic calculus is the n..thematics of continuous
stochastic processes. The  stochastic process concerned
here is Brownian motion. The fundamental problem in
stochastic calculus is to furnish a mathematical model
for such processes and to provide the tools which enable
one to solve physical prol ' 'ms.

The common working model for most stochastic pro-
cesses is the stochastic differential equation. For Brown-
ian motion it [Langevin’s Equation] has the form

o fla )+ olx Bw(d) (1)

where x(t) is the Brownian motion process, and w(t) is
referred to as “white noise,” which is not a well-defined
process from either a mathematical or physical stand-
point. Equation (1} must be interpreted by means of the:
integral equation

x(T) = x(0) / ety dt / Cx ) dun(2)

Here z(t) = t(t) dt s a well-defined Marnov process

1
(a Wiener process) with the conditional transition density
function

1 ) - xE)
P(0) 12(0)) = g — “"p[“ [xgi)t, —tif i)] -l

(3)

Sample functions of the Wiener process are continuous

and well-defined.

The difficulty in interpreting Eq. (2) arises in connec-
tion with the second integral

1= T(r(x(t)‘ t) dt (4)

0

The problem is due to the fact that sample functions
z(t) are not of bounded variation. Hence the above inte-
gral cannot be defined in the normal Riemann-Lebesgue
sense. Thus in order to give Eq. (4) a precise mathe-
matical meaning, another approach to the subject of
calculus is required. This other approach is provided by
stochastic calculus.




The first rigorous treatment of stochastic integrals was
provided by Norbert Wiener (Ref. 5), who treated the
class of integrals of the form

W = ‘/‘T L{t) dz(¥)

b

If the ¢ appearing in Egs. (3) and (4) does not depend
upon x(t), then the Wiener integral is applicable.

The first attempt to rigorously define the more general
class of integrals was provided by Ito (Ref. 6). Later his
work was extended to a more general class of processes
by Doob (Ref. 7). At the heart of Ito’s calculus is the
definition stochastic integrals of the form

]:/Wudﬂﬂddﬂ (6)

where z(t) is the fundamental Wiener process. [This
integral is slightly different from the one in Eq. (4) but
in defining Eq. (6) the meaning of Eq. (4) emerges.]

Recently, alternate definitions of the integral appearing
in Eq. (6) have been provided by Stratonovich (Ref. 8)
and Gray and Caughey (Ref. 9). These last two defini-
tions which are equivalent, generally vield a diferent
value than obtained from Ito’s definition. In general, one
can show that there are an infinite numbers of ways of
defining the integral appearing in Eq. (6). To see this,
let a be a real number on the closed interval [0, 1], then
define

J@)="tim 3" L((1 - )z(t,) + ozt ). )a(t,. ) — 2(8.)]

=40 -0

§ = max |t ., —t | is the mesh of a partition 0 =t,
<t <<ty =Toftk ‘losedinterval [0, T]. J(0) co-
incides in the Ito integral, and J(1/2) yields Stratonovich’s
and Gray and Caughey's value of the integral. To see that
J(a,) £ J(a.) generally holds if a, 5= a., consider the dif-
ference J(a,) = J{a,). Expanding each term about the
previous mesh point, one ohtains

n-1

](uu) - ]((11) :Z (‘1.' - (ll) L. (5({:), t) [; (t,‘,) -

=(t)]*
© S Ols ) - ()]

10

Employing arguments similar to Stratonovich’s (Ref. 8),
one can show that as § — 0 the above becomes

Ja) — J(y) = (a, -~ o) /114: (z(t). t) dt

Thus unless L. = 0, J (a,) and J(a,) generally differ. This
result demonstrates that stochastic calculus is funda-
mentally different than ordinary calculus.

From the preceding observation it appears that an
infinite number of stochastic calculi are possible. This is
disturbing from a mathematical standpoint and hence one
may wonder perhaps if one of the many possible calculi
represents a true extension of orwmary calculus. In tais
paper we wish to provide an answer to this conjecture.
We assert that the stochastic cciculus defived by Gray
and Caughey (Ref. 9) and Stratonovich (Ref. 8) is the true
extension of ordinary calculus. Our arguaent for this
conclusion in this paper *.ill be based upon philosophical
and esthetic arguments rather than practical arguments
employed by Stratonovich (Ref. 8), Gray and Caughey
(Ref. 9), and McReynolds (Ref. 10).' In the process of
providing these arguments, we shall give an original
development of stochastic calculus.

2. The Main Arguments

In the intrcduction it was seen that there are many
ways to define a stochastic integral if the criteria of
existence and uniqueness were the only ones used. How-
ever, there are other criteria which are applied to math-
ematical constructions. One such criterion applied to
boundary value problems and functionals is that of con-
tinuity. The origin of this criterion stems from the
philosophical view, formulated by Poincaré, that the main
role of mathematics is to deal with physical problems.
The notion of continuity was initially formulated by
Hadamard (Ref 11) in his doctrine that mathematics
should be concerned with “well-set” problems. A well-set
problem is one whose solution depends continuously on
the input. Hadamard’s doctrine is a natural consequence
of Poincaré’s, because nature primarily consists of well-
set (i.e., stable) processes.

Another criterion that may be applied to mathe-
matical constructs is that of simplicity. The criterion
forces us to accept simple extensions of previous defini-
tions if they exist. Often a simple extension of a definition
is provided Ly the notion of continuity. In order to satisfy

"The practical argument is that their calculus is easier ta use, because
many of the techniques used in ordinary calculus may be applied.
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the criterion of simplicity such an extension must be
employed if possibie.

As we shall see, an application of these two criteria,
which are closely related, will provide a unique defini-
tion of the stochastic integral in Eq. (6).

3. The Fundamental Definition of Stochastic Integral

In this section the notion of continuity shall be em-
ployed to provide a fundamental definition of stochastic
integrals. To obtain the proper generalization of the
Riemann-Stieltjes integral let us apply the technique of
imbedding continuity described in the previous section.

Definition

Let x"(t) be a sequence of continuous piecewise differ-
entiable functions that converge pointwise to the Brown-
ian motion function x(¢). Then define

~

1= ] L{x(t), 1) dx(t)

I=1lim [ L(x(t), t) dx"(t) (7)

Before the above definition can be accepted, it is neces-
sary to show that it results in a unijue definition of the.
integral for a sufficiently wide class of L{x, t). One class
of functions is given as follows:

Theorem

et L(x) be a function for which there exists a differ-
ertial function F(x) such that (2F(x))/ex = L(x), then

F(x(T)) ~ F(x(0)) = [TL(x(H) dx(t) )

Jo

with probability 1.

Proof

If x*(t) is continuous and piecewise differentiable, then
the fundamental law of calculus implies

F(x(T)) — F(x(d)) = f "Ly det) ()

Hence if x"(t)— x(t) pointwise as n— o, taking the
limits of both sides of Eq. (9) yields Eq. (8).
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An example of these integrals is given by
ap

I, f’ xdx

Doob (Ref. 7, p. 443) showed that the Ito value ot inte-
gral I, = J(0) is given by

I = S 1e(T) = x(0)] - 5 T

1o| -

Our value for the integral is given by

Lo~ () - w0

The fundamental definition given above satisfies che
metamathematical criteria of simplicity and vontinuity.
it also is justifed from pure physical arguments. The
physical argument, presented elega-itly by Gray and
Caughey (Ref. 9), is bused upon the obscrvation that the
physicnl process x() is really of Fonnded variation. and
hence the physical quantity that corresponds to the
stochastic integral can he defined by means of the Rie-
mann integral.

Since the Ito ntegral does not approximate the
physical (Riemann) integral, Gray and Caughey (Ref. 9)
differentiate between physical Brownian motion and
mathematical Brownian motion. However. we aceept the
philosophical tenet that it is the role of mathematics to
formulate physical problems; then the Ito definition of
the stochastic integral must be abandoned and the new
definition mu.t be accepted.

4. The Fundamental Approximation Formula

Next the fundamental approximation formula is estab-
lished for stochastic integrals and differential equations.
This approximation formula for stochastic mtegrals, which
is equivalent to the ones obtained by Stratonovich and
Gray and Caughey, is

= 3 Lix(t)) [x(t, ) ~ x(t)]

0

s L) ) ) - =) (10)

The above approximation formuia is arrived 2t by the
following consideration (suggested by Frost in Ref. 12).
Suppose that L is continuous. Then

L(x(t),t) = L{x(ti), t) + L.(x(s), ¢) [x(t) - x(t,)]

n




where t; < s(t) <t Integrating the above expression
with respect to dx over the interval [¢;,¢;.,] yields

/ - L(x(t), t) dx(t) =

/ N [L(x(ts), t)+ Lo(x(s(t)), t) [x(£) — x(t:) J] ax(t)

+

Now if L(x(t.),t) and L(x(s(t)) t), are approximated by
L{x(t:), t:;) and L(x(t,), t;) in the above expression, which
seems reasonable if L and L, are continuous, then

/ . L{x(t), t) dx(t) =
L(x(t:), t.)[x(t,..) — x(t:)]

+ —‘12- Li(x(t:), t:) [x(t..1) — x(t) ]

Summing the above expressions obtained for each time
interval [¢;, ¢;.,] =0, ---,n — 1, yields the formula in
Eq. (10). It can be shown that, with some assumptions
on L, the approximation formula converges to the actual
value of the integral in the mean squared sense as the
mesh shrirks to zero. The proof is omitted here.

Applying the above approximating formula to the inte-
gral Eq. (2) results in the following approximating
formula for stochastic differential equations.

(i) = x(t) + (., — &) t(x(8:), 8)

lao

+ o(x(t:), &) [2(t:.1) — z(t; )]+ 5 5y (%) 1)

X c(x(ti), ti) [2(ti.2) — 2(t:)]? (11)
The last term on the right-hand side of the above expres-

sion is omitted from Ito’s approximation. This expression
has been derived by Wong and Zakai (Ref. 13).

5. Properties of the New Stochastic Calculus

As noted in Refs. 8, 9, and 10 the new stochastic calculus
shares many of the properties found in ordinary calculus.
Standard techniques,such as change of variables, integra-
tion by parts, etc.,hold for the new calculus but do’ not
hold for Ito’s calculus. From the approach suggested in
this paper, it is evident why the new calculus does have

12

the same properties as the ¢ ssical calculus. For ex-
ample, let us consider the integration by parts formula

[ fste) 1) dea(in, ) = fste) 1) g(x(0) 1)

Ju t=0

"/ "g(x0), 4 df(xe).6) (12

We shall assume that f and g are differentiable. Now if
x"(t) is a differentiable approximation to x(t), ordinary
calculus implies

/ Fan(t), t) dig(x7(8), £) = F(x(2), £) (x7(8), i:T

- / Tg(x"(t), t) dfx"(t), t)

[}

The limit of the above equation as n — 0, yields Eq. (12).
Similarly, other rules found in ordinary calculus can be
shown to hold for stochastic calculus.

6. Conclusion

In this article there is presented a logical and simple
way to extend the definition of the Riemann-Lebesgue
integral to include stochastic integrals. The pl “osophical
tradition behind modern mathematics suggests that this
new calculus replace the currently popular Ito calculus.
An important property of this new calculus is that all
the conventional rules found in ordinary calculus may be
applied.

E. The Implementation of a Method of

Optimal Data Compression by Using

Polynomials, W. Kizner

In SPS 37-43, Vol. IV, pp. 1-7 the author discusses the

use of polynomials in the enhancement of data and as a
means of data compression. A theorem is proved which
shows that if f(x) is analytic on the interval [—1,1] then
the coefficients of the Chebyshev series expansion of
f(x), a,, satisfy

Iim (|| ) = v

and R is the parameter of the ellipse Eg, with foci at
=+1, within which f(z) is analytic. If R is known, then
there exist bounds for | @ | of the form

e SKpr  n=0,12 - @)
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where p = (1/R) + ¢, for any € > 0, and K a constant. It
can be shown that corresponding to a given e there ex-
ists a smallest constant K for which Eq. (2) holds.
bound for | a, I,such as given by Eq. (2),is then used to
enhance the data by putting in an a priori value of zero
for | a. | and a corresponding variance (K p")*. Thus the
series need never be truncated (at least not for mathe-
matical reasons).

Suppose now that R is not known but we are given a
finite number of |a, |, n=0,1,2, - m, and we wish to
estimate K and p in Eq. (2) in order to improve the
estimate. Obviously from a strict mathematical point of
view it is impossible to obtain the bound Eq. (2) no
matter how large m is, but in practice there is usually
a simple pattern for the size of the coefficients.

From Egs. (1) and (2) it follows that there will be
infinite number of ‘ a, j for which

K(-}T—e)"éja,.]éx(%+e)" (3)

Thus one method of estimating 1/R and K is to show that
many points of |a,| cluster about an experimentally
determined curve K 7", and that there exists no such
curve for a larger value of 7.

The method we are using to fing K and 7 is to take the
logarithm of |a,| for n =0,1.2,--- m for a range of n
in which | a, | can be accurately determined, and to fit
this finite set of values with a line using the £, norm,* or
minimizing the sum of the absolute values of the devia-
tions from the line. This norm is the least sensitive to
large residuals, which we must expect. After a first ap-
proximation is obtained, the |a, | which lie significantly
below the line is dropped. This method should work well
if enough terms are used and the singularities in the
complex plane are of the types discussed by Elliott
(Ref. 14), such as poles, where the behavior for large n
of | a, | is fairly closely approximated by an expression
such as K p* multiplied bv a rapidly oscillating function
whose amplitude is unity.

F. Magnitude of Second-Degree Harmonics
in Lunar Gravity Field, J. Lorell

1. Introduction

In conjunction with the selenodesy experiment (SPS
37-43, Vol. 1V, pp. 22-31) which 1s using the Lunar

‘ritting of §, was programmed by Dr. R. J. Hanson of JPL..
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Orbiter tracking dat to determine the moon’s gravity
field, it is important to obtain independent non-orbiter
estimates of the gravity field coefficients where possible.
Earth-based measurements of various types can yield
such information. Thus, studies of the lunar librations
have yielded, according to Jeffreys (Ref. 15), the values
(assuming a uniform density moon).

+32) X 10

o
lolw

(C—A)/Ma: = (377

K = 2(B—A4)/Ma: = (126 2) X 10*

in which A, B, C are the three moments of inertia about
the principal axes, M is the mass of the moon, and a its
mean equatorial radius. These values may be converted
to values of the harmonic coeflicients C., and C..:

9
C.o = —g—(L — % K’) = (—209.3 +2.0) X 10

[a—

C:: 'g

K = (21.0 =0.4) X 10-

The uncertainties indicated here reflect the estimated
accuracy of the measurements based on the assumed
model. However, unaccounted for biases and/or model
errors could increase these uncertainties appreciably.

The remaining second-degree harmonics C.,, S.,, and
S.. must be zero, since the reference coordinate system
coincides with the principal axes.

In the usual treatment of lunar librations it is assumed
that except for small perturbations, the moon rotates uni-
formly about its polar axis within a perioc of one month.
The polar axis is inclined to the ecliptic at an angle of
about 1° 32’ 39”. Deviations from this motion are referred
to as the physical librations of the moon, and these never
exceed about 2.

Implicit in the librations theory is the assumption that
the principal axes of inertia of the r. oon are appropriately
oriented. In particular, the polar axis is that of largest
moment of inertia C, and the smallest moment of inertia A
is the one about the axis through the moon’s zero merid-
ian, i.e., the meridian with mean position on the earth-
moon line. Plummer (Ref, 16) shows that for dynamic
stability it is necessary that C > B > A.

13



If, however, due to effects unaccounted for in the z
theory the principal axes fail to coincide with the co- (POLAR AXIS)
ordinate axes as assumed, the harmonics C,,, S.;, and S-.
would no longer be zero; their actual size would be a
function of the magnitude of the angles between the two -
sets of axes. The harmonics C., and C., would be af-
fected also.

Derivation of appropriate formulas follow.

2. Relations Between the Second-Degree Grovity
Harmonics and the Directions of the
Principal Axes ¢ L4

x
It can be shown that (Ref. 17): . 5
Ma* Cyo = fp(z* — Yex* —%y?)dr= —C+ %A+ %B
Ma* Cyy = (p(Yax* — Y y*)dr = % (B—A) x (MEAN EARTH DIRECTION)
Ma: Cyy = f prxdr =1L, Fig. 11. Angles between principal axes and

coordinate axes
Ma*S., = fpyzdr = I,
Assume that the Euler angles ¢, 8, and y (Fig. 11) be-

tween the coordinate axes and the principal axes are small,
ie.,

Ma:S.. = l/zfpxy dr = %],

in which o is the density and the integration is taken over
the moon’s volume. o <<, <<, v<<1

Then, the transformation to principal axes is given by (Ref. 18):

x 1—%e*— %y —¢y ¢+y yb s
y | = — ¢y 1L — 16 —teg® — %y’ — yo 9 y
2 8¢ - 1-%¢ z

in which the principal axis coordinates are %, i, Z. Terms through second order in the small angles have been retained.
Substituting in the expressions for the harmonics yields finally
Cao — Czo = %6 (Cop — 2C.,)

Cg'_v - C—-_gg = — 02 Czn - (2¢2 + 2!,/2 + 4¢lll) ng
C

0 (yCuo + 4¢ Ca0)

S;, = 6C.

72
I
[

Il

— %o + y) Cas

in which the barred coefficients are referred to the principai axes.
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3. Numerical Values

It is seen trom the formulas of Sect. 2 that the change in
C., and C., due to a smail rotation cf the principal axes
is of second order in the angles. For rotations of less than
a degree, for example, each angle would be less than 0.02
rad and (using Jeffreys” values for C.,, C., given above):

ACu B
C.. = 6 X 10
AC..
.~ 6 X 10

Furthermore, C., is larger (in absolute magnitude) than
C.., since both quantities are negative.

Of the remaining second-degree harmonics, C,, is of
second order in the angles, and S., and S.. are of first
order. Their magnitude for the rotation through 1 deg
assumed above are:

Cgl ~ 0.11 X 10_“
Sf_!l ~ 4 >< 10""
S.o ~ 1.6 X 10

On the other hand, it is difficult to reconcile the obser-
vations of the lunar librations with values of the Euler
angles as large as . deg. For example, Jeffreys’ analysis
yields an uncertainty in the inclination of the lunar
equator of at most 30”, and this should be a bound on 6.
Thus,

¢ < 0.00015

whence both C., and S., become negligibly small with
respect to their effect on a lunar orbiter. However, S.,
which does not contain the factor 6 could possibly be
significant if the principal axis in the earth direction were
appreciably off the x-axis.

4. Conclusions

It has been shown that the effects of small malorienta-
tions of the moon’s principal axes are reflected in the
second-degree gravity harmonics. Using what appear to
be the best non-orbiter estimate of the moon’s principal
axes directions and moments of inertia, the results indicate
that C., and S., are negligibly small.
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Il. Computation and Analysis
SYSTEMS DIVISION

A. Planetary Masses for Ephemeris Development,
J. D. Mulholland

Unlike the ephemerides used in the more traditional
areas of astronomical research, ephemerides for space
vehicle trajectory computations should conform as closely
as practicable to the most accurate model of the solar sys-
tem available. Complete conformity is not possible, for a
variety of reasons; the principal barrier is the time and
expense required to compute a new ephemeris. It is neces-
sary to weigh 'he desire for the “best” ephemeris in terms
of the real benefit to be attained by the recomputation.
Improvements will always be possible, but they need not
be executed unless the attendant decreases of uncertainties
in the coordinates a:e significant.

The versions of the JPL ephemeris tape system currently
in use are based on solar sy.tem models that are far from
adequate. In fact, it is hardly proper to dignify the under-
lying structures with the designation “model,” because cf
their lack of internal consistency (SPS 37-29, Vol. 1V,
pp. 61-65). The ephemeris improvement effort has recently
enteved a new phase, intended to render the ephemeris
more consistent as well as more accurate. This effort is
characterized by two new features: (1) simultaneous
numerical integration of the equations of motion of all of

JPL SPACE PROGRAMS SUMMARY 37-45, VOL. IV
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the major planets, and (2) differential correction of these
integrations to fit observational data, both optical and
radar. The ephemerides which arise from this effort will
thus be freed from the mutual inconsistencies between the
various planetary theories. It will be possible, also, to
introduce improved astronomical constants without neces-
sarily undermining the bases of the computation. It is
imperative that this work begin with the most reliable esti-
mates available for the planetary masses. In this article,
we propose a set of mass values that we believe best satis-
fies this condition at the present time. For purposes of
comparison, Table 1 lists the masses used in JPL develop-
ment ephemeris 3 (Ref. 1).

Table 1. Mass values from Reference 1

Planet Inverse mass
Mercury 6 000 000
Venus 408 000
Earth-moon 329 390
Mars 3 093 500
Jupiter 1 047.355
Saturn 3 501.6
Uranus 22 869
Neptune 19 314
Plvto 360 000

17
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The work by Clemence (Ref. 2) supplies the model for
constructing the present system of masses. It is a definitive
discussion of the state of knowledge of the masses to 1964.
Since that time, however, several new determinations have
been made and some old ones have been discredited. In
that which follows, we have combined the still-valid data
of Ref. 2 with the newer determinations. The resulting
system represents weighted means of all data cited, the
weights being assigned as inversely proportional to the
squares of the formal errors cited. Table 2 lists the mass
detenminations that were used in constructing the recom-
mended masses.

No discussion is necessary for those entries in Table 2
which have been adopted from Ref. 2, as they are fully
treated therein. Some comment,however, needs to be made
about the additions to and omissions from that collection:

Mercury: Rabe’s mass determination based on the
orbit of Eros has been recently invalidated by Rabe and
Francis.! Eros’ orbit is apparently incapable of yielding
reliable masses for any planet other than earth.

Venus: Rabe’s mass is omitted {or the reason cited
above. Anderson’s (Ref. 3) value is a refinement cf that of
Anderson, Null, and Thornton cited in Ref. 2. The value
of Ash, et al.(Ref. 4),is based on differential corrections to
the planetary ephemerides, based on Washington transit
circle observations (1950-65) and radar bounce observa-
tions (1959-66) taken at Lincoln Laboratory, Arecibo,
and Crimea.

Earth-moon: The value attributed to Rabe and Francis
results from a rediscussion of Rabe’s earlie: work on the
orbit of Eros, thus supplanting Rabe’s value from Ref. 2.
The comments on Ash’s mass of Venus apply here also. The
value attributed to Sjogren, et al. (Ref. 5), represents a
weighted mean of the separate values obtained from track-
ing the Ranger VI-IX vehicles. The remarkable consis-
tency of the recent determinations has prompted me to
discard the older determinations entirely. The effect of
including them would not have been significant.

Mars: As with Mercury and Venus, Rabe’s value is dis-
carded. The comments on Ash’s mass of Venus apply here
also. Null's (Ref. 6) determination results from a definitive
discussion of the Mariner IV flight path.

Jupiter: The mass of this planet is currently the subject
of an intensive, broad-based attack by traditinnal «ty. .mi-

M. P. Francis, private communication.
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Table 2. Independent mass determinations

BAercury
1. 5 970 000 + 455 000 Duncombe, 1958
2, 5 980 000 170 000 Makover and Bok! an, 1961
3. 6 021 000 53 000 Ash, Shapiro, and 5mith'®, 1967
Venus
1. 409 300 = 1 400 Clemence, 1943
2, 404 700 800 Jones, 1926
3. 408 945 320 Duncombe, 1963
4. 408 505 6 Anderson'”, 1967
s, 408 250 120 Ash, Shapiro, and Sm th'®, 1767
Earth-moon
1. 328 906 + é Radar, 1961-¢3
2. 328 %00 60 Ash, Shapiro, vn.a Smith'?, 1967
3. 328 899 15 Rabe end Francis, 1966
4. 328 900 1 Sjogron, et al!¥, 1966
Mars
1. 3 088 000 + 5 000 van den Bosch, 1927
2. 3111 000 9 000 Ash, Shapiro, and Smith‘?, 1967
3. 3 098 600 600 Null, Gordon,and Tito®, 1967
Jupiter
1. 1 047.39 + 0.03 | Clemence, 1961
2. 1 047.40 0.03 | de Sitter, 1915
3. 1 047.4 0.4 Kulikov, 1950
4. 1 047.558 0.40 | Samter, 1910
5. 1 047.57 0.06 | Osten, 1928
6. 1 047.387 0.008 | O'Handley, 1967
Saturn
1. 3 496 + 3 van den Bosch, 1927
2. 3 494.8 1.3 Jeffreys, 1954
3. 3 499.7 0.4 Clemence, 1960
Uranus
1. 22 934 + ] Harris, 1950
2, 22 239 89 Hill, 1898
3. 22 530 50 van den Bosch, 1927
Neptune
1. 19 094 + 22 Gaillot, 1910
2, 18 889 62 van Biesbroeck, 1957
|Pluto
1. 400 GO0 * 40 000 Brovwer, 1955
Noie: Superscript - nerals are bibliographic reference numbers. All data not so
designated are from Ref. 2 or private communication.

cal procedures. The value attributed to O'Han-lley? arises
from the first tu be completed of a related series of investi-
gations. It is based on a discussion (to be published in the
Astronomical Papers of the American Ephemeris) of the
observations of minor planet Cybele.

No discussion is necessary for Saturn, Uranus, Neptune,
or Fluto.

*D. (“Handley, private cornmunication.
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Table 3. Recommended values of p.anetary masses

Mercury 6 017 000 + 50 000
Venus 408 504 + ]
Earth-moon 228 900 =+ 1
Mars 3 098 500 + 600
Jupiter 1 047.3908 + 0.0074
Saturn 3 499.2 + 0.4
Uranus 22 930 =+ 6
Neptune 19 071 + 23
Pluto 400 000 + 40 000

1. Recommended Planetary Masses

Table 3 presents the weighted mean values of the data
in Table 2. These may be regarded as the most reliable
system of masses available at the instant of this writing.
I have recommended that they be adopted for the current
phase of ephemeris development. I also propose that they
be recommended, on the same grounds, to other agencies
and organizations concerned with spacecraft trajectories.

One may note in passing that the spacecraft tracking
data are so overwhelmingly powerful that the masses
given in Table 2 for those planets which have been the
object of spacecraft missions are essentially the values
derived from those missions.

2. Lunar Mass

Numerical integration of the lunar motion is not being
contemplated for the near future. We shall continue to use
the present cornbination (Ref. 7) of evaluation of a revised
Brown Lunar Theory adjusted to reflect improved values
of certain constants. The present version of the lunar
ephemeris is constructed with a value of the earth-moon
mass ratio

,u,’1 = 81.30

but is recommended for the use with ;-1 = 81.302, with a
properly determined scaling factor. We do not propose to
change this at the present time, but for the sake of com-
pleteness Table 4 is included. The weighted mean shown
represents the best available estimate at this time, but it

Table 4. Earth-moon mass ratio

81.3030 * 0.0050
81.3001 + 0.0013
81.3020 * 0.C017

Ash, Shapiro, anc Smith'", 1967
Anderson'¥, 1967

Sjogren, et al!®, 1966

81.3011 =+ 0.0049 Sjogren, et al!®, 1966

81.3015 + 0.0016 Null, Gordon,and Tito'®, 1967
Weighted mean = §1.3011 *+ 0.0008

Naote: Superscript numerals ore reference numbers.
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is not recommended for use until the present approach to
the lunar ephemeris is abandoned.

The two values cited tor Sjogren, et al., correspond to the
values from Rangers VI-IX and Ranger 111, respectively.

B. Studies in Orbit Correction Theory, J. D. Mulholland

In many preblems, it is still either useful or necessary
to consider geometrically simple approximations to the
motion of a cclestial object. In these cases, orbit improve-
ment consists of differentially correcting some appropri-
ate set of geometric elements of this “mean orbit,” a
process that is often taken for granted as a routine task,
reduced to “turning the crank.” While this is often a valid
judgement, it is rot necessarily so. This article is - grogress
report on an investigation intended to clarify some of the
questions associated with the construction of the equa-
tions of condition in such problems ard 10 quantify the
results where possible.

The first phase of this work (Ref. 8), a study of differ-
ertial correction formulae in a Hansen-type satellite
theory, is reported elsewhere and will not be discussed
here.

The current phase is concerned with the practical effects
of misinterpretation of the usual formulation of the dif-
ferential correction relations in rectangular coordinates
(Ref. 9) fer a Keplerian reference orbit used as a nominal
in the coumputation of special perturbations. The basic
relation tor a diderential correction is

5r = [;;]{817,} (1)

where r is the position vector and 7, represents the six
Keplerian elements or their equivalents. Some or all of
the partial derivatives are usually stated in the form

or .
'a; =¢ (77h l',l') (2)

For example, the derivative with respect to the mean
anomaly at the epoch M, is

or r
M, n &)

where n is the Keplerian mean motion.
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In the application hypothesized above, the relations
(2) are frequently evalnzated incorrectly. Numcrical tests
now under way indicate that the penalties can be quite
scvere. The trouble arises in the following way: The deriv-
ative cxpressions arc intended for the correction of a
Keplerian approximation to the real trajectory. Properly
speaking, they should be evaluated using only the data for
the nominal (Kceplerian) orbit. On the other hand, the
numerical integration yields the coordinates and velocities
in the perturbed orbit. One may reason that these values
of r and F may be used in the relations (2) with perfect
safety, thus avoiding what may seem to be the redundant
computation of position and velocity in the nominal orbit.

A systematic test of the validity of such an approach,
using actual perturbed orbits, would involve a rather large
expenditure of computer time. It is possible, however, to
construct an analog to the real problem which requires no
numerical integration of perturbed orbits. In a Hansen-
type theory, one relates the osculating radial distance r to
the nominal radial distance p by the relation

r=14v)p —n=v=-yv, (4)

where v is a perturbation quantity bounded by the ex-
treme valu : +v,. Now, the osculating radial distance r in
true Keplerian motion may be written as

r=(1-1v)a,—e=v=+e¢ {(3)

where a is the semimajor axis and e the eccentricity of the
ellipse. The formal similarity of Eqs. (4) and (5) is quite
obvious. One may contend that the d« partures from nomi-
nal motion caused by in-plane perturbations of size v are
comparable to the departures of circular motion from
elliptic motion with eccentricity ¢.

If we adopt an elliptic nominal orbit and regard the
associated circular orbit as providing the “perturbed” posi-
tion and velocity, then the situation that we wish to study
is equivalent to that of correcting the elliptic nominal
using the circular r and r in conjunction with the elliptic
elements. For purposes f comparison, we have chosen to
perform tests on the eflects of computing the equations of
condition in three ways:

Case 1: Elliptic elements, clliptic state vector
Case 2: Elliptic ¢irments circular state vector

Cese 3: Circular clements, cirenlar state vector

20

Case 3 corresponds to correcting a nominal orbit using
osculating data only.

Only preliminary results have been obtained from the
study at this time, but they are beth unambiguous and
significant. The ratio /0, of rms residual after differentiai
correction to that before the correction seems to be the
one most significant measure of the effectiveness of the
process, and this quantity is plotted in Fig. 1 as a function
of the maximum “perturbation” e. 5e¢veral noteworthy
features may be seen in this plot:

(1) For each case, the variation is nearly linear with: e,.
(2) There is little difference between Case £ and Case 3,
with each having slopes near unity. (3) Case 1 is more
effective than Cases 2 or 3 by an order of magnitude.

The near-linearity is not expected to extend to extremely
high values of e.

The data of Fig. 1 are based on one case only and the
slopes of the curves may not be universally valid. None-
theless, the curves show relationships with one another
that probably are general Further studies are under way
which will determine these questions.
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Fig. 1. Effectiveness of differential
correction procedures
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IIl.”Spacecraft Power -
GUIDANCE AND CONTROL DIVISION

A. Photovoltaic Supporting Development,
J. D. Sandstrom and E. Castle

The function of the photovoltaic laboratory at JPL is to
aid the solar panel enginecr in solar panel design by sup-
plying him with solar cell performance characteristics thr-t
are obtained empirically under known and controlled
envirouments. This is accomplished by performing tests
on individual cells or matrices of cells (submodules) under
test conditions that simulate the actual temperatures, solar
intensities, and space environment to which the panel will
be exposed. Experience over the past years has shown this
technique to be a valid method for predicting the per-
formance of a solar panel within heliocentric distances
equivalent to Mars-Venus missions. Also, the goal of
JPL’s photovoltaic laboratory is to aid in the design of
solar panels for future deep space missions to regions not
presently explored.

To enable the Laboratory to meet its immediate and
long term objectives, several photovoltaic evaluation sys-

tems are currently in operation to measure the electrical
characteristics of the various solar cells in use today.

22

At present, the “workhorse” light source used to illumi-
nate test specimens has been tungsten at a color tempera-
ture of 2800°K. The tungsten light test facility is shown
in Fig. 1. Though the spectral characteristics of tungsten
are different from space sunlight, industry generally em-
ploys this source because of stability, ease of operation,
and low cost. Solar cells, however, are spectrally selective;
in order to propcrly use the tungsten source, quite exten-
sive calibration of the cell and tungsten relative to sunlight
is required. In many cases involving solar cell develop-
ment, a source of solar simulation is employed. Presented
in Fig, 2 is a small simulator used in the JPL: photovoltaic
laboratory specifically for evaluation of individual silicon
solar cells at intensity levels of one solar constant or less.
The simulator is the OCLI Model 31. This device allows
reprodnction of the solar spectrum in the region of re-
sponse of silicon solar cells through the mixing of two
light sources, xenon and tungsten.

A third and the most flexible light source in use in the
laboratory is a Spectrolab X25L solar simulator. This
simulator utilizes a 19-lens lenticular system that filters a
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Fig. 2. OCLI solar simulator

Fig. 1. Tungsten tower

2.5-kW xenon source such that the resultant speciral dis-
tribution is essentially that of sunlight. The source has
been calibrated using various solar cells that JPL has
flown during the past 6 yr in conjunction with the solar
cell standardization program. The cells nsed in this pro-
yram fit into several categories: those that were unfiltered,
those filtered with a 0.41,m cutoff interference filter, those
with bandpass filters (approximately 0.1pm transmission),
and those that were filtered to pass energy in the infrared
or ultraviolet portions of the spectrui. The measured out-
put (short circuit current) of these cells in the X25L Fig. 3. Thermal-vacuum test facility
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illumination, standardized with a balloon-calibrated solar
cell, with
output.

shows 29 agreement their air mass  zer

In orlder to perform temperature-intensity parametric
studies on solar cells, a thermal-vacuum test facility has

been developed (Fig. 3). The system is illustrated dia-
grammatically in Fig. 4. The thermal-vacuum test facility
allows the study of solar cell behavior over an extremely
wide range of temperatures and solar flux levels. Fig. 5
shows a typical test fixture mounted in the vacuum cham-
ber. This particular test specimen consists of 2 > 2-cm,

SPECTROLAB X25-L
SOLAR SIMULATOR

e — e — e — |
COPPER TUBING
HLO FLOW ——n THERMOELECTRIC
E \.\ / MODULE
\ NEUTRAL
N INTENSITY DENSITY
TEST FI}(TURE—\ 4 STANDARD FILTER-
THERMOCOUPLE FROM 4
INTENSITY STANDARD —_ "\ S
THERMOCOQUPLE . : QUARTZ WINDOW
FROM TEST CELLS —
THERMOCQUPLES .1
FROM TEST FLCTURE ——= ~———COPPER TUBING N, FLOW
Nz SOLENOID ——_ S~ 1AB JACK
N2 %& 4
heo —_—
[L
L L
HEATI
prpsliies NITROGEN LEEDS AND ——
? TEMPERATURE NORTHRUP
SATURABLE ! VOLTMETER
L REACTOR CONTROL t RECORDER
ELECTRICAL MEASURGMENTS
INTENSITY TEST
STANDARD CELLS
ROTARY SWITCH
INTENSITY
. . RANGE,
‘ s [ D, in. | FILTER, % | mW/cm2
el Xy
| s;;gi‘g[.w —f RECORDER 92 NONE 80-150
| . 92 65 60-110
. 92 415 35-60
ﬁ‘ﬁ 92 27 20-40
: 625 NONE 175-310
‘ P'}G'TM 625 65 125-210
|_ VOLTMETER 62 5 415 75-130
o 625 27 50 -80
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Fig. 4. Thermal-vacuum test facility diagram
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Fig. 5. Specimen test fixture

S-mil N-P silicon solar cells. The cell at the top of the
picture is the intepsity iefer nee cell, which is thermally
and electrically isolated from the primary test fixture.
Thus. the intensity sterdard can be maintained at a con-
stant temperature independently of the test specimens.
The curves presented in Fig. 6 represent the average
current—voltage (I-V) characteristic obtained from the
S-mil cells shown being tested in Fig. 5. The data ‘ndicate
the relative outputs of these cells at nominal temperatures
and at solar flux levels expected to be encountered by a
solar panel at various planet heliocentric distances.

To faciiitate meeting the objectives of testing solar cells
in a thermal-vicuum environment, a special system de-
signed for testing solar cell assemblies in a simulated
space environment has been developed. The test facility
cansists of a space simulator specifically designed for test-
ing sample sections of an array. This chamber is used in
conjunction with a solar simulator, as shown in Fig. 7. The
system is shown diagrammatically in Fig. 8 and consists
of a 3 » 1.5-ft eylindrical vacuum chamber incorporating
a highly absorbent, liquid nitrogen cooled shroud. Test

JPL SPACE PROGRAMS SUMMARY 37-45, VOL. IV

assemblies mounted at the rear of the chamber and illumi-
nated with simulated sunlight through a 7-in. diam-
eter quartz window can be evaluated relative to their
static and (f\'n;mli(' thermal conditions in space. Thus the
thermal equilibrium vacnum chamber will allow tests to
be performed on indrvidual cells, submodules, and sub-
module assemblies under siimulated spice conditions that
are anticipated for a particular ;1I1plit'.1linn Or 1mission.

The test programs that are being conducted at present,
or that will be implemented in the next few months, in-
clude the evaluation of the characteristics of currently
available silicon solar cells, such as single-crystal P on N or
N on P and ion-implanted cells, polycrystalline (dendritic
cells, and thin Alm cadmium sulfide (CdS) cells. This will
be dore experimentally by means of the solar simulator
and thermal-vacuum system, and theoretically by means
of an appropriate computer program. Fig. 9 is the .chedule
of events through the end of CY 1967. The data obtained
from these investigations will be used to determine the
design changes necessary to optimize solar cells and, uiti-
mately, composite solar panels for use under various envi-

ronmental conditions.
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B. 20-W/Ib Technology Development Program,
D. W. Ritchie

1. Introduction

The purpose of this program is to develop the necessary
technc’)gy to achieve a power density of 20 W/Ib for a
folding, modular solar array having a deployed area of
1,250 #t2. It is anticipated that by CY 1969 the technology
to fabricate and assemble 20 W/Ib arrays of up to 50 kW
will be achieved. The piesent program is planned as a
three-phase effort (Fig. 10).

The Plase I effort will include a thorough detailed
¢valuatiou cf the earlier preliminary design, culminating
in a detailed design, subject to JPL review. Experimental
verification of the design (i:ta, assumptions, and criteria
used in the detail desigu will be undertaken. Materills,
components, and piocesses will be investigated for com-
patibility with the solar panel assembly design, the space
environment, and suitability for the intended use. Experi-
mental fabrication of beryllium spars and intercostals will
be undertaken,and these structures will be tested to obtain

verification of the assumed damping, resonant frequency,
and bending wodes. Experimental fabrication will iden-
tify tooling requirements and fabrication processes to be
used in Fhases II and III. Sample panels wil! be fabricated
to evaluate methods of mounting 8-mil solar cells and
3-mil coverglass on fiberglass substrates. These sample
panels will be subjected to electrical and environmental
testing to provide design data and confidence in the semi-
rigid panel concept.

The sample panel sizes will be determined to provide
data as to the effect of sinusoidal vibration, complex
Gaussian noise excitation, and acoustic excitation on the
semirigid concept. Data will be obtained for thermal
cycling, thermal shock, and extreme temperatures. The
completion of the Phase I effort will culminate in a de-
tailed solar array design with ground support equipment
(GSE) design requircinents established, and experimental
test verification of sample assemblies and materials.

The Phase II and III efforts, ~rossly defined, will include
experimental fabrication of limited subpanel structures

>
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Fig. 10. Large area solor array program phasing
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with partial coverage of active solar cells. Deployment
dynamics will be investigated for verification of deploy-
ment method and support of the simulated zero-g deploy-
ment system. Full-size subnanels will be subjected to
electrical and environmental tests to establish confidence
in the design produced in the Phase I effort.

Manufacture and test of a full size (1250 ft*) solar panel
assembly consisting of 13 subpanels will be undertaken.
The test will include env.ronmental testing in the launch
configuration, and a series of tests simulating zero-g
deployment.

2. Program Status

JPL Contract 951653, for Phase I, was initiated with tne
Boeing Company in September 1966. Presently the pro-
gram is in the eighth month of activities. The basic folding

modular solar array concept of this program is shown in
Fig. 11. The Phase 1 contracted effort consists of six sepa
rate tasks:

Task 1. An analysis and evaluation of the solar arriy
baseline design configuration established in an carlie
feasibility study.

Task 2. Development of over-all program plans.

Task 3. Test program to provide design data and estab-
lish material limitations.

Task 4. Detail design of the solar panel assembly.

Task 5.

equipment.

Preliminary  design of  ground  support

Task 6. Documentation and reporting.

Fig. 11. Folding array concept

JFL SPACE PROGRAMS SUMMARY 37-45, VOL. IV
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Tasks 3, 4, and 5 are the major design and development
efforts nccessary to meet the Phase I program objectives.
Shown in Fig. 12 is a block diagram reflecting the design
approach and the relationship among these three tasks.
The detail design of the solar panel assembly is 45% com-
plete and is being supported heavily by structures analy-
ses and results of the task 3 test program. The task 3 test
support program is to provide design limitations on mate-
rials and a limited amount of design, manufacturing, and
test verification. The task 3 program is broken down into
structures (SCS), electrical (SCE), and solar assembly tests
(SCC). The major portion of task 3 is devoted to the SCS
test program, which includes evaluation of manufacturing
development techniques and materials. The SCS test in-
cludes testing on materials and structura! components and
also, the fabrication of a 16-ft* test panel. Presently in the
SCS test series, tests have been completed on the following
for establishing or verifying design limitations:

SCS 1 » Tensile strength and modulus of elasticity of
fiberglass tape at temperatures between —320°F and
167°F.

SCS 3  Tensile properties of beryllium as a function of
temperature (—200, 70, and 300°F).

SCS 4 » Compressive characteristics of beryllium sheet
material at +70 and 300°F.

SCS 5 ¢ Plane strain toughness properties of beryllium
sheets by inducing controlled flaws.

SCS 6 ¢ Shear strength of adhesive bond joints assem-
bled from beryllium to beryllium, beryllium to titanium,
and beryllium to fiberglass as a function of temperature,

SCS 7 # Beryllium-forming temperatures fo: acceptable
90-deg bends at 3T, 4T, 5T, and 8T bend radii of wrought
material,

The SCS series of tests completed to date indicates that
original design assumptions c.1 materials can be met and
that in some areas close manufacturing control is needed.
One main problem area exists in the forming of beryllium
channels. Some of these problems are flaw determination,
etching material control, and matching techniques. Beryl-
lium channel beams up to 30 in. long have been completed
with limited success.

The SCC solar cell tests are nearly completed and have
investigated the manufacturability of &-mil, solderless
solar cells into matrices. During this series of tests, manu-
facturing techniques were developed for pulse solder-
ing interconnection, filtering bond line thickness control
assembly, and determination of assembly degradation of
the electrical characteristics of these cells (Fig. 13). At
present, it apoears that cells can be assembled onto the
webbed substrate with adhesive thickness control and
electrical degradation maintained at less than 5%.

After completing 8 mo of design and development on
the 20 W/Ib solar array technology development effort,
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Fig. 12. Design approach
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Fig. 13. Electrical power component tests

no insnrmouxntable problems have been uncoveredl. Serae
of the major m:ilestones of the Phase I contract are to be
encountered in the third and fourth quarter of this effort.
These include the successful manufacturing and assembly
of the 16-ft* sample panel, the completion of its testing,
and the forming, assembly, and testing of a 13-ft lung
beryllium spar.

C. Thermionic Development, P. Roukiove

The development of thermionic energy conversion sys-
tems is continuing at JPL, with emphasis on converter and
generator development. Efforts have also been applied in
the ficld of thermal energy distribution. The “heat pipe,”
a relatively new and novel device, appears vcry promis-
ing, and its application and utilization are being actively
pursued by JPL.

1. Converter Test-

Several converters of the advanced technology were
tested at JPL.. The designs of similar converters were dis-
cussed in SPS 37-31, Vol. 4, pp. 58-5¢ and Fig. 14. In
the present iteration of the original design, several modi-
fications were included. The emitter is now formed by
a rhenium polycrystalline slab, replacing the original
tantalum-rhenium sandwich construction. In the sandwich
construction, deficiencies were observed as the result of
the diffusion of the tantalumn into the rhenium (SPS 37-39,
Vol. 1V, pp. 66-87). As result of the change and because
of difficulties of maintaining the proper bonding of rhe-
nium to tantalum in the high temperature region, the
thin, reentrant, emitter supporting sleeve was also made
out of rhenium. It was welded to the niobium p . Jf the
metal-to-ceramic structure near the seal, in a region where
the temperature was lower (=700°C). The complete
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Fig. 14. Series 9 therminnic converter

assembly, prior to its incorporation into a converter, was
thermal-cycled an.” found to e leak-tight. In all the con-
verters tested th. collector was molybdenum, with differ-
ent surface finishes. The test results of two suck: converters
built by Thermo Electron Engineering Co.. Waltham,
Mass. (TEECo) are reported.

a. Con- rter T-204. The results of the paraa:etric tests
of conerter T-204 are graphically presented o Fig. 15
for four values of emitter temperature, and are sum-
marized in Table 1 for two values of voltage output. As in
all converter: of this design, the thermocouple registering
the collector temperature was embedded in the collector
body with its sensing head 0.080 in. from the collector
surface.

K}

g yame T W



9o T
Te- 204

—O- Tzorr = 1600°C
—D‘ rCO’I = l700°c —

~X Teorr =1800°C

a0}~ —— \
\ \ —$FTeorr =1735°C

70 -
—- CONVERTER VilI-P-2a

\,
\\\7\ l T orr = 1700°C
80 A

|

40

CURRENT, A

N

JIENANY

02 04 06 08 1o P2 14

VOLTAGE, V

Fig. 15. TE-204 1-V choracteristics

Included in Fig. 15 are results of the parametric tests
of converter *'III-P 2, another prototype converter built
in 1964 with 2.0 cm? of collector area, as compared with
the 2.5 cra?® collector area of converter T-204. It appears

that no major improvements in converter performances
were achieved in converter T-204. The power density for
T-204 at 1800°C emitter temperature was 12.6 W/cm?
as compared to 28.5 W/cm? demonstrated in the older
prototype.

Measurements weire made of the collector and emitter
work functions, assu:ning an emitter surface #vea of 2.75
and 2.55 cm? for the collector. The emitter work func-
tion was observed at three ratios of emitter-to-reservoir
temperature (Te/Tcs): 3.38, 5.57, and S.76 resulting in
calculated work functions (&,) of 2.83, 3.08, and 3.27 eV,
respectively. The apparent collector work function was
observed at collector-to-reservoir temperature ratios
(Tc/Tcs) of 1.51, 1.43,and 1.44, yielding collector work
functions (®.) of 1.55, 1.57, and 1.58 eV, respectively.

Attempts made to measure the interelectrode spac-
ing by the cesium conduction method at first produced
meaningless values because of imperfections in the mea-
surement techniques. These were improved (SPS 37-43,
Vol. 1V, pp. 108-112), resulting in an average value of
the interelectrode spacing of 1.6 mil as compared to a
value of 1.8 mil spacing calculated by the manufacturer.
During the measurement, difficulties were observed in
optimizing the converter performance in the high emitter
temperature range. This difficulty was traced to deficien-
cies in the heating and radiating properties of the cesium
reservoir, which were corrected in converter T-204 by
applying a high-emissivity coating on the cesium reser-
voir, and were eliminated in the next prototype converter
(T-205).

b. Converter T-:15. Conve - T-205 was aiso built by
TEECo with an all-rhenium emitter and emitter support
structure. The collector was molybdenum, but in con-
verter i-205 the collector face was machine-polished, as

Table 1. Cenverter perfermance

Porometers Conveiter T-204 (2.5 cm’) Converter VIHI-17 (2 cm’)
T emitter °C (observed) 1576 1576 1705 1706 1765 1768 1558 1553 1647 1647 1740 1743
T collectar, °C (measured) 609 681 784 860 831 903 477 594 613 700 628 715
Y cutput ¥ 0.8 0.6 0.8 0.6 0.2 0.6 0.8 0.6 0.8 0.6 0.8 0.6
1 output, A 17.0 30.2 .0 524 44.6 56.3 1.4 341 34 54 53.4 72.2
vV open circuit, V 1.2 1.2 A 1.5 1.7 1.7 2.25 20 2.1 1.85 1.84 1.78
W ouiput, W 13.6 18.2 3.2 314 357 338 — — 29.8 324 427 43.3
Wooput, W 222 258 353 392.5 398 434 170 240 291 350 383 470
Efficiency, % 6.12 7.02 8 8 8.97 7.79 5.6 9.5 9.4 9.3 11.2 9.2
Cs eservoir input power, W 5.6 3.96 0 0 (V] [} 2.32 1.35 1.39 0.88 1.29 0.84
Cs reservoir, °C 204 3ce 327 342 339 351 294 307 N3 37 350 354
Radiator, °C 46¢. 500 542 570 564 587 407 492 504 554 576 599
Yacuum, iorr 1077 7 9 4 4 5 5 4 4 3 3 28 2.8
Pyrometer correction, °C 23 23 32 32 35 35 47 47 55 55 w0 60
3 JPL SPACE PROGRAMS SUMMARY 37-45, VOL. Iv
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opposed to the electro-etching used in converter T-204.
The emitter in both cases was electro-etched and ther-
mally stabilized. During the fabrication of converter T-205
the converter twice developed leaks which were repaired,
the converter being re-outgassed and re-cesiated.

The results of the parametric measurements performed
on converter T-205 can be observed in Fig. 16 and are
summarized, again for two values of voltage cutput, in
Table 2.
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Fig. 16. TE-205 converter characteristics

The measurements of the emitter and collector work
functions were performed assuming again a surface of
2.75 cm? for the emitter and 2.5™ cm?® in case of the collee-
tor. The emitter work function measurements were per-
formed at Te/Tcs ratios of 3.96. 4 17,3.76.and 3.54, yield-
ing respective values of cmitter work function of 322,
3.49, 3.00. and 2.87 ¢V. In the case of ‘he collector work
function, the ratios of Tc,/Tcs were 1.70, 160, 1.53, and
1.45 and resulted in values of the apparent collector work
function of 1.30, 1.35, 1.41. and 1.49 eV. The emitter wor'
function values agree with those observed in converter
T-204 and other converters with rhenium emitters. The
collector work function, however, was lower in case of
converter T-205 than that observed in converter T-204
(1.58 eV in T-204 versus 1.49 ¢V in the case of T-205). This
difference was attributed to a possible contamination of
the collector surface by adsorbed gases, as result of the
double re-cesiation operation. Such contamination could
have a marked influence on the converter’s performance

(SPS 37-29, Vol. IV, pp. 20-25).

The measurement of the interelectrode spacing by the
cesium conduction technique yielded a value of 3.0 mils
by “curve fitting” and 2 to 2.5 mils by direct measure-
ments. The value assumed by the manufacturer was
4.0 mils.

During the measurements, consistent discrepancies were
observed between the test data supplied by the wnanu-
facturer and the data observed at JPL (Fig. 17). These
discrepancies may be attributed to differences in the
emitter surface temperatures as the result of diflerences
in the pyrometer corrections and also to differences in the
shapes of the electron bombardment filaments. These
differences could have induced errors in the observed
emitter temperature and the thermal flux distribution

Table 2. Converter performance

Parameters 1-205 (2.5 cm?) VII-P-2 (2 cm®)

T emitter, °C (observe., 1585 1583 1660 1659 1760 1758 1575 1575 1676 1675 1775 1775

T collector, °C (measured) 675 749 767 849 864 951 405 447 608 724 719 789

V output, V 0.8 0.6 0.8 0.6 0.8 0.6 0.8 0.6 v.8 0.6 0.8 0.6

1 output, A 22.6 375 33 50 43.5 60 1.4 19.4 50.3 76 68.1 88.C

V open circuit, V 1.55 1.6 16 165 1.7 1.75 2.2 2.25 2.2 1.8 1.96 1.8

W outpul, W 18.08 22.5 26.4 30.0 34.8 36.0 912 11.64 40.65 4°6 54.5 53

W input, W 245.1 286.C 314 361.4 402 456 208 226 385 464 525 558

Efficiency, % 7.37 7.86 8.4 83 8.66 7.9 4.38 7.26 10.56 9.3 10.4 9.48

Cesium reservoir input, W 5.12 495 7.6 8.4 9.45 9.45 2.56 1.87 0.75 —_ — —_—

T cesium reservoir, °C 289 297 331 350 362 369 296 298 330 353 352 363

T radiator, °C 480 512 524 554 564 589 32 342 450 501 500 529

Vacuum, torr 1077 2 3 2 3 3 4 20 20 20 o 20 20
LPyromefer corrections, °C 37 37 4] 41 44 44 25 25 25 25 25 25
JPL SPACE PROGRAMS SUMMARY 37-45, VOL. IV 33
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Fig. .7. Measurement comparison

along the emitter of between 11 and 15°C, as can he ob-
served by comparing the curves in Figs. 16 and 17. In all
cases it was noted that the collector surface temperature
was too high for an optimum output. The low perfor-
mance observed in this converter could be attributed at
least partially to these excessive collector temperatures,
which are the result of excessive collector barrel length
and a deficiency in the radiator area and radiative coating
emissivity.

¢. Converter VIII-R-2. The converter VIII-R-2 is simi-
lar in construction to other converters of the series VIII
(SPS 37-31, Vel. 1V, pp. 53-58 and Fig. 18), except that
the emitter was built of a single rhenium slab 120 mils
thick, and the emitter supporting sleeve was also made
out of thin rhenium tubing. Such construction was first
tested under the thermal energy storage (TES) program
(SPS 37-36, Vol. IV, p. 46) and was found to be successful.

Converter VIII-R-2 was built by TEECo as part of an
evaluation program in which four identical converters
were to be supplied. Two of the converters were to con-
tain “cesium only”; the two others were to be built with
cesium and additives. The converters supplied were to
be evaluated at JPL for performance and life time. Difhi-
culties were encountered during the program in: pro-
curement of leak-tight thin-wall rhenium tubing; the
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Fig. 18. Series Vill converter

evaluation of the thermal conductivity of bulk rhenium
matenal (Refs. 1 and 2); and the selection of appropriate
additive. The latter problem, in which cesium fluoride,
selected as a first approach, will be replaced by oxygen,
is still under investigation.

The results of the parametn > tests of converter VIII-R-2
are preserted in Fig. 19 for three values of emitter tem-
perature and are compared with typical values observed
in other converters of the series VIII. The differences in
performance could not be satisfactorily explained. They
may be the result of a iarger-than-anticipated thermal
drop through the rhenium emitter slug, resulting in a
cooler-than-calculated emitter surface temperature.

The emitter and collector work-function measurements
yiclded an average value for the emitter work function
of 341 eV and a value of 1.69 €V for the collector work
function. The interelectrode spacing, computed by a
curve-iitting method from the cesium conduction data,
was estimated to be 2.5 mils.

w. Converter VIII-S-14 tests in a simulated generator
environment. During the tests of the thermionic gener-
ator JG-3 (SPS 37-40, Vol. IV, p. 9) it was observed that
for similar emitter hohlraum temperatures, the behavior
of the converters was different when tested individually,
than when mounted in a generator block. It was hypoth-
esized that the differences in heat rejection from the

JPL SPACE PROGRAMS SUMMARY 37-45, VOL. IV
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Fig. 19. VIII-R-2 converter characteristics

emitter sleeve changed its thermal expansion, thus in-
creasing the interelectrode spacing in the converters.
Experiments were performed to simulate the generator
conditicns by surrounding the converter with a heavy
molybdenum block (Fig. 20). The performance of the con-
verter in all cases indicated a sharp decrease when com-
pared with the data observed for the same converter
without the molybdenum block. The comparative data is
presented in Fig. 21. This decrease in performance was
attributed to an increase in the interelectrode spacing as
the result of the larger expansion of the thin emitter

.‘-i]l"'\'l'.

Calculations of thermal expansion with and vithout the
moly block' were performed for a low current, high volt-
age (1.2 V) ontput to minimize the thermal effects of I'R
heating. The assamed heat distribution along the emitter

sleeve for an hserved emitter temperature of 170070 s

S. S. Lachhers, private corp unication
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Fig. 20. Converter in-block simulation
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Temperature seal, °C 1 561 612
MNote 30+ Eig 23 far collector thermosounle louat

L

presented in Fig. 22 The thermal conditions as observed
in support «f these calenlations are prese nted in Table 3
and the sionificant dimensions are indica’ed in Fig 23
The caleniations for the expansion of the emitter slee

collector and seal. with and withont the moly block, per

tormed nsing the dimensions presented in Fig. 23 and the
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Fig. 21. Converler performance comparison

Table 4. Interelectrode spacing, differential
expansions®

Parameters Without moly block, mil With moly block, mil
Sleeve +275 +5.12
Cellector —1.56 —1.72
Seal +0.54 +0.6.

Total 1.73 4,02

*Assuming thermal distzivution, os per Fig. 22
aTA= 65 X 10-*/°C
@ Mo =54 X 10-%/°C
aNb=181 X 10 »/°C

assuraed thermal distribution, are presented in Table 4.
The differential expansion appears to increase the i» r-
el otrode: spacing by 2.9 mils when the converter was
tested with the molybdenuin bloct  This expansiorn: ap-
pears to be too large, a 1 iv 1.5 mil expzusion being a
more likely fignre, but the calculations and the test results
confirsi, hat a significant increase in nterelectrode spac-
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ing occurs when the converters operate in an enclosed
condition such as presented by a geaerator block. The
changes in the values of the voltage—current character-
istics, observed by ‘nserting the converters into the gen-
erator, correspond to those observed during the tests
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performed with and without the molybdenum block,
using converler VIII-S-14. This again supports the as-
sumption that the increase in interelectrode spacing was
responsible for the difference in converter behavior ob-
served during the generator tests.

2. Heat Pipe

The transmission and distributior of the heat gencr-
ated from a thermal source, such as the concentrated
solar energy flux absorbed b the walls of a cavity, or the
heat resulting from the decay of radioisotopes, can pre-
sent significant engineering problems. Experimental data
obtained during solar tests of thermionic generators indi-
cated that the solar heat concentrated in the focal spot
of a parabolic mirror could not be distributed evenly along
a long cavity by muitiple reflection without a very large
the.mal loss penalty. This fact restricts the size and geom-
etry of solar thermionic generators. The heat produced by
the decay of many isotopes has too low a thermal flux
density to be directly used in thermionic energy conv-r-
sion. The large volume of some isotope materials required
can create difficulties in extracting the heat from the iso-
tope mass because of the generally low thermal conduct-
ance of the fuel form. This low thermal conductance
could result in a large thermal drop between the center
and the outer surface of the isocope mass, creating exces-
sive temperatures in the region f the centerline.

The addition of metallic doping to the fuel form could
increase its thermal conductarce, but will further de-
crease its thermal density, resulting in an increase of the
required fuei inventory. Othe problems such as attach-
ment of a heavy fuei-capsule mass to the emitter slab,
the effect of this mass during inflight shock and vibration,
ard the possibility of secondary radiations from the inclu-
siuns in the fzel, also create additional difficulties.

The use of relatively heavy metal radiator fins for heat
rejection is limited by the heat conduction in the metal,
the heat rejection capability of the fin surface, the dimen-
sional and weight constraints imposed by the view angle
factors, and the generator geometry and locaticn on the
spacecraft.

The high theimal conductance device {Ref. 3) com-
monly known as a “heat pipe” appears as a solution to the
many problems invuiving the transfer and distribution
of Lat.

a. Heat pipe considerations. In its simplest form, the
heat pipe consists of a hollow evacuated container of
cylindrical, rectangular, or other geometrv, the inner
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walls of which are lined with a continuous capillary struc-
ture (Fig. 24). This capillary is saturated by a wetting
liquid. The shape of the capillary (mesh, grooves, corru-
gation, or combination of the same) has some influence
on the heat transfer, and the choice of the fluid used is
limited by its wettability of the wick, compatibility with
the heat pipe materials and by the operating temperature
of the heat pipe. The heat supplied at the heat input end
of the container converts the liquid into vapor. an action
which absorbs large quantities of thermal energy (heat of
vaporization). The vapor is transported along the hollow
center of the container to the thermal output end of the
pipe where it condenses to liquid, thus releasing the heat
of vaporization. The liquid saturates the wick and travels
by capillary action to the evapoiation section at a rate
determined by its physical properties, and the construc-
tional characteristics of the capillary system. The heat
pipe is thus a double-phase system with a continuous
recirculation of the boiling and condensing fluid between
a heat source and a heat sink. The liquid flow rate
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Fig. 24. Hez! ipe schematic
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required to successfully wansfer large amounts of heat
is relatively small. A flow rate of 2.7 cm?/s of lithium is
capable of operating a heat pipe with a heat transfer of
2 thermal kW at 1300°C, while a mass flow rate of 1.5 g/s
is sufficient to transfer 3.5 thermal kW at 2000°C in a
tungsten-silver heat pipe.

The maximum heat transfer capability of a heat pipe,
when operating free of external forces is:

. Ly p,p, |
Q_K[ byl ]

where

Q = heat transfer, cal’/s

L = heat of vaporization, cal/g
y = surface tension, dyn/cm

pr = density of vapor, g/cm*

pr, = density of liquid, g/cm?

7 = liquid viscosity, P

b = capillary constant (=16 for groove, =20 for wire
mesh)

K = geometrical constant (function of the pipe geom-
etry), cm®/%

l = length of pipe, cm

Table 5. Properties of heat pipe fluids

Densi Surface
Melti Boili /." :'Y" Latent heat | tension
Fluids * mng o! '“3 9/em all yaporiza- dyn/cmat

point, °C | point, °C mel'hng tion,cal/g | melting

point ' point

Water 0 100 1.0 538 75
Indium 156 2087 7.0 468 630
Cesium 29 705 1.8 146 55
Potassium 64 760 0.82 496 100
Sodium 98 883 0.93 1005 190
Lead 327 1737 10.5 205 450
Lithium 179 1317 0.51 4680 398
Silver 260 2212 9.3 446 930

1200 [ | | I ] | | | ]
COMPILED BY JOSEPH KEMME, LOS ALAMOS, N.L., FPOM TAYLOR: ARTICLE 9-5 PROGRESS IN METALLURGY
VOL.2 SERIES V, METALLUREY AND FUELS
PERGAMON PRESS
1000 T
Ch = 2030 dyn/cm
Mo = 2240 T~ \
To = 2330 \ 9
800~ W = 2680 ~ N
Fe = 173 — & N
¢ N = 1640 ™~ —~e_| \\
Q
E 500 U0, = 640 \,: Mg \ \ \l
5 WC = 1000 . ] o 2212
- Al203 = 905 \\ ~ \ \2057
400 —— i —— L \\
— Bi —————— 2260°C
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200 —_— ] \._“\
-\
\L~N°\4
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Fig. 25. Surface tension of metals
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The maximum heat-carrying capacity of a heat pipe is
roughly proportional to the square of the pipe diameter,
inversely proportional to the length, and is also depen-
dent upon the fluid viscosity, number and shape of the
capillaries, etc.

A theoretical analysis (Ref. 4) performzad to compare a
tantalum solid rod with a tungsten-silver heat pipe of
same cross secticn indicated that the heat transfer for the
heat pipe was 10,000 times larger than for the rod. It was
calculated that the heat pipe can transfer 520 times more
heat per unit weight than any solid rod of the same cross
section.

The outstanding characteristics of several materials
considered as fluids for the heat pipe are presented in
Fig. 25 and Table 5. The total thermal power transfer
capability versus the operating temperatures, calculated
for a unit heat pipe (1-in. diameter, 1-ft length) with a
woven mesh is presented in Fig. 26. The effect of the
optimization of the wick dimensions for maximum heat
transfer is illustrated for sodium in Fig. 27. The limiting
factors determining the range of operation of a heat pipe
are the vapor pressure of the working fluid at operating
temperatures, the compatibility of the fluid with the wick
and container materials, the strength of the container
material at the operating temperatures, and the phenome-
non of nucleated wick boiling. The vapor pressures, at
different temperatures, of several materials considered as
possible working fluids for the heat pipe are presented in
Fig. 28. In generai, the selection of the fluid is performed
based on an operating vapor pressure of 1 to 2 atm.

08 7

s )

. i

2 V4
= Na
E w0t i
= Y
@ <
g . NHy 7H,0 Lk
3 / /7
5 2 P A Cs -
g / /
a |0’J“
2 DOW

s —
5 /Ca"CL  THERM A
- 4 -

2 —_—

102
102 2 Y 6 03 2

EVAPORATOR TEMPERATURE, °K

Fig. 26. Heat-carrying canacity of unit heat pipe
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The heat pipe has several characteristics which help o
make its application ittractive:

(1) Itis practically isothermic axially or radially.

(2) It is an extremely efficient heat transfer device.
(3) It can operate as a thermal flux transformer.
)

(4) 1. allows the separation of the thermal source from
the point of utilization.

(5) It can have a temperature-flattening effect.

Two paraliel applications of the heat pipe are being pur-
sued by JPL. Under contract with Radio Corporation of
America (RCA), Lancaster, Pa., an effort is being pursued
to integrate the heat pipe with thermionic converters.
The heat pipe is used as a means of supplying heat to the
emitters of the thermionic cnergy converters. The goal of
the effort is the integration of the thermionic energy con-
version with an isotopic thermal source. The second effort,

39




Fig. 28. Vapor pressures

bemg pursucd at TEECo, covers the use of the heat pipe
as aaneans lor heat rejection from the collector of the

thermionic converter, to replice the conventional radiator

Under the RCA effort several outstanding achievements
have been made. A heat pipe operating in the tempera-
ture range between 1500 and 1600°C has successfully
achieved ST00 h of ¢ontinuous operation, transmitting
5 KWt with a AT (between ends of the heat pipe) of less
than 7 C (Fig 29). Another heat pipe 32 in. long trans-
mitted o maximimn beat Hux of 180 kWi with a AT o
10 Chat 1500 40 Experiments in thermal density concen-
tration demonstrate the possibility of concentration ritios

10 to 1 (21 thermal W/em® input-210 theninal W /emn?
output’ at 1500°C and 45 kWit

An experimental heat pipe has been built and snecess-
fully operated to demonstrate not only the possibility of
axial heat transfer but alse the radial. This double-wall
heat pipe shows valuable design approaches to solve the

problems ol increasing the surface utilization,

40
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The heat pipe and a thermionic converter have been
successfully integrated. Using electrical resistance heat-
ing, the systaimn demonstrzated an efficiency of 13.45, the
emitter of the converter operating at 1490°C. The output
of the converter was 250 A at 0.665 V. This effort is now
being continued with emphasis on the improvement in
the wick structure to demonstrate a minimum heat trans-
fer capacity of 20,000 thermal W and the successful inte-
gration and operation of two thermionic converters for
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1000 h of continuous operation. The minimum output of
the system was fixed at 225 electrical W.

The effort at TEECo has as a goal thie incorporation of
the heat pipe concept to transfer heat between the collec-
tor face and a radiator of a thermionic converter. The
thermionic structure of the series IX comverters was re-
tained,and a suitable heat pipe structure was added to
the collector. The walls of the heat pipe were designed to
act as the radiator. The concept is shown in Fig. 30. The
fluid selected for the heat pipe operation is sodium with
niobium being used as the container. Calculations per-
formed on the thermal electrical energy balance in the
converter indicated a requirement of heat rejection of

150 W,

Considering a radiator emittance of 3.92 W cn® the
radiator area should be approximately 37.5 em®, and with
a total emissivity of 0.85, should operate at 951°K. The
calculated heat pipe dimensions are:

Vapor conduit length, 9.75 em (3.85 in.)
Vapor conduit cross section, 1.60 crn®
Capillary mesh wire diameter, 0.0025 cm

Fluid flow (sodium), 3.75 % 10~ g/s

The minimura permissible number of capillaries was cal-
culated to be 800 for a pressure drop of 1,03 10* dyn /em®. Fig. 30. TEECo convertei-heat pipe
Two wraps of 400 mesh size capillary were selected. The
total weight of the converter was calculated to be 70.7 g,
resulting in a minimum specific weight of 4 Th kW, filling pipe and the heat pipe. Also, a severe reaction was
obseyved when the high emissivity  coating {chromium
Experiments performed on such a structure outlined  oxide) embrittled the nicbinm heat pipe after a bake-out
areas of trouble, specifically, the weld between the fuid — at 1400 C.
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IV. Guidance and Control Researct
GUIDANCE AND CONTROL DIVISION

A. Reduction of Plasma Maintenance Voltage
With Magnetic Field, . Shimadc

1. Introduction

Thermionic energy converters are considered as poten-
tial energy-conversion devices having a medium power
capability. They already have shown substantial progress
in their power output (18 W/cm?), efficiency (14%), and
in prolonged operation (10,000 h/diode). However, fur-
ther improvement in the output voltage is highly desir-
able for the device to become operational since the
over-all efficiency of the energy-conversiun s - tm, which
inciudes power conditioners and the intercor~ecting bus-
bars between thermionic energy converters, becomes
higher as the output voltage of the converters becomes
larger.

One approach in increasing the output voltage is te
choose or to prepare the clectrode surfaces so that a
desired contact potential car. be maintained at reduced
cesium pressures. This approach would result indirectly
in the reduction of electron scattering by electron-neutral

A2

collisions (transport losses). Another approach is to re-
duce collisional losscs, inelastic as well as elastic ones,
by reducing cesium pressures. In the latter approach, the
electron space charge must be neutr:.lized by ions which
are generated without expending those electrons which
are to reach the collector for the production of electrical
porver output. In order to achieve such a mode of oper-
aticn, the svrface ionization must he copious snd/or the
int- :'_ctrosie gap must be extremely small. Use of an
auniliary discharge was examined l»- various investi-
gators with limited success.

In vontrasi to the aforementioned methods, we have
chosen a rethcd of sroduciag ions in the interelzcirode
space ucing principles similar to those which govern
the Penning-typc discharge. We have des'gned 2n
experimental cesium dinde which has electron-cmitting
side walls in additivn to the planar par! of the emitter.
A magnetic field is apnlied externally with its ¢ . :ction
normal to the surfacc of the plinar part of the vmitter.
Consequ. ntly, onlv those electrons emitted from the
side wall are subjected io the Lorentz force created by
the transverse magnetic field. These electrons move in
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circular paths as they traverse from emitter to collector
under the influence of the external magnetic field. Since
they are accelerated through the emitter sheath as they
enter the interelectrode space, and since they traverse
a distance substantially longer than the electrun mean-
free-path, which by choosing the cesium pressure can
be made approximately equal to the gap between the
planar parts of the electrodes, these electrons can make
ionizing collisions with cesium atoms in the interelectrode
space.

Preliminary measurements of the plasma maintenance
voltage of our experimental cesium diode indicate that
a reduction cf this voltage from 1.75 to 1.35 V can be
achieved with the apnlication of an external magnetic
field of the mider of 1 G.

2. Experiments

A specially designed thermionic cesium diode was fab-
ricated at Thermo Electron Engineering Co., Waltham,
Mass. This diode has tantalum electrodes; the emitter
has electron-emitting side walls in addition to the planar
emitter area which is parallel to the planar collector
face. The interelectrode distance is 0.028 in. between
two planar surfaces of electrodes; the height of the
emitter side wall is also 0.028 in. In other words, the
emitter forms a shallow cup which is loosely fitted with
the collector at its opening, as shown in Fig. 1. The
diode is placed in a vacuum bell jar which is pumped
down to the 5 X 10-8-torr range with a 400-1/s vac-ion
pump. The emitter of the experimental diode is heated
by a Pierce-type electron gun (SPS 3741, Vol. IV, pp. 46-
48) which is physically separated from the diode by a
distance of approximately 5 in. This method of heating
is selected in order to make accurate determination of
the emitter heating power; the direct radiation heating
by the gun filament, which contributes to the emitter
heating in ordinary methods, is eliminated in our method
since the gun filament is far removed from the emitter
surface. Also, a solenoid installed in the extra space

0.552 in.

EMITTER

"0.028 in. (0.071 ¢m)

COLLECTOR ——/

Fig. 1. Emitter~collector structure
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between the gun and the emitter provides the external
magnetic field in the emitter region of the experimental
cesium divde. The solenoid is wat--cooled and can
provide a dc magnetic field having an intensity up to
400 G at its center, where the emitter of the test diode
is located. Emitter temperatures are measured at a black-
body hole (depth-to-diameter ratio = 8) by a calibrated
Mikro-Werk Optical pyrometer. Temperatures of the
cesium reservoir (T.,) and the collector radiator (T.)
are measured by uninterrupted chromel-alumel thermo-
couples. Cesium reservoir temperatures are maintained
withir *-0.5°C during measurements which require con-
stant T,..

The volt-ampere characteristics were examined for a
range of cesium temperatures between 130 and 200°C,
and for a range of emitter temperatures between 900 and
1700°C. It was quickly found that the external magnetic
field had an appreciable effect only for cesium tempera-
tures between 130 and 150°C. In fact, such temperatures

AN
%) ]
& [ |
& 2 —T %
Z |
) |
Te =900°C
T.s = 138°7
T, =236°C
| 2
o]
Q | 2 3 4 5 €

VOLTS

Fig. 2. Volt-ampere curves: T = 900°C,
T.. = 138°C, T, = 236°C
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fall in a range where the electron-neutral mean-free-path
is comparable with the interelectrode spacing of 0.028 in.
(0.071 cm). Optimum emitter temperatures which yield
significant current through the diode are then deter-
mined to ve approximately 1000°C.

The diode is operated in the plasma mode (SPS 37-44,
Vol. 1V, pp. 59-63) where a positive voltage as large
as 5 V is applied to the collector, with respect to the
emitter of the diode.

The volt-ampere characteristics are obtained point-
py-point after thermal equilibrium is reached at each
data point. Heat-balance data are also obtained at cor-
responding points of the voli-ampere characteristics.
Results obtained by the heat-balance experiments were
reported in SPS 37-44, Vol. IV, pp. 59-63.

Typical volt-ampere curves are shown in Figs. 2, 3,
and 4. Also shown in the figures are the volt-ampere
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Fig. 3. Volt-ampere curves: T; = 1100°C,
T.s = 140°C, T, = 264°C
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Fig. 4. Volt-ampere curves: Ty = 900°C,
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characteristics obtained after an external magnetic field
is applied.

3. Discussion

An jon current as large as 30% of the total current
flows throvgh the diode when it is operated in the plasma
mode. The magnitude of the ion current is considerably
larger than that which is found in conventional therm-
ionic energy converters operating in an ignited mode.
The emitter work function of the experimental diode
is approximately 2 V, which is 0.5 V lower than the
value expected from the Warner-Rasor theory of cesiated
surfaces. Further study of such behavior in the plasma
mode is now in progress.
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The effects of an applied magnetic field are noticeable
only when T, ~ 130°C, at which the electron-neutral
mean-free-path is approximately 0.2 cm; the interelcc-
trode gap is approximatelv one-third of the mean-free-
path at this temperature. At a current of 2 A (0.75 A /cm?),
the voltage drop across the diode is 1.75 V when the
diode is not immersed in a magnetic field, whereas it
is 1.35 V when the magnetic field of 54 G is applied.
An increase of the saturation current is also noticed at
an emitter temperature of 1100°C and a cesium tempera-
ture of 10°C. The amount of this increase is approxi-
mately 3us, nearly double that which is expected from
the additional emission from the side wall of the emitter.
This will be investigated further with an experimental
diode having different side-wall areas.

In conclusion, the external magnetic field exhibits
positive results in reducing the voltage drop in the plasma
only when t! cesium pressure is such that the electron-
neutral mean-free-path is comparable to the interelectrode
gap. Heat-balance experiments are expected to provide
further insight into the process of ion formation in a
diode which is operating in a mode similar to Penning’s
discharge.

B. Noise of Unipolar Space-Charge-Limited
Current in Solids, M-A. Nicolet*

1. Introduction

It has been stated in the literature that unipolar space-
charge-limited curreat (sclc) should exhibit reduced shot
noise (Ref. 1). The prediction is based on the analogy
which exists between sclc in a solid and in vacuum,
where shot noise is known to be reduced by a space-charge
suppression factor F < 1. An analysis has recently been
published which attempts to establish the fact more rigor-
ously (Ref. 2). Experimental verifications are still awaited.
This article points out that there is at least one limiting
case of operation of sclc in a solid in which shot noise may
be suppressed little, if at all, and for which ao analogous
situation exists in vacuum.

Scle in its pure form, free of ary trapping, has been
abserved mairly in germanium and silicon (Refs. 3, 4). In
both cases, it was found that, in general, the free charge
carriers are not in thermal equilibrium with the lattice.
Rather, it is more proper to assume that the charge car-

‘At the California Institute of Technology, performing work sup-
ported by JPL.
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riers are tepid or hot, in which case the value v of the drift
velocity deperds upon the strength E of the electric field
asv = E'/», withn = 2 for tepid and n = « for hot-charge
carriers. In this latter alternative, the charge carriers move
at a constant “saturation velocity” v,, independent of the
field strength. Hot-charge carriers are observed regularly
in the upper voltage and current range of sclc in Ge and Si.
The V-I characteristic in this range of operation can be
interpreted satisfactorily by assuming that: (1) the charge
carriers move at constant saturation velocity v, throughout
the base width of the diode, and (2) diffusion and initial
velocities of emission are negligible (SPS 37-37, Vol. IV,
pp. 64-68).

2. Noise

The shot noise predicted under these conditions must
be uncorrelated, because the model allows neither for a
virtual emitter nor for an influence on the charge motion
by Coulomb interaction. A power spectrum for the shot
noise can then be obtained by finding the differential cur-
rent pulse i(t) due to the transit across the base of an indi-
vidual charge moving ut constant speed v,. The Fourier
transform F(o) of this currs nt pulse and its average rate of
occurrence I/q determine the power spectrum W(u) ac-
cording to

W(w) = 2(1/q}|F (o) (1)

where I is the dc current flowing through the device, pro-
vided that the charge carriers are emitted into the base in
a truly random sequence (Ref. 5). Rewriting F() by set-
ting F(») = g N(o), one obtains

W (o) = 29I|N () |? @)

Figs. 5 and 6 show the result of such an analysis for the
five distinct cases of planar (k— 1), cylindrical and spheri-
cal geometries (k 2 1 each). Details on the calculations of
i(t) are given elsewhere (Ref. 6). The transform F (o) can
be obtained analytically only in the planar case. Numerical
integrations have been used for all other results.

3. Discussion

The validity of this approach may be questioned on two
grounds. The justification of the model is based on experi-
mental V-I characteristics. These measurements may be
relatively insensitive to the details of the charge and field
distributivn in the vicinity of the emitter, while shot noise
suppression may be critically sensitive to these details.
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The assumptions of constant drift velocity and negligible
diffusion are certainly poorest at precisely this location, so
that noise suppression may actually persist even if the
-1 characteristic indicates velocity saturation. An answer
to this objection could be furnished either by analyzing
more sophisticated models or by experimental investiga-
tions.

Another flaw resides in the use of the current pulse i(t).
While in vacuum diodes such a pulse could actually be
measured and is the consequence of the transit of an elec-
tron through the cathode-anode spacing, the meaning of
i(t) in the solid-state analogue is merely that of an av-rage.
The scattering of charge carriers in their path from en..iter
to collector by the lattice will introduce a fitie structure on
i(t), the detail of which depends on the microscopic be-
havior of the charge carrier. Information of this type can
be obtained only by abandoning the phenomenological
description in terms of a mobility or drift velocity and
replacing it by a complete microscopic picture of the
dynamics and statistics of this motion. If m is the average
number of scattering events during the transit time T, of
a charge from emitter to collector, one would expect that
for frequencies beyond m/T, the model based on i(t)
breaks down completely. It is difficult to make a more
accurate statement without additional analysis.

The saturation velocities of electrons and holes in Ge
and Si lie between 6 and 11 X 10° cm/s in the range of
77°K to room temperature. For a typical base width of
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Fig. 5. Power spectrum of shot noise for unipolar
sclc in a cylindrical device
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10 g, this places the transit time in the neighborhood of
1 and 2 X 10'* 5, corresponding to submillimeter wave-
lengths at the point oT', = 1 in Figs. 5 and 6. Experimental
techniques in that frequency range are difficult. There is
little prospect for experimental data to shed light on this
question in the immediate future. Experiments on the noise
of unipolar sclc are thus most attractive in connection
with the presence and/or absence of shot noise suppres-
sion at moderate and low frequencies, and as a function
of the dc operating pr..... Practiczl limitations, such as
power dissipation and long-term stability of the device,
noise figure of the amplifier, its bandwidth and the possi-
bility of 1/f noise may make such measurements rather
difficult, though.
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Fig. 6. Power spectrum of shot noise for unipolar
sclcin a spherical device

C. Solid-State Triode: Gate Electrode Fabrication,
A. Shumka

1. Introduction

Control ard modulation of space-charge-limited cur-
rent (sclc) in solids are essential if a solid-state triode is
to be realized. Previous work has established the exis-
tence of scl electron and hole currents in n*xn* and
p*vp* germanium solid-state diodes respectively (SPS 37-
39, Vol. 1V, pp. 44-50 and Ref. 7). We will describe an
approach for achieving control and modulation of these
currents,

The solid-state triode offers several attractive features
as a useful device: (1) it would have a good frequency
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response because the charge transport is by drift; (2) it
would be relatively insensitive to temperature changes
because of the weak dependence of mobility on tempera-
ture; (3) it would be a majority carrier device and should
have a low susceptibility to radiation damage; (4) it
would be a low-noise device due to noise suppiession
by the space charge; and (5) it would have a high input
impedance.

2. Model

The crucial part of a solid-state triode is the gate
electrode by which control and modulation of sclc can
be achieved. A gate electrode that would satisfy these
requirements is shown in Fig. 7. It consists of a set of

P BASE
s %

—EMITTER
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GATE CONDUCTORS
'/—~ COLLECTOR

[ 1

Fig. 7. Cross section of an ideal sclid-state triode

1
EMITTER n*
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COLLECTOR n+

:

v

Fig. 8. Electric field line distribution in o
solid-state triode for V=0V
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closely spaced parallel conductors (p-type) embedded
in the base of an n*=n* solid-state diode. Operation of
the solid-state triode can best be understood from Fig. 8,
in which a segment of a solid-state triode is shown. In
Fig. 8, field lines emanating from the collector terminate
on the emitter and on the gate. This is not a concise
representation of the actual situation because some of
these field lines will terminate on the injected charge
carriers and on the fixed inpurity ions present in the
base. However, this distribution is nsed in order to
obtain a simple qualitative picture of the solid-state
triode.

The emitter current (electron current) is directly re-
lated to the number of field lines terminating on the
emitter. This number can be modulated by varying the
gate voltage. That is, if the voltage between the col-
lector and the gate is incrensed while that between the
emitter and collector is kept constant, fewer field lines
will terriinate on the emitter. The amount by which
the emitter current changes for a given change of the
gate voltage will depend largely on the position of the
gate electrode with respect to the emitter, and also upon
the separation distance between the gate condnctors. The
gate is neither a source nor a sink for the injected carriers
but is capacitively coupled with the emitter. It is through
this coupling that modulation takes place. An analogous
structure in which n*-type conductors are embedded in
the base of a p*vp~ solid-state diode can also be used
for scl hole-current control.

3. Experiment

There are several problems involved in the fabrica-
tion of a solid-state triode with th. structure shown in
Fig. 7. First, the gate conductors are buried in the base.
Second, these conductors must be uniformly spaced and
accurately positioned. Finally, the inserted gate con-
ductors should not introduce any contaminants into the
base. The difficulty of embedding the gate conductors
can be bypassed provided that equally spaced channels
(grooves) are cut in the solid-state diodes, as shown in
Fig. 9. Alloyed into these channels are the gate con-
ductors. These channels should not appreciably de-
teriorate the performance because those portions of the
emitter and base that are normally shielded from the
collector by the gate electrode are removed. The channels
will provide a means of uniformly spacing and of accu-
rately positioning the gate conductors. Furthermore, the
alloying of these gate conductors can be accomplished
without introducing any contaminants into the base.
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Fig. 9. A proposed solid-state triode with gate
conductors alloyed into the channels

The simplest and most basic structur~ for a solid-state
triode is one which contairs only two gate conductors.
For example, the solid-state triode shown in Fig. 9 can
be considered to contain five of these structures in paral-
lel. Consequently, all that is required is to investigate
the feasibility of fabricating this structure.

A wire saw was used to cut two parallel and closely
spaced channels in an n’ #n* germanium solid-state diode.
The cutting operation was as follows. A nichrome wire
(5-mil diameter) was pulled across the surface of a
germanium wafer onto which an abr-<ive slurry (0- to
3-u grinding compound) “2: continuously fed. Wire
speed and slurry consistency were such as to cut a
groove 2.5 mils deep in approximately 15 min. A micro-
positioner accurately positioned the wafer with respect
to the wire. The depth of the cut was periodically
monitored with a calibrated microscope.

A sketch of the first fabricated solid-state triode is
shown in Figs. 10 (a) and (b). The channels were 10 mils
wide and 2.5 mils deep, and the mesa was 4 mi's wide.
Three grooves were cut by the wire saw to obtain a
channel 10 mils ide. The gate conductors less than
2 mils wide were alloyed into the mesa wall. Channels
were cut in more than 20 samples to determine the
accuracy of the wire-saw technique. Results indicate that
the tolerances are +-0.1 mils for the mesa width and +.2
mils for the channel depth.

There are several limitations to the wire-saw tecknique.
First, the mesa walls are curved because ot tie wire
geometry. Second, it is difficult to monitor accurately
the channel depth, as is evident from the =+0.2-mil
tolerance given to this dimension. A new sabre saw is
presently being designed which would circumvent these
limitations. Essentially, it is « reciprocating blade saw
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Fig. 10. Fabricated solid-state triode

which is accurately machined. A blade of rectangular
cross section will be used in order to form rectangular
channels. This setup will also permit the use of a very
sensitive dial gaage to accurately monitor the channel
depth. By ganging several saws it may be feasible to
cut all of the channels in one operation.

The present investigations clearly show that it is
feasible to accurately cut channels into which gate con-
ductors can be alloyed. Preliminary electrical measure-
ments on the first fabricated solid-state triodes indicate
that the sclc can be controlled and modulated. The elec-
trical results and a description of the alloying process
will be given in a future SPS.

D. Response Times and Sterilizahility of

Evaporated Thin Film CdS Photodetectors.
R. 1. Stirn

1. Introduction

In SPS 37-41, Vol. 1V, pp. ii-46, some major features
of recrystallized evaporated thin films of phoioconduct-
ing cadmium sulfide (CdS) were presented. These films
were first developed by Prof. K. W. Boer at the Uni-
versity of Delaware (Ref. 8). Compared to the sintered
CdS photodetectors presently being used on spacrcraft
(Ref. 9), these recrystallized films have significantly im-
proved electrical properties.
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In the following article, we shall compare representa-
tive samples of the two types of photocells. In particular,
the decay and rise times for signal light intc .sities of
0.05 and 0.5 ft-cd and bias {ight intensities of 0. 0.05,
and 0.5 ft-cd are presented. The response of the cells to
light with the above intensities, and ct.opped at a rate
of 10 and 50 Hz, is also shown. Lastly, the efect of heat
sterilizing the samples at 135°C for virious lengths of
time is given.

2. Experimental Detail

Samples of the recrystallized CdS films were supplied
by the Allen-Bradley Company. Their sample (ST-11)
reported on here was treated to maximize the response
times at very low light intensities (SPS 37-41, Vol. 1V,
p. 44). Its resistance is quite high—100 MQ at 2 ft-cd;
however, optimized electrode patterns and doping can
bring this value down by a factor of 20 or more.*

One of the Clairex ph stocells reported on here is from
the series CL " 05. Cells from this series are used presently
as sun and planet sensors on Mariner-class spacecraft, for
example.

Also included for comparison is a new type Clairex
photocell (CL 705 HL). This cell, still of the sintered CdS
variety, has a speed of response that has been greatly
improved over those of the CL 705 series.

The samples were biased with 4.5 V for all measure-
ments. Photocurrents were measured with a Keithley pico-
ammeter (Model 418) in the range from 10 to 105 A.
Currents larger than 10-* A were measured with a stan-
dard Weston milliammeter (Model 931).

Changes in the photocurrent in respc-<e to pulsed il-
lumination were monitored on an oscilloscope connected
across a resistor in series with the photocell. The value of
the resistor was chosen to be much less than the cell re-
sistance at all light intensities. This is required so that the
measured response times are those of the photoconduc'i~g
cell only.

The sources of both signal and bias illuminations were
GE 1630 lan:rs operated at the rated voltage of 6.5 V
and current of 2.75 A. The color temperatvre was esti-
mated to be about 2600°K under these conditions. Dis-
tances from sample to light sourc. were set to yield a
maximum intensity of approximately 10 ft-cd. Lower Jight
iniensities were obtained with neutral density filters in

*J. W. Feitknecht, private communication, 1967.
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various combinations. Filters with densities greater than
1.5 (about 3% t.ansmission) were avoided as spectropho-
tometer readings indicated that they were not truly
neutral. The light intensities were calibrated with a
Spectra Pritchard photometer. Chopped light was ob-
tained with a variable-speed motor and a mechanical
shutter designed to give « 50% duty cycle, i.c., equal times
under lig.it and dark conditions. Quantitative values for
the response times were measured bv using a Nikon F
camera body as a “single shot” shtter. The flask synchro-
nization on the camera provided a useful trigger for the
oscilloscope, as light intensities were too low to use a
standard silicon photodiode for this purpose. The finite
speed of the Nikon shutter limited measurements to re-
sponse times greater than 500 us.

3. Experimental Results

a. Photoresponse. The peak response of relatively pure
photoconducting CdS occurs rear a wavelength of 5200 A
because of its band gap of 2.4 eV. The Allen-Bradiey
sample ST-11, which is recrystallized using Cu as a cat-
alyst (SPS 37-41, Vol. 1V, pp. 41-48), shows a peak re-
sponse at 6000 A. This is similar to that found for
Cu-doped single crystals of CdS (Ref. 10). The peak re-
sponse of the Clairex photocells reported on here is ap-
proximately 5500 A.

The response of the three cells at room temperature
as a function of light inteusity is shown in Fig. 11 for a

45V CELL BIAS |
T— 300°K

PHOTOCURRENT , A
PHOTOCURRENT , A

T'ad ; o | e L '|o'
2 2 4 o' 2 4 w0 2 4 10

LIGHT INTENSITY, ft-cd

Fig. 11. Photocurrent vs light intensity
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range of intensities from 0.0 to 10 ft-cd. For this range
of intensities, the Allen-Bradley sample is linear, while
the Clairex samples show a sublinear hehavior. A model
for the sublinear -esponse has been proposed by Rose
(Ref. 11). Its main feature is an exponential distribution
of electron-trapping states.

Because of the cell geometries, the Clairex cells are
lower in resistance by factors of 10* and 10 . However,
the light-to-dark ratios, i.e., the sensitivities, are about
the same for all three samples.

The type of data shown in Fig. 11 and a photocell’s dark
resistance are very sensitive indicators of the effect of
higher temperatures. The effects of sterilizing at 135°C
will be discussed in another section.

b. Response times (without bias illumination). The rise
and decay times of the three types of photocells were
measured for two low-level light intensities, 0.5 and 0.05
ft-cd. These intensities correspond roughly to those that
a planet detector would “see” when pointed at Mars about
24 h before encounter, with and without optics, respec-
tively.

F1s. 12 and 13 are reproductions of the Polaroid prints
taken of the oscilloscope tracings. Differences in the re-
sponse times between the three samples are immediately
apparent. The Clairex cell CL 705 in particular is much
the slowest in response.

The rise and decay times of a photoconductor are not
the same in general, though both are governed by the
presence of electron traps. When the number of traps is
large compared to the number of free carriers, the decay
time is related to the thermal emptying of these traps and
hence to the trap activation energy. However, upon an
increase in light intensity, any increase in the number of
free carriers in the conduction band must necessarily be
accompanied by the same increase in the number of
trapped carriers. Thus the rise time is more directly re-
lated to the ratio of the number of trapping states to che
number of free carriers, and not to the trap activation
energy.

Numerical values of the response times are given in
Table 1. These values were obtained by defining the
i¢.  nse time as the time required for the photocurrent
tori. or decay to a value of 1/e or 37% of the final steady-
state value.
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Table 1. CdS photodetector response times, ms

Signal 0.05 ft-cd 0.5 +d
Bias Zero 0.5 fteed |, Zeto 0.5 ft-cd
Rise |Decay [Rise | Decay| Rise [Decav| Rise |Decay
sT-1 95 5 1 1 12 1 {<0.5[ <05
ClL 705 720 100 | 28| 24 [ 180] 25 | 38 16
CL 705 HL 120 65 4 3 A4 12 3 3
CL 705 HL
after 16 h of
135°C heating 200| 25 40 4 2 2
CL 705 HL
after 32 b of
135°C heating 2804 300 5| 50| 20 26
ST-1
after 104 h of
135°C heating 95 5 12 11 <0505

c. Response times (with bias illumination). When an
additional amount of light is used as a bias, the number
of free carriers is increased relative to the number of
trapping states. This in turn shortens the response times
and tends to equalize the rise and decay times. This is
because the relative influence of the electron traps is re-
duced and the response times are then related more to
the free carrier lifetime. The latter depends on the recom-
bination cross sections and is independent of the light
intensity.

Figs. 14 and 15 show the effect of a bias illumination
of 0.5 ft-cd on two of the samples. The extracted response
times are given in Table 1. It is seen that a small amouxt
of bias light, which is readily obtained from electro-
luminescent panels, for example, dramatically improves
the response times,

d. Response to chopped light. Sirce photodetectors
are often used in a bridge configuration whose output is
fed into a servo loop, the respense of the three samples
to periodically chopped light was observed. Representa-
tive results are shown in Figs. 16 and 17.

Fig. 16 compares the three samples exposed to light of
0.5 ft-cd intensity chopped at a rate of 10 H7. There was
no bias illumination. The faster response time of sample
ST-11 is immediately apparent.

Fig.17 gives the same comparison for light of 0.5 ft-cd
intensity chopped at a rate of 50 ¥ - A constant bias
illurnination of 0.5 ft-cd was employed in this example.
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Fig. 12. Photocurrent rise and decay for 0.05 ft-cd signal and zero bias illumination
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Fig. 13. Photocurrent rise and decay for 0.5 ft-cd signal and zero bias illumination
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Fig. 14. Effect of 0.5 ft-cd bias illumination for
ST-11 with signal intensity of 0.5 ft-cd
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Fig. 17. Response to 0.5 ft-cd signal chopped at
50 Hz with 0.5 ft-cd bias illumination

Fig. 16. Response to 0.5 ft-cd signal chopped at
10 Hz with zero bias illumination
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e. Effect of sterilization. Besides having longer response
times, commercial CdS photodetectors invariably fail
when exposed to sterilization temperatures for the re-
quired length of time. Because of their sintered formation,
these cells have many grain boundaries and defects which,
in conjunction with dopants and impurities, form associ-
ated defects. The latter easily disassociate upon heating,
perhaps forming new defects which remain after cooling.
The photoconductivity and electrical conductivity are
very sensitive to the type and number of such associated
defects. Recrystallized layers of CdS have far fewer in-
trinsic defects and hence are less susceptible to these
changes. In addition, a new method for forming ohmic
contacts was developed by Hall and Boéer (Ref. 12 and
SPS 37-41, Vol. 1V). Such contacts, which remain un-
changed up to temperatures of 200 to 300°C are used on
sample ST-11.

Fig. 18 shows the results of heating ST-11 to 135°C in
8-h cycles. The solid line is the response curve before this
test. It is seen that the linear behavior (slope equals one)
was preserved throughout the test and that the resistance
did not change by more than a factor of two. Moreover,
the sample had previously been exposed to 72 h of 135°C
heating before delivery to JPL. Thus, the final run, indi-
cated by the squares, is actually the conclusion of a total
heating of 104 h. Subsequent response time measurements
like those in subsections b and ¢ showed no changes, as
noted in the final entry in Table 1.
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Fig. 18. Effect of sterilizing temperatures on ST-11
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The photoresponse curve tor CL 705 HL (Fig. 19)
showed no effect upon 8 h of heating, but this sample
increased in resistance after 16 h. Additional heating
lowered the resistance and begun to decrease the photo-
sensitivity -apidly. After a total of 32 h of heating, ihe
sample was highly conducting and showed almost no
response to light. The small response remaining did have
a measurable time constant, however. The values for some
representative light intensities are given in Table 1. The
response times have changed, but not so drastically as
the sensitivity. Another sample, not discussed here, failed
completely after approximately 32 h of heating.

4. Conclusions

The results of the previous sections show that the re-
crystallized layers of CdS are far superior to the sintered
lavers with respect to response times at low light levels
and the ability to survive heat sterilization. However,
there are additional important characteristics that remain
to be investigated. Mainly these involve relative stability
with time and ternperature when a pair of photocells is
piaced in a bridge circuit.

For example, a matched pair of photocells must show
a small relative drift (2-5%) with respect to each other in
their resistivity versus light-intensity characteristics: (1)
for moderate temperature changes of —5 to 40°C (hoth
cells at the same temperature), (2) for changes caused by
sterilization, and (3) for long-term changes over 1 yr.
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Fig. 19. Effect of sterilizing temperatures on CL 705 HL
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It will aiso be necessary for both of the matched
cells to have a temperature cocfficient of resistance of
approximately 14 "C in the temperature range of —35

to 40-C.
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Optimization of such characteristics will modify the
sensitivity and perhaps the response times. Measurements
of all these parameters will have to be made when a larger
supply of the recrystallized photocells becomes available.
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A. eLAS Computer Program for Equilibrium
Analysis of Linear Structures,’ S. Utku and F. Akyuz

1. Introduction

The finite element method, being a special Ritz pro-
cedure, constitutes one of the most versatile and general
tools for the numerical analysis of structures, especially
those havinL_ complex geometry, general material prop-
erties, and c.~plex boundary conditions. Parallel to its
development, various computer programs based on
various philosophies of composition have been prepared
by many authors. Yet none of these prog:ams seem to
be able to reflect the complete spectrum of capabilities
offered by the analytical studies prepared in this area.
The most important barriers encountered in preparing
a program to match the available analytical capabilities
are the computiug time, the storage capacity of the
computer, and the round-off errors, since the amount
of data and the computations are excessively iarge. These
factors are not completely independent of each other,
i.e., the computer time increases drastically by increas-
ing the storage capacity of the computer with the use

"This program, developed in the Structures and Dynamics Research
Group of the Applied Mechanics Section, is partially supported by
the Propellant Stress Analysis Program.
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of out-of-core devices. The use of double precision
arithmetic to decrease the effect of round-off errors
decreases the storage capacity. Although a given equi-
librium problem can be solved with the help of some
of the existing programs by spending a rather long
computer time, these programs are impractical for the
repeated solution of a given problem, as in the case of
nonlinear analysis, convergence studies, parametric study
of the structures, etc.

A comaputer program which will be the first step towa:®
the nonlinear analysis of the structures must be as
efficient as possible in the sense of using minimum core
memory space, shortening the computation time, and
reducing round-off errors. This concept leads to the
following direct conclusions concerning the philoscphy
of compnsition for such a program:

(1) Avoid out-of-core operations by eliminating, as
much as possible, the features which are not of
direct concern to the problem that is being sclved.

(2) At the earliest stage of computations, eliminate all
the data and information which are not needed
later, and the corresponding operations, and mini-
mize sorting and matrix operations.
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The application of these concepts, with additional
versatile capabilitics for the solution of the large class of
linear equilibrium problems arising in practice, Lus been
incorporated into a program called ELAS.

2. Description of ELAS and Its Capabilities

ELAS is written in FORTRAN IJI, rather than in
FORTRAN 1V language, in order to save some of the
core storage which is being used for the standard input/
output package. The displacement method of analysis,
starting from an extremum formulation, has been chosen
for solution of the problems. In this method the coefficient
matrix of the equations, in ge-eral, is band-limited. Only
the coefficients within the band which are bzing used
are stored; therefore, considerable amounts of storage
location are saved, and the computation time and the
round-off errors are minimized.

Some of the special features of ELAS are:

(1) The types of structural problems which can be
handled are: analvsis of trusses and frames,
stretching and bending of plates and shells, two-
and three-dimensional elastic solids, axisymmetrical
shells and solids. These struc:ures may be of any
geometry. There is no limitation as to the force
and displacement boundary conditions.

(2) The dynamic memory allocation allows the use of
adequate amount of storage for different types of
problems. This feature also gives the user access
to larger core memory capacity after only minor
changes in the program.

(3) The bandwiath of the stiffness matrix depends on
the composition of the structure, but also it is
related to the nodal point labeling. Favorable
labeling of a given structure is time consuming
and a difficult task for the user in most cases.
Internal relabeling whi!. minimizes the band-
width is possible with ELAS; therefore, the reduc-
tion of necessary storage is automated as a possible
option,

(4) The boundary conditions and any a priori known
relaiion between displacement unkrowns may be
imposed at the time of the assembiy of the coefhi-
cient matrix and the load vector. This eliminates,
in many cases, the use of considerable portions of
the memory, which will be otherwise occupied by
the coefficients of the equations to be eliminated
later. The displacement boundary conditions which
can be fmposed are zero displacement, a known

58

displacement, and general linear dependence be-
tween displacement components. Discrete and/or
continuous force boundary couditions and body
forces may be automatically accourted for.

(5) For structure of two- or three-dimensional continua
the stresses are computed at the nodal points by
using the best fit strain tensor in this region. There-
fore, the stresses computed at the nodal points are
better approximations than those obtained by most
other methods.

(6) The structural material can be isotropic, ortho-
tropic. or generally anisotropic, homogeneous or
nonhomogeneous. The effect of temperature changes
for all types of structures; the effect of tempera-
ture gradients for frames. plates. and shells can
be computed. The body forces due to an arbitrary
constant acceleration field can be considered.

(7) The coordinates, the boundary conditions, and
element mesh topology data can be autoriatically
generated for a given class of problems by supply-
ing the necessary corresponding subreoatines. The
program can be used for specific purposes, such
as to relabel any structure for bandwidth minimi-
zation up to 540 nodes, or to solve only for dis-
placement unkrowns. The equilibrium check is
possible and the complete set cf forces at the nodal
points can be computed.

(8) The capacity depends on tie type and the number
of types of elements which are being used on the
bandwidth and on the number of unsuppressed
degrees of freedem. ¥or an average type of prob-
lem, 500-700 unknowns can be handled by the
IBM 7094, 32K cornputer. These figures correspond
approsimately to trusses with 200 nodes, three-
dimensional fremes with 100 nodes, plane elasticity
preblems with 350 nodes, and three-dimensional
elasticity problems with 200 nodes. In a given
problem, 99 different types of material, tempera-
ture, thickness, etc., may be used. Successive sets
of date corresponding to different problems can
be loaded in a single run, without any restriction
on their number.

3. Conclusion

For the problems which have been solved so far by
ELAS on the IBM 7094, Model I computer, the com-
puter timc did not exceed 3 min. This figure is the actual
order of magnitude of time spent for the largest prob-
lems which can be handled by this program. It is of
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an order of magnitude less than the time required to
solve the same problems with most of the programs in
this area.

The development of a program for nonlinear, step-by-

step analysis can follow the philosophy of ELAS with
a few specific changes and additional routines.
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As it is indicated by the title of this article, ELAS is
only for the equilibrium protiems of structures. The
cigenvalue problems and the uropagation problems, ¢.g,,
natural vibrations and forcer. response, are not included.
However, for these problens the discretization and the
overall stiffness matrix generation operations can be per-
formed by ELAS. .
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Vi. Aerodynaemics Facilities
ENVIRONMENTAL SIMULATION DIVISION

A. Biplanar Optical System for Nonolanar
Free-Flight Testing, H. P. Hclway

The concept of splitting the schlieren light path to
permit viewing from twe angles and recording the
resultant images on a single frame of a high-speed
35mm movie camera was tested and first reported in
SPS§ 37-37, Vol. 1V, pp. 100-1¢1l. Improvements were
made, tested, and again reported in SPS 37-38, Vol. IV,
pp. 65-71. As a result of these two tests a set of pr: ~i-
sion mirrors were manufactured and Test 20-645 was
conducted to evaluate these as well as the new Photo-
sonics 35mm ful-frame camera. Figure 1 shows the
new mirrors in their positions relative to the tui'nel
viewing windows, and Fig. 2 is a schemauc of ‘he
biplanar optics inserted into the standard schlic.en optics
of the wind tunnel.

The camera used for this test is shown in Fig. 3. It is
capable of frame rates from 500 to 2500 frames/s and
the strobe lizht source is s,nchronized with the camera
prism by meuns of a reluctance pickup. The timing of
the flash with the prism is very critical. and considerable
effort was applied in this avea since the first film showed
that a portion of the image was cut off. A method of
checking the mirror adjustments which eliminates ihe
time-consuming and expensive film processing is being

devised.
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A recent change in the launch-gun location caused
severe shocks from the centerbody to impinge cn the
models at M = 4.0 during this test. This was correcterd
by changing the Mach number to 3.0 and reducing the
dynamic pressure to 50 cm Hg. At these conditions the
test proceeded to completion. Ten flirhts were made,
using 10-deg half-angle cones, launch angles of 20 and
30 deg, and axial rotaticn rates of 1000 to 3000 rev/min.

W..ie operating, timiig, and aiignment problems
plagued the early part of the test, the resulti~3 filins
with the new mirrors show a detmte improvement in
quality. To compare the results with a previous biglanar
test, Fig. 4 showss a single frame from each mirror system.
The quality obtained with the new mi-rors is an obvious
improvement and, with care, a secon? iteration of the
aligning pre~edure should eliminate the minor p:oblems
in the images.

The biplanar optical system for observing nonplanar
free-flight models is but une part of the overall technique.
A second-generation launch gun, now being manufac-
tured, will project the models into the center of the
viewing rhombus and increase the maximum launch ve-
locities from 90 to 150 ft/s. The entire system is expected
to be operational by the fall of 1967 in preparation for a
scheduled nonplanar test.
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Fiy i. Biplanar rairror ussembly in position: (a) north side, {b) scuth side

62 JPL SPACE PROGRAMS SUMMARY 37-45, VOL. IV




TOP OF TUNNEL VIEWING RHOMBUS
4\ I8 X 9 X 27 in

LIGHT SOURCE

KNIFE EDGE
ASSEMBLY

S

CAMERA \

Q THIS SECTION ROTATED SO deg I

LOOKING UPSTREAM

Fig. 2. Nonplanar free-flight schlieren system
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Fig. 3. Photosonics full-frame 35mm camera and controls
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Fig. 4. Test film: (a) steady-state light source

(protatype mirrois), (b) strobe light source
{precision mirrors)
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B. Hypersonic Boom Study, R. Kerr

Wind Tunnel Test 21-199 was conducted in order to
measure the pressure signatures from hypersonic aircraft
at a distance of one model length directly below the
model, and to record the normal and moment forces act-
ing on the aircraft. This test was performed in coopera-
tion with NASA Ames Research Center (ARC), Moffett
Field, California.

Five models were tested: a cone-cylinder, three hyper-
sonic aircraft, and the X-15. These models are shown in
Fig. 5. Each model was sting-mounted in the wind tun-
nel on ARC's '-in. two-component strain gage balance,
with the nose of the model located approximately 35 in.
upstream from the centeiline of the viewing window.
The mndel and its sting were mounted on a vertical strut
through the cooling-shield inlet located in the ceiling,
and a static pressure probe was mounted to a separate

Fig. 5. Wind-tunnel test models

Fig. 6. Model installation set-up
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traversing rig which could move in both the horizontal
and vertical directions. This installation set-up is shown
in Fig. 6, with the counc-cylinder model installed on the
balance at zero angle-of-attack.

The aerodynamic parameters were Mach numbers M
of 4.0 and 5.5, with a range in Reynolds number (Re)/in.
of 0.122 X 10° to 0.185 X 10¢. The test variables included
an angle-of-attack « of 0, 3, and 5 deg for each of the
models, and a range in the horizontal position of the
static-pressure probe sufficient to record all of the shocks
and expansions created from the model. This static pres-
sure from the probe was fed into a differential transducer,
with a static-pressure port on the tunnel sidewall feeding
into the other side of the transducer. In this manner, the
overpressure through the shock waves, Ap, was mea-
sured directly.

A pressure signature is illustrated for the X-15 and the
delta-body in Figs. 7 and 8, respectively, with the over-

0.20 T T
Re/in = 0.122 X 108
M=4.0
0.16 R? a =3 deg -
_~—— LEADING SHOCK
L WAVE
0.12
0.08 EXPANSION
}/ WAVES
Q
E 0.04 \
q
o {
-—0.04
-0.08 \g]
RECOMPRESSION SHOCK
-0.12 | | |
0 4 8 12 16 20

HORIZONTAL DISTANCE, in.

Fig. 7. X-15 pressure signature
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Q Hf — RECOMPRE SSION
Q : SHOCK
< 0.04 —
—0.04 % z
—0.08 b\p’:\%
-0.12
o} 4 8 12 16 20

HORIZONTAL POSITION, in.

Fig. 8. Delta-body pressure signature

pressure being ratioed to the tunnel free-stream static
pressure. It can be seen from schlieren photographs of
previous investigations that a model’s nose and wing
shocks blend together at a distance of one model length
away, for high supersonic Mach numbers. This explains
why there is generally only one shock in the pressure
signatures before the recompression shock.

C. Air Radiation Measurements, G. M. Thomas and
W. A. Menard

The important sources of radiation from high-
temperature equilibrium air have been studied both ex-
perimentally and analytically (Ref. 1). Measurements
were made of the equilibrium radiation behind the bow
shock at the nose of a model located along the axis of
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an electric are-driven shock tube over the temperature
range from 9000 to 15,000°K. Spectral measurements
were made over the 0.3- to L1-p speciral region while
total radiation measurements covered the 0.3- to 2.7-u
region. Calculations were made of the continua of singly
ionized N and O atoms employing nen-hvdrogenic cross
sections for low, principal quantum-number levels, The
measured spectrum exceeded the positive ion continuum
by a large factor at 10,000 K and this discrepancy was
attributed to the existence of a negative nitrogen ion
continua. Cross sections for the negative continua were

Fig. 9. Extended performance X-15 with ramjet
mounted on lower ventral

deduced from the data. Bound-bound transitions were
also considered in the analysis and are “hown to be an
important radiation source. The major conclusion was
that the dominant sources of radiation in this experiment
were the N continua and atomic line radiation.

D. X-15 Research Vehicle, D. Kurtz

Wind Tunnel Tests 21-201 and 20-643 were recently
performed on NASA's extended performance version of
the X-15. The research vehicle will be used as a flying
test bed for a small ramjet mounted on the lower vertical
stabilizer. or ventral (Fig. 9).

The purpose of the force tests was to supply the X-15
ground simulator with sufficient stability and control data
to familiarize pilots with the flight characteristics and
related aerodynamic effects of the ramjet encountered
in flight.

The investigation was performed at Mach numbers M
of 147, 3.01, and 6.57 and Reynolds numbers Re of
0.26 > 10, 0.36 > 10", and 0.23 X 10°, respectively.

A six-component internal strain-gage balance was used
to readout all force data. Schlieren photos were taken
to observe and study shock impingement on the ramjet
inlet (Fig. 10) and the consequent disturbance to the
operational cffectiveness. Preliminary evaluation indi-
cates this to be ¢ possible problem area.

Fig. 10. X-15 with ramjet M = 6.57, Re
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E. Wedge Wale Studies, R. Kerr

Wind Tunnel Test 20-644 was conducted in order to
make detailed flow measurements in the near wake of a
slender two-dimensional wedge with injection of gaseous
nitrogen or helium from the base. This test was per-
formed in cooperation with Thompson Ramo Woelridge
Systems of Redondo Beach, California. The test was con-
ducted in the 20-in. supersonic wind tunnel at a Mach
number of 4.0 and a Reynolds number in, of 0.304 > 10",

The model, shown in Figs. 11 and 12, was a 6-deg
half-angle wedge with a porous base 1 in. high through

which a gas could be injected into the flow. A "saw-
tooth” trip was used on the leading edges to trip the
model boundary layers and thus insure fully turbulent
flow at the high Reynolds number. The model aiso had
internal cooling passages through which liquid nitrogen
could be circulated. This allows testing to be done in
cither an adiabatic- or cold-wall condition, although all
runs for this test were at the adiabatic-wall condition.
The wedge spanned the width of the tunnel and was
mounted to the tunnel sidewalls at zero angle-of-attack

Pitot surveys, hot-wire anemometer surveys, and cen-
terline static pressure measurements were made in the

INCHES

Fig. 11. Leading edge of madel showing the boundary-layer trips

=g

g 2

INC

HES

Fig. 12. Rear of model showing the porous base and base pressure port
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wake by mounting the probes or a traversing rig which
could move in the horizontal and vertical directions. In
addition to these wake measurements, model surface
pressures anc temperatures were recorded. All of these
measuremens were made for a total of 7 different injec-
tion rates for both the gaseous nitrogen and helium. The
nitrogen and helium were used because their transport
properties are quite distinct from each other, and the
effect of this variation was compared for identical injec-
tion rates and tunnel conditions.

One of the most troublesome regions for theoretical
analysis of the flow field about a body having a blunt
base is the reverse flow region in the near wake which
dominates the initial conditions for the calculation of the

wake development. For this reason, the model was de-
signed to allow for aft-facing pressure probes to be in-
stalled in the base pressure port. Various lengths of both
pitot and static probes were used here to determine the
centerline Mach number of the reverse flow, thus helping
to define the location of the rear stagnation point in addi-
tion to measuring the magnitude of the velocities in this
region.

The data show that small rates of injection of gaseous
nitrogen or helium from the base of the model can cause
significant changes in the wake structure. These changes
consist of an unusually uniform pressure distribution
along the wake axis and a tendency of the wake neck to
“open up,” causing the wake shock to be shifted outward
from the wake axis and become greatly weakened.

Reference

1. Thomas, G. M., and Menard, W. A., “Measurements of the Continuum and
Atomic Line Radiation from High Temperature Air,” AIAA ]., Paper No.

67-95, Jar.uary 1967.
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VII. Solid Propellant Engineering "/~ * °
PROPULSION DIVISION

A. Applications Technology Satellite Mctor
Development, R. G. Anderson and R. A. Grippi

1. Introduction

In January 1963, JPL initiated a development program
to provide a solid propellan. »pogee motor for a second
generation Syncom satellite. This program, under the
management of the Goddard Space Flight Center, was
designated Advanced Syncom. It was to result in a spin-
stabilizcd, active repeater communications satellite weigh-
ing approximately 750°1lb., operating at synchronous
altitude (22,300 mi) to handle voice communications, tele-
tye, and monochrome ar¢ color television signals.

In January 1964, the Advanced Syncom communication
program was redirected to include a number of ex-
perimental instruments in addition to the original com-
munication instruments. This expanded program is the
Applications Technology Satellite (ATS) program and will
result in a general-purpose satellite capable of operation
at synchronous altitude with experimental instruments in
the areas ¢/ meteorology, communications, radiation, navi-
gation, gravity gradient stabilization, and various engi-
neering experiments. For those satellites to be placed in
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synchronous orbit, JPL will provide a solid-propellant
rocket motor to provide final required velocity increment
at the apogee of the elliptical transfer orbit. This rocket
motor is designated the JPL SR-28-1 (steel chamber) or
JPL SR-28-3 (titanium chamber). At present, only the JPL
SR-28-3 unit is intended for flight use.

Previous reports of progress on the development of this
motor have been published in SPS 37-20 to 37-33, Vol. V
and SPS 37-34 to 37-44, Vol. 1IV.

2. Program Statys Summary

The motor development program calls for static firing
of 4 heavywall motors and 28 flightweight motors, includ-
ing 2 with flight design titanium chambers, prior to con-
ducting an 8-motor qualification program. To date, the 4
heavywall motors plus 25 flightweight motors have been
static fired, 4 of which were under simulated high-altitude
conditions at Amold Engineering Development Center
(AEDC), Tullahoma, Tennessee. All of the flightweight
motors tested to date have been with type 410 chromium
steel chambers, with the exception of Dev. G-8T, G-9T,
E-3T, and Q-8T which used titanjum chambers. During
the past repmting period, one additional development
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unit has been tested. The testing of the second storage
unit (Dev. F-3), after 24 mo of storage, was performed in
May.

The ATS apogee motor qualification phase was con-
ducted at AEDC during July a~d August 1966. The results
are reported in SPS 37-41, Vol. IV.

The first of five Applications Technology Satellites
(ATS-B) was successfully launched in December 1966.
The satellite is presently on station and functioning as
planned.

3. ATS Storage Units

Three ATS apogee motors, loaded in September 1965,
have been stored at 80°F or ambient temperature after
the post-loading requirements were completed in Novem-
ber 1965. The units were processed and loaded to flight-
standard procedures. All hardware components are of
flight design with the exception of the chamber and the
number of layers of chamber insulation. In place of the
6AL-4V titanium chamber, a 410 chromium steel unit was
used since the titunium chambers were not available at
the time the motors were loaded. The insulation con-
figuration lacks one layer of 0.030-in. material at each end
of the motor chamber. This difference in insulation con-
figuration is a result of changes initiated in the flight
design after firing the initial titanium motor in November
1965. Either deviation from the flight configuration should
not affect the storability of the motor.

These units have been removed at intervals and sub-
jected to various inspections, including weight determina-
tions, visual examination of all components, dimensional
checks, and hardware alignment. The last periodic in-
rection of the storage units was performed in March
1967. During this inspection no additional anomalies were
noted on either motor. The inspection results are identical
to the November 1966 inspection (SPS 37-43, Vol. IV).

The second storage unit (Dev. F-3) was static tested
at the JPL-Edwards Test Station (ETS) facility on May
10, 1967, approximately 20 mo after being cast. Prior to
static firing, the unit was subjected to a series of test
environments which included booster vibration, booster
acceleration, and temperature cycle. These environments
simulate, but do not duplicate, the conditions an apogee
unit will see during the boost phase into orbit. Visual
and radiographic inspection of the unit, after being sub-
jected to the test environments, revealed no anomalies.
Table 1 summarizes the weight and measurement data for
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Table 1. ATS storage unit ev. F-3 weight and
measurement da summary

Item s::::::";‘:; s | Pro-fire, May 1967
1. Chamber assembly 870.4 870.2
weight, Ib
{chamber, insulation,
propellant, and
handling ring)
2. Nozzle assembly weight, b 38.95 38.75
3. Hardware thrust align- 0.00006 0.00003
ment, in./in.
4. Propeliant port diameter
olignment, TIR, in.
Inches from nozzle boss:
4 0.005 0.005
14 0.007 0.007
24 0.009 0.006
5. Port diameter, in. (60°F)
Inches from nozzle boss:
4 10.122 10.167
14 10.127 10.144
24 10.122 10.131
6. Visual inspection No discrepancies | Forward end propel-
(propellant and interfaces) lant to insulation
separation, 1 in.
in depth

Dev. F-3. This table includes data taken after the init
was loaded in September 1965, and data recorded 20 mo
later, just prior to static testing. All pre-fire data indicated
that the apogee unit could be stored for at least 20 mo,
after which it could survive u series of simulated launch
environments.

The igniters to be used for the storage units were
originally assembled in February 1965. Prior to the static
test of F-3, a single igniter was disassembled and in-
spected. No visual changes to the igniter hardware were
observed from its long-term ambient storage and subse-
quent environmental testing.

Dev. F-3 was tested at a grain temperature of 10°F
while mounted in the vertical spin stand operating at
150 rev/min. The unit appeared to operate normally dur-
ing its 45-s burn. A post-fire inspection of the spent motor
hardware indicated nominal operation.

An analysis of data related to this second storage unit
appeared nominal with the exception of the characteristic
velocity value W*. The measured W* value of 4903 ft/s
is approximately 1% below the average value obtained
from development and qualification units. A complete
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review of all apogee motor measurement parameters and
instrumentation procedures related to storage units F-1
and F-3 is currently in progress. The results of this review
will be presented at a later date.

4. Omnidirectional Antenna Tests

Development test J-1 was the fourth and final in a series
conducted to evaluate the design and release mechanism
of an omnidirectional antenna to be used on the ATS-C
spececraft. The design and fabrication of the antenna
were assigned to Hughes Aircraft Co. (HAC) by Goddard
Space Flight Center. JPL supported HAC with three apo-
gee motor ignition tests and one full duration (test J-1)
apogee motor test.

As shown in Fig. 1, the antcnna is located at the apex
of a fiberglass dome, which in turn is mounted to the
apogee motor’s nozzle exit cone. During launch the
anterina ‘dome will be used until apogee motor ignition,
at which time it is expelled and no longer needed.

The first three tests that used only the apogee motor’s
ignition pulse to expell the antenna/dome established

OMNIANTENNA

COAXIAL CABLE

QUICK :
DISCONNECT— -

STAND-OFF
SUPPORT —

Fig. 1. Omniantenna/dome combination
on upogee motor
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Fig. 2. Pretest installation of test article
and high-speed cameras

final design release times, and the flight path of the test
article. Test 4 emploved a live motor (full duration) as a
final confirmation of antenna design and release mecha-
nism.

The test setup for test 4, which was basically the same
for all tests, consisted of the equipment pictured in Fig. 2.
The motor was mounted on the vertical spin test stand,
located in the north test bay of Building E-60 at ETS.
During the test, the motor and test article were spinning
at 100 rev/min. Four 16mm Fastex cameras, operating
at approximately 2,000 frames s, photographed the re-
lease and initial free flight of the antenna/dome combi-
nation. A single 16mm Milliken camera, operating at
500 frames/s, was used for over-all test coverage. Fig. 3
shows the five camera positions. Two pressure transducers
measured chamber pressure, while a single transducer
measured igniter basket pressure. The output of all trans-
ducers was recorded on an oscillograph. A special circuit
was creatrd to indicate the release of the craxial cables.
The signal indication, which occurs alter the antenna has
traveled 0.25 in., was also recorc ed on the oscillograph.
A temperature-indicating paint was applied to the an-
tenna stand-off supports. The paint was applied in three
colors that indicated temperatures of 500, 700, or 900°F.

The Fastex camera does not have the capability of
incorporating & timing mark on the film, therefore a strobe
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review of all apogee motor measurement parameters and
instrumentation procedures related to storage units F-1
and F-3 is currently in progress. The results of this review
will be presented at a later date.

4. Omnidirectional Antenna Tests

Development test J-1 was the fourth and final in a series
conducted to evaluate the design and release mechanism
of an omnidirectional antenna to be used on the ATS-C
spacecraft. The design and fabrication of the antenna
were assigned to Hughes Aircraft Co. (HAC) by Goddard
Space Flight Center. JPL supported HAC with three apo-
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of a fiberglass dome, which in turn is mounted to the
apogee motor’s nozzle exit cone. During launch the
antenna,'dome will be used until apogee motor ignition,
at which time it is expelled and no longer needed.
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Fig. 2. Pretest installation of test article
and high-speed cameras

final design release times, and the flight path of the test
article. Test 4 employed a live motor (full duration) as a
final confirmation of antenna design and release mecha-
nism.

The test setup for test 4, which was basically the same
for all tests, consisted of the equipment pictured in Fig. 2.
The motor was mounied on the vertical spin test stand,
located in the north test bay of Building E-60 at ETS.
During the test, the motor and test article were spinning
at 100 rev/min. Four 16mm Fastex cameras, operating
at approximately 2,000 frames-s, photographed the re-
lease and initial free flight of the antenna/dome combi-
nation. A single 16mm Milliken camera, operating at
500 frames,’s, was used for over-all test coverage. Fig. 3
shows the five camera positions. Two pressure transducers
measured chamber pressure, while a single transducer
measured igniter basket pressure. The output of all trans-
ducers was recorded on an oscillograph. A special circuit
was created to indicate the release of the cnaxial cables.
The signal indication, which occurs after the antenna has
traveled 0.25 in., was also recorc ed on the oscillograph.
A temperature-indicating paint was applied to the an-
tenna stand-off supports. The paint was applied in three
colors that indicated temperatures of 500, 700, or 900°F.

The Fastex camera does not have the capability of
incorporating & timing mark on the film, therefore a strobe
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Fig. 3. Omniantenna tests, camera positions

STAQRT SWITCH

light was placed in view of ail Fastex cameras. The
strobe light was triggered at the same time as current
was supplied to the squib, thus producing on the film a
positive indication of ignition sequence start. Fig. 4, using
a block diagram, shows the clectrical circuits for the high-
speed cameras, igniter ignition, and strobe light. As indi-
cated by the figure, the firing of the squib and strobe
light and starting of each camera were controlled by a
Fastex goose box. The test was initiated by actuating the
start switch on each goose box.

Following a dry run which included the testing of all
five cameras, test 4 was performed. All data were ade-
quately recorded except for igrition current. A close ex-
amination of the oscillograph revealed that it was still
possible to correlate the start of the ignition sequence
without an ignition current trace. At the time current was
applied to the squib zircuit, a slight noise signal was gen-
erated in all pressure transducer circuits. This noise signal
is discernible on all transducer traces recorded on the
oscillograph (Fig. 5) and corresponds to zero time (t,) or
first indication of squib current.

The results of the recorded motor chamber and igniter
basket pressu:.s are given in Fig. 5. The oscillograph

STROBE LIGHT

IM—L;:::

E-STAND
RECTIFIER (28 V DC)

o 4
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POWER POWER SUPPLY '
SUPPLY (28Vv DC)
|
o o :
o o o
[,
EVENT
FASTEX .
600sE | ° ©  fFasTEx ©
} GOOSE 2 E-STAND
00 90 CAMERA POWER 00 FIRING RELAY
SUPPLY (115 V AC)

COMPLETION BOX o 0o

(TUNNEL) (<>

ob_l .Y o
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N
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Fig. 4. Electricai diagram of high-spsed cameras and igniter ignition circuit
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Fig. 5. Motor ignition characteristics, omniantenna test 4
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PEAK PRESSURE OF MOTOR CHAMBER DURING IGNITION PHASE
ZERO TIME, OR TIME AT WHICH CURRENT IS APPLIED TO SQUIB

THE DELAY TIME FROM /g UNTIL THE FIRST INDICATICN OF
SQUIB PRESSURE IS SEEN

THE DELAY TIME FROM /5 UNTIL THE FIRST INDICATION OF
MGTOR CHAMBER PRESSURE

THE TIME FROM /4 TILL PEAK IGNITER PRESSURE IS SEEN

THE TIME FROM 7, TiLL PEAK CHAMBER IGNITION PRESSURE
1S SEEN; THIS IS NOT THE SAME AS PEAK AUV PRESSURLC

THE TIME DIFFERENCE BETWEEN PEAK IGNITER BASKET
PRESSURE AND PEAK CHAMBER IGNITION PRESSURE

THE TIME FROM INITIAL SQUIB PRESSURE TILL PEAK

IGNITER BASKET PRESSURE; THE TOTAL IGNITER REACTION
TIME

Fig. 6. ATS apogee motor ignition parameters

trace also shows the resulis of the antenna disconnect
circuit. The ignition parameters on test 4 are nominal
when compared to previous apogee motor firings at simi-
lar conditions. Fig. 6 and Table 2 summarize the critical
ignition phase pressure levels and corresponding times,
for the four omniantenna tests. The summary includes
the coaxial cable disconnect response time and corre-
sponding chamber pressure.

A visual inspection of the temperature-sensitive paint
on the antenna standoff supports and brackets indicated
that the tempeiature was below 500°F during the live
motor firing. This result has been documented by color
photographs. The antenna standoff brackets, which are
bonded to the nozzle exit cone, became unbonded during
test 4. This was expected since the nozzle exit cone
achieves a temperature, at the bracket interface, of
1160°F, while the bonding adhesive is serviceable to
330°F.

The antenna disconnect circuit showed open (Fig. 5)
at 14 ms after the application of squib current. At this
time, the antenna had traveled approximately 4 in. from
its original position. Similarly, the motor chamber pres-
sure was 49 psia which closely corresponds to the nozzle
diaphragm rupture pressure. It is felt that the antenna
is released from the motor within milliseconds after the
nozzle diaphragm ruptures, thus the antenna never sees
the peak chamber pressure during the motor’s ignition
phase.

In summary, the igniter impulse was more than suffi-
cient to separate the antenna,’dome {rom the motor with-
out producing structural damage. Based on visual and
photographic coverage, the antenna released and main-
tained a free-flight path along the motoi’s centerline well
beyond the region of the spacecraft’s VHF antennae. A
comparison of apogee motor ignition parameters indicates

Table 2. Igniter summary, omniantenna tests

i
Test to,, tuy, t,, ta, U2y D ms coazy Py, Pimi | Pooas,
b Test date Temperature, °F Vacuum o o ! ! ! ? frvos ’. '. .
code start ins ms ms ms ms ms ms psia psia psia
-~

0-1 12/15/67 Ambient, 60 No — —_ 39 4 43 17 _— 1693 122 —_
0-2 2/17/67 Ambient, 60 No 2 28 30 8 38 15 24 1781 127 57
0-3 3/9/67 Ambient, 60 No 2 28 30 4 36 16 25 1863 1" 62
-1 3/10/67 Ambient, 60 No 2 23 25 9 34 5 14 1777 239 49

See Fig & for ignition parometer definitions except

t. .ax the delay time from fo until the indication of coaxial cable disconnect.

Pcoaz motor chombers pressure ot the Yime of coaxiol cable disconnect.
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excellent agreement between the four tests and previous
motor firings. The over-all results from the four antenna
tests indicate that the antenna design and its release
mechanisra are completely reliable for flight application
and no future antenna tests are planned.

5. Flight Motors

During September 1966, three ATS apogee motors, des-
ignated Z-1, Z-2, and Z-3, were loaded and processed for
flight application. Two of these units, Z-2 and Z-3, were
subsequently shipped to Cape Kennedy for the ATS-B
launch. The primary unit, Z-2, was used on the ATS-B
mission, while motor Z-3 was held in reserve as the flight
spare. This unit (Z-3) is now in storage at Cape Kennedy.
Motor Z-1 is stored at the JPL-ETS facility.

As part of the storage and surveillance program, motor
Z-1 was removed from storage during April 1967 and
inspected. The unit was weighed, visually inspected for
nardware, propellant, and insulation defects, and dimen-
sionally inspected for changes in propellant alignment.
Table 3 summarizes the results of this inspection. The
table includes data taken after the unit was loaded in
September 1966. and data recorded 7 mo later in April

Table 3. ATS flight unit Z-1 weight and
measurement data summary

ftem Post-loading, 7-mo inspection,
September 1966 April 1967
1. Chamber assembly 847.0 847.1
' weight, Ib
| {chamber, insylation,
propellant, and
handling ring)
2. Nozxzle assembly 37.74 37.67
wnight, 1b
3. Propellant port diameter
alignment, TIR, in.
Inches from nozzle boss:
4 — 0.004
14 —_ 0.003
24 — 0.003
4. Port diameter, in. {BC°F)
lnches from nozzle boss:
4 10.120 10.176
14 10.110 10.154
24 10.102 10.141
5. Visual inspection No discrepancies No discrepancies
(propellant and interfaces)
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1967. As shown by the table, no anomalies have occurred
as a result of the 7-mo storage.

The present apogee motor flight schedule indicates
that motor Z-1 (primary) and Z-3 (spare) will be assigned
to the ATS-C flight in November 1967.

B. Potential Binder Curing Reactions, J. Hutchison
and H. Marsh, Jr.

1. Introduction

Previous reports (SPS 37-42 and 37-43, Vol. IV) have
described research aimed at developing new curing re-
actions and a model system for use in determining pre-
polymer functionality. Continuation of this work has led
to the investigation of the acid anhydride-epoxide and
acid anhydride-aziridine reactions.

2. Experiments and Results

Cyclic carboxylic acid anhydrides (e.g., phthalic anhy-
dride) have long been used as ~uring agents for epoxy
resins (Refs. 1 and 2). The mechanism has been pretty
well shown to involve initial reaction of the anhydride
with hydroxyl groups which are on the resin or pres-
ent as impurities (Refs. 3 and 4). It is the resulting car-
boxyl group which actually reacts with the epoxide to
form B hydroxyl esters. At the high curing temperatures
(120-200°C), carboxyl and anhydride also catalyze poly-
etherification of the epoxide.

It was felt that an acyclic anhydride which would not
have ring stabilization might react quite differently in the
absence of hydroxyl groups.

O O 0
R—-(“]——O—-(”}—R’ + CH,—CH—R"
O
(H) O——(HJ—R’

|
R—C—O—CH.—CH—R”

A polymer produced by such reaction of a dianhydride
and a diepoxide would therefore cortain no hydroxyi
groups which could cause unwanted side reactions. This
is a problem in the carboxyl-epoxide polymerization. It
was assumed that aziridines would act analogously to
epoxides.
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Dianhydrides were prepared from dicarboxylic acids
and ketene (Ref. 5).

a. Acetic-sebacic acid mixed cnhydride (1)

0
f
CH,—C—CH, REFLUX , oy _c—0 +CH,
RED HOT yprpng
WIRE

I I
HO—C—(CH,);—C—OH + 2CH,—=C=0->

0 !
i
CH,—C—0—C—(CH,).—C—0—C—CH,
89

Sebacic acid was partially dissolved in three parts by
weight of chromatoquality tetrahydrofuran. Ketene from
a specially constructed ketene generator (Ref. 6) was
bubbled through the stirred mixture while holding the
temperature at 0°C.

The reaction was continued for 30 min past the point
at which all solid sebacic acid had dissolved. Infrared
showed the disappearance of the carboxyl peaks at 1710
and 1300 cm-! and appearance of the anhydride peaks at
1815, 1750, and 1030 cm™. (If ketene addition went past
the point of quantitative reaction, the mixture rapidly
became dark brown although no change in the infrared
spectrum was observed.) Solvent removal at room temper-
ature, under vacuum, left a colorless oil which solidified
at about 20°C.

A series of polymerization mixtures was prepared in
the dry box (Table 4). Of the curing agents only the
ERL 4221 was distilled before use,

The room temperature reactions were run in vials in
the dry box. The 55°C reactions were run with the same
samples in an oil bath outside the dry box and the vials
were sealed with vacuum grease. The results tend to agree
with the literature for cyclic anhydrides. ERL 4221, which
is a simple diepoxide (see SPS 37-43, Vol. IV for struc-
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tures of curing agents), is inert to the acyclic anhydride
unless catalyzed and heated. Tertiary amines are well-
known accelerators for anhydride curing of epoxy resins
and they have been shown here to have the same effect.
The great superiority of pyridine to triethylamine as a
catalyst is somewhat surprising in view of its weaker
basicity, but is probably due to the lower steric hindrance
around the nitrogen and opportunity for charge delocali-
zation in the aromatic ring. The reaction mechanism may
be as follows (Ref. 7):

O 0 (“) (“)
I ]
CH,;--C—0—C—R—C—0—C—CH, + R,N:

activation of anhydride

by amine
O 0 O
I I I &
(S
O0—C—CH,
I
0]

reaction of
carboxylate anion
with epoxide 0]
/N /
H,C—CH—R'—CH—CH,

S
]
CH;—C—O—CH,—CH—R'—CH—CH,

0
I

reaction of
alkoxide anion
with anhydride

0 o

I I
0=C—R—C—0—C—CH,

|
0 0
I | /_%
CH,—C—0—CH,—~CH—R'—CH—CH,
()
e |
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repeating these steps

0
I

O0—C—CH, 0]

I
o

(0
I I |
R—C—0—CH,—CH—R'—CH—CH,—0—C—R—C—04

Table 4. Polymerization of sebacic-acetic acid mixed anhydride with cpoxides and oziridines

wos glass-like solid with large
bubbles

Reaction Reaction
Curing agent temperature or time Properties of product Infrared resuits
ERL 4221 RT. 0 25 days Soft white semisolid Qriginal anhydiide and ester peaks
unchanged
ERL 4221
pyridine catalyzed RT. 0 25 days Soft brown semisolid Ester puak stronger than uncata:
lyzed cas
ERL 4221 RT. 0 25 days Soft tan semisolid Ester peak 1mvern: diote between
triethylamine catalyzed above cases
ERL 4221 55°C 0 17 days ScH vhite semisolid Small increase in ester
ERL 4221
pyridine catalyzed 55°C 0 17 days Very sticky black rubber, can flow Large increase in ester and
at 55°C, solubla in chloroform decrease in anhydride
ERL 4221 55°C 0 17 days Soft tan semisolid Moderate increase in ester
tristhylamine cotolyzed
EPON 801 R.T. 1.0 25 days Soft yellow semisolid
EPON 801 RY 1.0 25 days Soft yellow solid Moderate ester peak appeared in
pyridine cotalyzed addition to anhydride peaks
EPON 801 55°C 1.0 17 days Soft yellow semisolid Little change from original small
amount of ester
EPON 801 55°C 1.0 17 days Brown slightly sticky rubber Could not be obtoined
pyridine cotalyzed insoluble in common solvents,
decomposes at approximately
300°C rather than melting
MAPO R.T. 1.0 25 doys Soft tan semisolid Aziridine and anhydrida unchanged
MAPO 55°C 1.0 17 days Brovn flowing semisolid Unchanged
HX 740 RT. 0 25 days Soft yellow semisolid Little change
HX 740 55°C 0 17 doys Yellow-orange slightly sticky Could not be obtained
rubber, insoluble in common
solvents, decomposes with heating
more than EPON 801 product,
but does not melt
1C 466 RT. 0 10 min Large reaction exotherm, product —

equivalents of curing agent

Note: In all cases

equivalents of anhydride

ouival of trif

| curing agent

pT:

R.T.: room temperature

total equivalents of curing agent
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R N

Obviously, this is oversimplified because the tertiary
amine can complex with either carboxy! of the anhydride,
and ring attack can take place at either carbon of the
epoxide. A linear polyester results in all cases.

The polymers were not the result of epoxide homopoly-
merization as shown by the appearance of a strong ester
peak and significant decrease in anhydride peaks in the
infrared. EPON 801 is more reactive and sincz it is a tri-
functional epoxide, catalysis and heating produced a cross-
linked polymer. The epoxide groups in EPON 801 are
terminal

(L)

rather than internal

v p—

Catalysis was not used with the aziridines since they
themselves contain tertiary nitrogen. MAPC was c¢om-
pletely iuert. HX 740 was similar at room temperature but
when heated, : urprisingly (since it is difunctional) gave a
product nearly as cross-linked as that from EPON 801.
Some reaction ther than the predicted one

o o
|1 cE

R—C—0—C—R+ | >N—R—s
CHz

R

I
(l? C=0

I
R—C—C—CH,—CH,—N—F/

< _> rust be taking place. This is supported by the results with
—CH—CH ZC 468. It is a highly active diaziridine because it does not
as in ERL 4221. have a carbonyl group adjacent to the nitrogen.
CH,—CH | CH-—CH
ZC 466 T >N—CH2—CH2—§—CH2—CH2—N< | ’
CH; CH,

(Thiokol-Elkton)

From these tests it was concluded that the anhydride-
epoxide reaction is too unreactive for use as a model sys-
tem. Anhydride-aziridine is eliminated by unexplained
side reactions. However, both showed possibilities for use
in binder curing.

b. Acetic-dimer acid mixed anhydride. To investigate
this area. hydrogenated, purified dimer acid (SPS 37-43,
Vol. IV) was used to represent carboxyl-terminated hydro-
carbon binders. Preparation was similar to that of the
sebacic acid mixed anhydride. However, since dimer acid
is a liquid and completely miscible with tetrahydrofuran,
there was no built-in end point indicator to show when
ketene addition should be halted. Infrared was incon-
venient and rather insensitive for this purpose. Thus, care-
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ful observation was necessary to stop the reaction at the
first appearance of color due to excess ketene.

A more serious problem arose when it was discovered
that the viscosity of the product (originally somewhat less
than that of dimer acid) greatly increased as it was rotated
under vacuum to remove the last traces of solvent. Infra-
red showed a corresponding decrease in peaks at 990,
1120, and 1370 cm-*. These belong to the

o)

I
—0—C—CH,

moiety.
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It is well known (Refs. 6 and 8) that unsymmetrical anhydrides can rearrange.

O o o o
| I I I

2CH,—C--O—C—R—C—O—C—CH, =

0] o 0]
[ | |

(I? (I)
|
CH;—C—O0—C—CH, +
HEAT

(I) O
|

8]
| |

CH,—(C—-O0—C—-R—C—-O0—C—R—C—0O—C—CH;

Under vacuum the more volatile acetic anhydride can
distill out, leaving a polyanhydride. It was felt that this
reaction could be minimized by carrying out all opera-
tions at ambient temperature or below and keeping the
time under vacuum as short as possible. However, anhy-
dride analysis (using both morpholine and hydrolysis to
carboxyl) clearly revealed that these precautions, while
improving the product, were not sufficient to completely
prevent significant rearrangement. When the mixed anhy-
dride was heated under vacuum (85°C) & very viscous
polyanhydride was produced and acetic anhydride was
collected in the cold trap. A similar rearrangement prob-
ably occurs in the sebacic-acetic acid mixed anhydride,
but infrared indicates it to be of much lesser magnitude.

Sensitivity of the acetic-dimer acid mixed anhydride to
atmospneric moisture was investigated by infrared analy-
sis (SPS 37-43, Vol. 1IV). After only one day of exposure
the 1370 cm-! peak decreased and the 990 and 1120 cm™!
peaks nearly vanished while viscosity increased. Thus,
rearrangement occurs even when acetic anhydride only
has the opportunity to evaporate at atmospheric pressure.
The resulting interchain anhydride linkages are quiic
stable to hydrolysis and no carboxyl peak appears for
approximately 2 wk. After 26 days, a significant amount
of anhydride remains. The original mixed anhydride,
when stored in a sealed container, does not lose acetic
anhydride.

A series of curing mixtures was prepared in the atmo-
sphere using the best acetic-dimer acid mixed anhydride
available (about ! of the mixed anhydride groups had
rearranged, Table 5). The reaction vials were sealed with
vacuum grease and kept at 55°C for 25 days.

The epoxides produced the best cures, although
pyridine catalysis was necessary. Both EPON 801 and
DER 736, which have terminal epoxide groups, resulted

JPL SPACE PROGRAMS SUMMARY 37-45, vOL. IV

I W RSO |

in essentially complete reaction of anhydride and r'so the
best thermal stability. DER 736 is difunctional yet it
yielded an apparently cross-linked product. This can be
explained by reaction with the internal anhydride link-
ages in the rearranged acetic-dimer acid mixed anhydride.
Evaporation of acetic anhydride has removed monofunc-
tionality and therefore the effective average functionality
of the rearranged anhydride is greater than two.

O O 0

| I
~——C—0-C

+ H.C—CH

o
I

L el e C—O—‘CH2_CH
I
o
I
C=0

The resulting branched species is irifunctional and fur-
ther such reactions can produce a network structure.
(This explanation may also apply to the sebacic acetic
anhydride system.)

Of the aziridines, MAPO was nearly inert. HX 740 pro-
duced a good rubber but incomplete anhydride reaction
resulted in poorer thermal stability. The rubber was some-
what cross-linked for the same reason as that of the
DER 736. ZC 466 reacted rapidly and gave the toughest
product but its thermal stability was by far the worst.
This poor heat resistance has also been observed in ZC 466
curing of carboxyl terminated prepolymers (SPS 37-40,
Vol. 1V, pp. 98-103). Surprisingly, when mixtures of
ZC 466 and EPON 801 or HX 740 were used, curing was
incomplete even though these reagents gave good cures
when used alone. The original assumption that aziridines
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Table 5. Curing of acetic-dimer acid mixed anhydride

Curing agent pr Gel time Properties of product Infrared resvits
EPON 801 Biack, nonsticky rubber sasily torn; no soften- | Anhydride peaks essantially gone; strong
pyridine catalyzed 1.0 <3 days ing or bubbling when heated to 350°C; aster peak ot 1740 ¢cm™*
definite decomposition but still somewhat
rubbery when cooled to R.T.
DER 736 0 5 days Black nonsticky, very weak easily torn rubber; | Anhydride peaks gone; strong ester peak
pyridine catalyzed when heated, it softens at 23G°C byt does at 1740 cm™
not liquefy at 350°C, still rubbery when
cooled to R.T.
MAPO 1.0 - Black fivid Original MAPO ond anhydride peaks almost
pyridine catalyzed vnchanged
HX 740 0 <10 days Ligh orange, nonsticky rubber; somewhat Vary crude, but apparently some unreacted
tougher than above; when heated, it anhydride olong with ester at 1740 and
softens and partially liquefies at 250°, tertiary amide ot 165¢ cm™
badly decomposed and bubbled ot 350°,
but still mostly solid
IC 466 0 Few bours Cloudy yellow orange, tough leathery Could not be obtained
materiol; somewhat sticky; when heated,
turns to liquid, and bubbles cppear by
300°C, and by 315°C it is almost entirely
molten
2C 466 (50%) 0 <10 days Sticky orange rubber Large amount o unreacted anhydride plus
HX 740 (50%) ester at 1740 and tartiary amide ot
1650 cm™’; unexplained peak at 1530
IC 466 (50%) 0.5 _ Very viscous orange gum Large amount of unreacted anhydride plus
EPON 801 (50%) ester at 1740 and tertiary amide at
1650 cm™'; very similar to above except
L for lack of 1530 peak
Note: [n aoll cases:
equivalenis of curing agent =
sauivalents of onhydride (based on theoretical pure mixed anhydride] . | *°
pr = equivalents of trifunctional curinrg ogent
total equivalents of curing agent
Reaction temperature: 55°C.
Total reaction time: 25 days.
Gel time: time ot which the moterial would no longer flow.

would react analogously to epoxides is supported by infra-
red peaks at 1740 cm~* (ester) and 1650 cm™ (tertiary
amide) in all aziridine cured products.

Curing mixtures were also preparcd with 70 wt  ammo-
nium perchlorate loading. Because of the relatively high
viscosity of the mixed anhydride (compared with the acid
chloride terminated prepolymer), the mixes were not pour-
able at room temperature even at this low solids level and
with the use of lecithin as a wetting ageat. The products
had poor properties after 10 days at room temperature
and 15 days at 55°C. Except for ZC 4686 which reacted
during mixing and produced a crumbly sand, the results
ranged from siap-like (MAPO and HX 740) to brittle
plaster (EPON 801 and DER 738).

3. Conclusions

While the anhydride-epoxide and anhydride-aziridine
reactions could conceivably be used for binder curing, the
problems associated with these systems make them less
practical than existing curing reactions. The acid chloride
terminated binder (SPS 37-43, Vol. IV, pp. 163-167) ap-
pear superior because of its low viscasity and greater room
temperature reactivity.

4. Binder Hydrogenation

The work on hydrogenation of unsaturated, carboxyl
terminated hydrocarbon binders has been co.ntaued. The
effect of varying hydrogenation conditions (pressure, tem-
perature), solvents (cyclohexane, hexane, acetic acid), and
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catalysts (Pd on carbon, Pd on alumina, PtO,) was investi-
gated. A 1-gal stirred autoclave has been put into opera-
tion to replace the previously used 1-1 rocking autoclave.

No better system has been found than Pd on carbon in
2 hydrocarbon solvent at approximately 2000 psi and
135°C. It has not been found possible to remove the last
traces of unsaturation.

To check the possibility that the iodir:e number is incor-
rectly indicating unsaturation because of substitutirn re-
actions on the carbon adjacent to the carboxyl group, use
was made of the tetranitromethane IT complex (Ref. 6).
This brightly colored complex is known to form with even
highly hindered double bonds. Test mixtures were pre-
pared with a few drops of tetranitromethane per ml of
sample at room temperature and reactions were: complete
in a few minutes (Table 6). Caution is necessary because
tetranitromethane is both poisonous and explosive.

Table 6. Test for unsaturation

Compound lodine Final coler,
b sthane test
Dimer acid 15 Deep yellow orange
Hydrogenated dimer acid 0.4 Very pale yellow
‘Yydrogenated telagen S 0.8 Light yellow
Mineral oil - Colorless
l Acetic acid - Colorlass

The results show that the test is sensitive to very small
amounts of unsaturation and is unaffected by carboxyl
groups. It can be made quantitative and used to indicate
the number of substituents or: the aouble bond by spectro-
photometric determination of the color density (R<£. 9).

C. Pintle Noxzle Thrust Vector Confrc!, L. Strand

A pintle nozzle thrust vector control test program was
described in SPS 37-39, Vol. IV, pp. 85-91, the objectives
of the program being to: (1) determine if a pivoted pintle
nozzle system is capable of producing side thrust of suffi-
cient magnitude for thrust vector control purposes and,
(2) determine the criticalness of nozzle pintle position on
thrust alignment for thrust magnitude control-thrust ter-
mination pintle nozzle systems. Described in SPS 37-39
were the test hardware, instrumentation, test procedure,
and . ts results. A pintle system was incorporated into
the gas-flow nozzle test assembly of the JPL flow channel
(described in SPS 37-35, Vol. IV, pp. 130-140). Tests werc
conducted with the pintle canted about its pivot point at
angular displacements (§) from the nozzle centerline, as
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illustrated in Fig. 7. Theta values of 0°, 15, 30’, 1°, and
1230 were used. Test data consisted of the nozzle surface
pressure distributions, obtained from 98 no:zle static pres-
sure taps. It was decided at the conception of this pro-
gram that the additional complexity of attempting to
instrument the pintle surface was not warranted.

Since the last report, the test pressure data has been
reduced, and, using these results, side force numerical
integrations over the nozzle and pintle surface have been
performed for the pintle nozzle system in its four canted
angle positions. Since the pintle was not instrumented
with pressure taps, the pressure at any point on the pintle
surface was assumed to be equal to the pressure on the
nozzle surface at the point on the same axial station inter-
sected by a radial line drawn through the pintle center-
line and the pintle surface point (Fig. 8). This assumption

~_

Fig.7. Canted pintle

NOZZLE SURFACE
CROSS SECTION

PINTLE SURFACE
CROSS SECTION

y

an ASSUMED EQUAL TO A

Fig. 8. Pintle surfoce-pressure determination
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should be correct in the plane of the pintle cant and should
be a fair approximatior in the 180 deg quadrants bounded
by these limits. Figure 9 shows plots of the resultant net
side force, ratioed by the nozzle supply pressure, normal

to the nozzle centerline and in the plane of the pintle cant
summed over the nozzle expansion ratio for the nozzle
pintle system and the nozzle alone for the Jour cant angles.
Positive force is in the direction of the pintle cant.

004 I I

(a) O NOZZLE
O NOZZLE AND PINTLE
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Fig. 9. Sum 1ed net side force/supply pressure ratio versus nozzle expansion ratio
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The reversals in side force direction in the nozzle throat
region in Fig. 9 (¢ = 1) are due to the nonsymmetrical low
about the canted pintle. The final jump in side force in
the positive lirection for each cant angle is due to the
shock that emanated from the pintle tip. As was shown
in SPS 37-39, and as indicated by the magnitude of the
force increases, the shock became progressively greater in
strength with increasirg cant angle.

For the 1°30 cant, a calculated over-all net side force
for the nozzle pintle svstem of 6% of the nozzle theoretical
axial thrust was obtained. As is evident from Fig. 9, this
net side force is due solely to the shock wave, the side
force due to the nonsymmetrical flow in the nozzle throat
completely cancelling itself out.

Figure 10 shows the pintle nozzle over-all net side
force/supply pressure ratio plotted versus the pintle cant
angle for the four test conditions. Cant angle was arbi-
trarily chosen as the independent parameter. The abrupt-

0.10 I
Py = 100 psia
0.06 J —
0.06
o
3
>
. 004
o
Q
DN
<
0.02 /
//J}I
[+] / —
-0.02
0 03 10 5 20

PINTLE CANT ANGLE, deg

Fig. 10. Over-all net side force/supply pressure
ratio versus pintle cant angle
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ness of the increase in side force in the positive direction
as a result of the pintle tip shock is again illustrated.

Future plans consist of using a recently available
method-of-characteristics computer program to make two-
dimensional model calculations for comparison with test
data, specifically the shock structure, and to compare
canted pintle nozzle fllow with purely radially tra- ‘ated
pintle flow.

D. Low-Pressure Combustion Studies, L. Strand

As was reported in SPS 37-27, Vol. IV, pp. 49-52, in
the low-pressure combustion motor tests that have been
conducted under this program, the propellant charges
were ignited in the stable operating pressure region,
burned regressively with decreasing pressure into the
unstable pressure region, and ultimately ceased burning
(extinguishe.. For a majority of the test data records,
low-frequer:  low-amplitude oscillations in pressure oc-
curred prior to extinction of combustion. The results of
measurements of the negative slope of the last pressure
oscillation (Fig. 11) and the mean chamber pressure at,
or immediately prior to, the onset of extinction for test
runs with JPL 540 propellant and its modification formula-
tions were reported (Fig. 12) in SPS 37-41, Vol. IV, pp.
85-91. Although the data had a great amount of scatter
to it, a definite correlation between the rate of depres-
surization (dP/dt). and the mean chamber pressure prior
to extinction was found for each propellant whose test
data was analyzed.

Data were presented in SPS 37-27 and 37-22, Vol. V,
pp. 13-15 (Confidential) showing that, under low-
frequency instability conditions, a correlation exists be-
tween the frequency of pressure oscillations and the mean
chamber pressure at combustion extinction (Fig. 13). In
order to assess the importance of the pressure oscillation

—»{ 100 ms [w—

3
B
a

2
1

-+——/

Fig. 11. Pressure—time trace for run 1437,
JPL 540-Mod B propellant
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Fig. 12. Rate of chamber depressurization
versus mean chamber pressure at
combustion extinction

rate of depressurization on low-pressure combustion ex-
tinction, it was deemed necessary to determine if the rate-
of-depressurization-pressure correlation at combustion
extinction is significant in itself, or is merely a conse-
quence of the correlation between frequency and pressure.

Further data reduction has therefore been performed
on the Jow-frequency instability and extinguishment data
for five propellants. The additional information consists
of the mean chamber pressure, motor L*, frequency of
pressure oscillations, and pressure oscillation maximum
rate of depressurization at various points on the test oscil-
lograph pressure-time traces prior to the occurrence of
extinction.
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Fig. 13. Pressure oscillation frequency versus
mean chamber pressur2 at
combustion extinction

Fig. 14 is a log-log plot of the frequency of pressure
oscillations plotted versns the mean chamber pressure for
several test firings with a nonaluminized propellant. The
frequency data correlates fairly well with pressiive, in
good agreement in the same pressure region with the
results of tests with similar propellants reported by NOTS,
China Lake (Ref. 10). Figure 15 shows the maximum rate
of depressurization of the pressure oscillations plotted
logarithmically versus chamber pressure for the same
test runs. Only the extinction depressurization points
correlate with pressure. Figures 16-17, 18-19, and 20-21
show the same type of data for 8%, 16%, and 16% (coarser
grade) aluminized propellants, respectively. The same
results are evident. This diffrrence in the character of
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Fig. 14. Pressure oscillation frequency versus mean
chamber pressure, JPL 540-Mod A propellant
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versus mean chamber pressure, JPL 540-
Mod B propellant
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Fig. 19. Pressure oscillation rate of depressurization
versus mean chamber pressure,
JPL 540 propellant
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the frequency and depressurization rate correlations with
pressure seems to substantiate the significance of the pres-
sure oscillation rate-of-depressurization-pressure correla-
tion at extinction itself.

The possible significance of pressure perturbations on
solid propellant combustion extinction has been noted
earlier by Cohen (Ref. 11) and others. Also, the ability of

2 2
RUN NO. 1493
16% ALUMINUM 1486 4o 16% ALUMINUM /
RUN NO. 1489
' 1480 1487
10 7 10% —
/ A V}SI 1487, 11493
|
/ 148 1486 ——1_ 1481 \ i
[ © I3
ARROWS INDICATE E ARROWS INDICATE
N DIRECTION OF e DIRECTION OF
- INCREASING TIME 3 WICRER 45 ME
« = 1480
a < e
s /
EXTINCTION
EXTINCTION 0 . %
2 2 ig T
10° 102
10' 2 _ 4 6 102 10’ 2 4 6 10?2
Pe. psia A, psia
Fig. 20. Pressure oscillation frequency versus Fig. 21. Pressure oscillation rate of depressurization
mean chamber pressure, JPL 540- versus mean chamber pressure, JPL 540-
Mod 1 propellant Mod 1 propellant
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very rapid chamber enting (rapid depressurization) to
quench solid propellant combustica at high chamber
pressure operating conditions is well recognized (Ref. 12).
The results of the additional data analysis presented here
certainly make plausible a postulation that similar mech-
anisms are controlling rapid depressurization and low-
pressure combustion extinction.
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VIII.] Polymer Research * Aro

PROPULSION DIVISION

A. Characterization Studies on Polyurethane
Elastomers, R. F. Fedors and R. F. Landel

1. Introduction

In an effort to develop a reservoir of standard polymer
samples, considerable work has been carried out on a
crosslinked polyurethane elastomer prepared by reacting
castor oil with a prepolymer prepared by allowing castor
oil to react with two equivalents of toluene diisocyanate
(Ref. 1). During the initial investigation, several elasto-
mers which differed in the ratio of prepolymer to curing
agent were synthesized and were subsequently character-
ized for mechanical behavior response in both static and
dynamic test modes. As part of the mechanical behavior
characterization work, the rupture properties were deter-
mined in uniaxial tension as a function of test rate and
test temperature (Ref. 2).

Since the failure envelope data were available, it was of
interest to ascertain if the envelopes representing presum-
ably elastomers of varying network chain concentrations
could be superposed in the normal manner (SPS 37-36,
Vol. IV, p. 137). Since no data were available on network
chain concentratigr, we undertook to evaluate this param-
ured response in uniaxial compression
swollen to eqnilibrium in several solvents.

Fn-—-—lﬂllll-

2. Experimental Part

a. Materials. Since for the two-part polyurethane sys-
tem, the properties of the resulting producte normally
depend on the ratio of prepolymer to curing agent, several
elastomers were synthesized such that the volume ratio of
prepolymer to curing agent was allowed to vary from a
50/50 ratio to an 80/20 ratio. The formulations studied
are listed in Table 1. Curing was accomplished by heat-
ing the mixtures at 145°C for 2 h (Ref. 3).

Table 1. Composition of polyurethanes studied

NCO OH NCO+OH
Velume ratie of squivalents squivalents equivalents
prepolymer/ por cm® per cm® per cm’
curing agent of polymer of pelymer of pelymer
X 0 X 10° X 10’
50/50 1.36 1.39 2.7%
55/45 1.49 1.25 2.74
60/40 1.63 101 2.74
65/35 1.76 0.97 2.73
70/30 1.90 0.83 2,73
75/25 2,03 0.70 2,73
80/20 217 0.56 2.73

JPL SPACE PROGRAMS SUMMARY 37-45, VOL. IV
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Based on the manufacturer’s specifications, the pre-
polymer is reported to have an equiva.:nt weight of 397 g
and a density of 1.075 g/cm® These numbers yield
369 cm® per equivalent on a volume basis. For the castor
oil curing agent, the equivalent weight will be taken us
345 g and using a density value of 0.96 g/£m?, the volume
per equivalent is 360 cm®. Employing these numbers, the
equivalents per cm® of mixture for both the hydroxyl (OH}
and isocyanate (NCO) groups have been calculated and
these are listed in Table 1, It is interesting to observe that
although the NCO value increases and the OH value
decreases, the total equivalence of reactive functional
groups, i.e., the sum of the NCO and OH values, remains
effectively constant. This is, of course, a reflection of the
fact that the volume per equivalent for both the prepoly-
mer and the curing agent are very nearly the same.

The structural formula for the prepolymer can be rep-
resented as shown in Fig. 1, while that for the castor oil
curing agent can be represented as shown in Fig. 2. An

0 CHy(CHple O H
i I ol CH3
CHg—0—C—{CH2)7CH==CH—CHp ~—CH—0—C~~N NCO
0 CH;(CHz)s O H
| I | CHs
CH —0—C~—{CHz2}7 CH®™=»C H—CH3 —CH—0—C—N 4~=-NCO
0 CHy(CHp)g O H
l I | CH3
CHp—O0—C~(CHyp) 7CHmmCH —CHp ~—CH—0—C—N NCO
Fig. 1. Structure of prepolymer
0 (CH;) s CH3
Il |
CHp —0—C—CHp)pCHmeCH-—CH—CH—OH
0 (CH2) s CHy
[
CH =—0—C—I(CHp)7 CHmeCH—CHz—CH—OH
l 0 (CHa) 5 CH3
i |
CHg —0—C—(CH2) 7CH==CH—CH3—CH—OH
Fig. 2. Structure of curing agent

0 (CHp)sCHy 0 H
I | o
;H =0 ——C-—(CHp)7CHmmCH—CHp—CH —0—C—N—

inieresting feature of this system is that except for the
urethanc linkage or *he prepolymer, the chemical suuc-
tures of both the prepolymer and curing agent are iden-
tical. Further, if reaction were limited to the addition of
the OH group of the curing agent to the isocyanate group
of the prepolymer, a network chain so formed would be
essentially symmetrical about the urethane linkage and
would contain 34 atoms plus the aromatic ring in the
main chain. The molecular weight of such a network
chain, shown in Fig. 3, is 791 g/mole.

b. Procedures. The method of estimating v. which
depends on the measurement of the stress-strain be-
havior of swollen elastomers has already been adequately
described (SPS 37-40, Vol. 1V, p. 80). The data were
obtained on an Instron testing machine using a cross-
head speed of 0.02 in./min. The apparent v, velues were
calculated by means of the following equation (SPS 37-43,
Vol. IV, p. 177):

_ mh _ 2C, 2CY s
v=3ART ~ RT T AT (1)

RT >

where m is the slope of the load deflection curve, h .s the
height and A the original undeformed area of the speci-
men before swelling, R is the g.s constant, T is the abso-
lute temperature, v, is th~ volume fraction of rubber in
the swollen gel, 2C,/RT is the value of v, at infinite
swelling, and 2C7 is relatel to the 2C, term which
appears in the Mooney-Rivilin (Ref. 4) stress—strain
equation, When v, = 1, then 2C} = 2C.,. It is important
to notice that for C! 3£ 0, v. as defined by Eq. (1) will
depend on v,. On the other hand, for C? = 0, v, will be
independent of v..

3. Results

a. Equilibrium swelling. The extent of equilibrium
swelling in five solvents, benzene, ethylene dichioride,
cyclohexane, heptane, and isooctane, is listed in Table 2
along with the ». values calcuiute 1 from the uniaxial com-
pression data on the swollen specimens acrording to
Eq. (1). Examination of the data indicates that for a
given solvent, there occurs a marked and monotonic

CHsy
H O (CH2) 5CH3 0
| i

i -
c—o—cm——cuz—cn—cn(cuzh—c—-o—c{u

Fig. 3. Network chain
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Table 2. Swelling behavior and apparent chain concentration for polyurethane elastomers

Solvent
Volume ratle of Benzene Ethylene dichloride Cyclochexone Heptane Isooctane
prepolymer/
curing agent ., moles/cm’ v., moles/cm’ v., moles /em’ »s, moles/em’ e, moles/em’
v X 107 v X 10 " X 10 " X 10 " X 10
50/50 0.353 370 0.380 340 0.660 450 0.77 390 0.794 420
55/45 0.398 390 0.418 390 0.667 480 0.798 — 0.413 -
60/40 0.438 440 0.457 390 0.692 470 0.813 - 0.836 -
65/35 0.462 —_ 0.48 440 0.706 460 0.816 380 0.863 430
70/30 0.492 350 0.510 400 0.721 440 0.827 — 0.848 —
75/25 0.510 430 0.527 350 0.733 400 0.833 380 0.868 480
80/20 0.527 — 0.542 450 0.745 420 0.839 370 0.943 370
. . . . 1000 T T T T T
increase in v, as the prepolymer volrme is increased. VOLUME
Norn:ally, such an increase in v, would be ascribed to s00— o RATIO F"éAG BENZ(-::EOLVENT
an increase in the netw.ck chain concentration but the pY 55,' 45 O  ETHYLENE DICHLORIDE
results of the compression tests indicate that within the sool— © 60,40 Q  CYCLOHEXANE
estimated e-perimental error, the v, values are essertially g S _g ;%p J:T"‘:': -
independent of the prepolymer to curing agent ratio. . ™0 7525
Furthermore, this behavior is ohserved fur all five solvent. O 80/20
employed. X 600
%
In addition, che v, aata indicate +  this parameter is £ 3% do Y
«!most independent of v, and this tact can be seen more Eé oo o opo ® flo- <
clearly in Fig. 4 where the data are plotted in accordance .2~ % i 5% lo
with Eq. (1). It can be seen that the dependence of v. on = 500 ¢
v, is very sligh! indeed, which implies that C} is very
nearly zero. This signifies that the saress—strain data for 200
the dry mbber when piotted in Mooney-Rivilin fashion
should have a slope or C_ value also very close to zero 100
(SPS 27-43).
| ]
. N . 00 0. 02 03 04 05 06 o7 08 09 10
Sirce v, is essentially independent of the prepolymer/ w3

curing agent ratio, the ract that v, varies with this ratio
can be taken as an implication that the chen::cal nature
of the network chains but not their number depends on
this ratio.

Data which bears on this peint will now be picsented.
b. Dependence of the failure envelope on prepolym.:
ratio. It has beer shown that the failure envelopes for

many gum <lasiomers can be represented by a stre:~—
strain law proposed by Treloar (Ref. 4):

_ Ve RTn\2 Y

o4

Fig. 4. Dependence of apparent chain concentration,
vedapp, ON VIS

where
Ap
x = coth (ﬁ'?
and

1
y == coth (W) - A;/’ n\/?

nl/2
)-%

3

4)
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where o, and A, are the stress and extension ratios at
break respectively, and n is the number of statistical seg-
ments per network chain. By plotting

R Ab
log (m—bn‘_/z) versus log (n—m-)

for several values of n, a family of failure envelopes is
obtained which can then be used to obtain approximate
values ‘or both v, and n from failure envelope data
obtained experimentally. In practice, the experimental
data plotted in the form log (e»To/T) versus log A, are
shifted in order to superpose the experimental data to a
theoretical curve. Since the shape of the envelope d¢-
pends strongly on the n values, this matching or super-
position is done on the basis of curve shape and as such
is readily accomplished. The distance along the abscissa
needed for the shift or fit is equal to log n** while the
distance along the ordinate is equal to log (3/v.RTon*).
Thus, estimates for both n and v, can be caiculated from
the shift distances.

Typical plots of the experimentally cbtained failure
envelope and that predicted on the basis of Eq. (2) are
shown in Fig. 5 for the 50/50 and 55/45 ratios. Inspec-
tion of the Figure makes it evident that the shapes of
the experimental failure envelopes and those predicted
by Eq. (2) are in excellent agreement. Similar results
were obtained for the remaining elastomers and the data
for v. and n evaluated by this procedure are tabulated
in Table 3.

Thesc results also demonstrate that v, is indeed essen-
tially independent of the ratio of prepolymer/curing

Table 3. Estimates of v, and n from failure envelopes

Volums ratio of 3
»e, moles/cm
prepolyme:r/ X 107 n, segments /chain
cvuring agent
50/50 410 12
55/45 460 10
60/40 440 7.2
65/35 470 6.6
7¢’30 490 4.8
75175 46V 4.2
8G/20 460 4.2

JPL SPACE PROGRAMS SUMMARY 37-45, VOL. IV

agent; the small differ>nces observed are well within the
estimated error involved in the superpositioa procedure.
Furthermore, it is apparent that the magnitude of v,

FREDICTION OF EQ. (2)
—

l
|

320 T — ~1 -0
o] EXPERIMENTAL DATA [

3.0

VOLUME RATIO = 55/45 /
2.8
/
[
/1;/
/OLUME RATIO = 50/50
2.4

L
/

log (o 273/7), psi

20

18 - 1

log Ap

Fig. 5. Failure envelopes for 50/50 and 55/45
volume ratios
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obtained in this manner is in essential agreement with
ve determined fron the compression measurements on
swollen samples. The average value of v, obtained from
the failure envelope results is 460 X 10 compared to
420 X 10 moles/cm?® estimated from the compression
results.

If it is assumed that all network chains are effective,
then the average value of v, ~ 440 X 10-* moles/cm?
can be used to obtain an estimate for the maximum value
of the average molecular weight of a networx chain, M.,
since for the present castor oil system, chain entangle-
ments are expected to be absent. Using the relationship
M. = p/v. where p is the polymer dersity, M.~ 2300
g/mole. For the real network, M. is expected to have a
somewhat smailer vaiue, since not all of the chains in
the gel are effective and hence capable of supporting an
eq iilibrium load. In principle, the fraction of “active”
network capable of permanent elastic deformation can
be estimated if the functionality of the reactants, the
extent of reaction, and the initial ratio of active groups
are known. The value of the fracticn of “active” n.twork
will be a maximum when this ratic is unity if all other
parameters are eld constant. On the other hand, this
fraction will be markedly reduced if the ratio differs
appreciably from unity. This will occur in practice if the
“purity” of the reactants is low, i.e., if either the prepoly-
mer or the curing agent contains appremable amounts of
monofunctional or difunctional molecules.

A minimum value for M. can be estimated by assum-
ing that all the network chains are effective and, further,
that they correspond to the structure shown in Fig. 3.
This yields M. = 790 g/mole. The true M. will have a
value between the two extremes.

The interesting feature of Table 3 is the n values
which decrease monotonically with increase in the pre-
polymer content of the elastomer. A decrease in n signifies
that chain flexibility decreases; i.e., the network chains
become more rigid as the prepolymer content increases.
Such a change implies a change in the chemical structure
of the network chains. However, since the main chains

CHz CH3

are of the same type, castor oil (as shown in Figs. 1-3),
the only variables would seem to be the chemical nature
and functionality of the crosslink.

It is known that the reaction between an OH group
and an NCO group is relatively rapid. However, the
resulting urethane linkage contains an active hydrogen
which is capable of reacting, although at a much slower
rate, with additional NCO to generate an allophanate
according to tue scheme shown in Fig. 6 (Ref. 6). It is
important to notice that in this reaction, the active hydro-
gen is regenerated and is thus available for further
reaction. For example, the reaction producing the alloph-
anate group might lead to the formation of a network
chain; the reaction of a second isocyanate group would
lead tn a trifunctional branch point; the reaction of a third,
to a tetrafunctional branch point; etc. The reaction of an
isocyanate with a urethane could explain, in part, the fact
that v, is independent of the prepolymer/curing agent
ratio while the n values decrease with increase in the
prepolymer content—this in spite of the fact the NCO
and OH contents were varied as shown in Table 1. On the
assumption that the reaction of two functional groups
increases the number of network chains oy one, then
ve should be independent of prepolymer content since
Table 1 shows that the concentration of reactive groups
is independent of prepolymer content.

In addition, as the prepolymer content increases, the
OH content decreases and hence both the number of
allophanate groups and the extent of branching will in-
crease. Since tae allophanate group contains more polar
groups than does a urcthane group (Fig. 6), the alloph-
anate must confer added rigidity to a nstwork chain
which in turn implies that n will decrease. Thus, on this
basis, the decrease in the n value is a reflection of the
increase in the allophanate content.

c. Interaction parameters. According to the usual ap-
proximations (Ref. 7), the relationship between the extent
of equilibrium swelling and the chain concentration de-

CH3

R

CHs H 0©

i
wd—uco + woc—w-b n-b—n—c—n—c—o«m

ISOCYANATE

URETHANE

ALLOPHANATE

Fig. 6. Reaction of isocyanate with urethane
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pends primarily on the molar volume of solvent, V), and
the polymer-solvent interaction parameter x.. The explicit
dependence is given by (Ref. 8):

dx;
1 {ln(l —v)) + v+ 02 [x1 -(1- 02)-20—2]}

ve = _V: /3 z/Q_P}_)
( &7 (5)

where g is the gel fraction and f is the crosslink func-
tionality which is here taken to be 3. Since v, has been
estimated by an independent method, Eq. (5) can be
used to evaluate the irteraction parameter x,. Thus,
Eq. (5) can be rearranged to yield:

WV (o;/= g — 1’3-) +In(l ~ 0) + v

U2

xn —(1— vz)% (6)

Furthermore, the dependence of x, on v, is generally of
the form:

x: = a + by, )

where a and b are constants. Assuming Eq. (7) to be valid,
the right-hand side of Eq. (6) becomes (¢ — b) + 2bv;;
thus, a plot of the left-hand side of the equation [=(x1)apr]
versus v, should be linear with slope 2b and intercept
(a — b). These results are shown in Fig. 7, where it may
be scen that the plots are indeed linear for all the solvents
investiga.ed. This in turn justifies the assumed linear
dependence of x, on v,, i.e, Eq. (7). From the slope and
intercept, values of ¢ and b were vbtained and these are

Table 4. Polymer—solvent interaction parameters

Solvent Vi (ccllac.;n’lv’ *
Benzene 86.9 9.22 0.69 + 0.63v;
Ethylene dichloride 78.8 9.80 0.70 + 0.60v,
Cyclohexane 108 8.25 0.58 + 0.99v:
Heptane 146.5 7.45 0.16 + 1.8v;
Isooctene 165.1 6.90 0.01 + 2.0v,
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listed in Table 4. These x, values may be used along with
Eq. (5) to estimate v, values from measurements of v,.

If it is further assumed that the variations in the chem-
ical structure of the network chain do not influence x,
in the limit when v, =1, i.e., for the undiluted polymers,
then the x, values listed in Table 4 may be used to obtain
a rough estimate for the cohesive energy density, 8,, of
the volymer. It has been shown that x, is related to the
cohesive energy density of the solvent and the polymer
by means of (Ref. 9)

V, .
x, = A+ ﬁ(s, = &) (8)

where A is a constant for a given solvent and the sub-
scripts s and p refer to the soivent and the polymer, respec-
tively. Since A is presumed independcat of v., differen-
tiation of Eq. (8) with respect to v, yields

dx, 2V,

[ I a5,
dv.

ﬁ(sa - 8») dv, (9)

Further, in the limit as v, — 1, d3,/dv. should be, to a
good approximation, independent of the solvent. Thus,
Egq. (9) can be written as

RTh _

W—_BS,‘J‘&,B

(10)

where B = d§,/dv, and b = dx,/dv.. A plot of RTb/2V,
versus 8, is predicted to be linear with slope of —B and
intercept Bs,. Figure 8 shows the data plotted in this man-
ner using the §, values listed in Table 4 (Ref. 10). Although
the scatter is relativel great, the data do seem to con-
form to Eq. (10), and 3, is calculated from the slope and
intercept to be 11.6 (cal/cm?)*.

4. Summary

Po'/urethane elastomers based on castor oil have been
characterized for network chain councentration, chain
flexibility, and polymer solvent interaction parameters.
It has been found that v, is essentially independent of the
prepolymer content, but that the chain flexibility de-
creased as the prepolymer content increased. The
polymer-solvent intaraction parameter has been deter-
mined in benzene, ethylene dichloride, cyclohexane,
heptane, and isooctane.
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B. Structure~Property Relationships for Polymers.
Part I: Influence of the Chemical Nature of an

Elastomer on Stress—Strain Response,
R. F. Fedors and R. F. Landel

1. Introduction

According to the kinetic theory of rubber elasticity,
the uniaxial stress-strain response of an elastomer under
sensibly equilibrium conditions, e.g., slow deformation
rates at temperatures far removed from the glass temper-
ature, is given by (Ref. 4):

o=vRT(A—-L) )
e A2 \

where o is the stress based on the initial cross-sectional
area, v, is the number of effective network chains per unit
volume of rubber, R is the gas constant, T is the absolute
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temperature, and A is the e:tension ratio. Numerous
studies have demonstrated that this eqaation is applicable
for A values less than about 2. Moreover, the equation pre-
dicts that the response of an elastomer depends only on
the number of network chains; thus, the precise chemical
nature, per se, ot an elastomer does not influence stress-
strain behavior.

Recent work has indicated that at higher A values in-
cluding the rupture point, Eq. (1) no longer describes
the experimental data adequately but that another, more
appropriate stress-strain law, which does depend on
chemical structure, can be used as an adequate descrip-
tion of the stress-strain behavior and also of the failure
envelope (Ref. 5). in what follows, the attempt will be
made to demonstrate how chemical structure of a poly-
mer chain can influence this behavior.

2. Discussion

a. Stress—strain behavior at large deformation. As
might be anticipated, the region of strain for which the
simple kinetic theory is valid is small, generally less than
about 100%. For higher strains, it has been found that
both the uniaxial stress-strain behavior and the failure
envelope (Ref. 5) can be represented by an equation
first proposed by Treloar (Ref. 4):

. = v,Rf:I;nv: [x B Aay/ 2] @
where

x = coth (#) - l:\/—z (3)
and

y = coth ('F/'z'l'nﬁ') — AV2ni/? (4)

where n represents the number of statistical segments
per nztwork chain and the other quantities have their
usual significance. Thus, in addition to v., an adequate
description of behavior requires the introduction of a
second parameter, n. As an example of the utility of
Eq. (2), Fig. 9 shows failure envelopes censtructed from
data reported in the literature (Refs. 11 and 12) for sev-
eral elastomers. The solid curves are the prediction of
Eq. (2). The values of v, and n required for fit are
shown along with v, values calculated using an inde-
pendent measurement such as the equilibrium modulus.
In all cases, the agreement between the v, values is
excellent. The general behavior of Eq. (2) is worthwhile
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describing. First of all it reduces to the kinetic theory
prediction, Eq. (1), at small strains; i.e., the dependence
on the parameter n is evident only at relatively high
strains. This behavior can be seen more vividly in Fig. 10,
which shows the stress—strain behavior at several values
of n as the full curves and the kinetic theory prediction
as the dashed ~urve. Secondly, at a fixed value of v., the
extensibility of the network increases with increase in n.
Moreover, it can easily be shown that the maximum
value which A can assume is given by:

(Mmax = n'/ (5)

since, according to Eq. (2) 0= « as A—> n'/? and thus
all real A values must be < n'/% Equation (5) has been
shown to b= consistent with the available data (Ref. 13
and SPS 37-37, Vol. IV, p. 139). Thus, the n value de-
termines, in effect, the maximum strain capability of an
elastomeric network.

A relationship between n and v, can be written as

_ fg _ feM.
n= l’eN o N N 0 (6)
where
1
Ve = xMz (7)

where f is the fraction of the network which is capable
of supporting an equilibrium load, g is the gel fraction,
N, is the molar volume of a statistical unit, x is the num-

fZ I

/vy RT
>
-
\

0 /
. AN —+
L~ KINE TIC-THEORY
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A

Fig. 10. Dependence of the reduced stress, o/v.RT,
on A for several values of n according to Eq. (2)
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ber of atoms in the network chain, and M, is the average
molecular volume of a main chain atom. For example, in
the case of polystyrene, x is twice the number of mono-
mer units in the chain and M, is one-half the monomer
molecular volume. In what follows, it will be assumed
that both f and g are unity since both of these param-
eters depend on details of the crosslinking process which
are not of concemn here. This assumption in no way
detracts from the results presented below and a subse-
quent paper in this series will delve into this question
in more 1 ail,

For a given elastomer, N, is constant and therefore, n
and v, cannot both bz independent variables. Once v, is
fixed by the number of crosslinks introduced into the
system, a knowledge of the N, value permits n to be cal-
culated. However, when a series of different elastomers
which differ in chemical structure is considered, then
both n and v. can be teken as independent variables
since N, is no longer constrained. Thus, according to
Eq. (6), at constant v,, n can be increased by varying the
chemical structure of the polymer such that N, is de-
creased, i.e., by making the polymeric chains more flexible.
On the other hand for a given elastomer (N, coastant) n
can be increased by decreasing the number of crosslinks
introduced into the system, i.e., by decreasing v.. Since
in many instances, the value of v. may be restricted to a
small range in order * achieve a useful modulus level for
the elastomer, it it of great interest to consider the de-
pendence of N, on chen.ical structure.

b. Dependence of N, on chemical structure. The di-
mension of a polymer molecule is normally expressed in
terms of the mean-square end-to-end distance %, which
has been shown to lepend on n and the effective seg-
ment length [ by (Ref. 4):

e = nl (8)

Since 7% depends directly on chain flexibility through the
value n, measurement of the chain flexibility can be used
to calculate n, which in turn can be used to evaluate N,.

Chain flexibility is controlled by the nature and extent
of potential barriers to rotation about main chain bonds
and as such is influenced or affected by short range intra-
molecular interactions and by long range intermolecular
interactions, both of which depend strongly on the pre-
cise chemical nature of the polymer chain.

In the case of polymers which are normally classed as

elastomeric, the molecules are essentially nonpolar in
nature and, thus, the long range interactions are expe.ted
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to be small. This is not a fundamental distinction how-
ever, since polymers not normally considered elastomeric
can be made so by suitably reducing long range interac-
tion, a prime example here being the case of poly(vinyl
chloride). In tne pure state, poly( 7zinyl chloride) is not an
elastomer; however on adding sufficient amounts of a
suitable plasticizer, which presumably disrupts long range
etfects, the material behaves as an elastomer. To the
extent that the short range and long range interactions
are temperature dependent, then the chain flexibility and
n values will also be temperature dependent. Experi-
mental data, at least for hydrocarbon chains, would indi-
cate that the temperature variation of n is small. For
example, the results in Fig. 9 show that, provided the test
temperatures are sufficiently above T,, then a single value
of both n and v. can be used to describe the failure
envelope generated by breaking specimens at different
t. st rate and test temperatures.

If a polymer chain were capable of completely un-
restricted rotation as well as having unrestricted bond
angles about each bond in the main chain, and, further,
if intermoiccular interaction were negligible, then n
woull simply be equal to the number of main chain
bonds, i.e., to x in Eq. (6). However, since real chains do
have barriers to free rotation, n will always be less than
x and in principle if the heights of the barriers were
known, then the n could be calculated. Generally, how-
ever, sufficient information on the barriers is not available
and thus recourse 1nust be had to experimental evalua-
tions of n.

Since n determines the size of the polymer coil, then
in principle the measurement of a property which is
dependent on polymer coil size can be utilized to esti-
mate n. Properties which depend on size in this way
include the scattering of light, the niagnitude of the
second virial coefficient, and the intrinsic viscosity. Of
these, the intrinsic viscosity at the 4 temperature, i.e., the
temperature at which the dimension of the co:l becomes
independent of the sclvent, is probably the most cun-
venient experimental technique used to estimate n. This
method provides a measure of the chain dimension in
terms of the ratio of 7* to the chain molecular weight
(Ref. 7), i.e., in teras of (r?/M). For an ideal chain con-
taining no barriers to rotation, a theoretical value of the
ratio (12,M) where 7 is the mean-square end-to-end chain
length in the absence of potential barriers, can be com-
puted. For the ideal chain 2 can be written as

onl

=n,l; (9)

102

where the subscript 0 refers to the ideal chain. If it is
specified that the fuliy extended length of both the real
and the ideal chain of equivalent molecular weight be
the same, i.e., that

then this condition ensures that unique n and ! values

can be obtained. Thus, employing Eqgs. (8-10), the rela-
tionship between n and n, can be written as

n= n.,(r_g /r—) (11)
Furthermore, N, is obtained from
No = M(7/7%) (12)

and likewise the relationship between n and x can be
expressed by

n = x(r?/r) (13)
Using these results, v, can be exnressed as
Ve = m(f_"‘;/ﬁ) (14)

In order to facilitate comparisons between polymers of
different chemical structure, a short compilation of data
on several of the more common polymers is presented in
Table 5. The data listed are the glass transition temper-
ature, T,, the density, p, the average molecular volume
per main chain atom, M.; the ratio (r/r?)}; the corre-
sponding temperature at which the 72 value (Ref. 14)
was measured and finally the calcvlated values for the
110lar volume of a statistical segment,

Unfortunately, there is at present no way to estimate
(r*/r%)} values from a knowledge of the polymer structure
alone, and thus a calculation of n and N, values depends
on a prior experimental evaluation of (r¥/r%)t.

In the interests of clarity, the entries in the table have
been arbitrarily grouped into 5 sets. Jn set A, are listed
several common vinyl polymers which are entirely hydro-
carbon in nature. In set B, data for several of the more
crmmon polymers which are normally classed as elas-
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Table 5. Characteristics of common polymers

Polymer T, °C prglem’ M., cm*/mole (7/:{)“‘ T, *°C No, cm*/mole
Set A: vinyl polymers entirely hydrocarben in nature
Poly{ethylene) ~125 0.826 158 1.61 145 41
Poty{1-butens) — 24 0.868 2.3 1.82 ~ 70 no
Poly{isobutene) - 73 0915 30.6 1.80 24 100
Poly{1-pentens) — 40 0.850 41.2 2.2 ~ 3 200
Poly{styrens) 100 1.04 50.0 2.22 ~ 30 240
Poly{2-vinyl naphthalene) <162 1.12 75.6 3 30.2 660
Set B: polymers normally classed a3 elastomeric
Poly{butadiene) 98 % cis - 95 091 14.8 1.61 20.5 39
Polylbutadiene) 98 % trons - 83 0.91 14.8 1.07 40 7
Poly{chroroprene) 85 % trars — 45 1.27 17.4 1.40 25 k7 )
Poly(isoprene} 100% cis - 73 0N 18.7 1.67 20 52
Poly{isoprene) 100% trans - 60 0.91 18.7 1.38 60 3¢
Poly(dimethylisiloxane) —123 0.08 377 1.39 ~ 20 n
Poly(triflvoro-nitrosomethane- - 5 1.93 259 1.468 35 73
cotetrafluoroethylens): nitroso 12bber
Set C: polysther polymers
Poty{formaidehyde) — 85 1.25 120 2.1 ~ 25 53
Poly{ethylene oxide) — 67 1.13 13.0 1.38 ~ 20 25
Poly{propylene oxide) — 75 1.01 19.2 1.59 i3 49
Poly{tetrahydrafuran) - 79 1.09 13.2 1.55 30 32
Set D: methacrylate polymars with side chain length varied
Poly{methyl methacrylate) 105 1.20 416 2.08 25 180
Poly{ethyl methacrylate) o5 1.10 518 1.96 23 200
Poly{n-butyl methacrylate) 20 1.05 67.6 1.98 23 270
Poly{n-hexyl metnacryiate) -~ 5 1.05 80.8 2.25 30 410
Polv{n-octyl methacrylate) - 20 1.0 99.0 2.19 20 480
Poly{n-lauryl methacrylote) — 65 1.0 127.0 2.59 O ~ 25 850
Set E: polysiter polymers
Poly{hexamethylene fumarate) -— vl 15.0 1.47 | 20 3
Poly{hexamethylene mcleate) — 1.1 15.0 1.55 20 36
Poly{hexamsthylene succinate) -— 11 15.3 1.70 20 44
Poly{hexamethylene sebacate) —_ 1.1 144 1.62 20 44
Poly{hexamethylene adipate} 57 1.05 15.4 1.65 25 42
Polyl{decamethyien- :dipate) —_ 11 4.4 1.33 25 7
Poly{decamethy cne sebacate} p— 1.3 140 1.65 25 40
Poly{w-oxyundecanoate) -— 1.05 15.9 1.60 20 38
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tomeric are given. In set C, data on scveral interesiing
polyethers are given. In set D are listed data for a series
of methacrylate polymers where the length of the side
chain is varied. Finally in set E are provided data for
several puiyester polymers.

According to both Egs. (12) and (14), a key molecular
parameter is M, which for the examples listed in Table 5
varies from a low value ot about 12 for poly(formaldehyde)
to a high value of 127 for the n-lauryl methacrylate poly-
mer; ie., it takes about ten times more volume of the
polymer in the case of the methacrylate in order to pro-
vide on the average one main chain atom. The reason for
this is clear, for in the methacrylate case, the long lauryl
side chain does not contribute *o rubberlike elasticity
directly, but it does contrit- te to the mass i the polymer
chain. Considered in this context, the M, can be related
to “network chain efficiency” in that the lower the M.
number, the greater will be the fraction of material
present as main chain atoms and thus a unit volume of
polymer will contain a larger number of network chains
capable of supporting a load. As a numerical example,
according to Eq. (13), at constant y., i.e., at constant small
strain modulus, n for poly(formaldechyde) is about 22
times greater than for the methacrylate, and on this basis,
a formaldehyde network in the rubbery state is expected
to have a maximum strain capanility about 5 times greater.

Also from the data in Table 5, the more subtlc influ-
ence of isomeric structures can be seen. For example,
in set B, the da‘a indicate that the trans-isomer for both
poly(butadiene) and poly(isoprene) provides a more flex-
ible chain than does the cis-isomer. Unfortunately, there
are no data available for the 1,2 or 3,4 isomers. However,
these chains should even be less flexible than chains
based on the cis-isomer. In the case of a polymer which
might be suitable for application as a solid propellant
binder, which is typically present to only about 30 vol %,
it is obvivasly desirable to have the binder contain as
many nets -ork chains as possible; i.e., the polymer should
have a <:a011 M, value.

In order to have a network with a high strain capa-
bility, it was indicated that N,, the molar volume of a
statistical segment, should be as small as possible. Equa-
tion (12) shows that N, is directly proportional to both
M, and the ratio (r*/r2)}. Thus, other things being equal,
a high M, value ccatributes to a high N, value. Again, the
poly(r. "uuryl methacrylate) has a very large value of
N, = £50 cm3/mole aad this is a reflection of both the
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very high value of M, = 127 cm?®/mole as well as a rela-
tively high value of (/73 = 259, Poly(2-viny] nzphtha-
lene), set A, has an N, value of 660 cm’/mole and this
large value also reflects both a high M, = 75.6 cm®/mole
and a high (r2/r2)t = 3.1,

Table 5 brings out several interesting features. For
example, the set B which contains the elastomeric mate-
rials, except for poly(isobutene) which is shown in set A,
all have low YV, values, the highest value being 100 cm3/
mole for the poly(isobutene). In addition, this set is
characterized by hoth low M. values and low values of
the ratio (2/r2)}. The relatively low M, = 25.9 cm?®/mole
foi the nitroso rubber is » reflection of the fact that the
density is high, p == 1.93 g/cm?. Using these observations
as criteria, one can predict that poly(ethylene) should be
a good elastomer. However, in this case, the structure is
so regular and uniform that the material is normally
crystalline to a large extent. However, above the melting
point, poly/ethylene) is elastomeric.

The polyethers of set C and the polyesters of set E
have M. and N, values which compare favorably with
those of the elastomers in set B. However, for materials
such as poly(formaidehyde) and poly(hexamethylene adi-
pate), the molecular structures are so regular that either
extensive crystallization occurs, or the intermolecular
interactions are strong enough so that the T, value is above
room temperature. However, if crystallization can be
eliminated and T, reduced (this can often be accom-
plished by decreasirg chain regularity) then both the
polyethers and the polyesters do provide elastomeric
materials.

Set D was included in the table to demonstrate the
effect on T,, on M. and on N, of increasing the length of
the side chain, It is evident from tl » N, values that long
side chains are undesirable in elastomers which are in-
tended to exhibit a high strain capability.

3. Summary

The dependence of the maximum strain capability on
the chemical structure of a polymer has been discussed.
It was poirted out that the controlling parameter is the
chain flexibility which can be conveniently expressed in-
terms of N,, the molecular volume of a statistical chain
segment. In subsequent pa+ts of this series, the connec-
tion between polymer structure a:id dynamic behavior
will also be discussed.
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C. The Suitability of Thermoplastiz Rubbers ¢s
Binders for Composite Solid Propellants,
Interim Report ll, B. G. Moser and R. F. Landel

1. Introduction

This article presents results of a continuing study of
the application of thermoplastic rubber as a solid propel-
lant binder (SPS 37-41, Vol. IV, pp. 107-109 and SPS
37-43, Vol. 1V, pp. 184-189). The burning rate of the
propellants made from this binder was found to te low,
and plasticizing them with uon-polar mineral oil did not
yield the increase in burning rate which should have
resulted from the poorer oxidizer dispersion in the min-
eral oil system. It was thought that anti-oxidants in the
binders were respensible for the failure of the mineral
oil to produce higher burning rates; bowever, tbis failure
will be discussed from a different viewpoint below.

Ring specimens for tensile studies were determined
to be unsuitable for highiy loaded thermoplastic rubbers,
and strip specimens were substituted. It was shown that
the thermoplastic rubbers loaded to both 80 and 85 wt %
with ammonium perchlorate dewetted in a plane normal
to the principal stress axis. This localized dewetting was
considered to constitute failure, and it occurred at
elongations of </1%. In the case of the ring specimens,
dewetting took place during the straightening of the
ring in the Instron jig before it was stressed appreciably.
Naturally, this low strain at failure renders the propellant
totally unsuitable for any practical application. It was
thought that poor Linder-to-oxidizer bonding was re-
sponsible for the inadequate mechanical properties of the
propellant. Consequently, steps were taken to modify
*he backbone molecules of the binder to increase the
adhesive bond between the filler and the rubber. The
experimental details and tensile results of one of the mod-
ifications are preserited here.

2, Experimental Procedure

The backbone of the thermoplastic molecule was
chemically modified with three different materials: thio-
acetic arid, thioglycolic acid, and monothiolethylene
glycol {2-mercaptoethanol). These modificatiors result in
pendent ester, hydroxy, and carboxyl groups, respec-
tively. Figures 11 and 12 illustrate the rubber molecule
and the three different modifications. Two lots of each of
the modified rubbers were prepaced. so both 1% and
10% of the equivalent double bonds in the butadiene
segment were reacted.
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Fig 12. Chemical modification of Shell thermoplastic
rubber

The theory behind the modifications was quite simple
and straightforvard. It was thought that the pendent
groups could chemicarh, or at least hydrogen-bond, to
the surf-ce of the ionic Glier. This is a standard method of
enhancing the bond strength of adhesives and is thought
to be partly responsble for the relatively gocd Yinder-
filler bond in the castable, curable propellants.

However, there is a siightly different viewpoind that
could be taken (SPS 37 44, Vel iV, pp. 108-115). L iofly,
one may consider the styrece or “hard” part of the ru:ber
to be acting as a filler. This is a reasonable assumption,
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since the styrene is well below its glass transition tem-
peratare, and its modulus is about 1000 times higher than
that of the butadiene or “soft” component of the triblock.
This concept of the morphology is schematically repre-
sented in Fig. 11(b), where the filled circles represent the
domains or droplets of styrene that physically tie the
butadiene molecules into a network. According to Fedors’
(SPS 37-44) calculations, these droplets are approximately
300 A in diameter and, as such, are comparable to some
of the very fine carbon blacks used as reinforcing agents
in rubber goods. The volume fraction of the copolymer
¢. is given by:

& = Ma/Pa
' Ma/Pn + Mb/Pb

where M and p are the molecular weight and density,
re-pectively, and the subscripts indicate the components
styrene and butadiene. If the density of polystyrene is
taken to be 1.04 and that of butadiene is taken to be 0.90,
then the above calculation shows that the binder is
already approximately 22% filled with “hard” styrene
before the 80 wt % oxidizer is added (this oxidizer repre-
senting about 65 vol %). Clearly, the final system is
approximately 79 vol % filled. This total ¢ can be cal-
culated exactly as follows:

¢tmal = ¢nxidizer + ¢.¢ (1 - ¢oxidizer)

It has been shown in other studies (Ref. 15) that the
maximum loading ¢ for systems similar to the one under
consideration is approximately 0.80 vol % without the
use of an effective surfactant, and about 0.88 vol % with
the use of a surfactant. If the concept of considering the
styrene as a filler is true, then it is not surprising that
the mechanical properties of the propellant are poor;
the rubber is at ¢, !

To test this concept, a series of inert propellants with
ammonium sulfate as the filler was employed. The ammo-
nium sulfate ground to 12 and 100 x was blended into
a bimodal mixture of 30% -small/70% -large particles by
weight. This is the same particle size and particle size
distribution that was used in the propellant employing
ammonium perchlorate as the filler. Three different load-
ings, employing Kraton 101 (Shell Chemical Company)
as a binder, were prepared: 40, 50, and 80 wt % ammo-
nium sulfate The results are discussed below.
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3. Results

The three types of Shell thermoplastic rubbers being
studied—Kraton 101, Kraton 102, and Thermolastic 125—
were chemically modified as described above. Only the
thioacetic-acid-modified rubber has been tested to date.

The three rubbers (1% and 10% thioacetic-acid-
modified) and the contrcl specimen weie loaded with
80 wt % ammonium perchlorate, and rod-like tensile
specimens were molded. The results were exactly as
reported earlier for the propellant employing the un-
modified binder and flat specimens trom molded sheets.
Very local dewetting, i.e., failure, occurred at <1% strain
in all cases. This is illustrated by the typical Instron trace
of force versus crosshead travel shown in Fig. 13(a).

To test the second concept, that the styrene or “hard”
component of the rubber should be treated as a filler and
that the 80 vol % oxidized propellant is too clese to ¢,
a series of dummy propellants using ammonium sulfate
was prepared. The ammonium sulfate was ground to the
sizes described above, and Kraton 101 was loaded to
40 and 50 wt %, corresponding to 0.245 and 0.350 vol %,
respectivelv. In addition, the thioacetic-acid-modified
Kraton 101, both 1% and 10% double-bond-substituted,
was prepared at 40 wt % loading. The results are pre-
sented in Table 6. Quite clearly, the 40 and 50 wt %
loaded systems are behaving more like a conventional
propellant, without the local dewetting observed in the
80 wt % loaded systems.

A quick examination of Table 6 reveals a considerable
batch-to-batch variation in the Shore hardness and, con-
sequently, in the modulus. This variation is not reflected
in the maximum stress, however. The chemically un-
modified and the 10% double-bond-substituted materials
exhibit identical properties, whereas the rubber with 1%
substitution has considerably reduced o, and modulus,
but about the same €, and strain. We have no explana-
tion at present for this behavior. A series of photographs
of the tensile test on the 40 wt % sample is given in
Fig. 14. A similar series of photographs depicting the
line dewetting of the 80 wt % loaded system was pre-
sented in SPS 37-43.

A typical Instron curve showing the behavior of the
40 and 50 wt % loaded systems is given in Fig. 13(b).
When one compares this curve of Fig. 13(b) with
Fig. 13(a), it can be seen that the dewetting takes place
mote gradually; i.e., there is less of a rapid downturn in
the load after the maximum stress is reached. To go one
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Fig. 13. Typical Instron curves of crosshead travel vs force for modified and vnmodified Kraton 101 thermoplastic
rubbers (strain rcte = 1 in./min)

Table 6. Test results for modified and unmodified Kraton 101

Loodi ¢ Percent A ) ¢ Percent
m;’ ° of double verage Loading o of double Average
r bonds on, Av:raga modulus fillor. bonds vm, Av;rogo m:dulus
(omlu:onium substituted pai €n, % Srdou from (omvlnomum substituted psi em, % hS :n s.r'om
sulfate), (thioacetic hordness Shere sulfatel, {thioacetic ardness . ore
wt % acid) hardness wt % acid) ardness
40 0 256 9.8 78 1900 40 0 264 12.6 81 2100
40 0 265 8.8 78 1900 40 0 248 140 81 2100
40 V] 293 8.7 78 19C0 40 0 — _ 81 2100
40 0 _— —_ 78 1900 40 1 176 —_ 71 1100
50 0 282 10.3 84 3000 40 1 189 10.4 71 1100
50 (] 286 121 84 3000 40 1 186 12.8 n 1100
50 0 292 10.2 84 3000 40 1 184 —_ 71 1100
80 0 106 <1 >93 >20,000 40 10 261 — 81 2100
80 0 142 <1 >93 >20,000 40 10 251 —_ 81 2100
80 0 142 <1 >93 >20,000 40 10 251 13 81 2100
40 0 257 — 81 2100 40 10 —_ — 81 2100
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Fig. 14. Tensile test of 40 wt % sample

108 JPL SPACE PROGRAMS SUMMARY 37-45, VOL. iV




step further, Fig. 13(b) also depicts the typical Instron
curve for the 40 wt % loaded, thioacetic-acid-modified
system, where there is no downturn after the maximum
load is reached. This appears to show that indeed a
tighter bond between binder and filler was achieved,
in spite of the decreased stress at maximum in the 1%
double-bond-substituted system. It would seem that this
decreased v.lue of o,, may be due to an inherent change
in the stress level of the binder and is independent of
the binder-filler bond. Unfortunately, our supply of the
modified rubber was too limited to test the unfilled
rubber. This omission will be rectified on all future lots
of chemically modified rubber.

4. Burning Rates

There now seems to be an explanation for the anoma-
lous burning rates reported in SPS 37-41. It is apparent
that the addition of mineral oil to the 80 wt % loaded
systems cannot result in increased burning rate as a
result of Jdecreased dispersion, since, as a matter of fact,
the 80 wt % systems are already above ¢,. The addition
of an agglomerating agent cunnot decrease dispersion,
because the systems are initially as poorly ¢’spersed as
they can be. On the other hand, mineral oil used as a
direct substitute for the rubber (already 22 vol % styrene-
filled) can have the effect of bringing the vol %, loading
of the system under ¢,. This results in better dispersion
and a consequent decrease in the burning rate, as was
observed on one of the systems (SPS 37-43).

5. Interim Conclusions and Future Work

The commercial Shell Chemical Coimpany rubbers
Kraton 101, Kraton 102, and Thermolastic 125 are un-
suitable as solid propellant binders because the styrene
or glassy component of the rubber must be considered
to be acting as a filler. Hence, the propellant is loaded
above ¢,, when sufficient oxidizer is added to bring the
system near stoichiometry. This fact explains the anoma-
lous burning rate data reported earlier. That is, adding
non-polar mineral oil cannot decrease the dispersion of
a system that is already above ¢, in fact, by substituting
unfilled mineral oil for an effectively filled (with glassy
styrene) rubber, it is conceivable that the dispersion might
be improved with an attendant increased burning rate.

Chemical modification of the butadiene backbone by
reacting 1% and 10% of the double-bond sites with
thioacetic acid results in no change in the properties of
80 wt % loaded propellant. In the case of a 40 wt %
loaded system, there is a profound change; however,
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much of it seems to be in the binder, rather than at the
binder-filler bond, which appears to show minor change.

Future work will follow two approaches: First, physi-
cal tests will be concluded on the chemically modified
commercial rubbers; second, the rubber structure will be
modified according to Fedors' theory.

D. The Relationship Between Stress and Strain

in Multiaxial Deformations of Elastomers,
W. v:. Hutchinson

In theories concerning the finite deformation of elas-
tomers, much discussion has centered around the use of
the invariants of the deformation tensor of the elastomers
in the evaluation of the stored energy functions of these
materials (Refs. 16-23). Also, much thought (Refs. 24-35)
has been devoted to the physical interpretation of the
gradients of the stored energy functions with resy« ot to
these invariants so that the dependence of the stored
energy upon the<e invariants could be derived in a physi-
ca! theory. Besides being unwieldy coordinates to use in
describing the deformations of these materials, physical
interpretations of the meanings of the gradients have
been unsatisfactory, and physical theories predicting the
involvement of all these invariants are unavailable.

Examination of a well-known molecular model enables
one to choose, in a straightforward manner, a proper set
of coordinates to facilitate the evaluation of the stored
energy of an elastomer under a deformation of any
axiality. The model chosen is equivalent to that of Kuhn
and Grun (Ref. 36), which leads to the well-known
Langevin function first derived by Langevin in his theory
of the magnetic saturation of dipoles (Refs. 37 and 38).

Let us imagine that the bonds of a polymer chain, not
subjected to any force. are randomly oriented. Thus, the
vectors describing the bond directions will be uniformly
distributed over all directions in snace. Let us now con-
sider the imposition of a force F, along one direction,
making an angle 6 with one of the bonds of length L
(Fig. 15). The force F, will tend to align this bond along
the dircection of the force. The potential energy of a bond
in such a force F., is —F,L cos 8. Assuming that onlv
thermal energy is tending to offset the alignment of the
bond vectors along the direction of the foree, the distri-
bution of directions of the bond vectors will he given by
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Fig. 15. Geomctry defining force F, imposed on bond

a Maxwell-Boltzinann distribution such that

dN = exp (—W/kt) dW = exp [(F,L cos 6)/kt]
X d (F,L cos 6)
= — exp [(F.L cos 6)/kT] F,L sin 6 d6

The total number of bonds N is given by
N = ﬁ dN = - ﬁ,‘ exp [(F.L cos 8)/kT] F,L sin 6 df

From Fig. 15, the projection of one bond of length L
along the axis 1 is L cos 6. Taking L, to be the average
value of this projection on axis 1, along which a force F,
is imposed, then

LN=— /01 L cos 6 exp [(F,L cos 6)/kT] F,L sin 6 d9
Substituting for N from above, we obtain

_ /01 — F,L? exp [(F,L cos 6)/kT] sin 6 cos 8 d9
' [o’ — F,L exp [(F,L cos 8)/kT] sin 6 dé

™ F\L 2 2 F]L 3 Ve
+ﬁ(‘ﬁ') +§6(TT_ *

This integral yields the well-known Langevin function
such that

L = coth (F,L/kT) — kT/F,L

r-‘l (wl]

If the expouential term in the numerator of the integral
above had been first expanded in a power series before
evaluation of the integral, it would have been seen that
the value of L, tends toward zero as the force F, van-
ishes. Therefore, it is seen that the effect of the force F,
is to produce a non-zero average projection of the bond
length in the direction of the force. Thus, L,/L is actu-
ally AL,/L due to the force F,.

If, instead of evaluating the average net displacement
of the bend projection upon the direction of the force F,,
we decide to determine the component at right angles to
the force, say along axis 2, the component of the bond
projection in this direction will be L sin 8. Proceeding as
before, we obtain the average value of this component:

3 fo” L sin9dN
L2 — e
/0" dN

For the limits of this integration, we need be concerned
only with those bonds having values of 6 between 6 ~nd
=/2, since the average value of this projection between
these limits is the same as that between 0 and .

lom — L sin 8 exp [(F,L cos 6)/kT] F,L sin 6 d§
" [ exp [(F\L cos 6)/kT] sin 0 ds

The denominator may be evaluated in a straightforward
manner. The numerator may best be evaluated by first
expanding the exponential in a MacLaurin series and
then integrating term-by-term. Therefore, since in the
absence of the force F, the average value of this com-
ponent is x/4, the net displacement due to the force is
given by:

L 1(55)
_ _|@wiant_3\FT

>
&
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It is seen that a force along one direction can, according
to this model, produce a net component of displacement
of the bond direction in a direction perpendicular to it.
This displacement is seen to be negative, as is observed
in cases of uniaxial deformations. Also, by symmetry, an
equal displacement would be produced along axis 3. The
total displacement of the bond vector in space due to
the force F, is, therefore,

SCORCIRCNE

Let us look now at the force F,. We may take this force
F, to be the resultant of three other forces whose
components, measured along a set of orthogonal axes,
%, y, and z having the same origin as axes 1, 2, and 3, are
F., F,, and F.. Therefore, we have

ALy
L

F, = {F2 + F + F2

The disp'acement components along the axes 1, 2, and 3
will have components along the axes x, y, and z such that

o CORICIRC RN
={G%%2+G%QZ+G%%yN

It may therefore be seen that, under conditions of multi-
axial deformation where we may have stresses along any
orthogonal axes, the only force felt by the individual
bond segments is the vector sum of the components. The
over-all displacement will ke the vector sum of displace-
ments along any three mutually perpendicular Jirections.
According to this analysis, it would be expected that
stress-strain data for any axiality could be related by
plotting the vector sums of all forces against the vector
sums of all displacements. The quantities AL:/L may be
related to the strains €; = Ali/l, by a proportionality fac-
tor. Since, according to the model, the forces concerned
are those felt by the individual bond segments, and the
density of bond segments per unit arca is not likely to
change appreciably upon deformation, the forces may be
related to the true stresses in the mutually perpendicular
directions, i.e., the stresses upon the true cross-sectional
area. Therefore, the model consiCered suggests that
stress—strain data of any axiality can be combined into
one stress-strain curve by plotting the vector sum of the
strains versus the vector sum of the true stresses.
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Figures 16-18 are plots of uniaxial and bia...al stress-
strain data for two similar natural rubber formulations
and one formulation of a polydimethyl siloxane (Silastic
950U) containing 28 wt % of a filler suspected to be a
“Cabosil.” The data in Fig. 16 are those of Rivlin and
Saunders, as calculated from Tables 1, 2, and 6 of Ref. 21.
The formulation of this natural rubber is also given in
Ref. 21. The data plotted in Figs. 17 and 18 are data
obtained at JPL using a stress relaxometer designed by
Becker and Landel (Ref. 39). The Becker-Landel stress
relaxometer is designed such that the ratio e€./¢, is given
by the quantity tan a. Those experimental points desig-
nated as “strij. ~‘axial” are from experiments such that
€. is held fixed at zero while ¢, is varied. The formulation
of the natural rubbe: in this instance was:

Material Parts by weight
RSS #1 100

Sulfur 1.0
MBTS 1.25
Thionex 0.25
ZnO 5.0
Stearic acid 2.0
A224¢ 2.0

This material was cured for 20 min at 143.3°C. The
Silastic 950U was a commercial formulaticn which was

cured using a 0.6% benzoyl peroxide catalyst for 5 min
at 127°C.

Figures 16-18 show that there is no effect upon the
stress~strain curve of the axiality of ihe stress field if
plotted using the suggested coordinates. Further, the
energy expended in deformation is simply the integral
under the indicated stress-strain curve up to the limit of
the vector sum of the stress considered, multiplied by the
cosine of the angle between the force and displacement
vectors. The cosine of this angle, say ¢, between the force
and displacement vectors is given by:

cos ¢ = cos (€, 1) cos (o, 1) + cos (¢, 2)

X cos (o, 2) + cos (€, 3) cos (o, 3)
This equation reduces to
cos ¢ = cos (€, 1)

when the stress is uniaxial along the direction of axis 1.
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Fig. 16. Uniaxial and biaxial stress—strain data of
Riviin and Saunders (Ref. 21) for a natural
rubber formulation
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Fig. 17. Uniaxial and biaxial stress—strain data of
Hutchinson, Becker, and Landel (Ref. 40) for a
natural rubber formulation
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The apparent linearity of these th :e stress-strain curves
at sm+ll deformations indicates how Hookean behavior is
approached at small extensions.

These results suggest that it is unnecessary to use the
inveriants of the strain tensor defining the deformation of
an elastomer in relating the behavior of these materials
in multiaxial stress fields to their behavior in a uniaxial
stress. Indeed, it appears that one need only take the
vector sum of the strains in any three mutually perpen-
dicular directions and correlate that with the vector sum
of the true stresses measured along any three mutually
perpendicular directions. Also, it appears that, to define
the form of the stored 2nergy function of such an elas-
tomer, one need only determine minimally the uniaxial
stress—strain behavior, which, when plotted in the coordi-
nates suggested here, may be fit with a power series or
perhaps an analytic expression. Since the stress and strain,
i.e., the force and displacement, are not colinear, the area
under the stress-strain curve must be multiplied by the
cosine of the angle between the force and displacement
vectors. The angle between these vectors appears to be
independent of the axiality of the deformation.

No data are available on the crosslink densities of
either the Rivlin «nd Saunders or the Hutchinson, Becker,
and Landel natural rubbers. It is probable, however, that
the differences in the original slopes of the stress-strain
curves of Figs. 16 and 17 must be manifestations of differ-
ences in crosslink densities.

E. Polylisobutylene) Prepolymers, J. D. Ingham
1. Introduction

There is considerable interest in obtaining polymers
for solid propellant binders with good elastomeric prop-
erties and improved thermal and chemical stability.
Although several available polymers are adequate for
many specific applications, none possess the features of
an ultimately ideal system for composite propellants.
Among the most important characteristics of such poly-
meric systems are minimum chemical reactivity with
other propellant ingredients; maximum prepolymer aver-
age molecular weight; low viscosity of the binder before
curing; and relatively temperature-independent, invari-
ably good mechanical properties of the finally cured,
highly filled solid propellant. A maximum prepolymer
average molecular weight is required to reduce the con-
centration of reacting functional groups during cure.
This concentration must be reduced to minimize the
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exotherm and temperature- and specific-volume changes
which can lead to high frozen stress concentrations and
other imperfections, particularly for case-bonded appli-
cations. This condition is increasingly aggravated as the
motor size and angularity of the cross section of the
internal perforation increases. For most purposes, the
binder should have a maximum ratio of kydrogen atoms
to atoms X of higher atomic weight, such as C, N, O,
and most metals. A high ratio can be more easily ob-
tained from a higher-molecular-weight saturated hydro-
carbon prepolymer, since most modes of chain extension
and crosslinking involve linkages with low H/X ratios.

In many respacts, poly(isobutylene) containing appro-
priate terminal groups is an ideal prepolymer; however,
its bulk viscosity is higher than most other prepolymers,
and it is difficult to prepare difunctional poly(isobutylene).
Isobutylene does not respond to polymerization catalysis
by free radicals and radical-anions; thus, it must be
polymerized by cationic catalysts, which generally pro-
duce monofunctional chains containing a maximum of
one terminal double bond per molecule.

Rehner and Gray (Refs. 41 and 42) obtained convinc-
ing evidence that butyl rubbers (isobutylene-isoprene
copolymers) containing small concentrations of isoprene
units are oxidatively cleaved by ozone to give carbonyl
and carboxyl groups; i.e.,

CH,
| 0,
[—CH,—C=CH—CH,—]1 — (1

o
—CH,~C—=0 + HO—C—CH,—

Thus, nominally ditunctional poly(isobutylene) can be
prepared by degradation of isobutylene-diene copolymers
in which the diene is spaced randomly at intervals corre-
sponding to the desired vrepolymer molecular weight.
For example, Marvel and Jones (Ref. 43) have ozonized
butyl rubber of molecular weight 800,000 containing
2 mol % of isoprene units and reduced the product with
lithium aluminum hydride to obtain a,w-diols with number-
average molecular weights close to the theoretical value
of 2850. It was concluded from end-group analysis and
molccular-weight determinations by vapor-phase osmome-
try that the functicnality was slightly g:: .~ \an two.
Presumably, the excess groups were ¢« ‘iained - .1n an
occasional 1,2-polymerized isoprene unit in the initial
butyl rubber (Ref. 44).
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Yamada, Shimada, and Hayashi (Ref. 45) have poly-
merized isobutylene with the cationic catalyst vanadium
oxytrichloride (VOCI;) in the presence of activators such
as naphthalene and butadiene. Although convincing evi-
dence for a dication was not presented, they postulated
the following mechanism:

vocl, + [@0)= (vock) + (B0
(@01 +M->Q0)+M*
oM’ = 'M—M’
‘M—M" + nM = polymer
If this mechanism is correct, the predominant terminal
groups would be expected to be double bonds formed by

transfer reactions involving elimination of a proton from
the growing carbonium ion at each end; i.e,

G

—g-cng B

CH, CH, CH, _CH,
~C—CH=C 1)
CH, CH,

or
CH,
~~C—CH—~C=CH,  (ID
CH, CH,

This report is primarily concerned with current efforts to
obtein useful poly(isobutylenes) by VOCI; catalysis and
to determine whether the above mechanism is correct.
These proposed castable, low-shrinkage poly(isobutylene)
systems should also be applicable as encapsulants, coat-
ings, and sealants.

2. Results and Discussion

An unusual feature of activator/VOC]; polymerization,
when compared with other cationic polymerizations of
isobutylene, is that quite high molecular weights can be
obtained at relatively high temperatures. At 0°C with
an activator/VOCI, ratio of 0.5, 5 mM of VOCI,, and
20 ml of isobutylene in heptane, poly(isocbutylene) of
[7] = 0.48 di/g was obtained (Ref. 45). This corresponds
to a molecular weight of >30,000, which is too high for
consideration as a prepolymer.

Thercfore, a polymer was prepared, under conditiois
of much higher catalyst concentration, to obtain a poly-
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mer of molecular weight <2500. The activator/VOCI,
ratio was ~0.05. The catalyst was prepared by dissolving
0.1 g of naphthalene in 5 ml of hexane, followed by dis-
tillation of 1 ml of VOCI, into the flask attached to the
vacuum system. The catalyst was exposed to isobutylene
vapor for 30 days. When the isobutylene cylinder was
closed from the system, there was » .neasurable rate of
pressure decrease, reflecting reaction of the isobutylene.
About 8 g of liquid polymer was obtained after washing
and drying. Its bulk viscosity was not measured, but it
appeared to be greater than currently used poly(propy-
lene oxide) and less than some current saturated poly-
(butadienes). The intrinsic viscosity was 0.042 g/dl in
CCl, at 25°C, which corresponds to an estimated number-
average molecular weight, M,, of ~900. This value is
only approximate, primarily because the [y]-molecular-
weight . elationship was extrapolated to molecular wcights
below ~5,000. In any case, a polymer of somewhat higher
viscosity (and molecular weight) than this product would
probably be fluid enough for castable formulations, de-
pending on the end groups and curing system employed.

To obtain information about the nature and concentra-
tion of the end groups, a small sample of the polymer was
reacted with trifluorothioacetic acid (thioacid) for F'*
nuclear-magnetic-resonance (NMR) measurements. From
the increase in weight, it was determined that the amount
of thioacid reacted corresponded to 2 equivalents per 848
in molecular-weight units. The thioacid adds to double
bonds as follows:

H
\ / i F P
C=C +HS—C—CF » —C—C—
4 N F I F
§S—C—CF
T

As determined previously (SPS 37-44, Vol. 1V, pp.
115-120), the position of the fluorine resonances depends
on the chemical structure of the alkene. Two resonance
signals in the area ratio 3/1, corresponding to two types
of unsaturation, were observed, as indicated schematically
in Fig. 19. Comparison of the area ratio of the sum of
these signals to the internal standard, BrCF,CF,Br, indi-
cated addition of 2 equivalents of thioacid per 924 in
molecular-weight units. The larger signal probably corre-
sponds to unsaturation of the type indicated by structure
(II) and the smaller, to that indicated by structure (I)
above, since it i« known that acidic dimerization of isobu-
tylene gives the corresponding structures in the ratio
of ~4/1 (Ref. 46).
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Furthermore, these assigninents are in qualitative
agreement with the known chemical shits of similar

erivatives of 1, 2 and 1, 4 unsaturated groups of poly-
(butadienes) (SPS 37-44). Bromine absorption measure-
ments indicated two unsaturations per 874 in molecular-
weicht units. Thus, all of these measurements indicate
that the poly(isobutylene) prepared by VOCI. /initiator
catalysis is difunctionally unsaturated, with an A, of
~900, in agreement with the proposed polymerization
mechanism. However, one measurement of M, by vapor
pressure osmometry gave a value of ~660 for this poly-
mer. Since earlier measurements tor a similar poly(iso-
butylene) by this method gave erratic results, further
work v ill be required to definitely determine M, 1f it is
established that this polymer is difunctional, a polymer
with slightly higher molecular weight will be prepared
for potential chain-extension and crosslinking studies in
an attempt to develop a practical castable poly(isobuty-
lene) elastomer system.

F. Method for Measuring the Internal Gas Pressure
of Rigid Closed-Cell Foam, £ 7. Cuddihy and

J. Moacanin

Our study of the rate at which gas is removed from
foams under vacuum showed that the diffusion of gases
(SPS 37-34 through -37, -39, and -44. Vol. 1V) through
rigid, closed-cell polvmeric foam cbeys Ficks Law, and
that the necessary diffusion coefficient i could be esti-
mated from equations developed for a simplified model.
For foam encapsulant applications in spacecraft, the
prime concern would be the time-dependence of the
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internal gas pressure, rather than the time-dependence of
the outgassing. The internal pressure chould alsa be pre
dictable from Fick's Law and sampl. geometry, but no

experimental vertfication has been available,

Toward this end, we developed a compact pressure-
transducer system which allows direct determination ol
the internal gas pressure within a foam. A series of trans-
ducers buried at varions depths within a foam sample
being exposed to a vacuum permits direct measurement
ot the time-dependence of the gas pressure distribution
and, hence. a confirmation of Fick's Law behavior and
the diffusion coeflicient D obtained from the outgassing
experiments. By employving t"is technigque for burying
the pressure transducers, it also hecomes possible to
measure the gas pressure internal to the foam during the
curing and formation steps, a measurement which has
never before been obtained. During the encapsulation o
sensitive equipment, the gas pressure acting on the equip
ment may pose more of & problem than any stresses pro-
duced by the final rigid foam. In fact, since most self-
foaming systems are highly oxothermic, temperatures
above 100°C are not uncommon: this, coupled with &
high gas pressure, could lead to disastrous results during
the encapsulation of certain highly sensitive equipment.

The pressure-transducer systems and the test mold are
shown in Figs. 20--23, The transducer systems are con-
structed in a key-shaped configuration, with the tiny
pressure transducer housed in the hollow open-ended top
portion of the key (Fig. 20) and the connecting clectrical
wires running throngh the shaft (Fig. 21). The entire
length of the shaft is filled with an epoxy scalant to pre
vent a leak between the ambient atmosphere and the

Fig. 20. View of transducer .ystem showing pressure
pickup in hollow end
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Fia. 21. Transducer systems and test mold unassembled prior to foam blowing

Fig. 22. Assembled unit ready for vacuum test after
foam blowing [top panel rrmoved,
side panel added)

hollow transducer housing. as well as to reduce the
volume of ambient atmosphere trapped in the hollow
when the svstem becomes buried in the foam sample.
The units were developed and built by Micro-Systems,
Incorporated, of Pasadena, California. The miniaturized
pressur transducers are Model PR 1017-0008, while the
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entire key assembly has been desiznated as Model PR
1017-0019.

he test mold is an aluminum “take-apart” box which
is 5.5 in. long, 3 in. wide, and 2 in. deep. Four tapered
holes in the bottom permit the insertion of the transducer
units into the mold. The transducer units are then posi-
tioned and locked in place by split rubber corks pressed
into the tapered holes. The transducers extend a distance
of 1 in. into the mold.

In practice, the liquid foaming material is poured into
the mold and allowed to rise, completely surrounding
and buryine the transduce s. As the material foams and
rises, it is simultaneously curing and becoming more
viscous. Thus. too little foaming material wiil not flow
over the top of the transducers and properly bury the
units, whereas too much foaming material will plug the
hollow of the key and result in an erroneous output from
the pressure pickup. By trial and error for each foaming
system, the optimum amount of material can bhe found
which will flow just over the tops of the units, have suffi-
cient “life” left to continue rising to completely bury the
units, and not flow inside the holiow of the k=2y to touch
or disturb the pressure pickup,
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Fig. 23. Vent arrangement for calibrating temperature- dependence of transducer outputs at constant pressure

After foam blowing, the excess foam which has risen
above the top of the mold is cut off, the top wall removed,
and a panel placed on what was the top of the mold dur-
ing foaming. The final test arrangement for the vacuum
experiment is shown in Fig. 22.

The initial experiments with the pressure transducers
were concentrated on measuring the internal gas pressure
during foam formation. Two cases were investigated: (1)
where the foam was allowed to rise freely, filling and
rising above the top of the mold; and (2) where the mold
was covered and the same amount of foam material was
confined within the mold. The latter case was studied
because it was recognized that confinement may have an
effect on the internal gas pressure during foaming.

Since the foaming reaction is exothermic, calibration
had to include a determination of the temperature-
dependence of the transducers at constant pressure. This
was done by inserting thin hollow tubes into the trans-
ducers (Fig. 23) to act as vents for the foam blown around
the units. This procedure yielded the output variation
due exclusively to temperature under the actual test
conditions. The transducers were then placed inside a
temperature-centrolled pressure vessel, and the pressure-
dependence of the output was obtained as a function of
temperature, The results for four transducers are shown n
Fig. 24. Thus, the procedure was to simultaneously record
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the temperature and transducer outputs during foaming,
subtract the temperature-dependence, and then convert
to pressure using the calibrations given in Fig. 24.

The internal pressures and temperatures for the un-
restricted (open-mold) and confined (closed-mold) foam-
ing conditions are shown plotted against time in Fig, 25.
For both cases, the temperature peaked near 120°C, but
large differences in peak gas pressures and the follow-up
rates of pressure decrease were noted. The unrestricted
rise had a peak gas pressure just above 3 psig, which
decreased to atmospheric pressure within a few hours.
This was a very important, gratifying observation for, in
all previous outgassing studies, it was assumed that a foam
blown unrestricted contained an atmoesphere of pressure.

For confined foaming, the peak pressure exceeded 10
psig—over a three-fold increase when compared with
that for unrestricted foaming. This unexpectedly higher
value of the internal pressure definitely indicates the
need for care when encapsulating sensitive equipment
under conditions where foaming confinement can occar.
Further, this increase in gas pressure represents a .ery
large effect when compared to the change in foam deu-

sity, which only increased from 4.5 Ib/ft" for the unre-
stricted case to 6.4 1b/ft" for the confined case. Finally,
the rate of decrease of gas pressure for the confined case
was considerably lower than that for the unrestricted
case; this, though partially the result of a lower diffusion
rate caused by the increased foam density, was primarily
the result of the very thick skin of solid polymers formed
on the surface of the foam. A previous report (SPS 37-39)
has detailed the dramatic reduction in outgassing rates
which is expected from foams covered with a solid poly-
mer coating,

With this preliminary, but informative work com-
pleted, these transducers will next be used to measure the
internal pressure decreases during vacuum exposure

G. Dielectric Strength of Rigid Urethcne Foam,
J. Moacanin, J. Farrar, and I. N Zinhorn'

1. Introduction

Previous results on some electrical propertics of foams
(SPS 37-39 throughk -41, Vol. /) and the diffusion

'Wayne State University, Detroit, Mich.
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Fig. 25. Internal pressures and temperatures in a rising foam
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behavior of the blowing gas (Refs. 47 and 48) have been
reported. These efforts were in support of a feasibility
study of using foams as lightweight encapsulants. A more
detailed investigation of the effect of the geometry of
foam structure on the dieleciric strength is discussed here.

2. Experiments and Results

For this study, measurements were made with a Dielec-
tric Strength Test Set, Model PDA-1 (Industrial Instru-
ments, Inc.), using the 60-cycle mode. (This tester meets
ASTM D149-61 specifications.) Cylindrical 0.25-in. brass
electrodes with rounded edges were used. To ascertain
the stability of the tester, the breakdown voltage of air
was checked periodically; the breakdown voltage for a
1-in. air gap was 17 =1 kV. The foum specimen size was
at least 4 X 4 in. to avoid flashover. The thickness varied
from 0.25 to 1.00 in.; the optimum value was dictated by
the 50-kV (rms) limit of the instrument.

a. Dependence of dielectric strength on thickness. For
this study, sheets of 2.5- and 6-Ib/ft* Eccofoam SH
(Emerson and Cuming, Inc.) were ased. Thickness was
varied from approximately 0.15 to 2 in. Plots of the test
results for both foam densities (Fig. 26) yield good
straight lines. The slope for the 2.5-1b/ft* foam is about
0.6, and that for the 6-1b/ft* foam is about 0.5. The value
of 0.5 is ulso characteristic of a solid. Inasmuch as a
density of 1.8-Ib/ft* is the practical lower limit for rigid
urethane foams, one cencludes that the 0.5 value should
represent the behavior of foams of all densities of interest.

Seven flexible foams ‘vere received from Scott Paper
Company (courtesy of Dr. 'S, A. Blair). The cell size
varied by a factor of ten; i all samples, the content of
broken cell windows was.high. The results are tabulated
in Table 7.

Table 7. Dielectric strength® »f flexible urethane foam”

Number of Thickriess, E»,
cells/in. in. kV/in.
10 0.4, 36.5 1.2
20 0.45 33.3 0.0
30 0.44 354*1.2
45 0.51 32.8*1.2
60 0.46 32.311.2
80 0.50 30.5 *0.5
100 0.45 34.7 21,0
s A Lo of five tests.
b Manufactured by Scott Paper Compu 1y, foar density = 2 Ib/H.
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Fig. 26. Dependence of breakdown voltage on sample
thickness for foams having densities of (a) 2.5 Ib/ft’
and (b) & Ib/ft*

b. Effect of polymer composition on breakdown. All
the fluorocarbon blown foams were prepared at Wayne
State University, using a Martin-Sweets Company lab-
oratory model foam machine. The foaming apparatus
consisted of a three-component positive-displacement
metering and mixing machine, having a maximum capac-
ity of 2 Ib/min. Core samples selected for testing were
cut out from buns approximately 4 X 9 X 4 in,

A series of foams varying in composition was prepared
(Table 8). These samples were tested without regard to
the direction of foam rise. It was near the end of the
measurements that we discovered the strong directional
effects. For all subsequent tests, the orientation of the
test specimen was recorded. Because of the neglect of
directional effects, these results in terms of the effect of
formulation on the breakdown strength E;, are incon-
clusive, although it appeais that increasing the crosslink-
ing density in the polymer increases E, (Formulations
3057 and 3024). This problem did not arise with Ecco-
foam specimens, which were furnished as 1-in.-thick
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Formulation
em
3079-10 3079-13 3079-17 3079-18 3079-32 3079-33 3079-34
Component, parts by weight
Polyol A® 83.4 83.4 56.0 56.0 55.0 55.0 55.0
Polyol 8° - - - — - - -
Polyol C° - - - — - — -
Polyol A-TDI prepolymer 100.0 100.0 100.0 100.0 83.0 83.0 83.0
PAPI —_ — — - - - —
Freon R-11 .28.0 40.0 220 28.0 27.0 21,0 33.0
Silicone oil SF-1079 1.0 1.0 1.0 1.0 1.0 1.0 1.0
Silicone oil DC-201 - - - —_ - - -
Triethylenediamine 0.15 015 0.2 0.2 0.08 0.08 0.08
THANCAT DME? 1.2 1.2 1.2 1.2 1.2 1.2 1.2
Dibutyltin dilaurate —_ - - -_ - - —_
Phosgard C-22R° - 310 - - - - -
Fyrol 6' - — 31.0 31.0 - — —
Virol 82% - - _ - 30.0 30.0 30.0
Bulk density, Ib/f3 1.95 1.68 1.94 1.84 1.95 2.51 1.63
Ey, kV/in. {unknown orientation) 720 £ 10 63.6 + 10 722 + 6 88.0 + 18 805 + 6 840 + 8 854 + 12
Thickness, in. 0.45 + 0.2 0.47 £ 0.15 046 + 0.10 1030 + 0.10{ 0.46 £ 0.10 0,30 + 0.68 | 0.48 + 0.10
Number of tests 10 9 10 10 8 10 10
Ey, kV/in. (1 to foam rise) — - — — - - —
Thickness, in. —_ - —_ — —_ -_— —_
Number of tests - — — — — — -_
Ey, kV/in. (11 to foam rise} - — - - — - -
Thickness, in. — —_ —_ —_ —_— — —
Number of tests - —_— — - - — —_

= Propylene oxide a.iduct of sorbitol; molecular weight = 700.
b Propoxylated Manrich reaction product from phenol-diethonolomine-formaldehyde {molar ratic = 1:3:3); equivalent weight = 350.
cSame as b, but equivolent weight = 450.

d Jefferson Chemical Company.

¢ Monsanto Chemical Company.

fVictor Chemical Division, Stouffer Chemical Company.
& Mobil Chemical Company.
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Table 8. Composition and properties of fluorocarbon blown urethane foams
Formulatien
3079-48 3079-30 a2 ans 34 3115 3057-36-2 3024-17-35 3024-28-4
78.0 - 65.0 78.0 65.0 78.0 - —~ -
— - — - - 17.15 366 33.4
- -~ - - - 17.15 - -
s = = = = - 47.1 47.9 48.7
100.0 - 99.0 100.0 99.0 100.0 - - -
310 - 28.0 33.0 28.0 36.0 13.0 15.0 12.5
11 - 1.0 1.2 1.0 1 - - -
= = — = — — 0.6 0.5 0.5
0.6 - 0.6 1.0 0.8 0.4 -~ = =
= o= - = — - o 0.03 0.006
13.2 - - 30.0 — = = = =
- - 13.0 — 13.0 - 5.0 - 49
2.11 - 2.08 2.8 2.03 1.72 1.95 1.75 2,08
939 + 15 B47 + 5 96.0 + 14 98.8 + 12 93.9 £ 19 1064 + 9 1586 £ 13 | 1440 £17 | 1336 £ 29
32+ 001 [046+008| 035+002 |035+002 | 026+ 006 |032+002| 025+002 | 0.18 +0.08 | 0.24 + 0.04
5 10 5 4 6 7 6 9 9
= ' = L — — 153.5 + 10 152.8 + 2 1467 £ 2
= = = = = — 0.26 + 001 | 0.24 + 0.01 | 0.26 + 0.01
— o = = - - 3 2 2
109.4 s - - — — 1069 + 10 147.2 + 2 988 +1
0.265 — - - - - 0.25 + 0.02 | 0.26 + 0.01 | €.26 + 0.00
1 -— — - — - 3 2 2
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slabs and thus, by necessity, were tested only in the di-
rection of foam rise.

c. Effect of density and cell size. Two representative
formulations were selected from Table 8: 3111-5 (low
crosslink) and 3024-17-35 (high crosslink). For each, the
fluorocarbon content was varied in order to vary the
density. In addition, the longest dimension of the foam
cell was measured in each direction, i.e., with (|/) and
across ( | ) the direction of foam rise. The diameter of
the strut was also recorded. These measurements were
made with a binocular microscope at %34 magnification
(% 10 eyepiece, X 3.4 objective). The eyepiece scale was
calibrated with a reference slide (52 divisions = 1.0 mm).

Table 9 summ.arizes results for Formulations 3111-5
and 3024-17-35 These data demonstrate the strong corre-
lation between E, and the cell dimension in the direction
of the electric field.

Currently, we are carrying out a study on the correla-
tion of cell structure with E,. Figure 27 illustrates the
variety of cells one encounters, It is apparent that fea-
tures such as the distribution of polymer between struts
and windows, uniformity in cell s.ze, and structural in-
tegrity of windows depend strongly on the formulation.

3. Discussion

From a cursory inspection of the results, it becc.nes
apparent that, with respect to breakdown, foams behave

(a) (b)

i

(c)

Fig. 27. Examples of cell structure ( X 80 magnification):
(a) DL-3, (b) DL-6, (c) IE-10, (d) IE-7
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more like a solid than a gas. For example, E, varies as
the square-root of the thickness (Fig. 26) in analogy to
solids, whereas for a gas E, is ne 'y constant. Further-
more, as the blowing gas is removed, the decrease in E,
of the foam is considerably less than that for the pure gas.
However, there is strong presumptive evidence that
breakdown is discharge-initiated. If intrinsic breakdown
were important, one would not expect E, to be rate-
dependent (SPS 37-41, Vol. 1V, pp. 109-111). In view of
these observations, it appears reasonable to formally con-
sider a foam as a solid in which breakdown is controlled
by discharges in voids or flaws

It has become accepted in recent years that gaseous
discharges frequently limit the application of many plas-
tics with good dielectric properties. This type of break-
down is produced by electrical discharges occurring in
gas-filled cavities in the body of the material, or at the
edges of electrodes adjacent to the material. The cavities
arise from imperfections in the manufacture of insulated
components. As pointed out above, E, for a gas does not
depend on the thickness of the layer. However, when the
layer becomes ‘ery thin, E, starts to incr-ase and, for
about 0.2 mil, becomes comparable to that of a solid
dielectric (Fig. 28). When an electric stress is applied to
a solid having a gas-filled space in series with it, local

T e T o
O VALUES OBSERVED BY DUBSKY

]

X VALUES GIVEN BY HUNTER, DUNSHEATH,
| AND BRAZIER FOR NITROGEN

SBREAKDOWN STRENGTH, kV (peak)/cm

| ; L | | 1 1 Il
4 5 103 2 4 6 102 2 4 6 10
SPACING, cm

Fig. 28. Variation of breakdown strength with layer
thickness for air at 20°C and 760 torr (data from
Ref. 50 by permission of D. Van Mostrand
Company, Inc.)
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Table 9. Effect of varying density and cell size on the properties of Formulations 3111-5 and 3024-17-35

Measurement direction
F11 content
Density, Parallel to rise Perpendicular to rise Strut Length £
Number b/# Parts coll call thickness, ratio ratio
by 7 fength, Thickness, E, fength, Thickness, E, mm /0 a/m
welight mm in. kV/in. ™ in. kV/in,
Formulation 3111-5, Series DL
1 214 7 16.2 1.60 0.25 82.8 1.20 0.23 1230 on 1.33 1.48
+0.04 +7.3 +0.03 +11.0 +0.01
2 2,28 30 14.4 — 0.25 90.2 - 0.25 123.7 —_ —_ —_
+0.01 +24.0 +0,01 +13
3 3.0 25 12.2 1.28 0.25 106.6 0.96 0.24 140.5 0.07 1.33 1.37
+0.02 +10.0 +0.01 *+15 +0.01
4 3.43 20 10.0 1.26 0.25 1163 0.90 0.24 135.1 0.07 1.40 117
+0.01 +6.0 +0.01 +18.0 +0.01
5 472 | 15 7.7 1.09 0.26 126.3 0.90 0.24 140.2 0.050 1.21 1.1
+0.02 +5.0 +.0.005 +8 +0.01
6 8.19 10 5.3 0.70 0.26 1311 0.62 0.24 141.4 0.09 1.13 1.08
+0.02 +11.0 +0.004 +0.242 +0.01
7 154 5 27 0.56 0.26 121.3 0.36 —_ - 0.09 1.56 -
+0.03 | +0.01
Formulation 3024-17-35, Series IE®
1 2,29 15.0 14,9 0.96 |7 0.233 104.9 0.70 0.236 153.6 0.035 1.37 1.57
+0.005 +12.0 +0.008 +5.5 +0.01
2 2.52 13.0 13.3 1.16 0.221 97.3 0.72 0.237 156.4 0.05 1.55 1.56
+0.004 +17.0 +0.003 +5.2 +0.01
3 2,57 11.0 1.5 0.92 0.259 104.4 0.74 0.244 153 0.04 1.24 1.47
+0.015 +11.0 +0.008 +3.6 +001
4 3.48 9.0 9.6 0.87 0.249 94.5 0.48 — - 0.035 1.85 -
+0.010 +32 +0.01
5 12.0 7.0 7.7 - 0.272 537 Poor sample 0.07 —_ -
+0.011% +97 +0.01
7 3.28 10.0 10.6 0.78 0.243 100.2 0.60 0.246 139.9 0.07 1.30 1.39
+0.004 +15.2 +0.,012 +16.0 +0.01
8 8.0 8.0 8.7 —_ 0.248 83.3 Very poor sample 0.0465 —_ —
+0.011 +8.3 +0.01
9 1.67 - -—_ 1.6 0.234 67.1 1.03 0.254 106.2 0.06 1.55 1.34
+0.01 +22 +0.01 + 41 +0.01
1 1.84 — — 215 0.251 63.5 1.20 0.265 147.5 0.04 1.80 233
+0.02 +14.0 +0.02 +16 +0.01
11 145 26.2 23.6 0.92 0.232 61.8 0.73 0.228 130.9 -— 1.26 2.1
+0.02 +3.0 +0.02 +13.)

* No dota availoble for Series |E, Number &.
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Fig. 29. An idealized void in a solid (reprinted from
Ref. 50 by permission of D. Van Nostrand
Company, Inc.)

breakdown of the gas will occur before the solid dielec-
tric is overstressed. For structures of this type (Fig. 29),
the voltage V, at which discharges start is approximately
given by (Ref. 51):

V,=E, (t + et')/e (1)

where E, refers to the gas-filled gap of thickness ¢, and €
is the permittivity of {he dielectric of thickness ¢. Break-
down will occur at some V > V,; it is therefore esseniial
to maximize V,. For V, to be high, € of the medium sur-
rounding the cavity must be low, snd the cavity depth
¢ must be as small as possible. These discharge phenom-
ena produce deleterious effects on plastic insulation.

For our purpose, we consider a foam to consist of an
array of gas-filled cavities. If breakdown in solids can be
controlled by discharges in the relatively few ever-present
cavities, then, in a foam with an over-abundance of cav-
ities, the same mechanism must be a virtual certainty.
Since for a foam, in general, '/t «€ 1, Eq. (1) becomes

V./t=E, = E, /e (2)

Since € for a foam is always smaller than that for a solid,
this equation implies for a foam a somewhat higher E,
for a given cavity size. This factor which involves an
average property, €, affects the total foam in the same
way. The breakaown strength of the gas entrapped in
the cell, E,., depends on the nature of the gas, the pres-
sure, and the size and geometry of the cell. In general,
E,. increases with decreasing ¢ (Fig. 28); hence, the fluc-
tuation in E,. for cavities within a volume element will
be determined by the fluctuation in cell size. This means
that, when the electric stress is increased gradually, dis-
charges will initiate preferentially in larger foam cavities,
with a concurrent degradation of the wali; of these cavi-
ties. The eventual failure of a wall will lead to the forma-
tion of a larger cavity and, hence, a further decrease in
E,. The continuation of this process will lead rapidly to
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further increase i1 the size of the cavity, and ultimately
failure of the for.m will occur. In summary, it is the size
of the cavity, i.e,, the cell, that will determine the break-
down strength of a foam. Discharge initiation will be
favored in the relatively few larger-than-average cells.
We refer to such cells as flaws in a foam (Fig. 30).

//
%

l

Fig. 30. A void or flaw in (a) a solid dielectric and
(b) a closed-cell foam

(b)l

N\

The correlation between the difference in breakdown
strength and the anisotropy of foam structure provided
the first striking demonstraiion of the importance of cell
size. Microscopic examination showed that, in general,
cells are clongated in the direction of cell rise (Tables 8
and 9). Thus, wuen the foam is tested parallel to the
direction of rise, the applied electric field sees cell gaps
which are greater than those in the perpendicular direc-
tion. For example, E, versus density plots for the DL
-eries of fluorocarbon blown foams (Fig. 31) yield two
distinct curves. The higher strength corresponds to the
perpendicular direction, i.e., the smaller cell gap. Both
curves level off for densities exceeding about 4 1b/ft®.
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Fig. 31. Difference in breakdown strength with
direction of foam rise
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However, when the E, values are plotted versus cell
size, a good correlation is obtained (Fig. 32). Incidentally,
the straight line extrapolates to a value of about
200 kV/in. for zero cell size, a reasonable value for the
bulk polymer. In the drawing of the straight line, less
weight was given to the low points (ie., lelt from the
line), because, in most cases, these correspond to irregu-
lar microscopic structures. It is seen in Fig. 33 that, of the
four structures shown in Fig. 28, two have flaws and
fall below the line. An additional demonstration of the
trend for a proportionality relationship between E, and
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Fig. 33. Correlation between breakdown sirength and
cell-size anisotropy
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cell size is given in Fig. 33. Here, the E, end the cell-
length ratios correspond to the two directions of a g~n
foam; the straight line was drawn with unit slope. One
should add that Eq. (1) applies strittly to the idealized
geometry shown in Fig. 29, whereas the geometry of
foam cells is more complicated. Therefore, no theoretical
interpretation can be given at present to the abuve corre-
lations, although the general trends are clearly indicated.

If the breakdown strength E, were a function of only
the average cell size in the direction of the test, then
E, should be independent of thickness. This is not the
case, since the observed slopes in Fig. 26 are not unity
but about 0.5. Therefore, it is reasonable to assume that
breakdown will depend on the presence of “flaws” in the
sense defined above, e.g., multiconnected cells. The dis-
tribution of such “flaws” should foliow extreme-valie
statistics; hence, the strength should decrease with in-
creasing volume, i.e., the thickness of the test specimen.
[A discussion based on extreme-value statistics was pre-
sented by Epstein and Brooks in their study of the
breakdown of capacitors (Ref. 52).]

4. Conclusions and Perspectives

The following is a summary, in order of their import-
ance, of the parameters which determine the dielectric
strength of a foam:

(1) Homogeneity of structure. Properties of a given
foam can be optimized only if the cells are uniform
in size and the content of voids or multiconnected
cells 1s kept at a minimum.

(2) Cell geometry. Highly .. nmetrical ¢ lls will mini-
raize the anisotropy of properties: small cell size
will improve strength.

(3) Gas content and type. Peducing gas pressure de-
creases strength. Flrorocarbons lead to much higher
strength than carbon dioxide.

(4) Polymer distribution in the cell. It is advantageous
to increase the window thickness at the expense of
struts. Also, conditions during foaming should
minimize the stressing of windows.

(5) Density. The optimum density is 6 to 10 Ib/ft".
In this range, the foam has adequate mechanical
strengths, and optimization of all the above param-
eters is casier to achieve. It is difficult to manu-
facture homogeneous higher-density foams free of
voids.
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To complete the study discussed here, we are starting
determinations of the porosity of cells, cell volume, and
thickness and size of windows. These should provide a
basis for improved correlations with dielectric strength.
More studies are needed on the importance of the com-
position and pressure. Limited experiments indicated that
contamination of Freon II with small amounts of carbon
dioxide drastically decreases strength. It is to be expected
that the polymer properties should be of considerable
importance in determining the resistance to degradation
by discharges. Moreover, the polymer should determine,
to a large extent, the stability of the foam toward high
vacuum, UV, and heat, and its resistance to mechanical
damage.

Finally, we must remember that the motivation for
this work was to look at the corona and breakdown at
low pressures. However, early studies in vacuum showed
that th~ existing knowledge of the electrical properties
of foams was insufficient to permit separation of the
effects of low gas pressure from other causes for failure.

Now that, as a result of this study, the controlling influ-
ence of the cell structural parameters on breakdown has
been established, some simple considerations can be used
to set a lower limit on the discharge inception voltage V.
Paschen’s Law gives about 320 V as the potential which
will initiate discharges under the most unfavorable con-
ditions. Then, for a foam, the corresponding voltage
should be at least 320 times the number of cells. For a
ioam having 1-mm cells, the minimum dielectric strength
should thus be about 8 kV/in. Olyphant and Meyer
(Ref. 56) noted such an effect in a study of a type of
syp*actic foams (Scotchcast). Although these foams were
highly porous, they observed a stren-th of 10 kV/in. at
1 torr. Their results are difficult to interpret more pre-
cisely, since neither the gas pressure inside the foam nor
the porosity were determined. Fven so, these results are
encouraging. For closed-cell structures, higher values
should be expected, for at low pressures the mean fiee
path of a gas molecule cannot exceed the length of the
cell. Our results on outgassed ur.*hane foams ,SPS 37-39,
Vol. IV, pp. 108-111) are consistent with this vie\wpoint.
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IX. Propulsion Research and Advanced Concepts '/ -
PROPULSION DIVISION

A. liquid MHD Power Conversion, D. G. Elliott,
D. J. Cerini, ond L. G. Hays

1. Introduction

The long lifetimes required of electric-propulsion
powerplants make systems without rotating parts attrac-
tive. A nonrotating Rankine cycle being investigated is
the liquid-metal magnetohvdrodynamic system wherein
lithium is accelerated by cesium vapor in a two-phase
nozzle. separated from the cesium, decelerated in a mag-
netohydrodynamic generator, and returned through a
diffuser and heat source to the nozzle.

Fabrication and component testing of the NaK-N. con-
version system for performance evaluation at room tem-
perature has continued. A test was made with the Haynes
Stellite Alloy 25 lithium erosion loop to evaluate the pos-
sibility of using that alloy for an 1800°F Cs-Li ccnversion
system.

2. NaK-N, Conversion System

Fabrication of the two stator blocks for the 50-kW
ac generator to be employed in the conversion system

JPL SPACE PROGRAMS SUMMARY 37-45, VOL. IV

is in progress. The biocks are 2.50 in. high, 6.50 in. wide.
and 8.025 in. long; the width was increased from 6.06 in.
(the flow channel width) to permit the addition of O-ring
seals between the stators and the copper side plates. The
stator slots are tapered to optimize copper and iron
utilization as described in Ref. 1.

The stators also employ closed slots, as shown in Fig, 1.
It was found in previous generator tests (Ref. 2) that the
nonuniform gap field due to open slots increased the
fluid I‘R losses. The slots are closed by inserting lami-
nated Hiperco-50 plugs into doveiail grooves machined
intc the slots. The plugs should eliminate the field non-
uniform ties and associated power loss while introducing
additional iron losses that are much less.

The winding of the first set of coils for the generator
is in progress. Each of the 11 traveling-wave coils will
consist of 40 turns of 0.045-in.-thick by 0.60-in.-wide
copper strip wound on a mandrel with 0.003-in.-thick
glass cloth insulation between each turn. As each turn
is made, the slot portion of the turn will be placed in =,
milling machine and the 0.045-in. dimension reduced to
0.030 in. for the first 9 turns and 0.018 in. for the last
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Fig. 1. Slot and winding geometry for MHD generator

10 turns, with three approximately equal intermediate
steps in between. After winding, the coil will be epoxy
impregnated to achieve interturn bonding. The slot por-
tion of the coil will then be machined to reduce the
0.60-in. width to match the tapered slot shape. Acid etch-
ing will then be used to remove the machining burrs.
The compensating coils will be fabricated in a similar
manner. The thickness and width reductions of the slot
portion of the coil produce a constant copper cross-
section for each of the turns inside the slot and a fourfold
increase in copper cross-section from inside to outside the
slot. The coils will be spaced from the slot by 0.5-in.-wide
strips of 0.006-in.-thick insulation placed at 1.0-in. inter-
vals along the slot, thus forming twel- . 0.006 X 0.5-in.
cooling passages, six on each side of the coil. Gaseous
nitrogen wll be fed from six holes along the bottom of
each slot, up along the sides of the coil and then laterally
out of the slot through the triangular opening between
the coil and the slot plug.

a. Coil ac/dc resistance ratio. At the operating fre-
quency range of the generator, 300 to 600 Hz, the effec-
tive resistance of the windings can be significantly higher
than the dc value because of nonuniform current distri-
bution caused by the field in the slots. Figure 1 illustrates
the geometry of one slot, which carries 40 conductors in
the 50-kW generator. The ac/dc resistance ratio is to be
found for the (n + 1)th conductor from the bottom,
which has thickness ¢, width w«, length L, and conduc-
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tivity o. The conductors each carrv a current of rms
magnitude I. The field in the (n + 1)th conductor due
to the current below it is

__ ponl
T w (1)

In the following derivation it will be assumed that n is
large so that the additional field due to the current in
the (n + 1)th conductor can be negl=cted.

Figure 2 shows the voltage phasor diagram for the
(n + 1)th conductor. The total external flux linking
the conductor is ¢,, which includes the gap flux and the
slot flux above the conductor. The voltage induced by
this flux is w¢,, where o is the angular frequency, and this
voltage leads the current by 90 deg or more. An element

wBL1/2

wat (1)~

wbL /2

Fig. 2. Voltage phasor diagram for (n + 1)th conductor
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of the conductor at distance y from the top is linked by
an additiona! flux of magnitude BLy, and the voltage
oBLy induced by this flux leads the current by 90 deg.
The voltage applied to the conductor at the ends of the
slot, V,, is the vector sum of the induced voltage at the
wBLt/2, and the resistive
drop at the center of the conductor i,L./u, where i, is the

center of the conductor, wd,
current density at the center. The same voltage exists
across each element of the conductor; therefore, the cur-

rent density i at any station y is related to the current
density at the center by

(i)(*f_) - (wBL): (t/2 -- y)* (2)

and also bv

1 i./cos # (3)
where # is the phase difference between i and i.
The net current through the conductor is

I = / i cos # cly

4)
= juwt
T'he power dissipated in the conductor is
P= / LTLrI;; (5)
and the ac/dc resistance ratio is
R, _ P (6)

R I L/wto

Substituting i frem Eq. (2) into Eq (5), performing the
integration, and evaiuating i, trom Eq. (4) and B from
Eq. (1), the result (valid for large n) is

Ha =¥ (p rnt™)-
R, 12

According to this relation, the ac/de resistance ratio
depends only on the conductor thickness and conduc-
tivity, the operating {requency, and the conductor posi-
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tion in the slot. Applying this equation to the coil design
selected for the generator, it was found that a resistance
ratio (for the slot portion) no greater than 2 would be
expected. However, there was ihought to be a possibility
of encountering much higher values in practice, due to
deviation of the slot field direction from precise align-
ment with the conductors, especially near the top of the
slot where the gap field would have an influence. There-
fore, an experiment was performed to measure the resist-
ance ratio of flat copper strips in approximately the same
slot geometry and field environment as in the generator,
The test assembly consisted of a C-shaped laminated
block with two tapered slots, The assembly (Fig. 3) was
installed in a tank which was filled with Freon TF for
cooling. The slot on the left was wound with 5 turns of
(.02 = 0.3~in. fat copper strip and 23 turns of 0.06-in.
diam Litz wirce consisting of 600 strands twisted to mini-
mize ac/de resistance ratio: thus the mean value of n in
Eq. (7) for the 5 strips was 25. The other slot was wonnd
with 28 turns of Ltz wire. These two coils were excited
to produce canceling gap field components, The field coil
in the center of the core was used to produce a gap flux
that was 90 deg out of phase with, and in the proper
ratio to, the slot flux so as to model the ac generator.
Measurements were made at 500, 1000, and 1500 Hz,
with and without gap flu., and with and without the slot
plugs. The 5-turn fiat strip coil was then interchanged
with 5 turns of Litz wire that had been outside the slot;
the strip coil was now outside the slot. The test was

—28-TURN LITZ
WIRE COIL

W —23-TURN LITZ
. .| WIRE COIL -~ -

Fig. 3. Test assembly for ac/dc resistance ratio
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repeated at the same conditions, and the ac/dc resistance
ratio was calculated from the following relation:

change in total power input to the system due
R. _ 1+ interchanging the strips and the Litz wire

R, I* X dc resistance of 5 slot-lengths of strip

The ratios obtained with the plugs in place are presented
as a function of frequency in Fig. 4 and compared to the
theoretical value from Eq. (7), showing the theory to be
conservative. The ratios with the plugs removed were
several times higher, presumably due to gveater distor-
tion of the slot field near the gap.

The ac/dc resistance ratio for the parts of the gener-
ator coil outside the slots was also measured, using a
40-turn coil of the same 0.045 X 0.60 in. strip to be em-
ployed for the outside turns of the generator. The ratio
at 500 Hz was 2. This ratio should be less in the gener-
ator, due to the partially canceling fields of the other
coils, but even at a ratio of 2 the increase in total winding

L

5 TURNS OF
0.02X03 in. COPPER STRIP THEORY EQ.(?)/

SLOT PLUG
y.

/
/]

A 2 %

LITZ WIRE
LAMINATED BLOCK /

RESISTANCE RATIO, Rgc/Ryc
n
T

2 // . -
] // i
0 02 0.4 0.6 0.8 1.0 1.2 1.4 16
FREQUENCY, kHz

Fig. 4. Measured ac/dc resistance ratio of flat strip
conductor
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loss would he only 16%, because the dc loss in the large
outside conductors is only 16% of the total. It is con-
cluded that Eq. (7) for predicting ac/dc resistance ratio
is valid for the ac generator coils with the slot plugs
in place and that the generator winding will have an
acceptable ac resistance.

b. Single-conductor heat-transfer tests. Tests were also
conducted to confirm the design of the ac generator coil-
cooling system. Figure 5 shows the test assembly installed
in its housing with the cover removed. The aluminum
block in the center of the housing has a longitudinal slot
of approximately the same cross-section as the slots in
the ac generator, including a dovetail groove for the slot
plug, which is shown protruding slightly out of both ends
of the slot. A bare solid copper bar was installed in the
slot with six slot liner strips of 0.006-in.-thick by 0.5-in.-
wide Kapton film. The nitrogen flow path was identical
to that {or the ac generator. The ohmic power loss pre-
dicted for the ac generator slots was produced in this test
by passiag de current through the copper bar. With twice
the predicted power loss for the ac generator, the copper
bar temperature could be maintained at 145 to 220°F
with 70°F nitrogen flowing at 0.04 to 0.08 Ibm/sec, corre-
sponding to an acceptable cooling flow rate of 0.6 to
1.1 Ibm/sec for the generator.

Voltage breakdown values between the aluminum
block and the copper bar were measured to verify that
0.006 in. of nitrogen gas between the coils and slot in
the ac generator would have sufficient dielectric strength
at 500 Vac operating voltage. With zero N, flow and at
ambient temperature, the block o bar resistance was
0.7 MQ at 500 Vdc and increased only slightly with in-
creasing gas flow or gas temperature. At 1000 Vdc the
resistance was constant at 0.6 MQ until the gas tempera-
ture was reduced below 50°F, at which point a break-
down to 2000 © occurred, apparently due to water vapor
condensation, since the resistance could be restored by
elevating the gas temperature. The test demonstrated
that the ac generator eooling system is adequate to main-
tain the coil temperatures below 200°F with approxi-
mately 1 lbm/sec total nitrogen flow. Difficulty was
encountered in preventing foreign particles from shorting
the bar to the slot in the 0.006-in. passage, making it
evident that an insulating coating will be nccessary for
a reliable coil system. Such a coating will raise the coil
temperatures approximately 25°F.

c¢. Hydraulic tests. Water-nitrogen flow calibration tests
have begun on the conversion system nozzle-separator
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Fig. 5. Winding heat-transfer test assembly

assembly. The test assembly shown in Fig. 6 is‘installed
on a *thrust stand.

Initial tests will determine: (1) the percentage of the
nozzle liquid flow bypassing the generator capture slot,
(2) the percentage of this bypass flow which is recovered
from the gas flow by the secondary capture slot, and
(3) the flow conditions at the capture slot inlet such as
velocity, gas to liquid volume ratio, and stagnation
pressure.

Subsequent testing will be on the vaned convergent
section following the capture slot to determine vane fric-
tion losses and generator iniet flow conditions, followed
by testing of dummy stator blocks to determine genera-
tor friction losses. The final test assembly will include
a diffuser with vaned inlet section to permit determina-
tion of diffuser performance; thus verification will be
obtained of the fluid power available to the generator
for conversion to electrical power.

Test results for the conversion-system separator are
shown in Fig. 7 where the separator exit velocity is com-
pared with that of earlier separators which had larger
areas than the conversion system separator. The exit
velocity is also compared with the theoretical values
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from Eq. (10) in SPS 37-27. Vol. IV, p. 77, for nozzle
inlet pressures of 230 and 150 psia, and the agreement
is within 2%.

The area of the conversion system separator was made
smaller than that of the previous separators by increazing
the surface inclination from 12 to 18 deg (the optimim
angle according to the theory) and by placing the caplure
slot directly at the final impingement poiat of the nozzle
How. This reduced the separator surface area by 50% to
102 in.? and increased the separator velocity, as shown
in Fig. 7. However, the flow by-passing the primary cap-
ture slot and the secondary capture slot was found to be
two to three times higher thar the flow losses in the
previous separators, a loss which is acceptable but will
be reduced. if possible, by separator modifications.

3. High-Temperature Tests

The goal of the program beyond the NaK-nitrogen
conversion system and cesium-lithium loops is a high-
temperature, 300-kWe conversion system using cesium
and lithium. The purpose wili be to provide full-scale
performance and startup data under short-term condi-
tions with a super-alloy containment material. Use of a
refractory alloy would allow endurance testing at a later
date.
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The maximum temperature for this svstem will be
IS00°F. This value was chosen becanse evele pertorm-
ance is comparable to that possible at higher tem-
peratures and because this temperature makes possible
the use of materials which are inexpensive relative to
the I't'ir'.lt'h\l"\ metals r'l‘tllm':tl tor hicher temperatures,
Sl'u'l'.li \II|H'!‘—.|”I:_\-\ \\llll}l Cell) he \\:']tlt-{l ;lll(l npl':';lh'(l
in air possess sufficient strength for this application. How-
ever, their corrosion rate in high-temperature lithinm is
cither excessive or not woll known, One material which
has been used with 20000 F Tithiom vapor and ISO0°F
Ret, 3
is Havnes Stellite Alloy 25 The results in these Tormer

[H]illti lithinm for tests of moderate duration

.t1\11f11'.!lillr:'~ are onconraging bot oare t'rlrllr.ufiihll'} to

Barker, Ko, MSA Kesearch Corp

P ate compmnneation
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other experience with nickel or cobalt alloys exposed to
lithium (Ref. 1), To assess the feasibility of nsing Haynes
Stellite Aoy 25 for the 300-kW system, a small loop was
constructed of this alloy and operated with 1800717
lithinm.

PRESSURE
TRANSDUCERS

ARGON / VACUUM

—
' 1 VENTURI TEST SECT

ELECTROMAGNETIC
PUMP

2

ARGON / VACUUM

LITHIUM LOADING
SYSTEM

Fig. 8. Piping arrangement of Haynes Stellite Alloy 25
lithium corrosion loop

The loop is shown schematically in Fig, S. The primary
How circnit and 1'fr-t!:n1:|.|u||:-1|. pronp duet were con-
structed of Havnes Stellite Aoy 250 Lithinm was ciren
Lited by the ace condnction pump, Heat was added Iy
“clam shell” heaters to maintain the temperature at a
maximum vidue of 1800°F, The lithinm was aceclerated
to a velocity of abount 210 H/s in the throat of a venturi,

Pressure recovery occrred in the divergent part of the

FLEC Y H r-.l.‘-.-_.l\.-. ‘ M

L
]

Fig. 10. Control corsole for Haynes Stellite Alloy 25 locp
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venturi and the flow returned to the pump. Figures 9
and 10 are photographs of the main flow circuit and
control console. The loop was enclosed within a sheet
metal cover during testing to contain any lithium spill
that might result from failure of the loop.

The loop was operated with a maximum temperature of
1800°F and a maximum lithium velocity of 210 ft/s. Five
cycles from ambient to 1800°F occurred during the test
period due to failures of wiring, fans, and other auxiliary
components, A total of approximately 93 h af operation
above 1000°F and 28 h at 1800°F were realized before
the lithium circulation ceased. During the 28-h period
the velocity in the venturi throat at 200 V input to w.e
pump gradually d~creased from 210 ft/s to zero.

Radiographs of the pump revealed that mass transfer
deposits had closed one of the pumping sections. These
deposits are shown in Fig. 11 in each of the pumping
sections. It is apparent from examining these photographs
that the pump bus bars acted as a large heat sink for the
flow. The lithium temperature leaving the pump was
140-160°F less than the 1800°F temperature of the test
section. The wall temperature at the bus bar locations
was probably lower by another 100-200°F. The large
temperature difference encountered is not representative
of the 300-kW conversion system where the maximum
temperature difference in the high-velocity region will be

/— HEATER

LITHIUM

FLOW

/PUMP BUS BAR

FLATTENED SECTIONS
OF FUMP DUCT
(TOP VIEW)

less than 10°F, However, if the temperature differences
in this test were accurately known, the results could be
used to estimate mass transfer coefficients which would
be applicable to the 300-kW system. It is therefore planned
to remove the deposits from the pump install temperature
instrumentation on the pump duct and bus bars, and
operate the loop for an cduditional period to obtain this
information.

Reactivity Effects From Fuel Displacement

in a Small Thermionic Reactor, H. Gronroos and
J. P. Davis

1. Introduction

‘this article reports results of a first-order evaluation
of reactivity effects rom fuel displacement in a small
thermionic reactor. The outer ring of diode-fuel assemblies
was displaced either toward the core center or toward
the reficctor. Figure 12 illustrates the basic configuration
used in the caleulations.

The purpose of these calculations v/as to obtuin an
estimate of the reactivity ofect from bowing of fuel
elemeuts. There has been interest in such effects in liquid-
m “tal-cooled fast reactors since they were discovered in
the EBR* Mark I and Mark 1I cores (Ref. 5). In these

‘EBR = Experimental Breeder Reactor.

LITHIUM
FLOW

Fig. 11. Mass transfer deposits in Haynes Stellite Alloy 25 pumping sections
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Fig. 12. Thermionic reactor reference design

cores, bowing led to a poritive reactivity contribution
with ensuing stability problems. The reactivity effects
from fuel displacement are unique for each reactor
design. Extrapolation of the results in this calculation to
other than peripheral diode assemblies, or to other reactor
concepts, is not generally valid.

A reactor size applicable for the low power rogion
(50 to 100 kWe) was chosen as a reference design. The
reactivity effects decrease with increasing core size and
power level, since the optimuin diode-fuel assen.bly
becomes smaller.

Several general criticality portrayals applicable to re-
actors of the type shown in Fig. 12 have been published.
They have been obtained by assum:ng a uniform fuel-
structural material mixture in the core and give a first
estimate of the critical loading. Figure 13 illustrates the
results when data from Ref. 6 are applied. The diode
structure and cladding thickness have heen used as

JPL SPACE PROGRAMS SUMMARY 37-45, vOL. IV
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Fig. 13. Criticality portrayal for UC-fueled in-pile
thermioric reactors with 10-cm BeO reflectors

parameters. The curves going ac.uss Fig. 13 give th
minimum diameter necessary for criticality with a 10-cm
beryllia reflector. Increasing the reflector thickness be-
yond 10 cm will give insignificant reduction in fuel pin
radius. Superimposed on the criticalitt limiting cu:ves
are the thermionic performance constraints. Power preéle
flattening requires fuel loading margin, i.e., onc must be
as much as possible above the criticality constraint curve,
thus increasing the fuel pin radius. However, two factors
limit the fuel pin size: the generated current and the
open-circuit casualty condition. The latter codition,
which leads to a large temperature rise in the fuel and
emitter, is usually the more serious constraint. The maxi-
mum feasible fuel pin radius is therefore about 1.5 cm.
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The optimum fuel pin length generally lies bet cen
4 and 7 cm for internally fueled diodes.

2. Reference Design and Calculations

The reference design is illustrated by Fig. 12. For sim-
plicity and computer time economy, a one-dimensional
cylindrical geometry was chosen. The calculations were
performed for various radial dimensions to cover the
expected range of mean radii. Both “Li and eutectic NaK

{a) UNPERTURBED CORE

REFLECTOR

(] TANK WALL

\—COOLANT
ANNULUS

REACTOR CORE

(b) COMPRESSED CORE

100 REFLECTOR
¥ " TANK WALL
5 ¥ °,—COOLANT
| ANNULUS
UNPERTURBE!
CORE REGION

15 2

CCMPRESSED
CORE REGION

UNPERTURBED
CORE REGION

REFLECTOR

TANK WALL

UNPERTURBED
CORE REGION

DILUTED
CORE REGION

UNPERTURBED
| CORE REGION

\

Fig. i4. Radial configurations for criticality calculations
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were chosen as coolants. A 1-mm coolant annulus was
assumed between the core assembly and tank wall.
Depending on the thermionic performance, the power
output for the reference design will be in the range 50 to
100 kWe.

The effect of fuel displacement was simulated as shown
by Figs. 14(a), (b), and (c). The unperturbed core assembly
was taken as a homogenous mixture, and the eigenvalue
was calculated [Fig. 14(a)]. The outer ring of assemblies
was moved 1 mm, which leads either to a compressed or
diluted annular core region as illustrated by Figs. 14(b)
and 14(c), respectively. The change in eigenvalue mea-
sured the reactivity effect. Table 1 gives the material data
used in the calculations for the various configurations.

The effect of the tank wall was calculated as well as the
effect of power profile flattening by redistribution of fuel.

The one-dimensional radial eigenvalue calculations in
cylindrical geometry were performed with the DTF-IV
code (Ref. 7). This code solves the neution transport
problem in the S, approximation. Order S, = 4 was used
together with a transverse buckling correction. The
standard 16-group Hansen-Roach cross-section set was
emploved (Ref. 8).

3. Results

Table 2 summarizes the results obtrined. The reactivity
values were calculated from (k, — k)/8,, where k is the
eigenvalue for the unperturbed assembly, k, the eigen-
value for the perturbed core, and 8 is the delayed neutron
fraction for #3°L —0.0064.

For comparison a calculation was performed where the
whole core was uniformly compressed radially 1 mm and
the outer regions correspondingly moved inward without
compression. As expected, the reactivity increase is large
and over the prompt criticality threshold 100¢. In contrast,
moving the outer ring of diode-fuel assemblies inward
results in a substantial reactivity decrease, between 70
and 85¢. Correspondingly, moving the same assemblies
outward increases the eigenvalue. These effects are
attributable to combined changes in the neutron spectrum
and flux level overriding the leakage changes that would
cause opposite results.

The effect of the more absorptive NaK coolant is evident
from the decreased eigenvalue, but the effect of fuel dis-
placement remains relatively the same as with "Li coolant.
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Table 1. Material data for criticality calculations of thermionic reactor

Unperturbed core region Compressed core region Diluted core region
Temperature, | Density, | Thickness,
Region Material °C geem™ tm Volume | Atomic densities,| Vclume | Atomic densities, | Volume | Atomic densities,
traction ateen 10" | fraction ateem>+102 | fraction ateem3e102
Fuel uc 1900 9.90 250 | 0.4744 | U= 10687 | 0.4769 | U= 1.0744 0.4718 | ™u=1.0628
diom Y = 0.0846 U = 0.08509 Py = 0.08418
C=1.1788 C = 1.1850 C=1.723
Emitter Me 1800 $.38 010 [o0.101 | 0.59618 0.1016 | 0.59934 0.1005 [ 0.59290
Gap Vacuum —_ — 0.025 | 0.0365 _ 0.0870 —_ 0.0860 —_—
Collector Nb 1000 8.35 0.10 |0.1039 | 0.56251 0.1044 | 0.56549 0.1033 | 0.55941
tnsulater ALO, 975 3.22 0.025 | 0.0541 [ Al = 0.20455 [ 0.0544| Al = 0.20563 | 0.0539 | Al = 0.20342
O = 0.30682 O = 0.30845 O = 0.30513
Cladding Nb 950 8.35 0.050 | 0.0556 | 0.30092 0.0559 | 0.30252 0.0553 | 0.29927
Coolant i 950 0.455 — 11244 | 0.48585 0.1198 | 0.46778 0.1292 | 0.50476
NaK 950 0.641 — ]0.1244 | Na = 0.04594 | 0.°198 ] Na = 0.04423 | 0.1292 | Na = 0.04773
K = 0.09577 K = 0.09221 K = 0.09950
Coolant i 950 0.455 | 0-0.2 1.0 3.9059
Annulys NaK 950 0.455 0-0.2 1.0 Na = 0.3693
K =0.7699
Tank wall Nb 950 8.35 0.5 1.0 5.4133
Reflector BeO 800 2.73 10.0 1.0 Be = 6.5749
O = 6.5749
Omission of the tank wall yields an increased eigenyalue 100 T ,
due to decreased absorption of neutrons thermalized in CORE RADIUS | COOLANT
the reflector. a 140cm NaK —
b 14.0 Li=7— /
. . . . . c 170 Li-7 -
Power flattening, by decreasing the 35U enrichment in d 170 Li-7 —

50 O WITH POWER ]

\ FLATTENING

AN
o N\

the central part of the core, does not change appreciably
the general effect of fuel displacement, as would be
expected.

The above results are summarized in Fig. 15. Figures 16
and 17 show power profiles for the 14.0- and 17.0-cm core
calculations, respectively.

N\

REACTIVITY, ¢

\\ UNIFORM CORE
Q)MPRESSION

A conservative estimate for the reactivity effect from a
single displayed peripheral assembly may be obtained -50
by dividing the calculated values with the number of
assemblies in the outer :ing. ¥r the reference design, a
value between +2 and +3¢ for 1-mm outward displace-
ment is calculated.

ancoR

~i00

—1.0 -0.5 ) 05 10
In a thermionic reactor core, radial fuel displacement TOWARD CORE CENTER TOWARD REFLECTOR

would generally not be tolerated, except for that follow-

ing overall core thermal expansion. However, at the core Fig. 15. Reactivity effect from radial displacements
boundary, and depending on tolerances, the power of the outer ring of diode assemblies in a
peaking, power excursions, and open-circuit conditions, small thermionic reactor
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Table 2. Resvits of criticality calculations

Reactivity
Case Core radius, Coolant Eigenvalue perturbation, Comments
cm ¢
Unperturbed core Y40 W 0.96844 [ Referance core
Compressed core region 14.0 "L 0.96331 — 8o
N
Diluted core region 14.0 kY] 0.97344 + 78
Unperturbed core 14.0 NakK 0.96063 ~122
’
Uniformly compressed core {1 mm) 14.0 K 0.97530 +106 Oniy radial compression
0.98033 +186 Radia! and axial compression
Unperturbed core 14.0 NaK 0.96063 V] Aleference core
Compressed core region 14.0 NaK 0.95410 — 86
Diluted core region 14.0 Nek 0.96617 7487
Unperturbed core 17.0 i 1.04400 ' . ¢ (1] Reference core
Compressed core region 17.0 "Li 1.0295% - 70
Diluted core region 17.0 i 1,04770 + 58
Unperturbed core with power flattening 17.0 L 1.72201 —344 20% decrease in **U enrichment
& to 8.5cm
Power flattening N
Unperturbed core 17.0 i 1,02201 0 Reforence core
Compressed core region . » 17.0 i 1.01748 -7
Diluted core region 17.0 i 1.02653 +n
Unperturbed core with no tanx wall 14.0 i 0.97990 +179 Ak based on core with tank wol!
17.0 i 1.05352 +149 Ak based on core with tank wall
k4 “
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Fig. 16. Power distributions in thermionic liquid-metal-
cooled reactors for 14-cm core radivs

could conceivably cause some outward bowing. If the
effective displacement is limited to a few tenths of a
millimeter, the results of this first-order calculation show
that the reactivity contribution would be positive and of
the order of 10 to 20¢ for the entire outer ring.

C. Comparison of Enthalpy Measurements
Obtained in an Internal High-Temperature
Flow of Argon as Determined by
Conservation of Energy, a Calorimetric
Probe, a Flowmeter, and Spectroscopy,

P. F. Massier, L. H. Back, and E. J. Roschke

1. introduction

A combined expriimental and analytical investigation
is currently in progress to advance the knowledge of heat-
transfer and fluid-dynamic phenomena that occur in
ionized gas flows. The investigation was initiated as a
consequence of the interest in electrical propulsion and
power generation concepts and the use of ionized gas
flows in plasma test facilities. Results of convective and
radiative heat transfer that Lave been obtained previously
are discussed in SPS 37-22, -23, -24, -36, -37, and -43,
Vol. IV. A one-dimensional analysis that applies for isen-
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Fig. 17. Power distributions in thermionic liquid-metal-
cooled reactors for 17-cm core radius

tropic flow of ionized argon appears in Ref. 9, and a
boundary layer analysis for laminar flow of an ionized
gas with convective heat transfer appears in Ref. 10.

In order to gain an understanding of convective heat
transfer from a high-temperature flowing gas, the en-
thalpy difference between the gas in the main stream and
the gas adjacent to the surface must be determined. In
additi-m, measurements are required to establish the heat
flux to the wall. With this information the heat-transfer
coeflicient and other useful parameters can be evaluated.
The purpose of this note is to discuss the different
methods that have been employed to measure the en-
thalpy of high-temperature argon flowing througl. an
axisymmetric duct and to compare some of the results.

For equilibrium conditions the enthalpy at a cooled
surface can easily be determined from a measurement of
the wall temperature; however, the temperature of a
steady thermally ionized gas flow is generally too high
to be determined directly by use of a simple instrument
such as a thermocouple. It therefore becomes necessary
to use an instrument that is cooled or one that responds
quickly enough so that it can be passed through the gas
before it is damaged. Or, optical techniques, such as
spectroscopy, which do not come into contact with the
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gas stream can be used. Average values of the enthalpy
at given axial locations can be determined from energy
conservation, which requires knowledge of applied power
at the arc heater, heat transfer to the cooled walls and
the mass flow rate of the gas. Also, the average enthalpy
can be determined by use of an adequately instrumented
flowmeter if the mass flow rate of the gas is determined
by an independent method.

Experiments have been conducted in which the en-
thalpy of a steady subsonic flow of high-temperature
argon at a Mach no. of about 0.07 has been determined
by four methods. They include: conservation of energy,
a calorimetric probe as shown in Fig. 18, a flowmeter,
and spectroscopy. Results are shown for four tests in
which the stagnation pressures were approximately 3.0
and 6.0 psia, and the average stagnation enthalpies at
the probe tip location (as determined from the conserva-
tion of energy) ranged from about 920 to 1730 Btu/Ib. A
comparison of the enthalpies by all four methods is made
for only the two tests performed at a pressure of about
3.0 psia, because at the higher pressure the gas tempera-
ture, and hence the line intensities, caused by de-

)

7

DUCT wWALL

DIMENSIONS IN INCHES

— 0.125 0D )
— 0.052 tD

0.090 T -
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Fig. 18. Calorimetric probe
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excitation were too low to obtain spectroscopic data. The
ionization fraction at the arc heater cutlet (Fig. 19) ranged
up to 0.18; however, by the time the gas flow reached
the probe tip the ionization fraction based on the probe
measurements was reduced to values less than 0.005 for
all tests.

2. Experimental Anparatus

The test apparatus, shown in Fig. 19, consisted of an
arc heater followed by a constant-diameter tube with a
nozzle attached to the exit of the tube. A 90-deg bend
was placed between the arc heater and the tube to shield
the tube from the radiation emitted by the arc and to
dissipate the vortex motion of the gas introduced up-
stream of the electrodes. Flow visualization tests using a
dye injected into water indicated that this type of a bend
is effective for the dissipation of vortex motion. The
location of the calorimetric probe which could be tra-
versed radially and the location of the quartz viewport
through which spectroscopic data were obtained are also
shown in Fig. 19. The walls of the test apparatus con-
tained numerous individual, circumferential coolant pas-
sages which were utilized to determine the axial heat
transfer distribution by calorimetry. Wall pressure dis-
tributions were determined with many pressure taps that
were connected to manometers containing oil. These
measurements were used as inputs for the complete
analysis of the experimental data; however, a discussion
of the complete analytical procedure that was used is
beyond the scope of this article.

3. Experimental Results

Tabulated results of four tests are given in Tables 3
and 4. Table 3 shows results at the calorimetric probe
location. To indicate spectroscopic and flowmeter results
at the probe location, the enthalpies at these measuring
stations were adjusted by adding the energy per unit mass
of argon transferred to the coolant between the probe tip
and the respective neasuring station. The results at the
respective measuring stations are shown in Table 4.
Radial distributions of the stagnation enthalpy as de-
termined by the calorimetric probe are shown in Figs.
20 to 23. The methods that were used to obtain the results
are described in the subsequent sections.

a. Spectroscopy. The spectroscopic results were ac-
quired by measuring the intensities of eleven atom lines
in the range 0.41 to 0.81 p, using transition probabilities
listed by Olsen in Ref. 11. Excitation temperatures were
evaluated by the relative line intensity method using a
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Table 3. Stagnatic : enthalpy at probe tip location as
determined by various methods

Table 4. Stagnation enthalpies at measuring stations
and at the arc-heater outlet

Enthalpy, Biu/Ib

Method of deterrining
enthe sy Test Test Tost Test

112-20K | 112-41H | 112-42H | 112-44H

Stagnation enthalpy, Btu/lb

Location and method Test Test Test Test

112-40H! 112-41H | 112-42H | 112-44H

Energy balance to probe 1570 1730 1080 920

tip location

Avera »2 enthaipy as 1150 1220 1040 970
determined ’;am ca-
lorimetric pruoe mea-
surements assuming
utiaform mass flux

distribution

Use of measured gas 1690 1890 1100 920
flow rate with nozzle
os a choked flow-
meter. Enthalpy
corrected to probe
tip location by tak-
ing into account the
energy transferred to
the coolant between
the probe tip and

tne noxzie throat

Speciroscopic measure- 2320 2470
ments of eleven atom l
lines using relative
line intensity method.
Enthalpy corrected to
probe tip location by
adding energy trans-
ferred to coolant
between the probe

tip and the viewport

At arc-heater outlet as 5450 6140 2050

determined by
energy balance

1620

Average at probe tip 1150 1220 1040 970
as determined from
calorimetric probe

measurements

At viewport from 1940 2030
spectroscopically
determined electron

temperature

Average ot nozzle 1000
throat as determined
by vsing the nozzle

as a flowmeter

1080 790 710

18000 1, FROM CONSERVATION OF ENERGY =574 Btu/Ib —'\‘ ¢
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Fig. 20. Caloiimetric probe results for Test 112-40H
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Fig. 21. Calorimetric probe results for Test 112-41H

least-squares straight-line fit through the data (Figs. 24
and 25). The intensity of radiation I, emitted at wave-
iength A, in terms of the energy level E, and the excitation
temperature T, of the emitters is given by:

I\ _ _Eloge
log (gAC) T T TRT (1)

In Eq. (1) g is the statistical weight, A is the transition
probability, and k is Boltzmann’s constant. C includes an

JPL SPACE PROGRAMS SUMMARY 37-45, VOL. IV



1800 1
1800
1400 ]L ¢
H; FROM CONSERVATION OF ENERGY =1080 8tu/Ib I
1200 4 i ! { i \ i
<L l Q 4

1000 y l

1] ° 9

ENTHALPY OF GAS ENTERING PROBE, Btu/ib

»
(=]
o

800 Py T REYNOLDS No.
psia  °R g, T T
609 8715 890

800

[-]

o.t 0.2 03 04 (2]

08 0T 08 0% 10
RADIAL DISTANCE FROM WALL, in.

Fig. 22. Calorimetric probe results for Test 112-42H
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Fig. 23. Calorimetric probe results for Test 112-44H

instrument calibration factor and several physical con-
stants that do not depend on I or A. Use of Eq. (1) is
restricted to an optically thin plasma in which the popu-
lations of all cxcited states at energy level E have
Maxwell-Boltzmann distributions. The slope of the line
obtained by plotting log (IA/gAC) versus E established
the excitation temperature. The enthalpies were then
computed from the temperatures, assuming the gas was
in equilibrium. Since the gas velocity was low, static\and
stagnation enthalpies were nearly the same. The/ regults
given in Table 3 show that the enthalpies det
from the spectroscopic measurementf assuming t
equilibrium were higher than those

of the other methods. The line of sight spectro-
scopic measuremerts was perpendicular to the gas flow
direction and through the centerline of the tube as shown
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in Fig. 26. Thus, the relative intensity readings obtained
were integrated averages along the line of sight across
the duct and not local values. Readings were recorded
both with and without a mirror inserted in the view tube
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FOCUSING LENS
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VACUUM PUMP
(SUPERSONIC FLOW) - SPECTROMETER
ENTRANCE SLIT
' OPTICAL AXIS
POSITIONING MIRRORS
(FRONT SURFACE)
NOZZLE
TEST SECTION
, (WATER-COOLED DUCT)
SMALL MIRROR
ASSEMBLY MAY IONIZED GAS
BE INSERTED FROM ARC
IN VIEW TUBE (SUBSONIC FLOW)
Fig. 26. Arrangement of apparatus for spectroscopic measurements
located in the duct wall opposite the monochromater.  welded to the inner tube to form a seal for the water
Hence it was possible to correct the data approximately  coolant. The ouler diameter of the probe was 0.125 in.
for absorption which amounted to a decrease in tempera-  and the inner diameter 0.052 in. Water entered the inner
ture of only about 5% below uncorrected values. Al-  annulus of the probe at its external extremity, flowed to
though the measured intensity of a given line may require ~ the probe tip, and then returned through the outer an-
a significant correction because of absorption, the effect  nulus to the discharge pipe. The heat transferred to the
on temperature is considerably smaller because ot the  coolant was determined by measuring the water dow rate
way I and T are related in Eq. (1). For a given line, Eq.  and the water temperature rise. A tare measurement was
(1) may be written: first obtained without gas flowing through the center
tube. Then, with gas flowing through the tube, the flow
AT kT al rate of the bleed gas was measured and the heat transfer
T T~ \Eloge) 1 determined for this condition. The bleed gas flow rate
was measured with a rotameter calibrated with argon at
In the present application, (AT/T) ~ 0.3 (AT/I). AT  the actual conditions at which the measurements were
and Al represent the difference between corrected values ~ made. The probe was of sufficient length so that the gas
and uncorrected values of T and I. being sampled was cooled to about room temperature at
the thermocouple location. With this information it was
b. Calorimetric probe. The calorimetric probe consisted  possible to compute the energy transferred to ilie coolant
of three concentric stainless steel tubes properly spaced by the gas that was being sampled through the center
by longitudinally positioned wires located between the  tube, assuming that sampling had no effect on the heat
tubes (Fig. 18). At the tip the outer tube was swaged and  transfer from the main gas flow to the outer tube wall.
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Tuis procedure was followed for all tests at each of the
radial measuring stations. All tests were couducted at
steady-state conditions.

An investigation to determine the influence of sampled
flow rate on the measured enthalpy was conducted by
Vassallo and is discussed in Ref. 12. He used a Greyrad
probe similar in configuration to the one used here but
with a slightly larger outer diameter of 0.135 in. For en-
thalpies in the vicinity of 1000 Btu/lb with the same
sampled flow rate as used in Test 112-42H, Vassallo’s
data would indicate that the measured enthalpy is low
by about 8%. This was probably caused by the influence
of sampling on the flow field surrounding the probe, which
in turn reduced the heat transfer from the gas outside
the probe to the coolant in the outer passage. Hence,
the tare value was not valid. Vassallo’s measurements
were conducted in a nitrogen plasma with the probe in-
serted at the centerline of a jet exhaust. Measurements
were made at different sampling flow rates. A linear rela-
tionship was found to exist, indicating a trend of decreas-
ing enthalpy with increasing sampling rate. The enthalpy
for zero sampling rate was determined by extrapolating
a line through the data points. The accuracy of Vassallo’s
results are dependent to a considerable extent on the
accuracy of the temperature measuring instruments that
were used. In his experiments at 1000 Btu/Ib the coolant
temperature rise associated with the sampled flow rate
was 0.78°F. This requires not only a calibrated thermo-
couple with a good readout syster. hut also proper posi-
tioning of the thermocouple in the coolant tube to obtain
a true mean temperature. lievertheless, it appears that
definite trends were established by Vassallo’s tests. In
the investigations reported here the coolant temperature
rise associated with the sampled flow rate ranged up to
6°F and was obtained directly by placing the cold junc-
tion ‘n the coolant inlet tube, the hot junction in the
coolant outlet tube and reading the output on a manually
operated potentiometer. For each test the gas flow rate
being sampled was main‘ained constant; however, it was
different for different tests, Table 5 is a summary of the
sampled gas flow rates and coolant temperature rises
associated with the pobe. As indicated in Table 3 the
weighted average enthalpies (based on an assumed uni-
form mass flux distribution) as determined from probe
measurements deviate approximately 5% from values
obtained by the other two methods for the lower energy
tests (112-42H and 112-44H). For the higher energy tests,
however, (112-40H and 112-41H), the probe values are
significanily below the other results, and the deviations
are considerably more than would be expected, based on
Vassallo's data, One reason for the low average en-
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Table 5. Summary of calorimetric probe data

Maximum Minimum
difference ditference
Maximum in cool in coolant
axim AT between AT between Bleed aas
Test coolant AT
blesd flow bleed flow flow rate,
No. with gas
bleed. °F and zero and zero 'b/sec
! bleed flow bleed flow
conditions, conditions,
DF OF
112.40H 52.8 3.2 1.4 | 2.5 X 10"
112.41H 60.6 3.6 1.8 2.0 X 10"
112424 46.2 6.3 4.5 2.5%X10°
112-44H 37.8 4.4 | 3.6 47X10°

thalpies obtained from the probe measurements could be
the assumption of a uniform mass flux distribution, since
higher mass flows are likely to have occurred near the
center of the duct tha:i near the wall. It should be noted
that from the probe measurements the total enthalpy of
the gas is determined regardless of whether or not the
gas is in equilibrium, providing, of course, that the probe
has been properly calibrated for the influence of position
and sampling on heat transfer and that the temperature
and flow-rate measurements are accurate.

c. Use of the nozzle as a flowmeter. As shown in Fig.
19, a convergent-divergent conical nozzle with half angles
of 10 deg was attached to the exit end of the tube which
contained the calorimetric probe and the viewport. This
nozzle was used as a flowmeter, thereby providing an
independent method for determining average values of
the stagnation enthalpy. It was necessary to stipulate the
contour of the nozzle downstream as far as the throat to
perform the calculations. The following procedure was
adopted:

First, from experimental values of wall pressures and
heat fluxes along the nozzle and prescribed conditions at
the nozzle inlet, which were determined from upstream
measurements, the flow variables along the nozzle were
computed, using the conservation equations of momen-
tum and energy and the equation of state, In this analy-
sis, equilibrium conditions were assumed to exist. The
radial distributions of the flow variables were assumed to
be uniform; however, since the measured wall pressures
were used, the analysis was quasi-two-dimensional. For
the purpose of this discussion the significant variable that
was computed using the experimental data is the mass
flux, pu. After the initial calculation had been made, this
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value of pu at the nozzle throat was made essentially
equal to the mass flux determined from the measured gas
flow rate and nozzle throat area, m/A.m, by adjusting the
average enthalpy at the nozzle inlet and iteratively per-
formiug the calculations up to the throat on a digital
computer until the ratio of the two mass fluxes was within
the limits of a 0.995 and 1.005. In previous measurements
of nozzle pressure distributions (Fig. 8 ot Ref. 13) it was
found that even though mass fluxes in conical nozzles
deviated from one-dimensional values, the mass flux at
the edge of the boundary layer at the throat agreed with
the one-dimensional value.

As with the spectroscopic results the enthalpies deter-
mined in this manner at the nozzle inlet were then ad-
justed to obtain values at the probe location by adding
the energy per unit mass of argon transferred to the cool-
ant between the probe tip and the nozzle inlet. As may
be observed in Table 3, the average enthalpies determined
in this manner aie about the same as obtained by energy
balance for the two low-enthalpy tests and somewhat
larger for the other two tests than the values obtained
both by the probe and by energy balance.

d. Conservation of energy. The other method that was
used for determining the average enthalpy of the gas at
the probe tip location was by subtracting the total rate
of heat transferred to the coolant {(up to the probe tip
location) from thLe applied power to the arc heater and
then dividing by the measured gas flow rate. This method
is applicable regardless of whether or not the fluid is in
equilibrium. The enthalpies determined in this manner
appear in Tables 3 and 4 and in Figs. 20 to 23. The sig-
nificance of this method is that it forms a good basis for
compurison with the other methods, because the core
flow must have been highly nonadiabatic hetween any
two locations downstream of ihc bend. This fact was
established in several ways, by: (1) the comparatively
uniform distributions obtained by the calorimetric probe,
(2) the rapid and large growth of the energy thickness
which was computed from the measured heat transfer
but not reported here, and (3) analyzing the data and
computing all flow variables, having imposed different
assumpticns, one of which included the existence of ai
adiabatic core beginning at various locations, such as the
arc heater outlet and the no..’le inlet. Another assumption
was the limiting condition of a decreasing energy in the
core along the flew direction equivalent to the energy
transferred to the coolant. The water dye studies dem-
onstrated mixing just downstream of the bend, but before
the flow arrived at the nozzle the mixing had essentially
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ceased for Reynolds numbers that were in the rarge of
the high-temperature argon tests.

4. Discussion »f Comparisons

In Table 3 the average enthalpy as determined from
the calorimetric probe measurements was obtained by a
weighted mean of the product of mass Jow rate and local
enthalpy, assuming a uniform mass flux distributica
across the duct. The enthalpies evaluated from the flow-
meter and from the spectroscopic measurements were
adjusted, &s stated previcusly and in the table, to account
for the 1elative locations of the nozzle und the viewport
with respect to the probe tip. A comparison of the results
shows that the methods that agreed best were the energy
balance and the flowmeter.

For both Tests 112-40H and 112-41H the spectroscopic
values were considerably higher than for all of the other
results, even when comparing the downstream unadjusted
values of Table 4 with the enthalpies at the probe tip
location shown in Table 3. The excitation temperature
measured spectroscopically was assumed to be the elec-
tron tcinperature, since it is probable that the free elec-
trons were dominant in determining \he 2xcitation of the
bound electronic states, Experimental results obtained in
Ref. 14 corroborate this viewpoint. Sir. is not known
whether the apparent high values of e.. ‘.ation tempera-
ture were indeed a consequence of a nonequilibrium
effect, the spectroscopic values in Tables 3 and 4 are
based on an assumed thermal equilibrium in which the
heavy particle temperature is taken equal to the measured
excitition temperature. Approximate electron number
densities and ionization fractions for two tests are listed
in Table 8 at the specified tempera.ures. There are at
least two reasons why the values based on electron tem-
perature (Tables 3 and 4) are high compared to the other
measurements. Firstly, the spectroscopic data were ob-
tained by viewing through a single port along a diametral

Table 6. Approximate values of electron number density
ond ionization fraction obtained from ihe Saha
equation at the specified temperature
and measured static pressure

Based on average gas
temperature at location

Based en spectrescopic

Tost temperature ot loco-

Ne of calorimetric-probe tip tion of viswpert
N., em™? a N, em™ a
A—
112-40H | 013X 10* | 0.6 X107 10" 5% 10
112-41H 0.3XxX10* 3 X10° 1.4 X 10" 7X107
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Table 7. Ratio of the total heat transfer to the
applied power

Test Test Test Test
112-40H | 112-4YH | 112-42H | 112-44H

Total heat transferred
to coolant obtained
by summation for 70
coolont passages 1.00 1.00 0.95 0.95
divided by applied
elecirical power at

acc hecter I

the data and the consequent good agreement achieved,
as shown in Table 7, when co..paring the overall energy
balance of the system determined by adding the energy
transfer to each of 70 coolant passages with that of the
applied power at the arc heater. In this comparison the
difference in temperature between the argon entering
and leaving the apparatus was taken into account. The
low enthalpies obtained from the probe measurements
for the higher energy tests was likelv to have been
caused by the influence of sampling on the heat transfer
rom the gas flow surrounding the probe to the cuter
surface of the tube. The magnitude of this effect is influ-
enced not only by the amount of the sampled flow rate
but also by the radial pcsition of the probe. The dis-
turbance of the flow £ald surrounding the probe is
probably largest near the intake (probe tip) and that
part of the probe that is parallel to the flow of the main
stream. When the probe is at the centerline position of
the duct, a larg. fraction of the total probe length is
perpendict'ar to the main flow direction, and this part
is probably not influenced to a great extent by sampling.
Howeve:, when the probe is closer to the duct wall, a
larger fraction of the total probe length exposed to the
main stream is parallel to the main flow direction and
an a:ditional length extends outside the duct and is not
affected at all by the gas stream. Therefore, sampling

would then have a greater percentage effect on the total

heat transfer from the main gas stream to the outer wall
of the probe. This implies that the data points in Figs. 20
and 21 actually would be higher near the wall if the effect
of sampling on heat transfer from the main s stream
to the outer probe wall could be taken into account, and
would thus form a more uniform enthalpy distribution.
Because of the sampling effect on heat tiansfer from the
main stream, a short probe tip should give better results
than a long tip. Thus, it is possible to improve the accu-
racy of the probe beyond that of these tests by a more
sophisticated calib.ration procedure.
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5. Summary and Conclusions

The enthalpy of a steady internal flow of weakly ion-
ized argon at a pressure of 3.1 psia and a Mach no. of
about 0.07 was determined experimentally by four dif-
ferent methods. At an energy level of approximately
1700 Bta/Ib the enthalpies determined from energy bal-
ance and by use of a choked flowmeter agreed within
7% . Average calorimetric probe results were consider-
ably lower and spectroscopic values obtained through a
small port (assuming thermal equilibrium) were con-
siderably higher than those obtained by the other two
methods. Near the centerline of the duct the probe
results were the same as the energy balance results for
one test and deviated 12% in the other test.

The reasons for the apparent high values of the spec-
troscopic results are not known; however, two possibil-
ities were exploited. First the data were obtained by
viewing through a single port along a diametral line;
hence, it is likely that maximum average values of line
intensities were observed rather than more realistic lower
averages as would be determined from scans of the entire
flow field and use of the Abel inversion method. Second,
the gas may not have been in thermal equilibrium.
Although use of the excitation temperatures to determine
equilibrium values of enthalpy gave high results, it was
demonstrated that the energy associated with a non-
equilibrium condition, if it did exist, was negligibly small.

The apparent low enthalpies determined from the
calorimetric probe measurements are likely to have re-
sulted from the influence of gas sampling on the flow
field surrounding the probe, which in turn affected the
heat transfer from the main gas stream to the outer wall
of the probe. The extent of this influence is dependent
upun the radial position of the probe.

At a pressure of about 6.1 psia and an enthalpy of
approximitely 1000 Btu/lb (at which the line intensities
were too weak to obtain spectroscopic data) the results
of the energy balance, the flowmeter, as weil as the
probe agreed within 5%. For these conditions the radial
distributions of the euthalpy were quite uniform.

Use of a calorimetric probe to obtain enthalpy distri-
butions in a high-temperature gas stream is feasible;
however, to obtaiu good accuracy at high enthalpies the
instrument should be calibrated to evaluate the influence
of the bleed flow rate and the probe position on the heat
transfer from the main stream to the outer wall of the
probe. The length of the probe tip should be minimized
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both from the standpoint of minimizing the tare measure-
ments, as well as minimizing the influence of the bleed
flow rate on the heat transfer from the main stream to
the probe outer wall,

Of the four methods that were used to evaluate the
enthalpy of the high-temperature interual flow of argon,
two apply for nonequilibrium as well as equilibrium
flows. These methods are the calorimetric probe and
energy balance. The spectroscopic relative line intensity
method may be used to determine excitation tempera-
tures for optically thin gases not in thermal equilibrium
provided the populations of all excited states at energy
level E, have Maxwell-Boltzmann distributions. How-
ever, for such a noneauilibrium condition this method
does not yield the temperature (or enthalpy) of the heavy
species. The temperature and enthalpy of the heavy spe-
cies can be determined by the relative line intensity
method only when the gas is in thermal equilibrium.

A definition of terms used .- pears at the end of this
article.

Definition of terms

Definition of terms (contd )

A transition probability
A, cross-sectional area of duct
Ay, cross-sectional area at throat of nozzle

C ¢ nstant including instrument calibration
factor and other physical constants not
dependent on I or A

E energy level of excited states
g statistical weight
k enthalpy per unit volume of gas

increment of enthalpy per unit volume
contributed by nonequilibrium effect

Allnnm’quil

htor sum of the enthalpies of all species per unit
volume including ionization

H, stagnation enthalpy per unit mass of gas

I intensity of radiation for a spectral line
I, first ionization potential, for argon,

I./k = 3.29 X 10° °R
= 1.829 X 10" °K

k Boltzmann constant

m mass flow rate

N particle number density, per unit volume
p: stagnation pressure

T temperature

JPL SPACE PROGRAMS SUMMARY 37-45, VOL. IV

T, stagnation temperature

AT temperature difference

gas velocity

ionization fraction, a = N./(N,. + N,)
wavelength

viscosity

T E > 8 8

density
Subscripts

e« Aatoms

. electrons

; ions

» heavy particles

g gas

D. Analog Studies of Thermionic Reactor
Dynamics, H. Gronroos

1. Introduction

A past SPS article on thermionic reactor kinetics and
stability (SPS 37-41, Vol. IV, pp. 119-124) compared
various system models employed in the analysis. Ana-
lytical and analog computer simulation methods were
used to predict stability criteria, transients, and transfer
functions. Recently, a digital computer code was written
for transfer function evaluation, but employing linear
system equations.

This article gives the equations used for analog simu-
lation in the production calculations and some of tue
results. The analytical model is consistent with the pre-
liminacy study objective, which was to evaluate limited
transient behavior and the general stability situation in a
small liquid~metal-cooled space thermionic reactor. The
simplifications leading to an analytically tractable de-
scription of the system are substantial. However, guided
by past experiences from dynamics studies of other re-
actor types, the adopted description is expected to yield
an acceptable first evaluation of the system behavior.

Figure 12 in “B. Reactivity Effects From Fuel Displace-
ment in a Small Thermionic Reactor,” shows the basic
reactor reference design. The system is completed by
adding in parallel the electric load and two heat-rejection
loops, as shown by Fig. 27. Model expansions currently
being pursued will result in a more accurate description
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of the thermionic conversion process and will develop the
control system simulation.

2. System Equautions

The equations below were developed for a lumped
parameter model, with the parameters assumed to be
temperature independent. The general format is the same

exceptions as listed. Table 8 gives the parameter values,
while Figs. 27 and 28 define the geometry. Figures 29
and 30 show the simulated current-voltage characteristics
and thermionic conversion performance. The analog sim-
ulation diagram is shown in Fig. 31.

L

Fig. 27. Thermionic reactor space powerplant model

as that given in SPS 37-35, Vol. IV, pp. 180-188, but with
THERMIONIC REACTOR HEAT RADIATOR ele
DIODE EXCHANGER
T Tre Tsi T3
Tl } | } 7
‘ﬁr UH A ] Tt o% e % .0t 0 e \J ORI X XXX
- — r th SR R IR
I%Rp | Ts Tu| A |Ts 7| 4s 1
—— et
ef
92 Ts J f ‘ J 7, | |
T2 Twi Tse Ta

Fig. 28. In-pile thermionic module with series

stacked diodes

Table 8. Initial values and parameters of thermicnic reactor powerplant simulation model

Neutron kinetics
item Symbol {unit) Value Values for delayed neutron groups
Nevutron density nin > cm™) 100 i= i=2 i=3 i= 4 i=35 i=¢
Precursor density Cifcicm™+5) 0.06727 09129 13.12 16.18 67.04 29.92
Fraction of delayed _ _
neutrons a, = 8./8 B8 = 0.0064 0.0261 0.1278 0.4079 0.1877 0.2135 0.0380
Precursor decay constant Acs™ 3.88 1.40 0.3 0.116 0.0317 0.0127
Reactivity FX(4] Yariable
Reactivity temperature - i
coefficient ax {Ok/k* °K) Yariable
Conversion factor Y(W=+n7) 8.178
Thermionic diode heat transfer”
‘rem Symbol {unit) Fuel (1) Emitter (2) Gap (23) | Collector (3) | Insulator (4) | Cladding (5) | Coolant (6)
Average temperature T(°K) 2150.00 2050.00 1300.00 1266.00 1232.00 1225.00
Volume Viem™)
Density plgeem™ 9.90 18.00 8.30 3.20 8.35 0.44
Heat capacity G (Wes-g'e°K) 0.268 0.188 0.31 1.19 0.31 4.14
Thermal conductivity k(W=-emte oK) 0.23 1.59 0.0165 0.63 0.0347 0.63 6.00
Outer radivs r {em) 1.50 1.60 1.625 1.725 1.775 1.850
Thickness t {cm) 0.10 0.025 0.10 0.05 0.075
Length L, L (cm) 5.00 5.00 5.00 5.00 5.00 6.00 6.00
* See Fig. 28.
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Table 8 {contd)

Thermionics
Item Symbol (unit} Value ftem Symbol (unit) Value
Net cur-ent density 1A em™) 10.0 Diode electric load Rep(Q° em?) 0.06
Emitter to collector Ja(A em™) no Collector work function @i (eV) 210
current Boltzmann constant/electron ka/e(eV* °K) 8.616° 10
Collector back emission Ja(A* em™) 1.0 charge
Diode voltage v (V) 0.6 Stefan-Boltzmann constant ose{W*em e °K™Y) 567101
Diodes in series Nbos 5.0 Emitter and collector @, & 0.3
Diode assemblies in parailel Npr 50.0 emissivity
Primary coolant loop
Item Symbol (unit) Value Item Symbol (uait) Value
Reactor coolant inlet Tes (°K) 1200.0 Heat exchanger inlet Tui{°K) 1250.0
temperature temperature
Reactor coolant exit Te. (°K) 1250.0 Heat exchanger exit Tuo (°K) 1200.0
temperature temperature
Coolant flow rate welges™) 753 Heat exchanger medion Tu (°K) 1225.0
temperature
Coolant transport delay 75, T2 (s} 0.1 Heat exchanger primary My (kg) 29.5
side mass
Coolant ch | velocity ve (em = s7%) nz.o Heat exchanger heat ey Wese g °K?) 0.837
capacity
[ -
Primary coolant loop
Htem Symbol (unit) Value ltem Symbol (unit) Value
Heat exchanger secondary 7. (°K) 1185.0 Radiator temperature T, (°K) 1185.0
temperature
Heat exchanger secondary Ty (°K) 11550 Radiator inlet temperature Tri (°K} 1235.0
inlet temperature
Heat exchanger secondary Tee (°K) 1235.0 Radiator exit temperature Tre (°K) 1155.0
outlet temperature
Heat exchanger secondary M, (kg) 29.5 Radiator pipe length L {em) 200.0
side mass
Heat exchanger heat oy (Wese g™ oK) 0.837 Radiator armor cross- A, (cm?) 1.26
capacity section
Total coolant flow rate wii{g*s™ 1564.0 Armor density prig*em™) 8.35
" Coolant transport delay 73, 71 (s) 0.1 Radiator emissivity €r 0.8
Coolant flow rate in w.lg*s™) Nna Radiation area (one pipe) A, (em?) 1420.0
radiator pipe
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The analytical description of the thermionics is the
most approximate. If the emitter and collector tempera-
ture variations are kept within +150°K (except for the
open-circuit condition), the current density variations
within £7 A+ cm™, and the cesium temperature varia-
tions are less than +=10°K, the description gives a reason-
able characterization of the thermionic performance.

Other limitations arise from the assumption of constant
parameters and lumping the spatial regions. The fre-
quency response above ~ 1 Hz is therefore of limited
quantitative accuracy. However, the -elevant frequency
range for the present studies is below the 1 Hz value,

The equations in the analog simulation were:

(a) Neutron kinetics

YA C

n——l—-:—p—;C,=c,A (1
%% =an— A C, (2)
P = Peontrot + ; a [Tx — Trol (3)
Eq. (1) linearized becomes
M=pﬂw+g&ﬁ—m. (4)

(b) Region 1, nuclear fuel

wm%%%zvﬁm—swmwn—rg (5)

(c) Region 2, emitter

VEP'.‘CII._, % = &l’ Lkl (T] - Tg) - 21!' T~_, Lq:’ (6)

@ =g, +q.=55W-cm=att =0  (7)
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V_—,p;,Cps 7t— = 41’1’-“ L T

[y

V.‘ngp.‘ _(iT- = 41”1'3.; f(Td - T;)

(d) Region 23, interelectrode gap

2kp
q;’, = I(IRLI) + 4’3) + _e—' (]‘.:T'.‘ - ]'{T.‘l)

ONB
T

LS. |
€. €,

(T: —T3)

qt: = hyy (T.- Y

(e) Current-voltage characteristics

1= Af_» T:: exp "‘6(¢A + IRLI;)/kTg
- Angz exp -e¢3/kT{

=l.-1

(f) Region 3, collector

(10)

dT, ;
V3P30p3 —d—t. = 2ar, L[q:,’, + hys (T-_- - Ts) - I'Ru)]

- 4""7'23 %’ (T.s - T;)

(g) Region 4, insulator

dT, k

(h) Region 5, cladding

dT, ki

1

(i) Region 6, coolant in reactor

NDSV.;Pc.Cp.. '('15%' = Ny hys 2o, L7 (T5 —T.)
- 2w.; C,,‘; (T,; - Tm)
1
T‘. = a5 (Tm’ + Ti.i)
' d;‘t'“ =T, + Ty — 2Ty

i FFE mepoo™erwe

(T4 - Tr,) - 2’"'1'.'.L’hm. (T5 -

(11)

— 4nr,L 'Itii(TJ - T")

(12)

(13)

(14)

(15)

(16)
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(i) Primary loop

. dgt”' =Ty + Ty — 2T, (17)
1
TH = 63 (Tue + Tu:) (18)
MHcpH _d"ir_tu = Nm-wncp,i 2(Tui - Tu) - Uu Ay (TH - Ta)
(19)

(k) Secondary loop

MACp'%R- = (]HAH (T" - Tn) - 2wl“‘0p,li (Ts - T,,-)
(20)
2 d;t” =T, + T. — 2T, (e1)
21
T, =5 (T.+T.) (22)
Ta %L = Tni + Tn - 2Tr (23)
LyA.wPGCr % = 2wl4nCpL,- (Tri - Tr) - frO'SBArT:

(24)

3. Transient Siudies

Figures 32 and 33 show representative trajectories ror
reactivity perturbations and electric load perturbations,
respectively. The legends for the various curves are listed
on the figures. The chosen set of reactivity feedback co-
efficients were deemed plausible. However, there is a
large uncertainty in these coefficients, as Fig. 34 illus-
trates for the fuel and emitter doppler coefficients. Be-
cause of this, the teedback coefficients were treated as
variables, and various combinations were tried to deter-
mine stabilit ranges, as discussed in Sect. 4. In general,
for stable combinations and small perturbations, the
change in the equilibrium operating point is relatively
large because of the small feedback effects. More inter-
esting are the studies on diode and reactor open-circuit
casualties. The former type of failure will probably oc~ur
frequently. It is therefore important to design the system
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to tolerate this. Figure 35 shows the trajectories for these
casualties, with expected feedback coefficients.

Trajectories have also been taken with a model where
the fuel was divided into six radial regions, instead of
lumped into ane. With UC fuel, the difference between
the models for the change in average fuel temperature is
only a few degrees because of the relatively large thermal
conductivity. Figure 36 illustrates the temperature profile
during an open-circuit transient.

4. Stability

One of the main objectives in the studies was to investi-
gate the stability of the system. Both the analytical eval-
uations and the analog computer simulations imply that
only the zero-frequency point needs to be investigated
when determining basic stability. This holds for the
expected range of feedback coefficients in a small liquid-
metal-cooled system. The zero-frequency asymptotic sta-
bility criterion amounts to requiring that the zeroth ordex
term a, in the general linear equation

drx dm'x dx _
a(,w'f' a,-Jt—-F +a,,..?t+a,,x—0
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be larger than zero. The other conditions arising from
the Routh-Hurwitz array are neglected. The latter will
restrict the stability region, but for the system under
study, become important only for unrealistically high
positive and negative feedback coefficients. When this
was postulated, the analog computer yielded oscillatory
trajectories or spirals.

Summarizing in one expression the zero-frequency con-
dition, one obtains

m,2a5—=—-—<0 (25)

n, = equilibrium neutron density,

T, = temperature in reactor region i,

In

temperature coefficient of reactivity in reactor
region i.

a,

The weighting factors d7';/dn are calculated from the
equilibrium condition (dT;/dt = 0). If the fuel is the only
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region with positive feedback, it is of interest to express
Eq. (25) in terms of the ratio of the fuel and emitter feed-
back coefficients thus

ay dTg a, dTl
wSar* &, dT, %)

823

Further developed in terms of the design parameters for
tuel and emitter, one obtains after simplifications

1+ 3

o, — 1238
w D8, &)
8k,

where
. = diameter of fuel-emi‘ter assembly

k, = fuel thermal conductivity (k, assumed much
larger)

6 = measure of heat transfer variations with tem-
perature for the interelectrode gap

= 0.10-0.15

il

contributions from regions i > 3 (generally a
=3 small positive number.

A plot of Eq. (27) with ¥,_, = 0 as applied to the
complete model is shown in Fig. 37. The uncertainties
arising from the doppler coefficients are also indicated in
Fig. 37. The general shape of the curves in Fig. 37 have
been confirmed with the analog computer both for linear
and nonlinear models. Computer measured ratios of a,/a;
are shown in Table 9. The constant coolant inlet temper-
ature model gives the most conservative stability ratio
estimate. That the simple expression (Eq. (27)] is not
applicable for large values of the fe::dback coefficients
is shown by Fig. 38, which gives the computer-measured
stability regions for a, versus (a, + a.) for various models.
The curve for the complete model shows a knee at
a; = —4+10-° 8k/k « °K-*. The large radiator mass intro-
duces a thermal time constant leading to a resonance
peak at about ¢.007 Hz.

5. Conclusions

Within the constraints inherent in the simulation model
the followiz:g may generally be stated about the dynamics
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of a small liquid-metal-cooled thermionic space reactor

powerplant:

(1) In a stable system the transients from minor elec-
tric load and reactivity perturbations are damped
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Fig. 38. Stability in space thermionic reactor powerplant

as measured o analsy simulation

and can be handled by the control system. The
generally small feedback leads to a relatively large
change in operating point ever for minor reac’ivity
perturbations necessitating active control.

In a stasle system, open-circuit casualties lead to
fast fuel and emitter temperature increases. Should
the whole reactor o en circuit, the resulting tem-
perature rise appeurs slow enough tn be control-
lable without damage to the reac'or.

The large uncertainties in the doppier coeficients
for the fissile isotopes and refractory metals at the
present time do not allov; a final conclusion with
regard to inherent stability. This appiies caly to
highly enriched uralloyed nuclear tuels. However,
even pessimistic estimates of doppler magnitudes
so far have indicatea stable systems for the reactors
investigated. The system can tolerate a positive
fuel temperature coefficient if stabilizing negative

Table 9. Anclog computer measured values of temperature coefficient ratios for zero-frequency asymptotic stability

o Positive fuel temoercture coefficient
w INwoﬂvo structure region temperature cumrioml
Region
No coolant transport Constant reactor Constant hoat excharg - swcondary
time delay coolant inie? tempesature coolant inlet ‘empe: sture
Emitter 0.92 0.70 075
Collsctor 0.68 0.25 0.30
Insulator 0.62 0.18 0.20
Cladding 0.54 0.17 0.1y
Coolant 0.51 0.09 0.11
5 1o 10% accuracy on measured data.
JPL SPACE PROGRAMS SUMMARY 37-45, VOL. I¥ 161
| | | A gt - B




cntributions are provided from other regions.
Various methods to increase the negative feedback
are available, and may be required to protect the
reactor from prompe criticality accidents.

(4) The zero-frequency asymptotic stability criterion
appears ade qJuate when investigating inherent
stability.

E. Flow Visualization Studies Demonstrating the
Effects of a Transverse Gas Velocity on a
Glow Discharge, J. A Gardner

1. Introduction

A complete analytical description of the phenomena
associated with the fluid dynamics, the energy transfer,
and the electrodynamics that occur in an electrical pro-
palsion or power generation device such as an MPD
arcjet or an MHD accelerator is difficult to establish
realistically. In order to eventually achieve a more com-
prehensive understanding of the many combirations of
processes that uccur in the electrical discharge region
ana at the electrode surfaces of such (‘ievices, an investi-
gation has been initiated which first allows visual obser-
vation and measurements to be made of some of the
irfluencing factors such as the effect of a transverse gas
velocity, pressure, and applied el:ctric field strength on
the behavior of the discharge. It is anticipated that these
resvlts will then provi'e a hasis for establishing more
comprehensive experimental and theoretical metheds of
invest.gating the complex interactions of the processes
that occur near electrode surfaces, particularly those re-
lated t» the transfer of energyv. ™. objectiv [ the
inv estiggation discussed in this note was to determine in a
qualitative sense the influence of a transverse velocity on
a glow discharge without applied magnetic fields. In
addition, the effects of a change in the static pressure
with a constant gas velocity were also observed. Thiene
(Ref. 15) and Thiene, Chambers, ind von Jaskowsky
(hef. 16) have reported analytical and experimental in-
vestigations on the convectiv> flexure of a plasma con-
durctor. Their experiments, however, were conducted at
mrch lower gas velocities, larger currents (about 2 A)
and pressures near and above atmospheric.

2. Experimnental Apparatus

The apparatus used for this investigation is illustrated
in Fig. 39. A pait of copper electrodes with flat parallel
surfaces were enclosed in a six-port glass test chamber.
A subsonic twvo-dimensional Lucite nozzle, which is

burely visible in the photograph, was located with its
throat adjacent to the left edge of the electrodes. The
nozzle, shown in more detail in Fig. 40, had throat
dimensions of 0.50 X 2.0C in. The argon gas flow entered
the glass test chamber through the inlet duct and passed
between the electrode surfaces after leaving the nozzle.
From the electrode regior the gas flowed into the exhaust
duct and the vacuum system.

The high-voltage direct-current power supply used in
these studies consisted of a primaiy controlled trans-
former, a full-wave rectifier, and two 4-uF capacitors
used as filters. The upper limit of the voltage for this
variable power supply was approximately 7,000 V.

3. Experimental Procedure and Results

To provide a basis for comparison, initial investigations
were performed in the absence of flow. Tests with argon
were conducted at three static pressures inside the glass
test chamber: 50,109, and 200 mmHg. Photographs of
the discharge between the electrodes at these pressures
with zero gas velocity and a current of 15 mA are shown
in Figs. 41(a), (b), and (c). The plasma column appears
vertical and perpendicular to the electrode surfaces at
the two lower pressures but slightly canted at the highest
pressure. It is evident that the visible discharge decreases
in diameter as the pressure is increased and that at the
highest pressure the diameter increased from the cathode
located at the bottom to the anode located at the top.
At zero velocity the stability of the discharge was not
affected in the 50 to 200 mmHg pressure range. The volt-
age drop across the gap between the electrodes was
approximately 400 V.

The effect of a transverse gas velocity on the config-
uration of the discharge at a pressure of 100 mmHg and
a current of 15 mA is shown in Figs. 42(a), (b), and (c)
for g-s velocities of 84,127 and 220 ft/s. Corresponding
argon mass flow rates were 0.0084, 0.0125, and 0.0216 1b/s.
The velocity distribution across the .,zzle exit plane vas
determined by a pitot tube and was found to be uniform.
It is evident thai a substantial distortion of the column
occurs by the motion of the gas and that the distortion
is increased as the gas velocity is increased. With a flow-
ing gas at this pressure the entire colunin became visible,
the column attached to the tiailing edge of the anode,
and the size of the bright spot on the cathode surface
increased but did not appear to be depeundent on velocity.
Furthermore, a bright region appeared along the tiailing
surface of the cathode. The thickness of the distorted
glew was approximately %s in. and was essentially planar.
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Fig. 39. Experimental apparatus for the rtudy of velocity and pressure effects on glow discharge phenomena
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Fig. 41. Glow discharge in the absence of argon gas flow for an electrode separation of 0.500 in.
und a discharge current of 15 mA (a) 50 mmHhg, (b) 100 mmHg, and (c) 200 mmHg

164 JPL SPACE PROGRAMS SUMMARY 37-45, VOL. IV




B

PAGE

~
=
-
Sl
/M

W RS
PR . rhin e Bt Rt .Jcls.iililll!

)
3
%

~

v

’ e ¥ ot

e e e e ) ——— . - R



s

Fig. 42. Glow discharge in the presence of argon gas flow for an electrode separaiion of 0.500 in.,
discharge current of 15 mA and staiic pressure of 100 mmHg. Gas velocities are
(a) 84 ft/s, (b) 127 ft/s, and (c) 220 ft/s
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Fig. 43. Glow dischurge in the presence of argon gas flow for an electrode separation of 0.500 in.,
discharge current of 15 mA and gas velocity of 127 ft/s. Static pressures are
(a) 50 mmHg, (b) 100 InmHg, and (c} 200 mmHg

166 JPL SPACE PROGRAMS SUMIL ARY 37-45, VOL. IV




The color of the discharge changed as the velocity in-
creased indicating a possible change in excitation. Also,
the plasma cclumn fluctuated whenever there was gas
flow.

At a gas velocity of 127 ft/s and a discharge current
of 15 mA, the effect of p.essure is shown in Figs. 43(a),
(b), and (c) for pressures of 56,102 and 203 mmHg. It is
evident that as the pressure was increased the intensity
of the discharge increased and that at the highest pres-
sure the fluctuations were greatest. Also, the extent of
the bright region along the trailing surface of the cathode
decreased as the pressure was iticreased.

4. Summary and Conclusions

An elementary experimental investigation of the effects
of pressure and a transverse subsonic gas velocity on the
structure of a glow discharge between parallel electrode
surfaces has shown that the effects are large. Pressures
ranged between approximately 50 and 20¢ mmHg and
argon gas velocities ranged between about 80 and 220 ft/s.
The transverse flow of gas caused the discharge to distort
into a U-shape and attach to the trailing edge of the
anode. Also, the cathode bright spot was increased in
size and extended around the trailing edge covering at
least a portion of the trailing surface. The U-shaped dis-
charge «.:s planar and about Y in. thick. An increase
in pressure without gas flow caused the caihode bright
spot and the diameter of the discharge to decrease. At a
gas velocity of 127 ft/s an increase in pressure reduced
the size of that portion of the cathode bright spot that
was visible along the trailing surface and increased the
fluctuating motion of the discharge.

F. Influence of Swirl on the Velocity Distribution
in a Constant-Diameter Duct When the
Swirling Flow Is Injected Perpendicular

to the Axis of the Duct, P.F. Massier and
E. J. Roschke

1. Introd.ction

An objective of the current plasma heat-transfer inves-
tigations is to determine the influence of ionization on
convective heat transfer. In the experiments argon is
ionized by means of an electric-arc heater from which
the heated gas then flows through the test sections. The
upper bound of the mixed gas temperature can be in-
creased and under c rtain conditions fluctuations in the
flow can be reducec by introducing swirl into the flow

JPL SPACE PROGRAMS SUMMARY 37-45, VOL. IV

before the gas passes through the arc region. However,
the swirl component of the velocity causes the convective
heat transfer to increase (SPS 37-24, Vol. 1V) and intro-
duces fluia dynamic complexities into the How field that
are difficult to analyze. Therefore, it is desirable to some-
how provide means for dissipating the swirl after the gas
has been beated whenever simpler more uniform Hows
are to be investigated,

An effective method of causing the injected vortex to
dissipate is to force the swirling fluid to negotiate a sharp
90-deg turn. The present discussion pertains to two types
of experiments that have been conducted on the influence
of sharp turns on swirling fluid motion at approximately
room temperature. The first of these experiments is asso-
ciated with three impinging, swirling jets of argon intro-
duced to a plenum chamber as shown in Fig. 44, with
the axis of symmetry of the plenum perpendicular to the
axes of the swirling jets. From the plenum the mix
fluid expanded into a constant-diameter duct in which
radial traverses were made with pitot-static probes so
that velocity distributions could be determined. The
average gas velocity in the duct was about 55 ft/s, and
the Reynolds numbers were approximately 9,000 and
26,000. The results are compared with those obtained
when nonswirling fluid was injected radially into the
plenum. The second set of experiments was conducted
with dye injected into swirling water and visually observ-
ing the flow patterns as the water negotiated a sharp
turn. This test apparatus which differed irom that of the
argon experimen*s was constructed of Lucite and is
shown in Fig. 45.

2. Arcon Gas Experimonts

To determine the radial distributions of axial velocity
in the 1.95-in.-diam duct at the axial location shown in
Fig. 44, pitot-static probes were used which were con-
structed as shown in Fig. 46. The two static pressure
holes were connected to a common manifold which was
then attached to one end of an inclined manometer con-
taining DC 200 silicone oil. The total pressure tube was
connected to the other end of the manometer so that
pressure difference was read directly. The density of the
argon flowing through the duct was determined from a
static pressure measurement on the duct 'vall and a tem-
perature measurement in the gas feed line near the injec-
tors. Since the gas velocity was only about 55 ft/s, it was
permissible to use Bernoulli’s incompressible equation
to compute the velocities from these measurements. The
mass flow rate of the argon was measured with a rotame-
ter; consequently, an average velocity at the probe
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Fig. 45. Cross-sectional view of the flow visualization apparatus
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Fig. 46. Pitot-static probe

location could be determined by use of the continuity
equation, This provided a comparison for the probe
results.

Radial traverses were made with two different probes
at circumferential locaticns X and Y as shown in Figs. 47,
48, 49, and 50. Because of the gradual bend in the probes
they could not be traversed across the entire diameter;
hence, after cbtairing data within the travel distance, the
duct segment containing the probes was rotated 90 deg
so that data could be obtained along the entire length of
a diametral line. Thus Probe A was rotated to position Z
and used to obtain data along the original diametral
traverse line XZ of Probe B as well as perpendicular to
the original diametral line of Probe A. The extent of the
traverse was such that there was considerable overlap
between the original traverse of Probe B and the traverse
of Probe A after the duct segment had been rotated.
Radial distributions of axial velocity for pressures of
approximately 2 and 6 psia in the 1.95-in.-diam duct are
shown in Figs. 47 and 48 for tests in which nonswirling
jets were injected into the plenum. The nonswirling flow
condition was achieved with radial flow injectors in each
of the three housings from which the gas was introduced
into the plenum. As shown in the figures the velocity
distributions in the free stream, which extends across
most of this duct, are quite uniform when this type of

170

injection -vas used. Furthermore, the average velocities
computed from the measured mass flow rates, which also
appear on the figures, agrec well with the probe results.

In Figs. 49 and 50 radial distributions of axial velocity
are shown for tests in which three swirling jets were
injected into the plenum; these tests were conducted at
about the same pressures and along the same radial lines
as were the nonswirling flow tests. The swirl was induced
by tangential injectors that had been substituted for the
radial injectors in each of the three housings. It is evi-
dent in Figs. 49 and 50 that there was greater deviation
from uniform flow with injected swirl than when non-
swirling flow was injected. Deviations from an average
velocity, however, are not excessive and the swirl present
initially in the jets at injection into the plenum chamber
appears to have been dissipated quite effectively. Static
pressure distributions made along the end wall of the
p'enum indicated variations across itc diameter of less
than 5 mm of oil.

Static pressures were also measured along one of the
end walls (i the three cathode housings. All of these
housings contained 0.75-in.-diam centerbodies which are
the cathodes when the housings are used as arc heaters
for high-temperature flow tests. From these end-wall
pressure distributions it was possible to compute the
approximate tangential velocity distributions shown in
Fig. 51. The upper curve is for an 8-psia test, since end-
wall pressures were not recorded at 6 psia. This figure
shows that the maximum tangential velocities greatly
exceeded the axial velocities in the 1.95-in.-diam duct
even at the lower stagnation pressure. The differences in
pressures between the inner and the outer radii on this
end wall was about 100 mm oil for a 2-psia swirling flow
test and about 580 mm oil for a 6-psia swirling flow test.
There was essentially no radial pressure difference along
this end wall for the nonswirling flow tests.

3. Water Flow Visualization Experiments

Flow visualization experiments were conducted in a
special Lucite, half-scale model of an earlier arc-jet heat-
transfer apparatus which has been described in SPS 37-43,
Vol. IV, pp. 206-216. That apparatus also contained a
sharp 90-deg turn and either radial or tangential injector,
as was desired. A schematic view of the flow visualization
model with tangential njectors is shown in Fig. 45. Ten
dye-injection ports were located as shown from which
dye was injected in a radial direction perpendicular *..
the Jocal wall except for a single port located in the tip
of the dummy cathode. All internal fow passages were
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Fig. 51. Tangential velocity distributions in
cathode housing B

axisymmetric with respect to their centerlines. For radia!
injection of water, a different cathode-housing section
was used; the axial location of the injection was the same
as shown in Fig. 45 but the ports were approximately
twice the diameter of the tangential injection ports.
Water flow rates were adjusted and measured !+ means

of a calibrated rotameter upstream of ti ectors.
Mixing chamber Reyuclds numbers in th range
as those obtained in the larger, hot-: s were
o' terest. The motions of dye f! bserved

visually and photographed.

tangential water

nixing chamber

s photograph was

from Ports 2, 6, 7,

luced by the injectors
region oi accelerated flow
near the cathode tip: the ~licct of swirl on the dye fila-
ment issuing from 1! of the cathode is readily appar-
ent. Although it is not so clear in this photograph, it was
letermined that flow near the wall of the cathode housing
jpiraled up the wall, flowed radially inward toward the
-athode, then spiraled downward along the surface of
the cathode. Flow separation from the inside corner of
the 90-deg bend is apparent. Although flow in the mixing
chamber appears erratic, the integrity of the dye fila
ments suggests that it is laminar and that the type c-

A typical dye study of !!
injection is shown in Fi
Reynolds number of &
taken shortly after inje
and 10 was initiated
is particularly evident
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Fig. 52. Dye study in helf-scale model cf an arc jet with
tangential water injection. Mixing chamber
Reynolds nc. of =~ 200. Dye introduced
#:5in Ports 2, 6, 7, and 10

effects which would be expected from a pure swiiling
fiow have been removed. Flo-+ jis' upstrcam of, and into,
the noz:le appears reasonabiy uniform.

A comparison of flow with tanoential and radial injec-
tion is shown in Figs. 53(a) and (b), for a mixing chamber
Reynolds number of ahout 207, Tte effect of swirl at the
entrance to the 90-deg bend is very pronounced in
Fig. 53(a). Dye injected from Port 5 indicates that
swirling “ow through the throat of the anode section
spreads rapidly in the radial direction at the entrance of
the bend. Virtually no spread of this jetlike flow was
discerned without swirl as indicated in Fig. 53(b); instead
it impinged on the opposite wall of the bend in the
vicinity of Port 9. Flow separation regions observed at
the entrance of the bend (near Port 4) in the outside
corner of the bend (near Ports 8 and 9) and downstream
of the inside corner of the bend were much reduced in
size by swirl. A comparison of the structure of dye fila-
ments in the mixing chamber, Fig. 53(a) and (b). indicates
that the diffusion rate of the dye is lowest for the case of
the tangential injector. This may indicate that the flow
attained a higher degree of orderliness when swirl was
introduced upstream of the elbow.

Because of the higher velocities, and hence much
higher rates of diffusion, dye studies of flows at Reynolds
numbers of 600 and higher lacked specific detail. How-
ever, the overall effects of swirl were similar to those
observed at lower Reynolds numbers. In particular, the
radial spread of the flow passing from the anode throat

JPL SPACE PROGRAMS SUMMARY 37-45, VOL. IV




Fig. 53. Dye studies at a mixing chamber Reynolds no.
of ~ 200: (a) tangeniial injection, dye introduced
rom Ports 2, 5, and 9; (b) radiai injection,
dye introduced from Ports 2, 5, and 10

into the entrance of the bend was significantly greater
with swirl than without swirl.

Several general comments concerning these flows are
of interest. Firstly, these flows are highly complicated by
first undergoing acceleration in the converging annular
nozzle formed by the anode wall and the cathode tip,
which also produces a wake, passing through the anode
throat, and discharging into a rather short entrance
region upstream of the bend. These flows are not char-
acteristic of what would occur with long, constant-
diameter entrance sections. Less is known concerning

JPL SPACE PROGRAMS SUMMARY 37-45, VOL. IV

secondary flows in miter bends than in 90-deg elbows
of more genth' radius, so that conjectures concerning the
influence of swirl on those secondary flows would not be
of high value. Admittedly, the interpretation of such
complex flows by visualization is somewhat subjective.
However, it is thought that introduction of swirl in this
particular channel improved the flow by providing more
uniform mixing and greatly reducing the stagnation
offect in the coimer of the bend, and by reducing the
size and effect of separation regions in the vicinity of
the bend. The bend appeared to be quite effective in
removing swirl from the flow. Although there was evi-
dence of some crossflow components at the entrance of
the nozzle with both types of injection, even at the lower
Reynolds numbers, these effects were no greater when
tangential injection was used and were not the result of
swirl. That is, there was no evidence of a preferential
and consistent swirl component at the entrance to the
nozzle when tangential injection was used.

4. Summary and Conclusions

Two types of experiments were conducted to deter-
mine the influence of a sharp 90-deg turn on the motion
of a swirling fluid. In the first set of experiments thrce
equally spaced impinging jets of swirling argon gas at
approximately room temperature were introduced radi-
ally inward into a plenum chamber. In the plenum the
fluid negotiated a 90-deg turn and then accelerated to
an axial velocity of approximately 55 ft/s into a straight
constant-diameter duct whose centerline was coincident
with that of the plenum. Radial distributions of tne axial
velocity acquired in the duct with pitot-static probes
indicated that the maximum departure from a uniform
axial velocity distribution in the free stream was about
~+14% . For tests in which nonswirling fluid was intro-
duced into the plenum the radial distributions of axial
velocity were essentially uniform except near the duct
wall.

In the second set of experiments swirling water flows
were forced to negotiate a sharp 90-deg turn in a miter
elbow which was located downstream of a scale model
of a convergent annular arc heater. A constant-diameter
duct similar in size to that of the elbow was attached to
the downstream end of the elbow. Dye injected through
small ports located at numerous places in the duct wall
indicated that the swirl was effectively dissipated by the
sharp 90-deg bend.

175

.




176

10.

11.

12.

13.

Reference:

. Elliott, D. C., Cerini, D. J., Hays, L. G., and Weinberg, E., “Theoretical and

Experimental Investigation of Liquid-Metal MHD Power Generation,” Elec-
tricity from MHD, Vol. 11, pp. 995-1018, Internativnal Atomic Energy Agency,
Vienna, 1966.

. Cerini, D. J., and Elliott. D. G., “Performance Characteristics of a Single-

Wavelength Liquid-Metal MHD Induction Generator With End-Less Com-
pensation,” Proceedings of Eighth Symposium on Engineering Aspects of
Magnetohydrodynamics, pp. 11-27, Stanford University, Stanford, California,
March 28-30, 1967.

. Tepper, F., Udavcak, R., and Zelenak, J., “Determination of the Solubility of

Potassium and Cesium in Lithium,” Report No. MSAR 64-19, MSA Research
Corp., Callery, Penn., April 1964.

. McKisson, R., et al., “Solubility Studies of Ultra Pure Transition Elements in

Ultra Pure Alkali Metals,” Repor* . AI-65-210, Atomics International,
Canoga Park, California, March 196w.

. Thalgott, F. W,, et al., “Stability Studies on EBR-I,” Proceedings of the U.N.

International Conference on the Peaceful Uses of Atomic Energy, Geneva,
1958, Vol. 12, pp. 242-265, 1958.

. “High Temperature Liquid-Metal Cooled Reactor Study,” Vol. I, Final Report,

Report WANL-PR(R)-002, March 1964, Westinghouse Electric Corp., Astro-
nuclear Laboratory.

. Lathrop, K. G., “DTF-1V, a Fortran IV Program for Solving the Multigroup -

Transport Equation with Anisotropic Scattering,” Report LA-3373, Los Alamos
Scientific Laboratory, Novernber 12, 1965.

. Hansen, G. E., and Roach, W. H., “Six and Sixteen Group Cross-Sections For

Fast and Intermediate Critical Assemblies,” Report LAMS-2543, Los Alamos
Scientific Laboratory, December 6, 1961.

. Witte, A. B, “Analysis of One-Dimensional Isentropic Flow With Tables for

Partially Ionized Argon,” Technical Report 32-661, Jet Propulsion Laboratory,
Pasadena, California, Sept. 30, 1964.

Back, L. H., “Laminar Boundary Layer Heat Transfer From a Partially
Ionized Monatomic Gas,” Phys. Fluids, Vol. 10, No. 4, pp. 807-819, April,
1967.

Olsen, H. N., “Measurement of Argon Transition Probabilities Using the
Thermal Arc Plasma as a Radiation Source,” J. Quant. Spectros. Rad. Trans.,
Vol. 5, pp. 59-76, 1963.

Vassallo, F. A., “Miniature Enthalpy Probes For High Temperature Gas
Streams,” ARL 66-0115 Aerospace Research Laboratories, Office of Aerospace
Research, USAF, Wright-Patterson Air Force Base, Ohio, June 166.

Back, L. H., Massier, P. F., and Gier, H. L., “Comparison of Measured and
Predicted Flows Through Conical Supersonic Nozzles, With Emphasis on the
Transonic Region,” AIAA Journal, Vol. 3, No. 9, Sept. 1965, pp. 1606-1614.

JPL SPACE PROGRAMS SUMMARY 37-45, VOL. IV

b A M gy 1

bt @ sen e




References (contd)

14. McGregor, W. K., and Brewer, L. E., “Spectroscopy of Supersonic Plasma:
III. Electron Temperature Measurements in Argon Plasmia by Two Inde-
pendent Methods,” Report No. AEDC-TR-65-131, Rocket Test Facility, Arnold
Engineering Development Center, Air Force Systems Command, Arnold Air
Force Station, Tennessee, Nov., 1965.

15. Thiene, P., “Convective Flexure of a Plasma Conductor,” Phys. Fluids, Vol. 6,
p. 1319, 1983

16. Thiene, P. G., Chambers, ]. E., and von Jaskowsky, W., “An Experimental
Investigation of the Behavior of an Arc Positive Column in the Presence of
Forced Convection,” Plasmadyne, T-4TN031-334, April 1961.

JPL SPACE PROGRAMS SUMMARY 37-45, VOL. IV 177




/ /1

X Liquid Propulsion'

N67-34771

3
k4

e .
. /"’a"- +

PROPULSION DIVISION

A. Advanced Liquid Propulsion Systems, L. R. Toth,
H. B. S!~nford, and W. F. MacGlashan

1. Introduction, L. R. Toth

The advanced liquid propulsion systems program is
investigating selected problems generated by spacecraft
operational requirements for propulsion systems capable
of high inherent reliability, loug-term storage in the space
environment, multiple start in free fall (zero gravity), and
engine throttling. The solutions proposed to satisfy these
requirements are coordinated for practical application in
a system.

Periodic reports (starting with SPS 37-8, Vol. IV) de-
scribe the progress of work on the various parts of a
specific system. Recent accomplishments concerned with
bladder and component development are outlined below.
These include:

(1) Composite bladder material testing.

(2) Fill valve with three different materials of con-
struction.
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2. Composite Bladder Material Testing, H. 8. Stanford

The structure and testing of composite bladder mate-
rials fabricated from Teflon film, Teflon felt, and alumi-
num foil was discussed in SPS 37-36, Vol. IV. S..>ce then
18-in-diam hemispherical bladders have been made from
this material by Dilectrix Corporation of Farmingdale,
Long Island, under contract to J°L. Eight of these blad-
ders were delivered to JPL, where both helium leak and
water expulsion tests have been conducted with them.

This material was developed as the result of early
attempts to demonstrate a bladder material with some
cycle life and improved permeability characteristics to
N.O,; hydrazine; and the pressurant gases, helium and
nitrogen. The Teflon films, TFE and FEP, are the basic
structural materials for strength and flexibility; the alumi-
num foil is an intended permeation barrier; and the Teflon
felt is to provide a protective, motion damping, cushion
for the purpose of preventing the destructive sharp folds
and creases detrimental to the aluminum foil. Originally
the felt was to serve also as a vehicle for a buffer chemical
Mn(OH),, manganese hydroxide, intended to react with
the small quantity of N,O, that would permeate through
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inevitable pinholes in the aluminum foil. Although this
chemical worked well in swatch testing, its inclusion in
the pladder structure was not part of the initial fabrica-
tion feasibility effort

The test procedure called for the bladder to be leak-
tested with helium in the as-received condition, Those
bladders that were to be expulsion-tested with water were
then to be given one complete expulsion test, reinstalled
in the steel tank, and leak-tested again with helium to
determine the deterioration of the aluminum foil barrier.
This alternate expulsion cycle and leak test was then
repeated until the helium leak rate exceeded the capa-
bility of the detection device. When this excessive helium
leak rate was attained, these bladder: were expulsion-
cycled to major failure or until water leakage occurred.
Two bladders with low helium leak rates were selected
for long-term desert storage testing with N.O, in one
bladder and distilled water in the other. The permeation
rate of N.O, is to be determined by a periodic check of
the pH factor of the distilled water.

a. Expulsion cycling and slosh testing. The water expul-
sion testing of the 18-in-diam hemispherical bladder was
conducted in Plexiglas tanks on the slosh and expulsion
test equipment described in SPS 37-21 Vol. IV. Expulsion
pressure was limited to 30 pui by the Plexiglus tanks. Slosh
loads were applied at =% in. linear motion, =2 deg rota-
tional motion at 128 cycles/min. The composite material

Fig. 1. Folding control pattern of 3/16-in. Teflon
rods fused to 18-in. diam hemispherical
composite bladder
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bladders were run with a companion bladder of ordinary
TFE-FEP Teflon laminate structure. Both still and motion
pictures were taken as required for an adequate record.
Expulsion efficiency was determined by measuring the
water before filling the bladder and after expulsion in
glass marometers connected to the bladder outlets. The
water flow rates were determined by means of turbine-
type flow meters in the connecting lines. Water tempera-
ture was measured by means of thermocouples inserted
into the flow lines and by thermometers suspended within
the glass monometers.

The actual laminate arrangement of the material in
these bladders was as follows:

TFE 3 mil

FEP 1 mil
Aluminum foil "2 mil

FEP 2 mil
Aluminum foii  '2mil

FEP 2 mil
Teflon felt (.090 in.
FEP-TFE 3 mil-1 mil

Total thickness was approximately 0.100 in.

One bladder wzs made with a pattern of #is-in. Teflon
rods fused to the outside in an effort to induce folding
control. The control pattern is shown in Fig. 1. This de-
vice proved completely ineffective on this configuration of
bladder due to the fact that the differential stiffness
between the bladder wall, the 90-deg intersection of the
flat ana curved surfaces, and the Teflon rods was insuffi-
cient to force the folding mode of the bladder into the
desired pattern. At the beginning of the expulsion cycle
the Teflon rods exerted some control of the folding mode,
but, as expulsion progressed, random folding very similar
to that on nonstiffened bladders was ob.ained (Figs. 2-4).

Once a folding pattern was established, it repeated itself
throughout the entire cycle life of the bladder, as much as
120 cycles in some cases. In Table 1 cycle life and failure
history are recorded for the bladders tested.

Expulsion efficiency showed some variation between
bladders and was found to average 98.7% from a total of

239 tests on three different bladders.

A typical expulsion efficiency curve is shown in Fig. 5.
Conventional TFE and FiP bladders of the same hemi-
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Fig. 2. Hemispherical composite bladder (18-in. diam)
w'th fold control device exhibiting some
control of folding mode

Fig. 3. Hemisoherical composite bladder (18-in. diam)
with fold control device exhibiting loss of
control of folding mode

spherical configuration have averaged 99.8% expulsion
efficiency in similar testing.

The relatively low average expulsion efficiency demon-
strated by the compos’te Bladders is accounted for by the
fact that bladder SN 4-6-95-1213 with 120 expulsions
averaged only 97.87 efficient and SN 4-3-95-1213 with 102
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Fig. 4. Collapsed 18-in.-diam hemispherical
bladder without folding control device

expulsions averaged 99% efficient. These low expulsion ef-
ficiencies resulted from both bladders leaking more or less
continuously in the neck and fiynge area. It is believed
that this failure at the neck and Hlange is a fabrication
and handling problem and not directly attributable to
the composite material structure itself. These bladders
were installed several times in different tanks during the
heliur leak and expulsion cveling test series. This exces-
sive handling, together with a comparatively thin fange,
resulted in extensive damage that is not readily repaired.

Throughout the expulsion testing it had been noted that
the slosh damping eftect of the composite bladder was con-
siderable. To demonstrate this fuct further a hemispheri-
cal composite bladder together with a Teflon bladder of
conventional TFE-FEP sintered material approximately
0.014 in. thick was slosh-tested in a spherical Plexiglas
tank Slosh modes were measured to +1's in. linear
motion, +5% rotational motion at a frequency of 225
cveles /min. This amounted to an acceleration ol approxi-
mately 112 g,

The bladders were installed with the flat sides parallel
to the direction of linear motion, During this test the con-
ventional Teflon bladder thrashed violent!y about, while
the motions of the composite bladder were damped to
gentle oscillations indicative of almost complete control
of the Huid surface. Since this test was conduicted at the
upper limit of capability of the test machine, incurring the
possibility of damage, it was not repeated.

In conclusion it can be said that bladders made from
the Tellon film, Teflon felt, and aluminum foil composite
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Table 1. Cycle life and failure history of three 18-in.-dicm hemisphericol
composite material expulsion bladders

Test bladder SN E":':“'" Fatlure area Result Repair
4-3-95-1213
avg 99% expulsion efficiency 3 Flange Leak Small patch bonded with Armstrong
7 Flange Leak Adhesive 520
9 Flange Leak
12 Neck Leak Replaced neck from TFE-FEP bladder. Bonded
with Armstrong Adhesive 520
28 Neck Unable to stop leak. Continved with
expulsions
Approx 25 ecm’ leakage .
[1 Neck per expulsion Replaced test bladder with SN-4.-4-95-1213,
Used SN-4-3-95-1213 as companion
bladder
102 Flat back 5 fatigue breaks at edge | Unable to repair
4-5-95-1213
avg 99.4% expulsion efficiency 1 Flange Leck Replaced neck from TFE-FEP bladder. Bonded
with Armstrong Adhesive 520
7 Neck Leak Unable to repair
4.6-95-1213
avg 98.5% expulsion efficiency 10 Neck Leak {small)
40 Neck Leck
With layer of Armstrong Adhesive 520
62 Neck Leak
80 Neck Leak
1s Neck le:« Bondue with tape (Tuck 90CB)
130 Flat back ot points where Approx 8 fatigue points Unable to repair
biadder folds
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Fig. 5. Expulsion efficiency of 18-in.-diom hemispherical
bladder »f Teflon film, felt, and aluminum
foil laminated material

material can be expected to have a very slightly lower
expulsion efficiency than ordinary TFE-FEP bladders,
but the  cycle life will be longer. Their slosh damping
and liquid surface control are a marked improvement
over conventional TFE-FEP bladders. Helium leak test
information is currently beir 7 evaluated and will be pre-
sented at a later time.

3. Fill Valve Development, w. F. MacGlashan

In SPS 37-35, Vol. IV a manually operated on-off fill
valve, referred to as the type with the hieadless screw, was
briefly described. This fill valve is shown in Fig. 6, a sec-
tioned fill-valve test unit. The test unit consists of the flight
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Fig. 6. Sectioned fil!-vaive test unit

portion fill valve which is electron beam welded to a hol-
lowed hexagonal block so as to simulatz a tank with an
integral filling valve. Fig. 7 shows a cross-section detail of
the ¢lectron beam weld and the fill-valve parts.

Three parts comprise the fill-valve flight portion: an
internally and externally threaded boss into which the
seat is precision lapped; a screw; and a ceramic ball, which
is retained in the end of the screw. The screw holds the
ball against the seat to ferm the single seal in the valve
when the valve is closed. A ground coupling (not shown)
permits the valve to be actuated while under pressure.
The seat ball threads are completely relieved of axial load
due to line pressure (sealing force only is transmitted by
the threads). The ground fitting (not pressure balanced)
is retained by engaging external thieads on the flight
boss. This valve represents the siraplest form for the flight
portion and is more fully described in JPL Technical
Report 32-875 entitled, Fill-Valve Development for the
Advanced Liquid Piopulsion Sustem (ALPS).

-—ELECTRON
W BEAM

WELD

TANK BOSS

AND SCREW BALL RETHNTION

F'NGERS

STAINLFSS STcEL

FLow HELI-COIL INSERT

PATH ’ :
FiLL o TN
-
SEAILED FLIGH __/ ﬁgég:::;oh‘
COVER OPTICNAL

Fig. 7. Fill-valve cross secticn
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A total of 24 fill-valve test units (Fig. 6) have been
made. Eight each maximum and minimum tolerance units
were fabricated in 6061-T6 aluminum alloy, 17-4PH stain-
less steel, and 6AL4V titanium. These units will be used
for general testing such as

(1) Thermal cycling while in contact with pressurized
gaseous nitrogen, hydrazine, an nitrogen tetroxide.

(2) Selected type-approval testing.

(3) Long-term storage while in contact with pressurized
fuids.

B. Resonant Combustion, R. M. Cleyton

1. Introduction and Backg: ..und

The resonant combustion (RC) proiect has been at-
tempting to define, experimentally, the nonsteady fully
developed wave phenomena associated with the destruc-
tive mode of liquid rocket combustion instability. This
work, for the most part, has dealt with two ditferent
injector designs which utiuze 11-in-diam chambers, oper-
ated at 300 psia combustion pressure with the Corporal
and the N,O,+ 5C/50 (UDMH/N.H,) propellant combi-
nations. It has been found (Ref. 1') through high-response
pressure measurements on these engines (botl. on the
walls and the internal vall surfaces) that a high-ampli-
tude, steep-fronted pressure disturbance, having many
of the essential characteristics of a combustion-driven
shock wave {hence, detonation-like):

(1) Sweeps su;.erconically about the chamber circum-
ference.

(2) Has a wave shape, velocity, and amplitude which
are relaively unaffected by chamber length
changes but are affected by variations in the pro-
pellant mass flux distribution in the chamber cross
section.

(3) Has a direction of rotative travel which appears to
be related to the orientation of the resonance initi-
ating disturbance, with respect to nonuniformities
in the injected propellant distribution.

In order to extend the definition of this combustion
mode to a combustor having significantly different design
parameters, a third injector was fabricated for an18-in-
diam engine, having % the propellant mass flux (across
the chamber cross section) and 100 psia chamber pres-
sure. The N,O, + 50/50 propellants were again used.

'Also SPS 37-30, -36, -41, -42, -43, Vol. IV, pp. 123-130, 163-173,
134-151, 88-103, 224-230, respectively.
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Early wcrk with this injector designated RC injector 1,
demonstrated that it produced a relatively high combus-
tion perfornance (SPS 37-30, Vol. 1V, pp. 123-130) but
that it was plagued with a random roughness under cer-
tain operating conditions, which constrained its smooth
operation to off-design flow conditions. The addition of
face baffles prevented transitions to sustained resonance,
even when the engine was bombed, but they had no mea-
surabie influence on the roughness (or “popping” as it
has come to be known). Thus, since smooth combustion
operation was attainable only for nondesign operating
conditions (even with baffles), and since the bafles were
not wanted for the planned resonance studies, efforts to
correct the problem were undertaken so that the experi-
mental technique of scheduled bomb-induced resonance
could be used (Ref. 1, without the interference of spon-
taneous transitions. Recent resuits of these efforts, which
serve to establish the steady state behavior of the com-
bustor as it is to be used during the resonant combustion
studies, are presented here.

2. Combustion Behavior of the Original Configuration

The total flow rate for RC injector 1 comprises a main
(o7 core) flow and a boundary flow. Injector design con-

.tions are listed in Table 2. Figure 8 depicts the geom-
ctry of the respective unlike-impinging doublet injector
elements and shows the composite arrangement of these
elements in the flat-faced injector.

Table 2. Design conditions for the RC Injector
1/18-in. engine

Main Boundary Overall
P o° F ] F o
Flow rate, Ibm/s 2298 | 4848 | 3.48 4.44 | 26.46 5292
Injector Ap, psi 129 120 108 96 — —_
{mnonifold to chamber)
Injection velocity, ft/s £6 58 92 68 — —_
Mixture ratio, m./m; a2 1.27 2.0¢
Fraction of fotal flow 0.90 o.10* 100
Number of injecion 84 24 108
elements
Conditions: B
A = 127.7 in.? pe — 100 psia
£r = 2.95 Fo.p = 14,700 ibf
£ = 2.00 7' = 0.31 tbm/sin.?
2Propeilant mass flux, defined as total propeilant flow rote .
chamber cross-section areo
bFyel.
cOxidizer.
Der'ned as Z.
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The element designs shown in Fig. 8 optimize the mix-
ing uniformity in accordance with Ref. 2, and the ele-
ment arrangement in the face optimizes the nominal
uniformity of axial mass flux. The low mixture ratio
boundary flow (Table 2) is meant to provide relatively
low-temperature reaction products next to the chamber
wall as is common practice for the reduction of heat
transfer in many of today’s operational engines. Separate
manifolds feed the propellants to the main and boundary
orifices permitting separate control over the flow condi-
tions for either portion of the injector. Thus, besides
having an injection pattern layout, which is representa-
tive of current design practice, and thereby enhancing
its usefulness in studying nonsteady combustion phe-
nomena plaguing “real” engine development, the engine
can be operated over a range of flow conditions so that
the influence of these variations on combustion behavior
can be evaluated.

In the initial series of firings to characterize this com-
bustion behavior, it was discovered that the engine ex-
hibited the popping phenomenon over a relatively wide
range of boundary flow conditions but that the actual
range also depended somewhat on the main flow con-
ditions. Eventually, a correlation of the occurrence of this
rough combustion mode with the concentration of oxi-

28" @ ROUGH T [
® MARGINALLY SMOOTH !
28 0 smooTH 3K
2.4 O—
v
2.2 P A
g o TWO DATA
| 2 * POINTS T@
20 ™ Y 4 U
& 045<7, <104 o F-INJECTOR
1.89< 7 <205 DESIGN
18 m=2.11 ]
0049< Z <0 058 m=2.
o np =127
16 i r =2.00 —
_ z:=0l0
090<7, <130 | |o
14 1 18< 7 <238
0.067< Z <0084
12
i 0
10
(¢} 0.0t 002 003 004 005 006 007 0.08 0.0

”.700 % 7+l
2=z (=) (—
m, (/ﬁl)( r )
Fig. 9. Correlation of rough mode with concentration of

oxidizer near the chamber wall; RC injector 1
with original boundary system
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dizer near the chamber wall was obtained and is sum-
marized in Fig. 9. (In these experiments the injector
incorporated face baffles which inhibited the initiation
of resonant combustion.) Data points representing sepa-
rate firings are plotted as main flow mixture ratio (r,)
versus the ratio of boundary oxidizer flow to total oxi-
dizer flow (10/m,). Smooth firings are shown as open
circles and rough firings as solid circles. A somewhat
arbitrarily positioned line separating these modes of oper-
ation is also shown. It is apparent from this figure that
smooth combustion was not possible at the irnjector de-
sign point, even though a test stand fced system defi-
ciency precluded operation at precisely that point.

As a result of this behavior, it was concluded that the
source of the roughness originated in the region of the
chamber boundary and that it was most likely related to
processes controllable by the boundary flow injection
scheme. However, before attempting to correct the prob-
lem through actual injector modifications, it was decided
to establish the steady state performance of the engine
in its original state by operating under the constraints
for smooth combustion depicted in Fig. 9. These results
were presented previously in SPS 37-30, Vol. IV, pp. 123-
130 but for present purposes are repeated here in Fig. 10
in terms of relative performance (uncorrected for any
losses) versus overall mixture ratio (r). The relative per-
formance parameters are defined as

e = o X 100

T = (CF/CFHI)I‘G(‘ X 100

n= (13/1,,”')1,"( X 100

Where (see Ref. 3 for details of computational method):

¢* = characteristic velocity computed from the mea-
sured flow rates and chamber pressure; nozzle
entrance static pressure converted to throat stag-
nation conditions.

Cr = thrust coefficient computed from measured thrust
and chamber pressure: extrapolated to vacuum
conditions.

I, = specific impulse computed from measured thrust
and flow rates; extrapolated to vacuum condi-
tions.

The theoretical reference in each case was based on
equilibrium flow at the overall mixture ratio for 100 psia

JPL SPACE PROGRAMS SUMMARY 37-45, VOL, IV
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Fig. 10. Experimental relative performance of RC injector
1 with original boundary system; oxidizer near wall
(runs B-914-917,-919, -926-939, -941-944)

chamber pressure expanding to a vacuum with an expan-
sion ratio of 2.95. The following heats of formation (in
K cal/mole) were used

N.O, = —4.676, N.H, = 12.050, UDMH = 12.724

Note that 96% of theoretical equilibrium c* was pro-
duced by the engine at near the design r even though the
optimum (design) boundary injection conditions could
not be used. Note also, however, that a substantial zeduc-
tion in performance (3%) occurred when no boundary
flow was used. This result was attributed to combustion
effects in the reacting sprays which separate the imping-
ing propellant strearis and reduce liquid phase mixing.
For the outermost row of main elements, considering that
the oxidizer streams are nearest the wall (cf Fig. 8),
ctream separation results in an oxidizer-rich region sur-
rounding the core reactants. The net result ", of course,
a reduction in combnstion efficiency by virtue of the in-
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creased nonuniformity of overall mixture ratio, since in
the absence of the boundary flow injection no fuel is
available to counteract the excess oxidizer. It is further
noted that the combined flow from the outer row of main
elements and the boundary elements constitutes approxi-
mately 35% of the total injected flow; hence, even a small
mixing degradation in these regions has a relatively large
effect on the overall performance of the engine.

3. Combustion Behavior of the Revised Configuration

In view of the pronounced influence of the near-wall
flow conditions on the behavior of the engine, as just
discussed, an assessment of the boundary flow injecticn
system was undertaken which indicated that modifica-
tions to the manifolds and orifice entries were needed to
assure hydraulically stable flow conditions at the orifice
exits. It was felt that improvements here might curtail
the rough combustion mede and, hence, lessen the con-
straints on operating conditions, allowing the engine to
be operated at its design point without employing face
baffles.

Thus, it wa: presumed that if the roughness (or pops)
were eliminated, spontanecus transitions to the resonant
mode would be eliminated, but not the artificially induced
(bomb) transitions. Success in accomplishing this would
then enhince the control of experimental conditions under
which the subsequent resonance studies could be per-
formed. Additionally, it was felt that operation at the com-
plete design mixture ratio condition would produce an
increase in performance beyond the 96%, which had
already ' een achieved.

Test stand revisions to correct the previously men-
tivned feed system deficiencies were also incorporated;
but, sinre they affected only the capability of providing
the required flow rates to the boundary manifold inlets,
details « f the revisions will not be discussed here.

Char ses to the manifolds and orifice entries are sum-
n-arized schematically in Fig. 11. (Note that no changes
were made to the original element geometry or to the
coniposite arrangement of the elements in the injector
face.) The original three-entry-port semitoroidal manifolds
were replaced by the single-port toroidal design as shown.
The new design decreased the effective manifold volume
(total volume between propellant valves and orifices) by a
factor of two which, in itself, improved the starting tran-
siemt flow control, but the manirold’s chief attribute was
improved propellant distribution and orifice entry con-
figuration. Photograrhs of the original and revised injector
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Fig. 11. Comparison of origina! and modified boundary inlet conditions

assemblies are shown in Fig. 12(a) and (b), respectively.
Additional details of the revised nianifold are illustrated
in Fig. 13, which shows one of the stepped-diameter torus
manifolds with its feed tubes supplving the individual
orifices.

When the original injector was disasserabled for incor-
poration of the new boundary manifolds, a discrepancy in
the orifice inlet fittings (Fig. 1) was aiso discovered. The
fittings were standard Army-Navy (AN) tubing fittings,
which had been reworked {o provide the contoured entry
as well as a bore matching the orifice ID (oversize in rela-
tion to AN specifications). Unfortunately, the increased
bore thinned the chamfered end of the fitting, whick had
then been inadvertently deformed during subsequent in-
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jector assembly. The entire group of early firings had
been made with these poor entry fittings.

This fitting problem was rectified for the revised mani-
fold installation; however, the long entry formed by the
feed tube arrangement apparently s:abilizes the injected
streams even with poor orifice entry fittings. In a cursory
examination of these effects, no disruption of a representa-
tive stream was obtained when a poor fitting was used
with the long-entry configuration. However, stream dis-
ruption in the form of increased spreading and directional
instability was detected when the long tube entry was not
employed. The standard 30-diam-length orifice tube was
used in each case.
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Fig. 12. RC injector 1 assembly: (a) original version;
{(b) modified version

With the boundary injection system revised as de-
scribed above and the face baffles removed, evaluation
of the combustion characteristics of the engine was ex-
tended to cover the range of nominal operating con-
ditions listed in Table 3. Figures 14 and 15 summarize
the results for the boundary bipropellant orientations of
oxidizer-near-wall and fuel-near-wall, respectively, where
relative performance (defined as before) is plotted versus
boundary mixture ratio, with the main mixture ratio held
nominally constant at its design value.

Except for the lowest value of boundary flow mass
fraction (2 = 0.05), maximum relative performance was
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Fig. 13. Toroidal boundary manifold

Table 3. Range of nominal operating conditions used
to evaluate the combustien characteristics of the
revised RC injector 1/18-in. engine

Operating condition

Range

Main mixture ratio

Bipropellant boundary mixture

Constont at design value of 2.11

ratio 0.5-2.11
Ratio of boundary to lotal
propellant flow (Z) 0-0.15

Bipropellant boundary stream (1) Inner fuel; outer oxidizer

orientation (unlike impinging) (design condition)

(2) Quter fuel; inner oxidizer

(1) Both streams fvel

Single-propellont boundary flow (2) Both streams oxidizer

(like-on-like impinging)

obtained at near the design boundary mixture ratio for
both propellant orientations. However, the oxidizer-near-
wall condition gives ~1% better performance for all con-
ditions.

For comparison, representative data for the injector
with its original boundary manifold configuration are
also shown on Fig. 14. From this it can be seen that, for
the same operating conditions (i.e., r, = 0.6), the modi-
fied boundary manifolding did not change the relative
performance. However, the ability to operate at the de-
sign point does improve performance by at least 1.0%. A
further performance increase to approximately 98% ap-
pears possible if the boundary flow mass fraction is in-
creased to 15%.
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Fig. 14. Experimental relative performance of modified
RC injector 1; boundary oxidizer near wall (runs
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A more convenient illustration of the effects of vary-
ing the boundary flow conditions is shown in Fig. 16,
where the experimental ». curves from Figs. 14 and 15
are compared with certain computed results and to the
performance obtained for the single-propellant boundary-
flow and no-boundary-flow firings (Table 3). The latter
condition produced the same low performance (93%) ob-
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served in the previous evaluations, while the oxidizer-only
condition produced even lower performance. However,
combustion >fliciency returned to the 95-96% level when
fuel-only was injected into the boundary region.

These single-propellant results seem to confirm the
earlier conclusion that considerable degrad. tion in mix-
ing occurs in the outer row of the main flow through a
stream separation effect and are analogous to results ob-
tained by Johnson (Ref. 4). The introduction of fuel alone
into the boundary region complements the oxidizer rich
zone and enhances the relative performance. Conversely,
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the injection of additional oxidizer reduces the per-
formance.

On the other hand, bipropellant boundary injection
seems to yield a somewhat different influence, at least
for the higher fractions of boundary flow (Z = 0.1 and
0.15). In view of the forementioned large proportion of
total mass flux contained in the outer region of the com-
bustion volume and the consequent sensitivity of overall
performance to efficient reaction in this region, it is rea-
sonable to expect that the mixing factor defined by Rupe
(Ref. 2) for unlike impinging doublets might explain the
trend of the variation in relative performance with vari-
ations in boundary flow mixture ratio.

In order to illustrate these effects. a simple computa-
tional model was assumed for the engine wherein the
main and boundary flows supply propellants to two sepa-
rate zones of different mixture ratio and or fraction of
total mass flow. Each zone was presumed to react to
complete thermal and chemical equilibrium according to
its injected composition, with no interaction with each
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other. The expected thermochemical performance was
then taken to be closely approximated (Ref. 5) by the
mass-weighted average theoretical performance of the
two zones. Thus, for nonuniforr: thermochemical effects
only

cp=Z(cph + (1 = Z)(c})m (1)

Where the subscripts T, b, and m refer to thermochemical,
boundary, and main, respectively.

To account for degraded spray mixing and subsequent
incomplete thermochemistry in the boundary flow zone

due to off-design flow conditions, a mixing efficiency was
defined as

E
= ( 8‘3)” X 100 @)

where the mixing factor (Ey), is a measure of the uni-
formity of mixture ratio in the resultant spray from a pair
of impinging streams. Actual values for (Ey), for the ap-
propriate boundary flow mixture ratio are taken from the
empirically derived correlation presented in Ref. 2. Ac-
curding to this same correlation, (Ey), has a maximum
mean value of 80 (for the bour-lary element design) at
the so-called uniformity mixture ratio, which occurs when
the product of velocity-pressure and diameter ratios for
the doublet streams is unity.

Inserting Eq. (2) inw the boundary performance term
appropriately and substituting a constant value of
5570 ft/s for (c},)m [since for these experiments r, =
(*m)unis = constant] modifies Eq. (1) to include variable
spray-mixing effects in the boundary flow. Thus,

. 77.u7' (Cf;,)

Chu = 55 1+ 5570(1 — Z) (3)

where the subscript TM refers to a combination of
nonuniform thermochemistry and variable spray mixing
effects.

Computed theoretical .performance is now defined as
either

) Cy
(n)r ==~ X 100 (4)
clh
or
_ Cou
(7"')7'" b N hd IOO (5)
Clh
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where ¢*, is, again, the theoretical equilibrium perfor-
mance based on overall mixture ratio.

Evaluations of Eqs. (4) and (5) over the range of con-
ditions covered by the experiments are plotted as the
uppermost sets of curves in Fig. 16. Comparison of the
computed and experimental trends of performance vari-
ation with r, indicates that, indeed, inclusion of the mixing
factor variation is required to predict the experimental
variation and that relatively little stream separation is
occurring with the boundary injection elements, which
are roughly half the size scale of the main elements.

Evidence that some separation occurs, however, is be-
lieved to be manifested in the slightly lower performance
potential of the fuel-near-wall orientation, since this ori-
entation would direct any separated boundary oxidizer
toward the already oxidizer rich outer periphery of the
main-flow reactants. Also, both of the computational
methods shcw performance trends for variable boundary
mass fraction, which are opposite to the experimental
trends. These facts and the singular performance curve
for Z = 0.65 are believed to result from zone interactions
(e.g., secondary mixing between the main and boundary
zones), which were not considered in the computations.

Spontaneous resonant combustion was encountered sev-
eral times in the course of these experiments, due to the
sensitivity of the unbaffled injector to chamber pressure
disturbances. The solid symbols shown in Fig. 14 indicate
those firings in which the transition iook place from steady
state conditions. This transitional time was characteristic
for the oxidizer-near-wall stream orientation. Whether or
not the triggering disturbance was typically a random pop
is not known (although this is presumed); however, at no
time did the grossly rough combustion observed for the
original injector appear.

For the fuel-near-wall orientation considerable diffi-
culty was experienced in getting through the starting tran-
sient without triggering the resonant mode. However, no
firing exhibited a transition once the start was successfully
accomplished. For this reason, no resonant runs are indi-
cated on Fig. 15 even though the fuel-near-wall orienta-
tion appcared to be the most unstable. Likewise, the
fuel-only condition was very susceptible to transitions
during the start.

Definitive measurements on the fully developed reso-
nant disturbance exhibited by this engine arc the subject
of future experiments. Suffice it to say that the limited
high response measurements taken here indicate that:
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(1) The sustained resonant wave appears to be the same
rotating mode regardless of transitional time.

(2) No preferential rotation direction was observed.

(3) Boundary flow conditions did have a significant in-
fluence on wave amplitude, velocity, and wave
fc'm; for example, absence of boundary flow re-
duced the amplitude approximately 50%.

4. Conclusions

(1) The described revisions to the boundary injection
system hydraulic configuration resulted in an exten-
sion of the smooth combustion regime but appar-
ently did not completely eliminate the popping
phenomenon.

(2) The revisions did not modify the performance of
the engine for the same off-design flow conditions,
however, a clearly improved performance was ob-
tained at the design condition.

(3) The engine is dynamically unstable without face
baffles.

(4) The sustained resonant disturbance is significantly
affected by the prevailing boundary flow conditions.

C. Injector Development: Stream Separation
Experiments, R. W. Riebling

1. Introduction

For most propellant combinations, several primary
processes must be efficiently accomplished to ensure good
combustion, regardless of the type of injector employed.
These are: (1) propellant mixing, (2) atomization and
vaporization, and (3) chemical reaction. Normally, chemi-
cal reaction rates are quite rapid compared to the rates
of mixing and atomization, so that one or both of the latter
two physical processes usually controls the overall com-
bustion rate.

For unlike-impinging-jet injectors burning highly re-
active hypergolic earth-storables of the nitrogen tetroxide
(N.O,)/hydrazine (N_H,) class, it is well known that per-
formance is degraded as the jet diameters are increased.
This is attributed (Ref. 6) to rapid liquid-phase chemical
reactions at the interface between the impinging stre: ms
of unlike propellants. The gaseous combustion products
formed in the impingement region are believed to “blow
apart” or separatc the two liquid jets to the extent that in-
completely mixed and poorly atomized sprays are formed.
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The work of johnson (Ref, 7) and Stanford (SPS 37-31,
and =36, Vol. IV, pp. 192 and 173, respectively) showed
that these stream separation effects are negligible with
jets of small diameter (~0 02 in.), become noticeable at
intermediate diameters (~0.05 in.), and seriously degrade
performance with large (~0.25-in.) diameter jets. Thus,
it appears that there is some critical stream dimension (for
jets it is their diameter) above which disrantion of the
impingement process, and, therefore, performance de-
gradation can occur.

One way of reducing the dimension of a round jet,
hopefully to a value below the critical stream dimension,
is to impinge each jet tangentially azainst a curved deflec-
tor surface, where it spreads to form a thin, flat sheet
(Fig. 17). Impinging-sheet injectors of this type have been
under development at JFL for several ycars. They are
generically similar to impinging-jet devices, but the sheets
are quite thin (sheet thickness is typically only 1/8 of jet
diameter), so it should be possible to use relatively large
jets before the eritical stream dimensior. is exceeded.

In order to verify this contention, single element unlike
inpinging-sheet injectors with jet diameters of 0.08 and
0.33 in. were built and fired with N.O,/N_H, in a series
of experiments designed to detect and measure the extent
of propellant stream separation. The results of tests made
with the 0.08-in. orifice diameter injector were reported

_—ROUND 2RIFICE TUBES

OXIDIZER
-~ FLEL

ROUND JET
SFREADS TO
FORM THIN
FLAT SHEET

— CONCAVE

DEFLECTOR

IMPINGEMENT LINE — SURFACE

Fig. 17. Typical impinging-sheet injector element
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in SPS 37-44, Vol. IV. This report presents the results of
experiments with the larger injector and compares them
with all previously reported data (for both jets and sheets)
in terms of the critical stream dimension.

2. Apparatus and Procedures

The injector is shown in Fig. 18. Each deflector surtace
had a radius of 2.300 in. and turned the flow through
45 deg, resulting in a 90-deg impingement. Both orifices
were 0.325 in. diam, and over 100 diameters in length to
assure attainment of fully-developed turbulent flow. The
overhang ratio

h R
b H{l--msm (1

of each deflector /orifice pair was 2,07. Using the correla-
tion developed in Ref. 8, the maximum sheet thickness
(at the sheet centerline) was found to be 0.05 in. The
devices were mounted to the injector face in such a man-
ner that the spacing betw cen the knife-edges of the detlec-
tors could be varied continuously from Oto I in. A constant
spacing of 0.1 in. was used in the present experiments.
Under nominal operating conditions (mixture ratio — 1.2,
chamber pressure — 150 psia) injection velocities weire 72
and 84 ft s for oxidizer and fuel, respectively. Construc-
tion was of tvpe 304 stainless steel.

Fig. 18. 2000-Ibf thrust single element,
impinging-sheet injector
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The combustion chamber was illustrated in Ref. 7. It
had a characteristic length (L*) of approximately 110 in.
and was divided into two longitudinal channels by a mild
steel baflle plate oriented in a plane perpendicular to the
injector face. The top of this baffle was situated far enough
from the injector to avoid interference with the impinge-
ment process, and the plate extended to a point in the
convergent portion of the nozzle just upstream of the
physical throat. Two full-cone commercial spray nozzles
were located in the chamber wall, one on each side of the
baffle, and turbulence rings were mounted in the chamber,
downstream of the spray nozzles.

The experiments consisted of determining the differ-
ence in performance measured when the propellants
sprayed from the side wozzles, one spraying fuel and the
other ox.dizer, were reversed. The concept irvolved is
that if the propellants flowing from the main injector are
repelled from each other to form a fuel-rich zone on the
fuel orifice side and an oxidizer-rich zone on the oxidizer
orifice side of the chamber, the baflle should prevent sec-
ondary mixing due to turbulence and diffusion. Thus, one
channel should contain an oxidizer-rich flow and the
other a fuel-rich flow of gases. Spraying oxidizer into fuel-
rich gases and fuel into the oxidizer-rich gases (‘ermed
“unlike” propellants henceforth), should increase perfor-
mance, while spraying fuel into fuel-rich gases and oxi-
dizer into oxidizer-rich gases (termed “like” propellants
henceforth) should reduce performance. If the streams
from the main injector do not blow apart, and a relatively
uniform wmixture ratio distribution exists in the chamber,
performance should remain relatively unchanged when
the propellant sprays are reversed. If the streams pene-
trate through each other, the fuel-rich and oxidizer-rich
channels will be reversed and the performance changes
should indi :ate this condition also.

3. Experimental Results

Eight short-duration (1-3 s) firings were conductcJ, in
which propellants were injected through the main injector
plus the side-spray nozzles along the chamber walls. In
son:e iests, “like” propellants were injected at the sides,
while in others, “unlike” propellants were injected. In
each of these series, the side flows were varied from about
eight to nearly thirty weight percent ¢ the total flow rate,
while the flow through the main element was held con-
stant. To measure the datum performance level the engine
was fired at the design flow rate with no side injection.

The results are summarized in Table 4. Chamber pres-
sures were measured at the entrance to the convergent
section of the nozzle and corrected to stagnation values.
Performance was evaluated on the basis of the total flow
rate of propellants (fivii both the main element and the
side streams) injected into the chamber. Characteristic
velocity efficiency 7.« was chosen as the comparative index
of performance level, and is the ratio of the measured
value of c* to that theoretically attainable with full shifting
equilibrium flow at the experimentally measured values
of chamber stagnation pressure and mixture ratio. No cor-
rections were made to the measured values of ¢* because
the results were to be used primarily for comparative

purposes.

4. Discussion of Results

The test results are shown graphically in Fig. 19. From
a reference level of 75.9% with no side-stream injection.
n.+ dropped steadily as the fraction of propellants injected
as “like” side flows was increased. This indicated that the
propellant streams had not penetrated each other and
that the cxidizer-orifice side of the injector snva ; was ¢ uite
oxidizer-rich. Since there was little unreacted fuel on that

Table 4. Results of baftied-chamber firings to detarmine degree of stream
separation of unlike impinging sheets in 2000-1bf injector

Kind of Oxidizer flow, lbm/s Fuel flow, Ibm/s Spray, wt Overall Chamber | Characteristic | Combustion
Test No. side spray Main Side Main Side wi, lbm/s “ l;dt mixture pressure velocity ¢, efficiency

eslement spray element spray ratio Pc, psia ft/s Nes, %

1 Like 2,34 0.92 2.05 0.84 6.15 28.6 1.13 129 4005 70.3

2 Like 219 0.44 1.92 0.27 4.82 14.5 1.20 105 4230 73.0

3 Like 2.27 0.24 1.94 0.13 4.58 8.1 L.21 101 4297 741

4 None 2.29 o] .77 0 4.06 0 1.30 (4] 4360 759

5 Unlike 2.28 0.24 1.95 0.14 4.61 §.25 .21 108 4550 78.4

[ Unlike 2.24 0.42 1.93 .27 4.86 14.2 1.21 117 4685 80.7

7 Unlike 2.34 0.63 2,02 0.52 5.50 20.7 1.17 3 4643 79.8

8 Unlike 2.32 0.90 2.01 0.83 6.06 28.6 1.13 142 4565 784
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Fig. 19. Variation of combustion efficiency with side
flow in baffled chamber experiments with 2000-Ibf
single element impinging-sheet injector

side of the main element’s spray with which the raw
oxidizer from the side spray could react, performance was
lowered by the amount of heat absorbed by the uncom-
bined oxidizer. Similar arguments apply to the fuel-rich
side. O~. the other hand, when “unlike” propellants were
added us side sprays the performance increased to a maxi-
mum of about 80% at 20% side flow. From these data it
may “e concluded that severe stream separation occurred
under the conditions of these experiments.

The relative change in .., and not its absolute value,
is of significance in discussing these results. Disruption
of the impingement process can only result in inefficient
mixing and poor atomization, both of which reduce the
absolute levels of 5... Introduction of unlike side sprovs
corrects to some degree for inefficient primary mixing,
as shown in Fig. 19, but has little effect on atomization
(and, therefore, propellant vaporization rates). Somewhat

greater performance increases might have been possible
had some attempt been made at optimizing the side injec-
tion apparatus but such efferts were beyond the scope or
intent of the program. The primary purpose of the side
sprays in this expcriment was to detect, rather than
remedy, stream separation effects.

The results of all previous stream separation experi-
ments arc compared in Table 5. For impinging-jcts, the
critical stream dimensicn is taken to be the jet diameter,
while for impinging-sheets it is the maximum (centerline)
thickness calculated from the general correlation of Ref. 8.
It is seen that no appreciable stream separation occurred
when the critical stream dimension was about 0.02 in. or
less, but that values in excess of about 0.05 in. resulted in
separation and concomitant performance degradation.
The point of incipient combustion effects must be located
somewhere between those two limiting v:lues. At present
it is not known whether the orset of streamn scparation is
gradual or sudden as the critical dimensioi: is increased.

Further examination of Table 5 shows that stream
separation occurred with the 0.06-in. orifice diameter
(100-1bf thrust/element) jet injector, but not with the
100-1bf/element sheet injector, even though the latter
device had larger (0.08-in.) orifices. This is attributed to
the eight-fold reduction in the critical stream dimension
effected by :'attening the jets into thin sheets. It would,
therefore, be expected that a 2000-1bf single element nnt
susceptible to these combustion effects wculd be possible,
provided that its sheet thickness could be reduced to
something on the order of 0.02 in. The general sheet thick-
ness correlation of Ref. 8 indicates that this could be done
if the uverhang ratio (h/c") of the element were greater
than approximately 4. Such an element is present}. being
designed and will be test-fired to verfy this contention.

Table 5. Effect of element scale on stream separation for various single element impinging-stream injectors

Orifice Maximur *heet Critical stream
Element type Thrust/element, Ibf Source diamater, in. thickness, in. dimension, in. Stream separation?
impinging jet 2000 Ref. 7 0.24 —_— 0.24 Yes
Impinging sheut 2000 This report 0.33 0.05 0.05 Yes
impinging jot 100 SPS 37-31, Vol. IV 0.06 —_ .06 Yes
Impinging sheet 100 SPS 37-44, Vol. IV 0.08 0.01 0.01 No
Imzinging jet 10 SPS 37.36, Vol. IV 0.02 — 0.02 No
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A. Development of Wet Chemical Process
Control Circuitry, J. R. Clark

1. introduction

Wet-chemistry experiments in 2arth orbit or on a
planetary surface require control circuitry for the many
processes and setup steps needed to obtain specific
chemical reactions. These reactions may be involved with
the analysis of urine and blood for specific compounds
that are important in determining man’s physical condi-
tion. On a planetary surface the reactions might be used
for the detection of the basic compounds found in living
organisms. Some typical processes and setup steps are
pump cycling, valve positioning, filling or emptying a
test cell of fluid, proportioning fluids, mixing fluids, and
extracting a representative test samjle from a larger vol-
ume of fluid. Processes of this typ: are discussed here.

Normally, the control circuitry will consist of (1) inte-

grated circuits to perform the logic functions, and (2) dis-
crete components to buffer the integrated circuits and
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to act as drivers or current amplifiers for the prime
movers. The circuitry should be designed to operate on
level changes rather than pulses, and the use of mono-
stable and bistable multivibrators should be held i0 a
minimum since they are sensitive to false triggering.

2. Discussion

The following circuits have been constructed and are
currently under evaluation.

a. Waste pump cycle control (Fig. 1). With this cir-
cuitry the pump must operate through one cycle fo: each
positive-going level change at the input. When the input
to gate 1 goes positive (logical 1 to logical 0 change—
negative logic), transistor Q3 is turned off via gates 4
and 5. The toggle made up of gates 2 and 3 is also set
so that the second input to gate 4 is at ground potential
(logical 1). The off condition of Q3 turns on Q2 and
places approximately +3 Vdc across the moter. The
motor now drives the pump and the cam as shown. The
switch then “rides off” the cam lobe and applies +3 Vdc
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Fig. 1. Waste pump cycle control

to the input of gate 2. This toggles the flip-flop so as to
turn on transistor Q3 via gates 4 and 5, and switches
control of the pump from the input command to the
cycle switch. Transistor Q2 now turns off. The base of
transistor Q1 is grounded, but its emitter is tied to +3 Vde
through the cycle switch, thus forward-biasing its base-
emitter junction and turning it on. Transistor Q1 now
supplies motor current, and the pump continues to drive
until the cam lobe again reverses the switch so as to
ground the emitter of Ql, terminating the pump cycle
and dynamically braking the motor to minimize coasting
effects.

b. Valve position control. This control requires that
any one of the four valve positions shown in Fig. 2 may
be selected so that the correct fluid can be utilized. To
rotate the valve from position 4 to position 1, a current
is supplied to turn on transistor Q1 and provide a ground
return for the dc motor. The metal disk of the rotary
switch mounted on the end of the valve now rotates until
the notch in the disk interrupts the motor return or the
collector circuit of transistor Q1. When this happens, the
disk voltage rises. This change is fed to the input of
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gate 1 which triggers the monostable multivibrator. This
in turn momentarily energizes the dynamic braking relay
through gate 2. The motor stops as soon as the motor
return is broken, and both switch and valve position are
synchronized.

c. Test cell plunger control. Here the requirement is to
fll or empty a test cell of solutions by means of the
plunger (Fig. 3). The plunger is pulled backward or
pushed forward by means of a lead screw, motor
combination, as shown in the figure. By connecting the
muotor in a bridge circuit through a full limit switch and
an empty limit switch, the dc motor can be controlled to
go both directions to either fill or empty the test cell.
Energizing transistors Q3 and Q4 will cause the motor to
fill; energizing transistors Q7 and Q8 will cause the test
cell to empty. Connecting the limit switches as shown
allows the plunger to be driven out of the limit when
the test cell is either full or empty. To fill the test cell,
a fill command is applied to one input of gate 1 to turn on
transistor Q1 through gate 2. This will turn on transistors
Q3 and Q4 and cause the motor to rotate in the fill direc-
tion. Removing the fill command will stop the motor.
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In a like manner, an empty command can be applied
to gate 5 to turn on transistor Q5 through gate 6. This
will reverse the motor direction and cause the test cell
plunger to empty the test cell.

To accomplish the mixing operation, full and empty
limit switch actuations are sensed and used to reverse
the drive inputs to either Q1 or Q5. This is done by
connecting the normally closed contacts of the full and
empty limit switches to the toggle that is made up of
gates 7 and 8. First, the mix inhibit is released. The flip-
flop output to gate 4 remains at ground potential. The
output of gate 4 is then at a positive potential, thereby
turning on transistor Q5 via gates 5 and 6. This causes
the plunger to drive in a direction so as to empty the test
cell. When the empty limit switch is actuated, the lip-
flop is toggled via the normally closed contact of the
empty limit switch, since transistor Q7 is still on. Tran-
sistor Q5 is then turned off and the input from the flip-
flop to gate 3 is now at ground potential. The output of
gate 3 turns on transistor Q1 via gates 1 and 2 as well as
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transistors Q3 and Q4, causing the motor to drive in a
direction such that the test cell fills again.

This osci'latory action can be carried on as long as
needed to complete a mixing process. To terminate the
mixing process, the mix-inhibit gate is reapplied to preset
the flip-flop made up of gates 7 and 8 and to block
further commands to gates 3 and 4. The mix process will
normally be terminated upon conclusion of an integral
number of full limit switch actuations.

d. Revolutions counting for metering of fluids into the
test cell. The test-cell plunger must be pulled back a
specified number of lead-screw drive-gear revolutions
so that various reagents may be metered into the test
cell. This is done by counting the number of revolutions
made by the drive gear of the test-cell plunger, as shown
in Fig. 4. A revolutions count switch is actuated through
a crack pin and lever. The output of the revolutions count
switch toggles the flip-flop made up of gates 1 and 2 so as
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to generate a noise-free level change which is counted
by the counters (BO, B, and B2). Gate 3 is used to detect
a specific count in the counter that corresponds to a
specified number of revolutions. The output of gate 3
will go positive when the specific count or number of
revolutions has been reached.

e. Fluid sample control (Fig. 5). A discrete sample
must be obtained from the liquid passing by the inlet;
the accumulated sample is then discharged upon com-
mand. The mechanism used for filling or emptying is
similar to the test cell plunger control discussed above.
With the same transistor bridge arrangement, the motor
will fill or empty the accumulator upon command. If Q1
is energized or turned ou, the accumulator will fill; if
Q5 is turned on, the accumulator will empty.

200

A sample sequence is initiated by applying a positive
voltage on the sample command line; this toggles the
flip-flop made up of gates 1 and 2 so that the second
input to gate 3 is at ground potential. This activates the
system and also allows for fluid transport lags so that
the sample taken is representative of what is passing by
the inlet. When the sample command goes back to
ground potential, the output of gate 3 goes positive and
turns on transistor Q1 via gates 4 and 5 causing the
accumulator piston to begin pulling back. When the cam
rotates to the point where the switch is moved off the
lobe, the common terminal of the switch is at a plus
voltage. The plus voltage then toggles the flip-flop made
up of gates 1 and 2 so that the second input to gate 3
is at plus potential, blocking any further sample com-
mands that might occur.
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The common line is also fed from the switch to a
second input of gate 4 so that control of the accumu-
lator is switched from the sample command line to the
cycle switch. When the cam makes one full revolution,
the common line is driven back to ground potential. This
will ground the second input of gate 4, turning off tran-
sistor Q1 and stopping the sample process. When Q1
turns off, the monostable multivibrator is energized via
gates 6 and 9. The monostable multivibrator produces
a 1-s pulse which is used to energize the relay K1 and
thus provide dynamic braking on the motor.

After a number of samples have been taken, a dump
command can be applied to empty the acenmulator and
deliver the accumulated samples to the analyzer. This
dump command inhibits gate 3 so transistor Q1 cannot
be turned on, and also presets the flip-lop made up of
gates 1 and 2 to preclude the possibility of toggling by
2 sample command at an incorrect time. Transistor Q%
is then turned on via gates 7 and 8 by the dump com-
mand. When the accumulator is completely empty, the
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empty limit switch is actuated, interrupting the motor
current. Ganged to this limit switch is an accumulator
empty sense switch (S2B) which also is actuated. The
accumulator empty sense switch is used to inhibit
the dump command so that it need not be removed the
instant the accumulator is empty. Application of the
accumulator empty sense signal drives the output of
gate 8 to ground potential, thus energizing the rnono-
stable multivibrator via gates 6 and 9, which in turn
energizes the relay through gate 10 to again provide
dynamic braking.

3. Conclusion

The circuits described have been constructed and are
currently under evaluation. The logic functions are per-
formed by the Texas Instrument SN51 series of logic
elements. Future work will continue with development
of control circuits for such processes and mechanisms
as phase separation, filtration, centrifuging, and lnear
motors.
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Xll. Space Instruments
SPACE SCIENCES DIVISION

A. Surface Temperature of Mars, J. H. Shaw' and
P. W. Schaper

1. Introduction

Although it is known that CO, is the principal infrared
ahsorbing gas in the atmesphere of Mars, and some esti-
mates of the variation of surface temperature with geo-
graphic location, time of day, and season are available,
no measurements have been made of the vertical atmos-
pheric temperature profile or its dependence on surface
temperature, etc. It has been shown (Ref. 1) that signifi-
cant information about the temperature profile up to the
1-mb level in the Marti . 1 atmosphere can be obtained.
This requires an instru-.ent having a spectral resolving
power of about 100 to measure the outgoing radiation
from Mars near 2300 cm™, where a strong band of CO,
occurs.

A small, fast, fixed-grating, multidetector spectrometer
capable of measuring radiation from 1000 to 10,000 cm-?
(but specifically designed to measure the low spectral
steradiancies expected for the Martian atmosphere near
2300 cm™), with the required resolving power, has been
constructed (see SPS 37-43, Vol. IV, pp. 239-248).

*Ohio State University, Department of Physics, Columbus, Ohio.
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The radiation chopping frequency is 300 Hz, and the
PbSe detectors are chosen to have hizh D* values in this
spectral region when operated at the expected tempera-
tures of between 200 and 240°K. The D* values of these
detectors decrease rapidly at frequencies below 2000 cm™,
and no suitable detector is available for the region below
1700 cm'. In additfon to the detectors placed to receive
radiation between 2200 and 2500 cm~* which give infor-
mation about the Martian atmosphere temperature profile,
other detectors can also be inciuded to measure surface
temperatures. It is the purpose of this report to suggest
the most suitable location for such detectors and to discuss
the factors that determine the minimum temperatures
which can be accurately measured with the present
instrument.

To determine the absolute temperature of the Martian
surface by measuring its emitted thermal radiation, the
following requirements must be met:

(1) Know the relation between the spectral steradiancy
of the surface and its temperature.

(2) Know the response of the measuring instrument to
incoming radiation.
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(8) Correct for additional radiation entering the instru-
ment; -.g., solar radiation scattered from the planet
or thermal radiation from an overlying atmosphere.

(4) Courrect for absorption occurring between the
surface and the instrument; e.g., by an overlying
atmosphere.

Each of these factors is discussed below.

2. Mars as a Radiation Source

a. Thermal radiation from the surface. The spectral
steradiancy of the Martian surface due to thermal emission
can be written as

B«(T) = es2hv’c? [exp (hev/kT) — 1] 1)

where T is the surface temperature and e, is the emissivity.
Earth-based observations indicate temperatures that vary
from 300°K to less than 200°K. As on earth, these tem-
peratures are related to the amount of solar radiation
received. Although no measurements of the emissivity in
the spectral region of interest are currently available, it
appears unlikely that it is less than 0.8.

For temperatures of 300°K or less and for frequencies
higher than 1700 em™, B.(T) decreases very rapidly with
both increasing frequency .and decreasing temperature
as shown in Fig. 1. Thus, at any frequency there is some
minimum surface temperature for which B,(T) can be
accurately measured with the present instrument. (These
minimum temperatures are evaluated later in the report.)

If only one detector is used, it must have a wide dynamic
range (10*) because of the strong dependence of B«(T) on
" and the wide range of surface temperatures expected.
It may be more useful to consider using two or more
detectors with different dynamic ranges in different
spectral regions.

Since the emissivity is unknown, it is necessary either
to determine this quantity or to assume a value, if T is to
be evaluated from measurements of B,. An order-of-
magnitude estimate of the error involved by assuming the
emissivity to be unity can be obtained if a blackbody at
240°K radiating at 2000 cm™ is considered. Its spectral
steradiancy can be reduced 25% by either reducing
the temperature by 5°K or reducing the emissivity from
1.0 to 0.75. Similar calculations for other temperatures
and frequencies in the range of interest indicate that the
assumption of perfect emissivity will introduce an error
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of less than 5°K. At lower frequencies, the change in spec-
tral steradiancy of a blackbody with temperature is les.
rapid. For example, at 1000 cm™ the increase in spectral
steradiancy of a blackbody whose temperature is increased
from 235 to 240°K is 13%; hence, the uncertainty in the
emissivity in this region results in a larger uncertainty
in temperature than that obtained at 2000 cm.

It is shown that the emissivity may be determined
when scattered solar radiation can be observed. This is
possible near 2000 cm, but more difficult at 1060 cm.

b. Scattered solar radiation. Incident solar radiation
may be scattered by the Martian surface and by molecules
and particles in the atmosphere. Rayleigh scattering by
riolecules in the Martian atmosphere can be ignored for
the frequency interval considered here. No estimates of the
scattering characteristics in the infrared by Martian cloud
particles are available. Such scattering should be small
over areas where the surface can be seen in the visible.
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Thus, effects of atmospheric scattering and absorption are
neglected in this section.

Scattering from the Martian surface can occur. At the
subsolar point, the irradiance of the surface is

I, = = (r/R)? B? cos z (2)
where

B: = spectral steradiancy of the sun
r = solar radius, 695,000 km

R = mean Mars-sun distance, 2.28 X 108 km
r = 1 = transmittance of Martian atmosphere

= angle between incoming solar radiation and the
local vertical

To a reasonable approximation, B? is given by Eq. (1)
where T,, = 6000°K.

If the surface acts as a Lambert diffuser scattering a
fraction u of the incident radiation, where a = 1 — e
{e is the surface emissivity), then the spectral steradiancy
or the surface due to scattered solar radiation is

B, = —f:—(lv) =93 X 10 a B> cos z

If it is assumed that a = .05,
B,, = 4.65 X 10 B} cosz (3)

The variaticn of B, with frequency is shown in Fig. 1 for
a = 0.05 a = 0.15 and z = 0. The observed spectral
steradiancy of the daylight side of the planet is then

Bv, = Bva + eva(T)

For points on the surface away from the subsolar point,
B., will depend on z and may be significant compared
with e,By(T). If the surface temperature is calculated
from Eq. (1) assuming By, = esBy(T) and e, = 1, the
surface temperature will be estimated as T + AT where
T is the true surface temperature. If B,, is given by Eq. (3),
then at any frequency a surface temperature can be found
for which AT = 5°K. The dependence of this temperature
on frequency is shown in Fig. 2. At any frequency the
error will be larger than 5°K if the surface temperature
is less than that shown. Since these temperatures are of
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the same order as those of the surface, some method of
estimating By, and e, is required if accurate surface tem-
peratures are to be determrined.

This may be done by placing detectors to receive radia-
tion at frequencies v, and v, which lie between 1700 and
2200 cm™. Then the observed spectral steradiancies B,
and B, at v, and ,, respectively, can be written

B, = ¢,B,{T) + 9.3 X 10-* a,B* cos z 4)
and

B, = e:B,(T) + 9.3 X 10~ a,B% cos z (5)

2

Approximate solutions to these equations can be found,
assuming that the surface radiates as an ideal blackbody
and that the scattering coefficient is the same at both
frequencies. Therefore,

e, =e =1
and
oG =0=a
Then
B, = B{(T) + al, (6)
B: = By(T) + al, (7)
205
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where

I, = 93 X 10 B}, cosz
and

I, =93 X 10 B} cosz

Hence.

B, — (;—) B, = BJ(T) — (;—j) B(T) (8

Since B, and B; can be measured and I,/i, and z are
known, both T and a can bc'calculated. Equation (8)
allows temperatures to be estimated to +1°K for most
surface temperatures and solar radiancy.

Consider the following example:

If

T = 240°K

e, = e =095

o = 0o =(l—e) =005

vi = 2000 cm™

v, = 2200 cm™!
then

B,, = 0.635 ergss cm2sr! (cm™)!

and

B,, = 0311 ergss™ cm2sr~ (cm™)

Substituting these values and I,/I, = 1.14 into Eq. (8)
gives

1.14 B, (T) — B, (T) = 0413 9)

The resalts obtained are given in Table 1. Comparison
of these results with Eq. (9) shows that this equation is
satisfied when T = 240 =1°K. This is in good agreement
with the initial assumption.
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Table 1. Sample temperature calculation

T, °K 8, 1.14 B, B; 1.14 8, — B,
235 0.458 0.522 0.179 0.343
240 0.592 0.672 0.237 0.435
245 0.756 0.860 0.311 0.549

This result may be compared with the surface tempera-
tures calculated frcm Egs. (4) and (5):

T = 246°K at 2000 cm™!
and

T = 254°K at 2200 em?

Once T has been determined, it is possible to calculate a
and to perform the calculations again using Eq. (5) with
ey = (1—a). This will not significantly improve T, but
will enable ressonable values for « and e, to be calcu-
lated, provided ti:at a, and u, are nearly the same.

¢. Absorption and emission by the Martian atmosphere.
One of the principal constituents of the Martian atmo-
sphere is CO,. The spectrum (Ref. 2) of 10 atm-m at
300°K and 100-toir pressure is shown in Fig. 3. This
should approximate the transmission of one air mass of
the Martian atmosphere in the spectral region of interest.
Although some absorption (and consequently emission)
occurs throughout the region from 1900 to 2400 cm™,
these are both small at 1970 cm™ (5.2 x) and 2160 cm™
(4.65 ). If there are no other constituents that absorb
in this spectral region, detectors placed at either of these

100
EXPERIMENTAL CONDITIONS:
TEMPERATURE 300°K
PRESSURE 100 torr
75 ‘
OATA OBTAINED FROM
REF 2
50—
25—
o | ! | | |
o] 2000 2200 2400 2600

WAVE NUMBER, cm™'

Fig. 3. Spectrum of 10.4 atm-m CO,
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locations will give information requiring minimal correc-
tions for atmospheric effects.

A quantitative estimate of atmospheric absorption in
this region requires additional information of the CO,
spectrum, the pressure and temperature variation with
height in the Martian atmosphere, and the CO, mixing
ratio.

d. SNR expected for spectrometer for blackbody
sources. To a reasonable approximation, the radiation flux
through the multidetector spectrometer from a source of
spectral steradiancy B, is

F. = B.g A, (A,/f?) &v
where
g = spectrometer transmission = 0.20 (estimated)
A, = area of grating = 60 cm?

A, = area of entrance slit or PbSe detector optics =
0.45 cm?

f = focal length of Ebert mirror = 25.4 cm

Av = spectral bandpass of instrument at frequency v

Hence,
F, = 53 X 10 B,av, W

If the detector is the only source of noise, then the SNR
expected is

S/N = D*F./(A af)*
where
D* = spectral detectivity of detectors, cm (Hz)** W-!
A = area of detector element = 0.01 cm?

Af = bandpass of electrical system = %

r = time constant of electrical system = 2.0 s
Hence,

S/N = 0.155 B,ay D* (10)

3. D* «* PbSe Detectors

The PbSe detectors in the present instrument were
manufactured by the Santa Barbara Research Corpora-
tion. The 1966 catalog of this company gives curves
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showing the variation of D* with wavelength for detec-
tors operated at 77, 193, and 295°K. For a fixed operating
temperature and wavelength, the D* values of individual
detectors can vary by an order of magnitude. Additional
curves for intermediate temperatures can be estimated
from the curves for the maximum D* value. Two curves
showing the estimated variation of D* with frequency
for operating temperatures of 220 and 240°K are shown
in Fig. 4. These temperatures are typical of those ex-
pected for a Mars flyby or orbiter instrument. Both
curves show a rapid decrease of D* for frequencies
lower than 2000 cm.

4. Spectral Slit Width

The multidetector instrument is designed to give a
resolving power of 100 at 2300 cm™ if a 3-mm-wide
entrance slit is used. The resolving power will be some-
what larger than this at lower frequencies if the width
of the detector optics in the spectral plane is maintained
at 3 mm. However, in this report it is assumed that
R = v/Aav = 100 at all frequencies. Thus, Av varies from
17 em™ at 1700 em™, to 24 em™! at 2400 cm™.

1010

, cm (Hz)/2 w-!
N

109

\

2400 2300 2200 2100 2000 1900 1800 1700
WAVE NUMBER, cm™

Fig. 4. D* of PbSe detectors at temperatures indicated
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5. SNR Calculation

In the previous section, the variations of Av and D*
with frequency have been discussed. If these values are
substituted into Eq. (10), then the SNR to be expected
from the multidetector instrument for various blackbody
sources can be calculated. The results of these calcula-
tions are shown in Fig. 5 for a detector temperature of
220°K. Also shown in this figure is the SNR expected for
scattered solar radiation alone, assuming that a = 0.05
and that the sun is vertically overhead.

From this figure, it is possible to estimate the black-
body temperatures for which an SNR of 10 is obtained.
This ratio is about the minimum required to obtain useful
data. The minimum detectable temperatures obtained in
this manner are shown in Fig. 6.

6. Uncertainties in Chopper Steradiance

The output of the instrument is a measure of the dif-
ference between the spectral steradiancy of the planet
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Fig. 5. PbSe SNRs for varying blackbody temperatures
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instrument conditions stated

and the chopper. It is expected that the chopper temper-
ature will be maintained near 240°K and that its tem-
perature can be measured to +0.1°K. The surface of the
chopper will be coated to have an emissivity near unity.

During flight an estimate of the chopper temperature

and emissivity will be obtained periodically both by
inserting another blackbody source in front of the chop- 5
per and by allowing the spectrometer to view space.
The experience obtained with the instrument to date
suggests that these calibration techniques will allow the
effective blackbody teinperature of the chopper to be
determined to an accuracy of about 0.1°K.

The output of the spectrometer is a measure of the
difference in steradiancy of the chopper and the source.
If there is an uncertainty AB, in the chopper steradiancy, ..
then there is the same uncertainty in the source steradi-
ancy. Hence, from Eq. (1) and assuming exp (hev/kT) » 1,

ByT) = 2hv’ ¢* exp (— ’,:CT” )

hev
exp ( —k?r‘)

If the chopper is at T, and the source at T,, and AT, and
AT, are the uncertainties in their temperatures, then
since AB; = AB,, and ,

1_\ hve _ _l_\ hve a
(7)ee( - a)or = (7)o (- fi2)ar. |
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one obtains

(T eyl 1
AT, = ('T—z) exp [—k— (—Tl- T, ):| AT,
Thus, AT, can be found as a function of frequency.
Alternatively, if it is assumed that AT, < 5°K is a crite-
rion of satisfactory measurements of T., the correspond-
ing value of T, can be determined. In this manner, the

second curve in Fig. 6 was obtained using values of
T, = 240°K and AT; = 0.1°K.

7. Conclusions

From the data presented above, the following conclu-
sions can be made:

(1) Ideally, the spectrometer is sufficiently sensitive to
determine surface temperatures as low as 160°K
to an accuracy of 5°K provided the spectral stera-
diancy is measured near 2000 cm-.

(2) If the calibration of the instrument allows the
chopper temperature to be determined only to
within 0.1°K, the minimum temperature that can
be measured , 5°K is closer to 180°K.

(3) If the effects of absorption and thermal emission
by CO, in the Mars atmosphere are to be mini-
mized, detectors should be placed near 1970 and
2160 cm. The lowest temperatures that can be
determined by these detectors are 161 and 167°K
at 1970 and 2160 cm™, respectively. The chopper
calibration uncertainty will increase these respec-
tive temperatures to 178 and 185°K.

(4) At these frequencies, scattered solar radiation may
be appreciable corapared with the thermal emis-
sion during the daytime. If daytime surface tem-
peratures are to be determined, to eliminate the
effects of scattered solar radiation it will be neces-
sary to use at least two detectors and to use a
method similar to that described earlier.

(5) Further investigations of the absorption by CO,
between 1700 and 2300 cm™' for the conditions
expected in the Martian atmosphere are required
to determine the influence of this gas on the
observations.

(6) Two detectors should be placed near 1970 cm™
and two near 2160 cm™ to obtain the necess sy
dynamic range.
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(7) The detectors to be used for surface temperature
measuresnent will not interfere with temperature
sounding detectors.

It is concluded that with the available instrumentation,
Martian surface temperatures above 1280°K can be deter-
mined to 5°K. This accuracy can be improved to 1°K if
surface temperatures above 200°K are encountered.

B. Complete Error Analysis of Relative and
Absolute Orientation in Extraterrestrial

Stereophotogramimetric Mapping Techniques,
M. Benes

1. Introduction

The primary objective of spacecraft imaging systems is
to derive reliable topographical data about an extra-
terrestrial scene. Both photometric and stercophotogram-
metric methods have been considered for this purpose
(see Refs. 3-7).

This study will concentrate primarily on the stereo-
photogrammetric method, with the intent to:

(1) Identify and characterize major error sources.

(2) Determine and evaluate the complete law of
propagation of errors.

(8) Establish imaging constraints influencing the accu-
racy of stereo mapping techniques.

The final goal, however, is tv compare the stereophoto-
grammetric method with the photometric (which is being
treated and tested separately), and to:

(1) Determine the applicability and accuracy criteria.

(2) Establish the constraints each method places upon
a television system.

(3) Design an optimum approach guaranteeing best
possible topographical results of future space
missions.

The progress that has been made with respect to stereo-
photogrammetric mapping procedures is described here.

2. Practical Tests

The first stage of the present research work consisted
of practical evaluations of given photogrammetric stereo-
pairs. These pictures were generated mathematically and
showed a cone under different illumination conditions.
This approach was chosen as it offered possibilities for
comparison of both methods.
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b6=200m (BASE)
Oy = Op =1000m (OPTICAL AXES)
A =20m (CONE HEIGHT)
r =34.64m (CONE RADIUS)
a = §0deg (CONE SLOPE)

£ =100 mm (FOCAL DISTANCE)

0;,0p = PERSPECT!/E CENTERS OF
FROJECTION

4
/
/ l

Fig. 7. Camera setup and parameters

The camera setup and parameters are shown schemati-
cally in Fig. 7. It is evident that, in this special hypo-
thetical case, the direct solution described in SPS 387-28,
Vol. VI, pp. 52-56, can be applied.

The model coordinates in the inclined camera co-
ordinate system can be computed from relations (1-3):

v=4 )
x=y%' @)
Z=Y%’ @)

where p, is the observed horizontal parallax and «’, 2’ are
observed image coordinates.

These computed model coordinates can be simply rotated
into the horizontal ground system.

X7 1 0 0 X
Yr{=10 cos € sine [+ 1Y | (4
VA 0 —sin € cos € Z

-

Using these relations for several points on the cone base
and apex, four different models were observed and
computed.

210

€ = 45 .eg (CAMERA INCLINATION)

Two stereopairs were in the form of approximately
10-times enlarged prints; the other two were on approxi-
mately 7-times enlarged glass plates. Consequently, the
image coordinates were observed either with an accurate
scale or on the Mann monocomparator. The results ob-
tained were very good and are defined by the following
average deviations:

(1) Photographic prints:
oy = +=0.1m

a,r = +=03m

o7 for the cone apex

O,T = :*:0.3 m
a, = =+0.8 m for the cone radius

0,7 = #0.95 m for the cone base

(2) Glass plates:

% = —*_-02 m

o,r = =01m } fortheconeapex

o,r = +0.15m

a, = +0.45 m for the cone radius

a,r = 0.7 m for the cone base

These results correspond to 8- to 12-u observational pre-
cision and may lead to premature optimistic conclusions.
To avoid this possibility, encountered difficulties must be
listed and analyzed.

a. Encount.red difficulties

Point identification. Exactly the same point must be
observed in both pictures, which is very problematic in
brightly illuminated areas. Because of misidentification,
some points had to be rejected as blunders; however, in
a real case—such as lunar piotography —there will
always be an adequate number of good points from
which to choose.

Fiducial marks. To get good results the observed image
coordinates must be refined; ie., corrected for image
shrinkage, lens distortion, atmospheric refraction, and
ground curvature, and then finally reduced to the prin-
cipal point of origin. From the mathematical point of
view, this is no great problem; however, if the fiducial
marks are not well defined, as was the case of the hypo-
thetical photographs, very little can be done. The fiducial
marks here are represented by sample marks, which
cannot be considered sufficiently accurate for analytical
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photogrammetric purposes. In fact, to find the optimurm
position of the fiducial marks, and thus the relatively
good results shown above, required several attempts.
However, for future applications it will be recessary to
calibrate the camera system with respect to these param-
eters. The same, of course, applies also to the reseau
marks used in TV vidicon systems.

Resolution. In some cases, point resoiution was very
low; however, this is due to the televised transmission
techniques, and quality pictures such as in conventional
photogrammetry cannc: be expected.

The direct terrestrial solution described above will find
only a limited use in extraterrestrial mapping problems
(with the possible exception of missions similar to
Surveyor); therefore the general solution, including rela-
tive and absolute orientation, was applied to the same
cone stereopairs. This was done wnen major difficulties
arose, because for some reason the iterative process in
relative orientation failed to converge, and consequently
no, or absolutely unrealistic, results were obtained. These
results gave rise t7 some pessimistic conclusions. How-
ever, after a thorough mathematical analysis, the follow-
ing explanations and conclusions were set forth.

b. Explanation and conclusions

(1) The hypothetical mathematical mydel used (shown
in Fig. 7) is un:ealistic; i.e., with the giver 0.2 base-
to-height ratio and the small (12.5 mm) vidicon
image format, ther: will never be an image overl~p
and consequently no stereo evaluation.

(2) The image of the cone 1 so small that the six points
used for relative orientation least-squares adjust-
ment are so close to each other that even very
small differential changes in observed coordinates
cause the system to .diverge; ie., the system is s0
sensitive to differential errors that it practically
becomes unsolvable.

These undesirable results have shown the necessity of
further research devoted to derivation and evaluation of
the complete error analysis of the general stereophoto-
grammetric case applied to extraterrestrial mapping tech-
niques. A brief treatment of these problems follows.

3. Theoretical Analysis

The general solution of a photogrammetric stereopair
consists of two steps; namely, relative and absolute
orientation.
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a. Relative o ientation. Although several approaches
to the solution of the relative orientation problem exist,
the approach based on the principle of collinearity has
been chosen here because it seeins to offer the most con-
venient way of soiving the many required differentiations.

The entire concept of this procedure is shown sche-
matically in Fig. 8. The left camera system remains fixed;
only the right system is rotated (v”, ¢”,«”) and trans-
lated (Y7, Z;') until all corresponding rays intersect at a
proper elevation and without any model y-parallaxes,
The x-component of the base X is deliberately chosei
as equal to 1, because in relative orientation scaling is of
nc interest. This leaves five unknowns to be determined.

The following symbols were used:
X/, Y7, Z! base components in the left camera system
x,y,x”,y” observed image coordinates
focal distances of the left and right camera

image coordinates of the right plate rotated
into a system parallel with the model
system

z”  focal distance of the right camera rotated
into the same system

A three-dimensional orthogonal rotational
matrix going from “ground” into “photo”

X,Y,Z

model coordinates of an observed point

0r (X5, Yo. 25)

I3 ]
z

PN Z)

Fig. 8. Relative orientation of a stereopair based on
the principle of collinearity
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If the right camera is properly oriented (i.e., rotated and
translated with respect to the lert camera), model co-
ordinates of any measured point can be computed:

Z” x”‘_ z”‘
0

, x (5)
"’ - 7 z
_x
x=%z (®)
-¥
y=%z (7)

However, the three rotational and two translational ele-
ments must first be determined. To do this, the collinearity
equations in a compact determinant form are used:

xll zl’

F:=1 a8 a8 |~° ®)
yll z/l

F”:.AQB AaB“O ®)

where A,, A.. A, are rows of the A-matrix, and

X — X
B=|y-y”
zZ-7zr

The computational process is iterative and is based on
the principle of the least-squares method.

In the first step, using o” = ¢” =«” =Y = Z! =0,
approximate X,Y,Z coordinates are computed from Egs.
(5-7). Then relations (8) and (9) are linearized; in this way,
two observation equations are obtained for each point
(usually six points are used).

F, = 0 = Fwr + dF,
F, = 0 = Fuwor + dF,
or

v =Ly + lodo” + Ly dg” + Ly de” + 1y dY? + 1, dZ7
(8a)

Uy = lz', + lzz dw” '+' lg:{ (i¢” + l24 dK" + 125 dY;’ + lzs dZ(','
(%a)
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The coefficients I,; (i = 1,2; j = 1, -+, 6) are quite com-
plicated and therefore are not given explicitly in this
report. However, Ea.. (8a) and (9.) are changed into a
system of normal equations; then corrections dw”, d¢”, dx”,
dY,, and dZ!’ are computed. Consequently, new improved
model coordinates X, Y, Z can be determined and used
for the second iteration. A proper stopping criterion must
be established (usually three to five steps are required to
satisfy it).

The question now arises as to the accuracy of the final
adjusted model coordinates. For terrestrial mapping pur-
poses this is relatively unimportant because model co-
ordinates are always transformed into a ground system,
and the availablc ground control points supply sufficient
and reliable accuracy criteria. For this reason, little atten-
tion has been given to these problems thus far. However,
in extraterrestrial cases this is of utmost importance be-
cause of the absence of any ground control.

For the purpose of the following error analysis, relations
(5-7) can be conveniently rewritten as

Z= . (5a)
X=u,Z (6a)
Y=uZ (7a)

These equations now enable a relatively simple differ-
entiation:

dZ = d% = L qu, — 7 du,) (10)

1 _
u, U

or, after substitution for du, and du, (all unmarked
parameters pertain to the right camera system),

dz = zf-[::*dz0 —(Z — Zo)dx* + (X — 1)dz*
2

* *
+ 2 zge —Z dz':l (10a)

z 2

However, since

|‘ x* x'l
y* = AT y”
l_ z* z”
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Eq. (10a) can be further adapted to

dZ = = [Tydo+ T, dg + Todx + T,dZ + Tode + Tod? + Trds” + Tydy” + Todz” ] (11)
where
LX) (Z - Z) | (x-1) (Z — Zo)
T =\ aar 3AT Ta = | aar 2AT
—LC C C
0w Ow o¢ o
X -1) (Z ~ Z,)
Ta= 1 5ar 2AT T,=z"=A7C
Ok ¢ Ok
T,=2z Ty =~ 2.X
r4 2z
X-1 (Z - Z,) | (X —1) (Z — Z)
T1 = TB =
e}, a7, al, a%,
X-1 (Z-12,)
T9 =
al, al,

Formula (11) could be considered as sufficient tor most
cases; however, to complete the analysis, one more in-
fluence must be anticipated; namely, the uncertainty of
the principal point position with respect to the image
center defined by fiducial marks.

It is evident from Fig. 9 that real image coordinates
must be written as

A= A — Xp (12)

Y="Ym—Yp (13)

where xm, ym are the measured (observed) image co-
ordinates and xp, yp are displacements of the principal
point P with respect to the image center H.
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Relations (12) and (13) can be simply differentiated and,
after substitution into (11), the final formula is obtained:

dZ = S, de + S, d¢ + S;dx + S,dZ, + S;dx!,
— S,dxl + Sedy” — Sedyl + Sedz”  (14)

P = PRINCIPAL POINT
H = IMAGE CENTER
A : OBSERVED POINT

Xp Xm

Fig. 9. Displacement of the principal point with
respect to the image center
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where
S$i=—T; fori=1,2-,9

Following the same thought and differentiating Egs. (6a) and (7a), the following relations can be obtained for
dX and dY:

dX= ugsldw + ua Szd¢ + u3SSdK + ussgdZO + :'lasg; + sm)dx;‘
— (uy S + Syo)dx), + 0dy), + 0dy), + s (Se — Si0)dz’
+ 4y Sy dx? — uy, S, dx? + uy Sedy” — uy Sedy Y + uy Se dz” (15)

dY = ugsld(l) + u452d¢ -}' ugssdx + U, S4dZo + ithdx:” - U485dx;;
+ Sm dy;,. - Sxo dy}. + u, (Sc - Slo)dZ' + u, S; dx:,: — U, S-, dx,’,’
+ u, Ss dy’, — u, Ss dyy + u, Se dz” (16)

where

Z
z

S =

Equations (14-16) can be rewritten in a compact matrix form

dX =SxD (15a)
dY =8yD (16a)
dZ=S,D (14a)
and the standard errors can be computed from
m Mmyy Myz
Myy m3 my; | = p* SQST = M? (17)
Mxz Myz m; A

where u is the standard error of uuit weight, Q is the variance—covariance matrix of the 14 parameters,and
ST == [Sx Sy Sz]

The preceding derivations were based on the assumption that the cameras were different; however, if the same camera
is used for both ¢xposures, certain simplifications are possible. Namely, it is evident that

==z,  m=w=n,  gG=g=e
214 JPL SPACE PROGRAMS SUMMARY 37-45, VOL. IV
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and, after differentiation and substitution into Egs. (14), (15), and (16), the following relations are received:

dZ = Sidw + S;d¢ + Sydx + S,dZ, + Sy dx’, + 0 dy’,
+ S, dx” + Sy dy” — (Ss + Sr)dxs — Sedyp + (S, + So)dz (18)

dx=uasld4|)+ugszci¢+“383dk'+‘“384dZo+(uasa+slo)dx;‘
+ Ody:n -+ Uy S1 dx: + Uy Sg dy;: - l_u;.\ (s-‘ + S1) + s,o]dxp
- Uy Ss dyp + U, (SQ + Sn - Sm)dz (19)

dY = u451d<u + u482d¢ + u.s;dk + “484dzo+ u4Sde;‘
+ Sm dy:” + "4 dx:': + “4 Sg dy: - ug (sb + S1)dxp
- (u¢ Sa + sm)dyp + u, (Sﬁ + Sg - Sm)dz (20)

Similarly, as before, one can write

dX = Ry D, (19a)

dY = Ry D, (20a)

dZ = R; D, (154)
and also

*=uw RO R (21)

where Q,.q is the reduced variance—covariance matrix of 11 parameters only, and
R" = [Rx Ry R/]

b. Absolute orientation, After the rclative orientation is achieved, the entire model must be translated, rotated, and
scaled until it fits the required ground system. This transformation, of course, is an additional source of errors that
influence the accuracy of the final result. For extraterrestrial mapping purposes where no ground control p ints
are available, it is especially important to determine and analyze this influence, as this is the only way that an accuracy
estimate can be obtained.

The transformation can be written in a compact matrix form-

X = sATz + B (22)
where
Xq Xy by
X = Yg ) x= Yl ’ B = b‘
Zq ZH bz

8 = scale factor

AT = rotational matrix going from “model” intc “ground”
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Therefore, there are ten parameters involved in the error analysis: three rotations (w, ¢, ), one scale factor (s), three
translations (bx, by, bz), and three model coordinates (Xu, Yu, Zu).

The necessary differentiation of formula (22) ‘s relatively casy:

__ 0AT 0AT cA r
dX = $ = xdw +s—-—a¢ rd¢ +s—-—8k xdx + ATxds
oB ¢B 2B r OX
+ _bb\ dbx + —8b, db) + —_abz dbz + sA aXy dx.
ox ox
T r
+ sA Yo dYy + sA Za dZy (23)
or, in a simplified matrix form,
dX = PU (23a)
where
dX;
dX'—‘ dYg ’ P:[PIP: Pm]
dZ;
Ur = [dmd(ﬁdxd,.dbxdbydbz dededZy]
and also
0 0 0
P,=s| —ay, — aa —d3 | X
a,. (7] aqp
[(— sing cos«) (sin ¢ sin«) (cos ¢)
P, =5} (sinw cos¢ cOsk) (— sinw 05 ¢ sin«) (sinw sin¢) x
| (—cosw cos¢ cosx) (cosw cosg sinx) (— cose sin¢)
’_a2l - 4y 0
P; = 8| a.. - e, x P, = Ax
| Q23 — G 0
1 0] B
P;,=10 P, = P, =
0 | 0 |
r a, i Qs i Qg
Ps=s| ay Pyo=g] a. Py=s]| as;
L s | G2 _ Oss
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Finally, as in the case of relative orientation, standard
errors can be computed:

mt = PQ PT (24)

where p is the standard error of unit weight and Q is the
variance-covariance matrix of the ten parameters in-
volved.

4. Statistical Results

To prove the correctness of the theoretical analysis
described in Section 3 and to obtain a reliable picture of
the practical applicability of extraterrestrial mapping
techniques, four hypothetical stereo models were con-
structed:

(1) Image format 20 X 20 cm, focal distance =100 mm.

(2) Vidicon format, focal distance = 25 mm.
(8) Vidicon format, focal distance = 50 mm.

(4) Vidicon format, focal distance = 100 mm.

The flight height chosen was 1000 m and only the base
was changed, so that the base-to-height ratio corresponded
to a longitudinal overlap from 8 to 97.5%. For the large
format, the base-to-height ratio was kept within normal
limits; however, because of the smal! vidicon format
(approximately 12.5 X 12.5 mm) it did not exceed 0.4 for
tne best case. This, of course, represents the first great
problem of vidicon stereophotography.

For each overlap, six evenly distributed points were
computed, as is the standard procedure of relative orien-
tation. In the first stage of the statistical analysis, no
errors in absolute orientation were anticipated; therefore
all interest could be focused on the relative orientation
itself. Each model was then computed four times:

(1) Observed image coordinates of the right picture
only were changed; no camera calibration errors
were assumed.

(2) Same as (1), except that calibration errors wcre set
equal to 10 ..

(3) Both pictures changed; no calibration errors.

(4) Same as (3), except that calibration errors = 10 p.
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This design guarantees enough statistical data to make
reliable initial conclusions. Figures 10-12 show the im-
portant relation between the focal distance of the camera

1o T |
2 140% 160%
S o8 |
2 i '
& o6l— { !
i | i
[} | | f£=100 mm
5_;:;" 04 ‘| I
: i

02 -+
g | |
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0 1 ] ]

10 20 30 40 50 60 70 80 90 100
OVERLAP, %

Fig. 10. Relation between base-to-height ratio, focal
distance, and overlap for the large format
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Fig. 11. Relation between base-to-height ratio, focal
distance, and overlap for the vidicon format
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Fig. 12. Relation between focal distance, base-to-
height ratio, and overlap for the vidicon format
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0

Fig. 13. Relation between observational errors, base-to-height ratio (overlap), and relative height errors:
large format, f = 100 mm
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system, the base-to-height ratio, and the overlap per-
centage. Figures 13-15 give the actual results of the per-
formed statistical analysis; i.e., relative standard height
errors o;/Z of computed model points (positional standard
errors ox and oy are not so important because they are
correlated with ¢; and are usually smaller, or at least of
the same order). It is also interesting to notice that the
influence of the assumed 10-u calibration errors was
practically insignificant, and therefore only these cases
are shown.

The results for the large format, f = 100 mm (Fig. 13),
agree very well with empirical limits known from con-
ventional stereophotogrammet This is a good indirect
proof for the correctness of sresented theoretical
analysis. The results for the vidicon fovmat, f = 25 mm
(Fig. 14), all lie outside the empirical limit, which is
0.025%, and the curves are also much steeper than they
were in Fig. 13. This clearly indicates the difficulties of
extraterrestrial mapping problems. The results for the vidi-
con format, f = 50 mm (Fig. 15), show a slightly smaller

influence of calibration errors than in the previous case;
otherwise the curves are steeper and less favorable.

Although several models were computed for the vidi-
con format, f = 100 mm, it would be of little value tc
show the results graphically since in inost of these tests
the iterative process failed to converge, or—ir it did—
absolutely unrealistic coordinates with excessively large
standard errors were obtained. The reasous for this, to-
gether with important statistical conclusions and some
practical suggestions, are briefly summarized.

5. Conclusions and Suggestions

Considering the importance of these problems, it would
be rather premature to make some definite and final
conclusions. However, the performed statistical analysis
was sufficicntly complete to give a clear general picture
about the applicability of stereophotogrammetry to ex-
traterrestrial mapping problems and to show its advan-
tages and pitfalls.

12 ‘
0.1-80% — 04-17%
EMPIRICAL LIMIT 02-58% |
o 0.025% 03-37% 0.05-90%
|
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= |
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e |
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L | /
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8 | '
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B¢ ] 7
g }
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5 | / /
= |
g . } / //
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7] | / /
o |
\ 1 g /,/
|
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|
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i0-2 2 4 6 i0~! 2 4 6 10° 2 4 6 10!
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Fig. 14. Relation between observational errors, base-tc-height ratio (overlap), and relative height errors:
vidicon format, f = 25 mm
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Fig. 15. Relation between observational errors, base-to-height ratio (overlap), and relative height errors:
vidicon format, f = 50 mm

Some of the important conclusicns are:

(1)

220

The derived theoretical analysis is correct and
represents completely the law of propagation of
errors.

Because of the extremely small format of the vidi-
con camera -ystem (approximate 12.5 X 12.5 mm),
the system of normal equations required for the
solution of relative orientation may become very
ill-conditioned. (This can be proven by M, N, and
P nu:abers used in numerical analsis.) This means
that even very small changes in coefficients—i.e., in
observed image coordinates—result in considerable
changes in computed parameters, and consequently
the standard errors become very large. Sometimes,
especially for f = 100 mm, the system may even
fail to converge (compare Figs. 13-15).

In some cases the computed model coordinates
seemed to be influenced by certain quasi-systematic
errors; however, after the standard errors were

(1)

determined, to rely upon such results and to intro-
duce a proper scale factor only appeared very
doubtful.

It was interesting to notice the influence of the
focal distance, which differs completely from ter-
restrial cases. It was shown that the focal distance
must be considered in close correlation with over-
lap and base-to-height ratio, and—most important—
the smaller it becomes, the better results are ob-
tained (i.e., in case of the vidicon format).

These and other factors seem to indicate that stereo-
photogrammetric techniques should not be used for
certain specified purposes. This, of course, is not true.
However, there are certain limitations; to discover and
define these in full detail, the following suggestions have
been made:

Instead of trying to solve the relative orientation
of a photogrammetric stereopair, external orienta-
tion data should be used. The derived theoretical
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error analysis can be used profitably for the deter- prove to be very convenient, because in this case
mination of all necessary constraints and accuracy the size of the vidicon format is not critical.
criteria. (5) The importance of highly accurate measurements

(2) Another possible approach would be to use a larger for all image coordinates is clearly shown. This
vidicon format. This poses an interesting research problem is closely related to the problem of the
problem, the solution of which could be based on image quality and ‘he calibration parameters of
the same theoretical error analysis. It is realized the camera system. Qesearch efforts devoted to
that certain state-of-the-art limitations should also these problems would prove most rewarding.

be considered.

(6) The possibility of convergent photography en-
abling a very high base-to-height ratio should also
be investigated.

(3) In the practical part of this report, relative orienta-
tion problems were investigated; these proved to
be of a critical nature. However, to complete the
analysis, further statistical tests dealing with abso-

lute orientation should also be performed. Generally speaking, the applicability of stereophoto-

grammetric techniques to extraterrestrial mapping prob-

(4) Since the law of propagation of errors differs com-  lems is somewhat limited under present conditions.
pletely for terrestrial photogrammetry cases, = However, the method itself looks very promising, and
research should also be done in this field. These  there is no doubt that after all constraints and parameter
techniques will surely be used for Surveyor-type  accuracy criteria are discovered and determined, it will
photography and similar purpeses, and might  become very effective and reliable.
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SPACE SCIENCES DIVISION

A. Video Film Converter, R. D. Brandt
1. General

The work discussed here is a continuation of the
digital video data processing efforts reported in SPS
37-31, Vol. 1V, pp. 22-35, and SPS 37-22, Vol. 1V, pp.
68-71. This paper discusses the video film converter (VFC)
presently being used for video data processing.

The VFC (Fig. 1) is a device that either exposes or
reads 35- or 70-mm film with the highest fidelity pessible
(less than 1 m, 1 spot) by means of a flying spot scanner.
This reading or recording is done by producing on the
face of the cathode ray tube (CRT) an analog or digital
raster whose size, position, and rotation are completely
variable and dialed-in by the VFC operator. The posi-
tioning, focus, and intensity accuracies achieved include
those produced by electronic pincushion correction, dy-
namic focus, and a CRT intensity closed loop. The VFC
has the capability to interface with a general-purpose com-
puter to produce processed images and readable symbols.
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2. Controls

The VFC is controlled by its operator through three
control panels as well as via the computer simulator
interface unit (see Fig. 2). The implementation of con-
trolling the VFC from an IRM 360/44 computer is
presently in the engineering stage and should be com-
pleted within thc next six months. On the operational
control panel, the operator has the selection of the control
of the VFC which can be STANDBY, COMPUTER, or
INTERNAL.

When thz control selection is COMPUTER, the com-
puter chooses the mode, e.g., sequential-digital-read or
random-sequential-record, etc., and provides camera ad-
vance commands and the synchronizing pulses and data
for intensity, positioning, and character selection. The
VFC uses these data within the constraints set on the
format control panel and the exposure control panel by
the operator. When INTERNAL control is selected, the
operator chooses the mode and initiates the rasters and
camera advances from the operation control panel.
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Fig. 1. The video film converter
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Fig. 2. Computer simulator interface

3. Format Generation

The format is produced by the following groups:

(1) The format control panel (see Fig. 3) sets the size,
offsets, and rotation of the raster; the time of the

analog sweeps; and offsets of the symbols.
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Fig. 3. Format control panel
?

(2) The format logic correlates the modes and synes
in order to properly control the deflection genera-
ticn groups and the intensity unblank group.

(3) The analog deflection generator produces an ana-
log sweep ramp synchronous with commands
from the format logic control; the ramp times are
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controlled by the scttings on the format control
panel. The maximum number of horizontal scan
lines per frame is 399%. The vertical size of the
raster is controlled by the line spacing (10.00 to
100.00 ) and the number of lines per frame. The
horizontal time per line (300 to 500,000 psec) and
the horizontal sizing (10.00 to 50.00 mm) are
independently controlled.

(4) The digital deflection generator produces incre-
mental deflection for line and element spacing
synchronous with the format logic control com-
mands. At the number of lines and elements cor-
responding to the settings on the format control
panel, those generators will reset and notify the
format logic control. The maximum number of
horizontal scan imes per frame is 3999, Each line
may contain up to 3999 elements. The element
spacing and line spacing are independently con-
tralied (10.00 to 100.00 4). This allows for various
size rasters to be generated within the constraints
of the 35- or 70-mm film format.

4. Deflection

The deflection scaling groups develop scaled composite
sweeps from the outputs of the deflection generator
groups, the Straza svmbol generator, and offsets. This
scaling group controls the size of the rasters via the sizing
controls on the format contrcl panel. These composite
signals consist of both horizontal and vertical sweeps
with reference to the raster itself. The sweeps are then
put inte the rotation potentiometer where the sine and
cosine parts of the horizontal and vertical sweeps are
produced. These sine and cosine components are then
combined to form X and Y components of the rotated
raster, where X and Y relate to the coordinates on the
fiim. The X and Y sweep sigrals are then put into the
deflection drivers to drive the CRT deflection coils.

The pincushion group is used t. eiecironically generate
correction signals to eliminate geometrical pim’ushiun
distortion on a flat fuced CRT. Pincushion correction
signals, whien properly adjusted, will correct X and Y
sweeps at the deflection drivers in order te allow a square
raster to he displaved on the CRT face.

The protection group senses sweep losses and protects
the CRT by intensity blanking.

5. Focus

Static control of e spot size of the beam at the face of
the CRT is provided by the static focus driver and coil.
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In addition, the focus is controlled as a function of sweep
position hy the dynamic focus group, driver and coil.
This dynamic focusing is required because of the beam
length difference in reaching the flat CRT face when the
electron beam is deflected through varying angles during
sweeps.

6. Intensity

The CRT ‘utensity closed loop corrects for phosphor
variations on the ee of the CRT and linearizes the video
input-CRT intensity onput transfer function. The feed
back element m the loop is a photomultiplier whose gain
is controlled by the exposure contrel panel (see Fig. 4).
For greater closed loop linearity and frequency response,
a nonlinear amplifier network is inserted in the forward
[nup to compensate for the noulinear characteristic of
the CRT intensity transfer function. A grid switch is
inserted at the input to the grid to allow blanking control
for format and protection as well as a special fast un-
blanking for symbol dot writing.

The cathode bias control provides the CRT cathode
bias and protects the CRT against supply drift or failure
and accidental system shutdown,

The input video control group provides sclectable
scaling, offset, and polarity of the signal to the CRT
closed loop from internal sources or from the external
analog or digital intensity inputs. The digital mtensity
inputs to the VFC are in the form of 6-or 8-bit characters.

Fig. 4. Exposure control panel
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The 6- or 8-bit characters are conve ted (ID/A) within
the VFC, and the resulting analog signal is used to
amplitude-modulate the beam current of the high reso-
lution CRT within the VFC. In addition to accepting
either 6- or 8-bit characters, one or several of the bits
may be inhibited by switches o:: the computer simulator
interface. This provides a r-cans for data compression
analysis.

The output video control group converts the output of
tbe readout photomultipliers to signals of proper polarity,
offset, and magnitude that are compatible with the exter-
nal intensity A/D requirements and the intensity control
of the monitor oscilloscope.

7. Camera Control

The camera control group provides correlation of the
33- and 70-mm camera advancements either by operator
or computer request, or automatically at the end of each
frame of information scanned on the film.

B. Cycle Length Versus Initial State for Linear
Feedback Shift Registers, M. Peiiman

The matrix method provides information about the be-
havior of the entire linear feedback shift register (FSR)

L(x)

0

I
L

r

I
finy

I
-

r

-

-

7

G(x) (1 + j}_“{C,-,x‘) =

1=1

G(x) =

T
SCrxtfrxt+a, xn+
1=1

in terms of cycle leriaths (see SPS 37-44, Vol. IV, pp. - "¢
216). The generating function provides information about
the behavior of cach memory element of a linear FSR.
Therefore the gencrating function may be used to relate
an initiai internal state to the length of the cycle in which
it is contained (Ref. 1).

The generating function is defined as

Glx) = 3 apr (1)
where
4= T Cr ian, (@
or
a,=1+3C, a,., @)
i-1

Rules of modulo 2 arithmetic are used in all sur~ma-
tions. The linear recurrence relationships in Egs. (2)
and (3) currespon.' to the case where e = O and e = 1,
respectively, in Fig. 5.

CASE 1. Where ¢ = 0;

(ZC,-,a,._,) x"

- -]
C,.ix} ZG,,-,x""

n 4

o0
C..ix (a—‘x"' ta, v+ - ta gt + Za,.x")
Crot'[a x4 aod™ + .+ a4 Glx)]

Coxt(a,x' = a,,x""" 4 a,x)

+a.,x1)

14 z C, .x (4)
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The denominator of Eq. (4) is ilic reciprocal poly-
nomi.} of the characteristic polynomial of the associated
matrix characterizing the behavior o1 an r-stage FSR with
lineur {cedback where ¢ = 0. That is,

8(x) = x + ¥ C, (5

where the indeterminate » has been replaced by x. The
reciprocal polynomial of Eq. (5),

*'$ (%) —1+ Y Cor

=1

is the denominator of Eq. (4). The indeterminate x has no
real significance.

In general, G(x) is a function of the initial internal

state a., a., --* a-, and the feedback connections C,.,,
C..., -, C.. (Recall that C,_, = C. is always 1.) G(x) is
the ratio of two polynomials with module 2 coefficients.
The initial state for whicha, = ¢.. = - = a_,., = 0,
anda, - 1, y'elds
Gix) = rl (6)
1+ E C, _.x
In general,
————'!— =a, + dx + o o @t
1+ Z Cr_ ix!
i-1

+x* (@, +ax + - + a_2*)
T x%* (@, + ax + -+ ap.2FY)

_Gtax+ -t g )
1+«

Thus, for the initial state (00 --- 01), the denominator of
G(x) as expressed in Eq (4) divides x* + 1 where k is the
period of the sequence. This initial state results in
the longest period. This corresponds to the r. atrix char-
acterization of a linecar FSR where ¢(A), as well as its
reciproca. A"¢ (1/A) divide A* + 1, where the smalle.:
valu. of k for w.ich this is true is the length of the
lengest cycle.

When .he nvmerator and de..ominator of G(x) as ex-

pressed in Eq. (4) have a common factor, a sequence is
generated with a peniod less than k which divid~s k.

2.

o] -
Pt

T x>

Fig. 5. Generalized ~-stage FSR with linear feedback

EXAMPLE 1:
Given a, =a,_.,DPa,_;
dx)=x"+xt+1

then

x5¢(%>:1+x+x5
=1+x+at) (1+2*+x)

The period associated with x°¢ (1/x), as well as with
#(x), is the lzast common multiple of 3 and 7, which
equals 3 X 7 = 21. This period results when the initial
state is 00 --- 01, and has the generating function

_ 1
€W =157++r
From Eq. (4) the initial state can be determined, which
yields

Gl = 1+ x4+ x2 _ 1
T tx+e) 1+t 14+x Fad

associated with a period of length 7. Note that C,_; = 1
fc:i=1,4:

G-,

a;,+c.x - axt +ae + axt
1 + 4+ a2

a, =0 a,=1
. a—2_ 0_5:1
a,=1

Note thatu , +a_.; =0+ a_, = 1.
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The initial state 00111 yields a period of 7. Similarly, the
initial state 01101 yields a period of 3. The trivial period
of 1 results with the initial state of 00000 where G(x) = 0
(thus giving 0 + Ox 4 0x* + ---). As shown in Eq. (4),
G(x) is extremely useful in determining a state of a minor
cycle, especiclly when r is large.

CASE 11. Where e = 1.

Glx) = i(l + ZCa) ”
= ix" + i(lrle,_.a,.-i>x"

n=0

The second term on the right was evaluated for case 1. Therefore,

Gix) = ﬁ—x + > C,x [a-ix" +a.,. xS+ a4 G(x)]

+1+x)Y Cox(axt+a,,.x't+- +ax)
=1

Gx) (1 + 3 c,_,.xf) =

1+x

r
1+ (1+x)3Cx (@' +a,, x4 - +aax)

G(x) = Lt

(1 + %) (1 + ): C,,x'> ®

The initial state 00 --- 0 wherea., =a_, = - =a., =0
yields
Glx) = L
1+x)(1+ it
( )( ; C, ik ) (9)

This characterizes the sequence with the longest period.
It also characterizes the longest sequence of an (r + 1)-
stage linear FSR where e = 0 (Fig. 5). The characteristic
polynomial of the (r + 1)-stage FSR has a reciprocal
polynomial which is identical to the denominator of Egs.
(8) and (9). (Note that the factors of x"¢(1/x) are the
reciprocals of the factors of ¢(x). The polynomial x + 1
is a self-reciprocal.)

EXAMPLE 2:
g, =1®a, ,Pa,.. Da,_,
For the initial state 0000,
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Glx) = A+ +x+ 2+ x9)

1
Tl t it at gt

e 1+x3+x4+x5+xﬁ+xﬂ+x9 +x]4+x17+...
= 1+ +xt+x+x x84 e (L a3+

{a,}a, a, a, a; a, G5 A5 a; Qs Gy G15G1y Gy Qi3 Gy Gy **°
10 0111101210 000T10:---

A five-stage FSR with the linear recurrence relationship
A, = Qn_3 Da,..Da,s

has the same G(x) for the initial state 00001. Since both
FSRs generate the same sequence, succ. ssive states of the
four-stage FSR must agree with successive states appear-
ing in the four leftmost stages of the five-stage FSR.
Furthermore, it may b~ shown that if the five-stage
FSR were initialized with 10000, successive states of the
four rightmost stages correspond to successive states of
the four-stage FSR. The G{x) for the initial state 10000 is
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x
1+ 2+ xt+a°

G(x) =

The x in the numerator corresponds to a cyclic shift of one
digit period in the sequence. The state contained in a
minor cycle of

a,=1®a,. . ba,..Ba,.,

may be found by determining the state which reduces
G(x) of Eq. (8) to

1+ 22+ 2 1

Gix) = - = 3
+x)1+x2+2) 1+«

Note that

A+x)(l+x+x+2)=(1+2(l+x+x)

=(1+x)(1 +x* + %)
and C,, =1fori=123;

a,
a., + a.x

a, +a.x+ a.x*+ a_x®
1 +(1+:r)[(a_1 +a.+ a,) +(a., ta)x +a.,x* + a.x]

Multiplying and adding terms of like power will yield

1+ (a,+a,+a,)+ (a,+a,+ a)x
+(a, +a,+ag)x + (a, +au)x?

a,+a,=1
a,ta,ta;=1
a,+ta,+a,=0

a,+a,+a,=0

The simultaneous solution of these equations results in
a,=0a.,=1a,=0anda, =1

The initial state 0101 for a_, a., a_; a_, yields a period
of 2. The same results could have been derived more

systematically from

Gy = Ay 3D an, D ans
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by applying Eq. (4) and finding a_, a_; a_, a, (a-;) which
reduccs the numerator to 1 + x* + 22,

C,i=1fori=3,4,5:
a, t+a.,x+ a.,x*
a,+ax + ax®+a,x®

as + ax + ax® + ax® + a,xt

1 + x4+ 2

a, =0

a,+a.,=1, a,=1
a,+a.+a.,=1, a, =0
a.,ta,+a,=1, a,=1

The initial states of the leftmost four stages gives the
desired initial staw a_, a_. a_;, a_, of 0101.

C. Spacecraft Woven Plated Wire Memory,
W. J. Rousey

1. Introduction

Science mission requirements for a low-power, non-
destructive readout (NDRO) memory motivated a deve'-
opment program which is being conducted, under
contract, by the Librascope Group of General Precision,
Inc. This effort will result in the Jelivery of a flight-
qualified engineering model (Fig. 6) by the end of FY
1968. To achieve this, an electrically scaled-down bread-
board version cf the engineering model (Fig. 7) has been
developed and delivered. In addition to the normal de-
sign goals for flight hardware, emphasis is being given
to establishing the feasibility of memory sterilization.

2. Gercral Characteristics

The electrical and mechanical characteristics of the
m¢ ~ory are given in Table 1. The memory capacity is
1024 words, 20 bits each, all of which are randomly
accessible (a bit can be obtained in 600 ns). The informa-
tion is processed bit-serially, in and out, and the memory
operates in the NDRO mode. New information is simply.
written over the old. The memory is also inkerently
nonvolatile. Standby power is less than 40 mW, and when
clocking the memory at a 100-kHz rate, the read or write
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EXTERNAL TEST POINT
(OPTIONAL) CONNECTOR
(CANNON-D~-TYPE)

DIGIT ELECTRONICS

: INTERFACE
MODULE CONNECTOR
(CANNON-D-TYPE)
FLEXIBLE
PRINTED
CABLE —
s
=
f
|
k.
N
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N
500 in |“\_'_ =
' HOUSING -
| -~
‘ ﬂ " WORD ELECTRONICS
' L MODULE

\— CORDWCOD MODULES

"J- MEMORY STACK
(4 MEMORY MODULES INTERCONNECTED
TO WORD ELECTRONICS MODULE THROUGH
FLEXIBLE PRINTED CABLE ON TOP EDGE)

Fig. 6. Engineering model memory system package

Fig. 7. NDRO ' readboard memory system
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Table 1. Engineering model memory system

Parameter —l—

Characteristics

Capacity 1024 words, 20 bits each; 20,480-bits total

Storage meons Magnetic, on thin film of permolloy plated on

copper alloy wire subsirate

Electronics Integrated circuits and silicon
semiconductors
Volatility MNenvolatile

Data transfer mode Bit-serial read and write

Addressing Random by word

0 to 100,000 bits/s

Data transfer rate

Signal interface Cempatible with all common TTL and DTL

integrated circuit families
Input signals Clear, address, read or write, data, clock

Output signals Data, bit markers

Readout mode Nondestructive

Date alteration New data written over old; no erase oper-

ation reouired

40mW on standby; 240mW when writing at
100-kHz clock rate

Power consumption

Power supply tolerance +10%
Weight 41b
Volume 48 in}

power consumption is less than 250 mW. Integrated cir-
cuits are used wherever practical. with discret> com-
ponents comprising the remainder of the system. The
input/output circuits are compatible with most diode-
transistor logic (DTL) and transistor-transistor logic
(TTL) forms of integrated circuit logic elements.

3. Woven Plated Wire Memory (WNPWM)

a. Array. Information is stored in a woven plated wire
matrix which is a clotu-like array of fine copper wires
(Fig. 8). The wires are woven on a large automatic loom,
with the insulated word lines serving as the warp and
the digit line nserted as the woof.

b. Plating. Conductive wires are coated with a thin-
film ragnetic material in a multibath, continuois-flow
plating operation (Fig. 9). During this operation, the wire
is cleaned, polished, plated, tested, and cut into lengths.

c. Weaving. In the weaving process, the desired num-
ber of strands of wire (word lines) are held parallel to
each other in the loom. Alternate strands are raised. and
a magnetically plated wire is inserted by the automatic
loom orthogonally to the insulated wires.
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d. Storage medium, The memory element is & small-
diameter (8 mil) conductive wire plated with magnetic
material that has controlled magnetic gualities. During
fabricution, the direction of magnetization is constrained
to lie circumferentially in the absence of an applied
magnetic field, making this the “easy” axis of magnetiza-

DIGIT / SENSE
LINE

MAGNETIC
TaliN FILM

SPACER WORD LINE

Fig. 8. Basic memory matrix und location of a stored bit

SUPPLY REEL

tion. A magnetization vector H, (Fig. 10) represents a
binary digit by resting in either of the easy directions
(which are 180 deg ap-ut). The magnetic coating is suffi-
ciently thin that flux reversal within the memorv element
takes place by coherent d. main rotation. It is interesting
.0 note that this switching mode is much faster than the
wall-motion mode of conventional ferrite cores and is
less sensitive to temperature variation.

The memory element features a closed magnetic path
around the circumferential (easy) axis. Since self-
demagnetization fields are not present, the coating can
be thicker than planar magnetic films, thus generating
higher output voltages. Coupling of the coating to the
copper substrate is also imp1oved, further increasing out-
put voltage and decreasing digit drive requirements. The
closed magnetic path also decreases susceptibility to
external magnetic fields. The magnetically plated wires
(Fig. 8) form the digit/sense lines, while the insulated
wires are interconnected to form the word coils of the
woven array. A memory element is formed at each looped
position along the plated wire. Although the magnetic
coating is contituous, only those sections in proximity to

WIRE MOVEMENT

—_—
+ - + + +
? 'y
L l
CATHCDIC ELECTRO ACID COPPER MAGNETIC MAGNETIC PULSE
CLEANING POLISH ETCH PLATE FLATE | PLATE 2 TEST
-0 + -0
Fig. 9. Plating line schematic diagram
INSULATED COPPER
W.RE (WORD LINE) ﬁ
Q l WORD [ o
| : T' LINES i |
g ] Mm.m
| LT ] OO T

F MAGNETIC THIN

FiLM

CONDUCTIVE WIRE
(DIGIT/ SENSE LINE)

Fig. 10. Binary digit
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DIGIT/SENSE > ,~
+\  LINE INTER- /1
N CONNECTIONS \
NS \_/

(a) 2 PAIR IN SERIES
CONNECTION

(b) 5 PAIR IN SERIES WITH
END PAIRS REVERSED

Fig. 11. “Shaped" drive fields
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the word coils contribute to memory operation. Thus, a
single plated wire is divided into many memory ele-
ments; suitable spacing of the word coils avoids intey-
action between elements. The weaving technique is
mechanized such that multiturn coils can be produced;
the advantage of this configuration is shown in Fig. 11.
To produce these “shaped” drive fields, an automatic
loom is used. Preselected word lines are interconnected
to make word coils, or left unconnected to provide spac-
ing between word coils. Thus, bit interaction along the
magnetically plated digit/sense lines is avoided, o that
repetitive reading, writing, or rewriting with the same
polarity will not cause spreading of magnetization. Ix-
ternal magnetic fields of 0.5 Oe or less will not affect
memory operation. The use of multiturn coils also pes-
mits the use of lower word-drive currents in writing and
reading. The weaving process results in close coupling
between word and digit wires, and thus in still lower
word currents.

e. Reading from memory. Interrogation of the memory
element is accomplished by pulsing the word line with
current I,. (Figs. 10 and 12). The induced magnetic field
rotates the plated wire’s magnetization vector {rom its
quiescent position in the easy (circumferential) axis H,
toward the hard (axial) axis H,. This, in turn, induces a
voltage in the conductive substrate wire, which now
serves as the sense line. Its —nlarity depends on the

100 mA /division

50 ns/division

Fig. 12. Word drive current (read or write cycle)
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direction of the magnetization vector in its quiescent
state. On removal of the word current, the vector returns
to its original quiescent state, again inducing a voltage
of opporsite polarity in the digit/sense line. Hence, the
readout process is inherently nondestructive; i.c., no re-
writing or “restore” function is required. Full cycle time
for NDRO operation is on the order of 100 ns. Informa-
tion may be reused repeatedly in NDRO without fear of
alteration. However, stored information may be altered
by the write process.

f. Writing into memory. Writing into the memory ele-
ment is accomplished by passing word current I,. (Fig. 10)
throngh the insulated wire word line. This in turn applies
a relatively large word field to the conductive digit/sense
wire, thus rotating the magnetizatiou vector H, from the
easy axis into the hard axis H, of the magnetic film. A
relatively small digit drive current I, (Figs. 10 and 13) in
the plated wire then tilts the magnetization vector away
from the hard direction. When the word current is re-
moved, the magnetization vector rotates to the easy axis
in the one or zero direction as determined by the polarity
of the digit drive current,

4. System Description

a. Memory organization. The engineering model (EM)
memory is internally organized around a memory stack

Ip I
c | |
3 I A\
5 ~ | ~
n \ {
\ /
Ipo [ / o}
T
J
50 ns/division
Fig. 13. Digit current (write cycle only)
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of 256 words of 80 bits cach, which are elcctrically or-
ganized to store 1024 “system” words of 20 bits each. The
EM memory unit is a random-word-access, bit-serial
memory, and is shown in the simplest block diagram
form in Fig. 14. Operating in true bit-serial mode, the
memory shares a single read amplifier and single digit
driver over all digit lines.

b. Sequence of operation. Refer to Fig. 15. After appli-
cation of power, the sequence begins with a clear iuput

CLEAR
DATA (IF READ
ADDRESS SPECIFIED)
—
NDRO
READ OR
WRITE MEMORY
——— —{  SYSTEM
‘ (WPWM  AND
DATA ELECTRONICS) .
BIT MARKER
CLOCK (COINCIDENT WITH
—_—
BITS IN WORD)

Fig. 14. Functional block diagrom for engineering
model NDRO memory system

4 PAIR ADDRESS CLOCK [REAC OR
INPUT LINES INPUT| WRITF
INPUT
WGRD PULSE ol 164 TIMING
GENERATOR SWITCHES CONTROL
I _conTroL TO
,l6 ALL CIRCUITS
wor , [256 | pLATED WIRE
4R FORRESS | 168 16 |SELEC ON|_PAIRS| MEMORY ARRAY
: SWITCHES MATRIX * "256 WORDS
{16 x 16) 29 BITS EACH
80 PLUS
| RETUPNS
5BIT R _
BT  |——= MARK J—
CLEAP SIGNAL _ DIGIT SELZCTION
WU »| COUNTER OUTPUTS AR
20 Ces | (20x4)
| SWTCHES —
SRl 20
5 ; | : 4 PAIR
U P,
F DIGIT B
DATA INPUT——] F | oRiver [
. _R | READ
4D 4 AMPUIFIER
SWITCHES [ 1 AND SHAPING
DiLIT NE TWORK
CURRENT >
SINK
DATE
2 PAIR ADDRESS INPUT LINES =i oUPUT

Fig. 15. Engineering model memory system
block diagram
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signal. The clear signal will set the first flip-flop in the
bit counter to a standby-ready state. After establishing
the desired address and specifying read or write, the
detection of a clock pulse initiates the operating cycle.
The leading edge of the clock pulse activates the appro-
priate timing generators (Fig. 15) and the following
signals appear’:

(1) A 1-us power and address timing pulse (ADT) from
the voltage regulator switch to word switches A
and B and to digit switch D.

(2) Initial delay timing (IDT) which is a 500-ns delay
interval {provided to allow all switches to settle).

(3) A 1.6-us marker pulse timing (MPT) which oper-
ates the bit counter control circuit to provide high
current output drive capability through the bit
counter flip-flop that is in the ready stute.

On the trailing edge of IDT, a 270-ns word pulse tim-
ing (WPT) signal is started (Figs. 16 and 17). This, in
turn, triggers a word pulse generator (WPG) which yields
a current pulse 200 mA in amplitude and 270 ns in
duration. The WPG signal is necessary to drive the
appropriate word line through the selected w ord switches
A and B (Fig. 15). The system is now ready for read or
write (R/W) operation.

Read operation. Assuming the R/W line is at the cor-
rect level, a read gate in the selected D switch (Fig. 18)
is activated to forward-bias diodes in the digit selection
transformer matrix (D1 or D2), thus opening a transinis-
sion path between a digit line and the read amplifier.
The timing network generates a strcbe pulse (Figs. 16
and 17) for the shaping network amplifier coincident with
the arrival of the readback signal from the plated digit
wire. (" his readout voltage is a result of current in the
word line which induced a voltage in the plated wire.) If
signal polarity at strobe time indicates a one, a 1-us data
output pulse is immediatcly started. No data output pulse
is generated for a zero. The entire read operation has
required less than 1 us, and shortly after the termination
of WPT, power is removed from the A, B, and D switches.
The bit counter advances on the trailing edge of ihe
MPT and all circuits return to standby condition. When
the leading edge of the next clock pulse is detected, the
read cycle is repeated.

Write operation. When write is specified by the R/W
line, the memory responds exactly as it does in the read

'Waveforms shown on Fig. 17,
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Fig. 16. Timing block diugram

mode, with one exception. A 330-ns digit current pulse

(DWT) (Figs. 16 and 17) is generated coincident with
the word currcnt pulse. Polarity of digit current is deter-
mined by the sense of the binary bit to be stored, and
this sense is a function of the vultage level on the input
data line. A buffer stage transfecs the incoming data to
the digit driver (Fig. 15). The digit driver will drive the
current pulse through the sclected D switch, then to
the digit matrix transformaer and through the appropriate
plated digit wire. After ter ination of word and digit
current, power is removed as in read operation. The bit
counter advances as in read operation; ail circuits return
to standby and await the next clock pulse.

JPL SPACE PROGRAMS SUMMARY 37-45, VOL. IV

5. Breadboard Test Results

a. Environmental. Proper electrical operation was veri-
fied over the temperature range of —10 to +85°C. Shock
and vibration testing of the memory planes was per-
formed (planes in nonoperating condition), and the re-
sults were satisfactory.

b. Sterilization. The Polymer Research Section (382)
of JPL conducted sterilization testing.? A memory plane

*JPL Specification VOL-50563-ETS was used as the defining docu-
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was tested in accordance with the type approval require-
ments. Basically, the test consisted of subjecting the
plane to ethylene oxide (ETO) decontamination environ-
ment; this was followed by a period of storage in a dry
heat sterilization chamber. Post-test evaluation revealed
the RTV-615 silicone 1ubber potting compound (encap-
sulant for imemory planes) to be extremely degraded,
with essentially no adhesion to the substrate (printed
circuit hoard). Degradation of the RTV-615 was advanced

BIT |
c
OUTPUT
PREAMPLIFIER -
Ol piGIT 3 SHAPIN
WIRE NETWORK
b 3 RESET (CRT)
SWITCH 500
(READ
GATE) |
i STROBE
READ
b2 pal  TRANSFO"MER
READ
v AMPLIFIER
TO THREE
MORE ROWS

Fig. 18. Simplified read signal selection dicgrain

to the point of zero teusile strength and elongation. How-
ever, there was ) electrical drgradation.

It was later revealed that primer §5-4101 was used on
the printed circuit board when S$§8-4120 should “ave
been used. The wrong primer accounted for loss of ad-
hesion to the substrate. Processing errors during encap-
sulation probably accounted for the degradation in tensile
strength and elongation. New dummy potted samples
of the memory plane were made using the correct primer
and carefully controlled processing techniques. These
specruens were then subjected to the same ETO and
dry-heat sterilization tests. Post-test examination revealed
none of the original problems; indeed, microscopic exam-
ination failed to show any flaws in the exposed boards or
castings.

6. Future Activity

The engineering model memory will be developed
and qualified during the 1967 calendar year, with delivery
scheduled for January 1968. This development is the
second phase of a two-part contract, the first of which
vielded a working breadboard model. The technology
impartation from the breadboard to the engineering
model is expected to result in the creation of a memory
capable of meeting Mariner Mars or Voyager-type mis-
sion requirements

Reference

1. Golomb, S. W., Sequences With Randomness Properties, Engineering Report
6193, The Maitin Co., Engireering Laboratory, Baltimore, Md., June 14, 1955.
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XIV. Lunar and Planetary Sciences

N67-3L779

C

SPACE SCIENCES DIVISION

A. Spectral Reflectance of Silicate Kock Powders,
J. 8. Adams and A. L. Filice

This study was undertaken o provide an ¢xperimental
bas.s for the geologic interpretation of spectral reflectance
measurements of planetary surfaces. The search for an
understanding of the spectral reflectance properties of
large areas of terrain h-s led to an investigation of silicate
rocks in granular to powdered form. The deserts of the
earth, when viewed from an aircraft or from space, typ-
ically are seen to be mantled with soil, alluvium, talus,
and other types of particulate debris, rather than vast
expanses of fresh, solid rock. Surveyors and Lunar Or-
biters ' we confirmed earlier predictions that much, if
not all, 4 the surface of the moon is covered with par-
ticulate material ranging ju rize from huge blocks to fine
powder. Also, the dust storms on Mars suggest a surface
mantled by particulate rock material.

In this laberatory study of particulate rocks, changes
in the wavelength distribution of reflected light were
measured as functions of rock composition and miner-
alogy DJarticle size, particle shape, particle packing,
and 1 gle of illumination. The experimental results show
that silicate rocks in powdered form can be classified as
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belonging to the broad categories of rock glausses, crystal-
line acidic rocks, or crystalline basic-ultrabasic rocks, on
the basis of spectral reflectance properties in the 0.4- to
2.0-u wavelength region. Distinguishing characteristics
are the ratio of reflected light at 0.7 u to that at 04 u
(bere termed R/B), the change in R/B with albedo, the
maximum albedo of a rock powder, and the occurrence
of broad absorption bands in the reflectance spectra
between 0.8 and 2.0 p. Spectral rcflectance properties
depend strongly on particle opa. .ty, which in turn is
cortrolled by chemical composition, mineralogy, and
particle size; bowever, reflectance is also affected in a
regular way by particle packing, particle shape, and
illumination geometry.

The broad classes of rock types can be distinguished
most readily if the particle size can be estimated. This is
facilitated in the case of unsorted pulverized rock (e.g.,
associated witli impact craters) because of the prepon-
derance of small (< 100 u) particles tLat coat :he surfaces
of the large particles, thereby imparting the properties of
the small particles alone. On th- other haad, if rock
composition is known, an estimate of particle size can be
made frem the spectral reflectance data.
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It is concluded that under st geologic conditions a
combination of several spectral reflectance proper.ies is
capable o° giving some gross-composition informa.ion on
silicate rock powders; in view of its potential usefulness,
especially in planetary exploration, this approach war-
rants further development.

A more complete account of the results of this study
will appear in a forthcoming issue of the Journal of Geo-
physical Research.

B. Cloud-Top Pressure and Abundance of

Hydrogen in the Atmosphere of Jupiter,
J. E. Beckman

The widths of methane absorption lines were measured
to half-intensity from spectra taken with the A-camera
coudé spectrograph of the 82-in. Struve telescope at the
McDonald Observatory. These careful determinations in
the 6200-A high overtone band enabled the cloud-top
pressure for Jupiter of 2.3 0.3 atm to be found. If pre-
dictions of more detailed scattering models are consid-
ered, this is a high limit. In any case, it precludes a
hydrogen abundance of 2359 kiz-amagat obtained by
Rank, et al. (Ref. 1), which would produce a cloud-top
pressure of 6 atm even without the inclusion of other
atmospheric constituents. A new hydrogen abundance
of 68 =15 km-amagat. derived from previous data of
the author (Ref. 2), is suggested. The data of Rank, et al.,
are reinterpreted to produce a result lying hetween
63 and 72 km-amagat, which is in very good agreement
with the author’s new result. From the total pressure and
the hydrogen and methane abundances, new numerical
. oundance ratios for H: He: C:Ne are derived for the
apper atmosphere of the planet.

A more detailed account of this work will appear in
the August 1967 issue of the Astrophysical Journal.

C. Use of the Visible and Near-IR Spectrum
in Analysis of the Lunar Surface, A. L. Filice

1. introduction

The visible and near-IR spectrum of solar energy re-
turned from the surface of the moon has been analyzed
by four principal methods:

1; Photometry.

(

(2) Polarimetry.
(37 Lumincscence.
(

4) Spectronhuiometry.
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These .our techniques and their a} ;lication to the anal-
ysis of the nature of the lunar surface are discussed.

2. Photometry

Lunar phc tometry consists of measuring intensity and
angular dependence of the visible spectrum of tight
returned from the moon. This parameter can be measured
at various phase angles and in different locations on the
lunar surface. The variation of reflectivity with lighting
and viewing angle jis expressed mathematically as a
photometric function. Photometric studies have shown
the moon to be a target that has no limb darkening, and
has a photometric function charactcrized by a rapid
increase in reflectivity or backscatter at or near 0-deg
phase angle! which is independent of the lunar latitude
at which it is measured (Fig. 1). Average albedo values
for the lunar surface range from 0.070 for the maria to
0.115 for the highlands, where that value is the fraction
of the incident light which is reflected. Minimum values
of arcund 004 are recorded for certain flooded craters
(Billy, Grimaldi) and maximum values around 0.15 for
the large, bright, rayed craters {Tycho, Copernicus).
Small, bright craters on the naria with albedos as high
as 0.30 have been observed.*

1.2 r |
€ =0 deg € = DIRECTION OF
ILLUMINAT:ON

08 — -

- // \\

-90 -60 -30 (o} 20 60 90
PHASE ANGLE, deg

Fig. 1. Brightness (van Diggelen)

Interpretation of the photometric properties of the
lunar surface has been difficult because, until recently,
no terrestrial analogs could be found that would success-
fully reproduce the lunar characteristics. These are:

(1) Very low albedo.
(2) Strong backscatter at 0-deg phase angle.

(3) Independence of brightness functions with latitude.

'This occurs when the direction of illumination and observation
coincide. The full moon observed from earth approximates this
geometry.

“Z. Kopal, personal communication.
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The early investigators Orlova (Ref. 3), van Diggelen
(Ref. 4), and others, were able to match the albedo of
the n.oon with various materials such as volcanic ash and
cinders, but they could not reproduce the strong back-
scatter (Fig. 1). Van Diggelen (Ref. 4) was the first
to reproduce the complete curve when, in the course of
investigating many kinds of materials, he used a dark
sponge-like lichen.

Hapke (Ref. 5) subsequently reproduced the lunar
photornetric curve by working with fine powders sifted
into a very porous configuration, which he termed “fairy
castle” structure. The importaut observation here is that
in order to match the lunar photometric function, one
must use a porous sample; a porous structure has many
light traps and exhibits about the same amount of re-
flecting surfaces for any viewing direction. The photc-
metric properties are independent of the chemical or
mineralogical composition of the surface, because lichen
(a very unlikely material on the moon), as well as a basalt
powder, can adequately reproduce the photometric curve
of the moon.

Because of Hapke’s work it has been assumed by
many that a fine (= 40u) porous surface layer must exist
on the moon in order to account for the lunar photo-
metric characteristics. Rangers VII, VIII, and IX, as well
as Luna IX and Surveyor I have only provided additional
information over which to debate the existence of a dust
layer on the moon. However, Surveyor I has shown many
particles = 500 ., the resolution limit of its camera
system.

Recently, Oetking (Ref. 6) has shown that the strong
backscatter near 0-deg phase angle is not peculiar to the
lunar surface. It is exhibited by most terrestrial sub
stances, including standard diffusing surfaces, when ob-
served with an instrument of small aperture.

Halajian (Ref. 7) has now removed the necessity that
the lunar surface must be fine grained, less than 40 p. By
employing a photometer approximately 10 m high, he
was able to enlarge his sample area to approximately
7.5 cm in diameter, as opposed to Hapke’s photometer
which would only sample an area approximately 1.3 cm
in diameter. Halajian verified that any porous surface
will reproduce the lunar photometric function if the
albedo is low. This includes furnace slag, coarse-grained
volcanic cinder (1 mm to 2 cm), scoria, sea coral painted
black, and metallic meteorites. Sea cora! painted black
actually exceeds the backscatter of the lunar surface,
possibly placing an upper limit on the lunar roughness.
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A value of 70% porosity and a low albedo were found
to be the criteria necessary ‘o reproduce the lunar photo-
metric curve according to Halajian. It now becomes obvi-
ous from the multitude of materials which reproduce the
lunar photometric function that the following cannot be
uniquely inferred from eartli-based photometric analysis:

(1) Chemical composition.

(2) Particle size.

(8) Surface roughness (macrostructure).
(4) Structural homogeneity.

(5) Interparticie cohesion.

(6) Depth of surface layer.

(7) Bearing strength.

3. Polarimetry

The measurement of the polarization properties of the
lunar surface has been pursued by many investigators,
but the first precise work was done by Lyot (Ref. 8) with
a highly sensitive polarimeter of his own design. He
examineu the whole disk and showed that the light
returned from the lunar surface is lineariy polarized, and
that the directions of polarization maxima are always
exactly perpendicular or parallel to the plane of obser-
vation. (No ellipdcal polarization has been detected for
the moon.)

Intensity of polarization is defined as P=(I,—I./1,+ I.)
or the ratio of polarized light to total light, where I, is
the intensity of the horizontal vibration component and
I, is the intensity of tke perpendicular vibration compo-
nent. Polarization is phase-dependent (Fig. 2). At 0- and

0.15

yd
S

/ I~

oA {
B

210 —

POLARIZATION

N

—
-

-0.05 L
(o} 30 €60 90 120 150 180
PHASE ANGLE, deg

Fig. 2. Polarization (Wright, Dollfus)
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23-deg phase angle there is no polarization. Negative
polarization (parallel to the plane of vision) occurs be-
tween 0 and 23 deg with a maximum of 0.012 at 11 deg.
Positive polarization (perpendicular to the plane of vision)
occurs between 23 deg and the limit of observation at
approximately 160 deg, with a maximum which . vari-
able in intensity and phase angle from 0.066 tc 0.088 deg
and from 95 to 110 deg.

Polarizati .. is observed to be inversely proportional to
the albedo 0.  particular region, the continents giving
rather consistent minimum values and the maria giving
more variable maximum values. Also, polarization at a
given phase angle is independent of position on the lunar
surface in areas of similar albedo.

Laboratory investigations of polarimetri~ properties of
materiais were carried out by Lvot (Ref. 8), but Dollfus’
work (Ref. 9 is more recent and complete. Dollfus fouad
that neither specularly reflecting nor roughened diffusine
surfaces would reproduce the peculiar polarization cur.c
of tlie moon. As u specular surface he used quartz sand-
store, and for the diffusing surface he used coarse vol-
canic fragments. In all cases, the positive polarization
was too high and the negative polarization too low. Also,
the inversion point as well as the maximum and minimum
points failed to coincide with the lunar curve.

Both Lvot and Dollfus found that finely powdered
opaque substances will reproduce the polarimetric curve
of the moon. Volcanic ash of the proper albedo can
duplicate the curve almost exactly. Dollfus stated that
it is the intricate nature of the surface structure that
allows the veleanic powde: to produce the observed
polarization, and he stated that the fine grain size is a
key factor in obtaining this structure. He concluded that
the moon must be covered with ash, lighter in the high-
lands and darker in the maria.

It appears that the interpretation of polarimetric
phencmena is subject to the same pitfalls that obstruct
the interpretation of photometric data. Since both pol-
arization and photometric measurements are apparently
governed by the same sample parameters, it would seem
likely that the polarization data of the moon will parallel
photometric data in that they offer no unique information
in the study of the characteristics of the lunar surface.

From recent polarimetric and spectrophotometric ub-
servations of the moon, Gehrels, et al. (R=f. 10), have
drawn some interesting conclusions as to the nature of the
lunar surface. They observed an opposition effect, or a
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brightness surge, for extremely small phase angles and
“reddening” (increased red versus blue wavelength en-
ergy return) at large phase angles. The near-zero phase
measurements were made during an eclipse. The maxi.
mum polarization values at near-zero phase are 0.13 and
(.27 ‘or the maria and the highlands, respectively. Their
polarization curves agree with those of Lyot for v..ve-
lengths near 0.54 ., but polarization is greater for
wavelengths near 0.36 . and less for wavelengths near
0.94 p.

By applying Hapke’s photometric function to their data,
Genvels, et al., postulate a tenuous ionic surface cloud of
volume density 0.05 with a thickness of 0.06 mm, com-
posed of particles with a radius of 0.8 x and separated
from each other by 10 . They stated that this model ex-
plains all photometric and polarimetric properties of the
moon and asteroids. A seri.us drawback to this hypothesis,
however, is that particles of the hypothesized surface layer
mrst have a refractive index of ~ 1.3, which is too low for
any rocks and would require an ice surface.

Recent experimental and theoretical work by Halajian
(1965) and Hapke (1963) has shown that the model cf
Gehrels, et al., does not reproduce the photometric func-
tion of the moon. Furthermore, Halajian’s work with
slag, sea coral, etc., has shown that al! the photometric
observations of Gehrels, et al., can be duplicated without
calling upon a tenuous cloud of any sort. It remains to be
seen whether the tenuous cloud is needed to explain
polarimetr;. data.

4. Luminescence

The feasibility of detecting and measuring luminescent
energy from the lunar surface has been investigated by
Nash /Ref. 11), Greenman, et al. (Ref. 12), and others.

Laboratory results on different rock samples lead these
authors to the following conclusions:

(1) In general, most of the luminescence occurs at the
visible and near-ultraviolet wavelengths.

(2) The acidic igneous rocks (granitic) show the great-
est luminescence efficiency, and the basic (basaltic)
rocks the least.

(3) Luminescence spectra of samples are generally

broadband and featureless, and intensity generally
decreases with decreasing grain size.
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(4) Excitation efficiencies of X-ray, electron and proton
induced luminescence are so low (< 5 X 107%) as
to preclude their use in any lumi. escence measure-
ments for the moon.

(5) UV-energy is the only stimulus with excitation
efficiency (~ 1%) sufficient to produce detectable
luminescence with present instrumentation for
lunar observation.

Greenman, et al. (Ref. 12), state that on the sunlit side
a mess  “ble signal must be detected against a high
background (visible reflected light), whereas on the dark
side a very small signal (due to low incident radiation
energies) must be detected against essentially no back-
ground.

The cobservational data concerning lunar luminescence
have been ~~vicwed by Ney, et al. (Ref. 13), who conclude
that only the spectroscopic evidence can be taken to sup-
port the reality of luminescence. They offer alternative ex-
planations for the anomalous albed: variations of certain
craters (van Diggelen, Ref. 14) and the interference filter
photography work of Kopal and Rackham (Ref. 15).

The most thorough spectrometric observations of the
moon to date have been made by McCord (Ref. 16), who
measured variations in the depths of the H and K
Fraunhofer lines. The measurements were conducted
over a six-month period and under a wide variety of
lighting conditio - at different locations on the moon.

McCord states that no line depth variations correspond-
ing to greater than 5% increase in nonsolar radiation
were detected, and variations of 2% were only infre-
quently detected. Variations of 0.5 to 2% occurred more
frequently and varied with time and tocaiton on the
lunar surface. The author conclides that the variations
in line depths resulted from visthle -»mssion occurring
on or near the lunar surface. Alsc, the aathor states that
the more frequent variations (0.5-2%) ot intensity may
have two possible explanations:

(1) Solid mineral luminescence caused by composi-
tional differences with lunar area, o

(2) Several different line-filling phenomena occurring
on or near the lunar surface.

5. Spectrophotomelry

As early as 1911, Miethe and Seegert (Ref. 17) reported
and recorded lunar color differences as well as color
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changes with phase angle. Unfortunately, much work in
spectrophotometry has been only semiqu-ntitative. Almost
every investigator has used his own approach as to what
parts of the lunar surface should be measured. Conse-
quently. one cannot utilize fully the previous spectropho-
tometric investigations because of the nonsystematic
method of data acquisition. A wide variety of observing
conditions, instruments, and systews further complicate
the intercomparison of lunar color data. Much controversy
over the redness and blueness of a particular lunar area has
arisen because of the above-mentioned difficulties in pre-
vious spectrophotometry. Standard wavelengths of mea-
surement as well as narrow A intervals would be of great
value in improving the usefulness of lunar color data.

Several intercsting properties, however, have been
uetected by observers using photographic and photo-
electric techniques to measure various parts of the lunar
visible spectrum. (Although these differences are small,
they are real as evidenced by similar results of many
investigators.) A summary of the lunar data discussed by
Adams (Ref. 18) is given below:

(1, Visible spectral response is a broad continwum
with red waveleng.hs (~0.7 p) reflecting stronger
than blue /~ 0.04 1) wavelengths.

(2) Radlova (Ref. 19), Barabashev, et al. (Ref. 20), and
Teifel’ (Ref. 21) have all confirmed that, in general,
the brighter (higher albedo) lunar areas are the
redder.

(3) Gehrels, et al. (Ref. 10), tound a systematic linear
increase of redness with increase in phase angle to

about 4045 deg.

(4) Tull (Ref. 22) gives a spectral curve from 0.91 to
1.54 p of Mare Tranquillitatis, and Moroz (Ref. 23)
gives curves fiom 0.35 to 2.2 4 of maria and high-
lands. They all show minimums around 1.0 p.

Recent laboratory investigations in the visible and
near-IR spectrum by Adams and Filice (Ref. 24) have
duplicated the observed spectrophotometric properties
mentioned above by using basic and ultrabasic samples
of varying particle size. The albedo range (~ 0.07-0.30)
as well as the albedo-redness relationship and the mini-
mum ~t 1.0 x are reproduced in the samples used. Other
rock types (granites, rhyolites, tuffs, tektites, pumice,
obsidian, etc.) failed to meet one or more of the criteria
listed for the moon. Other parameters such as packing and
particle shape were examined, but particle size was found
to be the critical parameter that affects spectral response
of powders of a given composition.
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Adams, comparing the data of Adams and Filice with
similar Cata tor the moon, has concluded that the whole
visible portion of the moon is compatible with a basic-
ultrabasic composition. He suggests that the albedo
difference between the maria and highlands may be due
to a different mean particle size, the maria being younger,
darker, and coarser; the highlands being older, brighter,
and of finer particle size.

D. Linear Martian Features on Mariner IV
Frames 3 and 11, J. Negus deWys

Present knowledge of the Martian surface 1s strongly
dependent upon what is gleaned from Mariner IV photo-
graphs. Only frames 3 and 11 are considered here.
Frame 3 (Figs. 3a and 3b) is betw . ecn 5 and 15°N lat in
the Amazonis desert area; frame 11 (Figs. 4a and 4b) is
between 30 and 35°S lat in a semi-dark area. In addition
to the dense cratering, several types of linear markings
are apparent:

(1) A gross northwest-scutheast and northeast-
southwest pattern of fairly straight lineations is

present in frame 11. Picture elements represent
~ 1.2 km. Thus these larger features are ~ 1 to
5 km in width and may be traced across the entire
frame. These could be tectonic features with ac-
companying volcanics in the northeastern quadrant
of the frame.

(2) A finer linear pattern in the same directions i¢
sisible with both dark and light components. These
are ~ 1.2 km wide and average ~ 6 to 7 km long.
Both the gross and fine patterns cut across craters
and appear on the floors, rims, and surrounding
terrain.

(3) A third type of linear pattern appears to meander.
Examples are well exhibited in the northwzost
corner of frame 3 and in the northwest corner cf
frame 11. In the former, a dendritic pattern is also
exemplified. The three main natural materials
which show gross meandering patterns on earth
are glaciers, water, and lava (where following a
previously shaped valley); combination of rock or
particles with one of the foregoing is also possible.
At the presently accepted Martian surface pressure

(b) N

""" LIGHT LINEAR FEATURES
— DARK LINEAR FEATURES

Fig. 3. Mariner IV frame 3: (a) ~ 5-15°N lat over Amazonis desert area; one picture element ~ 1.2 km;
sun angle 14 deg from zenith; (b) tracing of some visible linear features
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(a) _

---=- LIGHT LINEAR FEATURES
— DARK LINEAR FEATURES

}.g. 4. Mariner IV frame 11: (a) ~ 30-35°S lot over semidark area; one picture element ~ 1.2 km;
sun angle 47 deg from zenith from north; (b) tracing of some visible linear features

of 9 =4 mb, liquid water is not possibie. It is pos-
sible to form a simulated meander pattern with
over!~pping crater rims.

(4) Radial lines around white patches are seen in
frame 11. Frequently white areas occur with dark
central dots (1.2 km). This partly white area in
frame 11 in the northeast corner may be frost.
Frame 3 also shows radial lines with concentric
rings in the northwest corner.

(5) Arcuate light markings are observed in the extreme
northwest of frame 3. As this is in the so-called
desert area, these features may represent large
dune configurations.
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(6) Unusual or combination effects might be another
category.

Linear features shown in Figs. 3b and 4b are examples
only, and are not intended to represent complete tracings
of linear features. Further interpretation is not proposed
at this time. This is a very preliminary representation
of a study of linear features on Mariner IV photographs.
Dr. H. T. U, Smith* is collaborating in this work; inde-
pendent tracings are being used to verify features.

'Chairman of geology at University of Massachusetts, Amherst,
Mass., and specialist in geomorphology and photogeology.
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XV =Fluid Physics

SPACE SCIENCES DIVISION

A. The Density Disturbance - head of a Sphere
in Rarefied Supersonic Flow, D. A. Kussell

The nature of the flow upstream of a blunt body in a
supersonic stream is strongly dependent upon the ratio
of inertial to viscous forces; i.e., the Reynolds number Re.
For large Re, the disturbance is characterized by a dis-
continuous shock wave standing close to the body (in-
viscid solution), while for small Re the shock wave is
replaced by a smooth disturbance which extends far
upstream (free-molecular solution). The transition of the
flow be:ween these two limiting solutions is the subject of
the present experimental study.

The experiment is shown schematically in Fig. 1.

Spherical models are sting-mounted in either a M = 4.2

SUPERSONIC NOZZLE
L HOUSING

=1
/ X-RAY COLLIMATOR PLATES
ELECTRON BEAM
PROPORTIONAL COUNTER
0 10 20
S S ——
cm

,— MODEL / ELECTRON-GUN

Fig. 1. Schematic of the experiment
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(nominal Mach number) nitrogen stream, or a M = 3.8
argon stream. Re (based cn {ree-stream properties and
body radius) is varied by changing both the model size
and the total pressure of the flow. A 15-kV, 10- to 100-pA
electron beam passes through the sting and discharges
through a %-mm orifice at the body nose. The beam
electrons produce a small amount of X-radiatior: through
collisions with the flowing gas atoms. This radiation is
measured along the axis in front of the body by tra-
versing a proportional counter equipped with colli
mating plates. At each position, the total number of
phctons with energies between 2 and 15 kV is counted
over a preset time interval. Calibrations have shown that
this output is linearly related to the local gas density for
the conditions encuuntered in the experiments, and that
the magnitude of the X-ra; flux agrees with theoretical
predictions.

Some early results are shown in Fig 2, where stagnation-
streamline data are presented for a %-in. radius sphere
operated in nitrogen with Re = 100. Data were taken with
the body water-cooled (body tempera*ure T}, = flow total
temperature T,), and with the budy liquid-nitrogen-croled
(T, = 0.28 T,). The ordinate was obtained by counting
X-rays for a time interval sufficient to give at least 100C
counts when the detector was looking at the undisturbed
stream (10-40 s). The background noise of the detector
system, 1 to & counts/s, is significant only for the longer
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Fig. 2. Stagnation streamline data for a sphere in
nitrogen: Re = 100; M = 4.4; R = %z in.

time intervals. The location of the model nose is given
by the midpoint of the signal cutoft on the data profiles
(this was verified by observing the X-ray signal from a
0.001-in. wire taped over the model orifice). The cooled
model data of Fig. 2 were obtained with a 0.1-mm

collimator spaci~g, while the uncooled points were for a
0.25-mm spacing. The uncooled data exhibit a somewhat
broader cutoff, and thus poorer resolutior; however, the
resolution w-s still sufficient to ensure an undistorted
upstream profile.

All of the profiles exhibit a small residual signal for
locations behind the model nose, such as may be seen
in Fig. 2. Experiments have shown that this is attrib-
utable to backscattering off the model surface, and it
should have no effect on the measurements in fron* of
the model. A check on the effect of the beam orifice wac
provided by drilling the orifice out to either a 1- or 1.5-mm
diameter. The X-ray profiics were altered only at stations
closer than one orifice diameter from the model surface;
consequently, data points closer than one orifice diameter
are not used for the final profiles.

Results for nitrogen are collected ir. Figs. 3 and 4. ‘The
Re = 30, 50, and 200 profiles were taken with a %-in.-
radius model, and the 100 and 400 with a %-in. model. The
background noise has been sukt-acted fron. each count
and the number divided by the mean upstream count to
give the density ratio p/p,. The continbum solution
(Re = ) and the free-molecular solution (Re = 0) are

¢ |
5
4
8
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3
2
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e — L~
I
0 /_//
30 50 100 200 400
! = ] / .
10 o8 06 04 0.2 4]
X/R

Fig. 3. Density distribution along the stagnation streamline of spheres for various Re in nitrogen:
T, =T; M = 4.2(Re = 0 and Re = o~ curves are calculated)
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Fig. 4. Density distribution along the stagnation streamline of cooled spheres for various Re in nitrogen:
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T, =0.26T; M = 4.2 (Re = 0 and Re = o curves are calculated)
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shown for comparison. It is seen that the measurements
cover a range of Re that includes features of both limit-
ing solutions.

Similar measurements are now being completed in
argon. Various ways of correlating the data are being
explored; however, the experimental profiles will be used
principally as a definitive check on the theoretical models.
Present plans are to compare the results with two diffcrent
numerical solutions, one based on a Monte Carlo model
(Ref. 1) and the other on approximation to the Navier-
Stokes equations (Ref. 2).

B. The Stchility of Viscous Three-Dimensional
Disturbances in the Laminar Compressible
Boundary Layer. Partl, L M. Mack

In SPS 37-43, Vol. 1V, pp. 277-281, a detailed derivation
was given of the viscous stability equations for a three-
dimensional disturbance, or more precisely, an oblique
plane-wave disturbance, in a two-dimensional mean flow.
It was shown that in a rotated coordinate system (called
the tilde system) where the x-axis is parallel to the wave
normal, the equations of motion are almost identical to
the equations for a two-dimensional disturbance in a
two-dimensional mean flow. Only the components of the
free-stream Mach number and Reynolds number in the
x-diiection appear in the transformed equations, which
differ from the two-dimensional equations only in having
two additional dissipation terms in the energy equation.
One of thesc terms can easily be included in the two-
dimensional equations, but the inclusion of the other term
increases the order of the equations from six to eight.

If it can be demonstrated that the neglected dissipa-
tion term has little influence on the results for a certain
range of Mach and Reynolds numbers, then the sixth-
order system can be used for three-dimensional calcu-
iations in this range without the complication of going
to the eighth-order system. The dissipation terms, in the
tilde coordinates and with the reference velocity the
free-stream velocity in the x-direction, are

M: dufow v du fdu\* T

= — g e | e —_— _— e} ———

D=+l D"ﬁ—';["'u dy(ay * 8x> dT (dy_ cos? yr
du ow'
—2/.@3;&11\#-3?,—-'

It js the last term that must be dropped in the sixth-order
system because it requires the use of the z-rr~mentum
equation for 1.
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Dunn (Ref. 3) has presented an argument that estab-
lishes orders of magnitudes for the various terms of the
stability equations. In his view, all disturbances other than
v’ are of the same order of magnitude, with y-derivatives
of disturhances one order of magnitude larger than the
disturbances themselves and x-derivatives of disturbances.
Consequently, the last dissipation term is of the same
order as 2u/du/dy) (?w'/¢y), the dominant term of the
other three. However, according to the inviscid theory
w and @’ have different behaviors both near the wall
and near the critical layer. At the wall, %’ 50 and W’ =0,
while at the critical point 1’ has a stronger singularity
than #. Consequently, in the viscous theory one can
expect the 2¢'/?y term to be dominant near the critical
point, and the ¢u’/fy term to be dominant near the wall.

The order-of-magnitude arguments are more sugges-
tive than exact, and the only way to be sure of the effect
of an individual term on the eigenvalues is through
actual calculation. Two types of calculation were made
in an attempt to assess the importance of the missing
dissipation term. In the first, the effect of all the dissi-
pation terms other than the 2t//Cy term was obtained
by setting D = 0. In the second, an estimate of the 31’/oy
term itself was obtained by replacing @ with its inviscid
form, an approximation that is useful only under those
circumstances where the inviscid solution is close to the
viscous solution throughout most of the boundary layer.

The results obtained with D = 0 made quantitative
the well-knewn fact that dissipation has a small effect
at low Mac) numbers and high Reynolds riuumbers, and
a larg- ¢4 ot at high Mach numbers and low Reynelds
numbers, 1t R = 1000, where R is the square root of
the 1-Reynolds number, the change in the maximum
amplifcation rate with D = 0 is 10% at M, = 3.0 and
25% at M, = 4.5. The results with the inviscid form
of 12’ showed the ¢1’'/?y term to have a large effect at
bott. low ind high Mach numbers, with a minimum
effcct of a out 9% at M, = 3.0. The large effect at the
low~+ Mach numbers can be disregarded because in this
rang’, for the Reynolds numbers of interest, the viscous
solution is far from the inviscid solution. A tentative
conclusion can be drawn that results obtained from the
sixth-order system are adequate for Reynolds numbers
greater than 1000 and Mach numbers less than 3.

On tlie basis of this finding, the sixth-order system was
used t calculate the time rate of amplification as a
functios of wave number, wave angle, Reynolds number,
and Mach number in the indicated Mach and Reynolds
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number range. First, the maximum amplification rate
was established as a function of wave number and angle
at a fixed Mach number and Reynolds number. Then,
with the wave angle fixed at the angle of maximum
amplification, the amplification rate was computed as a
function of wave number at several Reynolds numbers
to establish what can be called the overall maximum
amplification rate at a given Mach number. Actually,
the latter computation should be done for several wave
angles, because the wave angle for maximum amplifi-
cation is itself a function of Revnolds number. However,
in view of the approximate nature of the calculations
this refinement was omitted.

These results are summarized in Figs. 5 and 6. In Fig. 5,
the ratio of the maximum three-dimensional amplificaticn
rate to the maximum two-dimensional amplification rate
is plotted as a function of wave angle for R = 1500 and
M, =16, 2.2, and 3.u. The large value of this ratio at
M, = 2.2and 3.0 is a reflection of the low two-dimensional
amplification rate rather than any important change in
the three-dimensional amplification rate. In Fig. 6, the
ratio of the maximum amplification rate for the most
unstable wave angle at R = 1500 to the maximum inviscid

20 l
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RATE, (2€)) max /(@S maxs ¢ = 0
S
'\‘
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A // ] M6

RATIO OF THREE- TO TWO-DIMENSIONAL AMPLIFICATION

o 10 20 30 40 50 60 70 80 90
WAVE ANGLE vy, deg

Fig. 5. Effect of wave angle on the amplification
rate of first-mode three-dimensional
disturbances at R = 1500

248

6 1.5 T T 1
5 M,=30,y =65 deg
» 10 —

& 3§
§
g . 08
2 §
= ¢35 T T T
S\E M,z 22 =60 deg
33 20
Q
%
[+ 4

1000 500 2000 2500 3000 3500 4000 4500 S000
REYNOLDS NUMBER A

Fig. 6. Effect of Reynolds number on the maximum
amplification rate of first-mode three-
dimensional disturbances

amplification rate is plotted as a function of Reynolds
number for M, = 2.2 and 3.0 At M, = 3.0, the maximum
amplification rate is almost independent of Reynolds
number, while at M, = 2.2 the low Reynolds number
maximum amplification rate is double the inviscid value.
In contrast, a two-dimensional disturbance at low
Reynolds numbers has over eight times the inviscid
amplification rate.

Now if the overall maximum amplification rate itself,
and not z ratio, is plotted against Mach number, it is
found that from M, = 1.5 to M, = 3.0 the amplification
rate is virtuzlly independent of Mach number and equal
to about one-half of its value at M, = 0. The portion of
this curve up to M, = 2.2 has already been given in
approximately correct form in SPS 37-42, Vol. IV,

The above results should be in error by no more than
10% according to the estimates described previously.
However, the limitation of the sixth-order system to
M, <3 and R > 1000 is serious. In particular, the "e-
striction to R > 1000 dces not permit the important cal-
culation to be made at any Mach number of the overall
growth of a fixed-frequency disturbance as it passes
through the unstable region. To correct these deficiencies,
as well as to obtain exactly the im; -oitance of the @’ dis-
sipation term, there is no alternative but to use the
eighth-order system of equations. These equations re-
quire the computer program to be changed, so that
instead of integrating three linearly independent solu-
tions, each solution consisting of a six-component vector,
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and satisfying three boundary conditions at the wall,
it will integrate four solutions, each solution consisting of
an eight-component vector, and satisfy four boundary con-
ditions at the wall. The changes required in the program
as it is described in Ref. 4 are briefly presented below.

The number of changes required can be kept to a
minimum by using the stability equations in the tilde
form. The eight dependent variables are

Z =7 Z. =7 Z.=3 Z, =%
yM3
Z.=6 Z.=@ 7. =h Z. =i

where f, $, and R are the complex amplitude functions
of the velocity fluctuations W, ¥, @', and = and 8 are the
amplitude functions of the pressure and temperature
fluctuations. The first four equations and the sixth equa-
tion are unchanged from the sixth-order system (Ref. 4).
The fifth equation has a changed term and a new term.
These two terms are

7= —[ot—nip: L ey L 5%
Z ["(y DM p dT(dv]) 'cos2¢:|zﬂ

+ [20(7*-1}Mf tamp%l]z + .-
7

The independent variatle is v = yV/R./x, the Blasius
variable. The two new equations are

Z =7
5o (SR Ldu Ny (1 dedu N>
z (.”' T ntan¢)Z3+(# IT drl_tam/z Z;
~y o WOR u —c\3 1 dp dT\ 3
+(a + " T Z‘+(# dT d‘r] IS

The notation is that of Ref. 4.

In the free stream, the first six equations are the same
as with W’ =0, and the two new equations do not involve
Z, through Z,. Therefore, three of the four linearly inde-
pendent solutions are unchangec from the sixth-order
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system. The fourth solution cap be written by inspection,
and is

Zor =71 (n) exp (@ + @R (1 = 0)]* (¢ — )}
Zw =~ [@+ @R - )] ZW ()
K exp { —[@ + @R (1 ~ ¢)]" (n — n))

The other six components of the fourth solution are zero.
The characteristic value — (& + @R (1 — ¢)]** is iden-
tical to the already computed characteristic value of the
velocity viscous solution. Because the original three solu-
tions are unchanged, the subroutine VALVEC which
computes the characteristic values and characteristic
vectors can be left unchanged. The fourth solution is
added in =~ subroutine SETDI, where the initial deriva-
tives and auferences are computed, and the numbering is
changed to account for having four eight-component vec-
tors instead of three six-component vectors.

The derivatives are calculated by multiplying the co-
efficient matrix by the solution vector. In the subroutine
AMAT, which computes the metix components, the
additional components are added and the numbering is
changed. The matrix multiplication subroutine MMULT
requires only a change of subscript limit from 6 to 8. The
integration subroutine also requires only subscript
changes. The subroutine ZERO, which satisfies the two
velocity boundary conditions at the wall, must now sat-
isfy three velocity boundary conditions. A renumbering
of the previous components, addition of the proper com-
ponents of the fourth solution, and changes of subsc:ipt
limits to solve four instead of three linear algebraic
equations are required. The logic of the main program
is unchanged, as the eigenvalues are still found by a
linear perturbation scheme based on the boundary con-
dition for the temperature fluctuation, Z, (0) = 0. Only
subscript limits must be changed. Finally, the program
was revised in such a way that either the sixth-order or
eighth-order system of equations can be used simply by
specifying an input quantity to be either 36 or 48. This
option is important, because to use the eighth-order sys-
tem for two-dimensional problems would mean an unnec-
essary waste of machine time. Numerical results from the
eighth-order system will be presented in a future issue of
this volume.,
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XVI. Physics

SPACE SCIENCES DIVISION

A. The Polar Substorm—Flow of Magnetic
Flux Tubes and Auroral Effects, G. Atkinson

Satellite results of the last few years have made it
increasingly clear that the magnetosphere (Fig. 1a) may
be considered as being composed of two types of mag-
netic field lines:

(1) Field lines that close'in the vicinity of the earth
(see Fig. 1b). These occupy a region that can be
approximated by a toroid, and tend to have a
dipole configuration.

(2) Field lines in the geomagnetic tail (Fig. 1¢). These
do not close in the vicinity of the earth, but are
extended to great distances by the solar wind,
forming two semicircular cylinders of oppositely
directed magnetic flux, separated by a sheet of
plasma called the neutral sheet.

A knowledge of the transport processes for field lines
between the two regions is necessary in understanding
many of the observed occurrences in the magnetosphere.

JPL SPACE PROGRAMS SUMMARY 37-45, VOL. IV

Two mechanisms by which the solar wind transfers
field lines from the region of closed field lines into the
tail are commonly discussed in the literature.

(1) Viscous mechanisms. The flow of solar wind around
the sides of the magnetosphere causes a frictional
or viscous-like drag on flux tubes near the bound-
ary, and stretctes these into the tail.

(2) Combination with the interplanetary field. It has
been suggested by Dungey (Ref. 1) that an oppo-
sitely aligned interplanetary field line can connect
with a field line at the front of the magnelosphere
and drag it into the tail (see Fig. 2).

The return flow of field lines from the tail to the region
of closed field lines probably occurs by recombination
across the neutral sheet. The theory that this recombi: a-
tion occurs impulsively, with each impulse causing a
polor substorm, has been independently suggested by
Axford (Ref. 2), Dungey (Ref. 3), and Atkinson (Ref. 4).
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(a)

Fig. 1. The magnetosphere: (a) section through moon-midnight meridian; (b) oblique view sf region of
closed field lines; (¢) tail field lines
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Fig. 2. Flow of field lines into tail by combination
with interplanetary field

The polar substorm is an event that occurs every few
hours and has a duration of about an hour. The two major
effects associated with it are inter.se auroral activity and
large geomagnetic disturbance, particularly at high lati-
tudes. Both of these have a well-defined morphology that
depends on local time. There are a number of other
manifestations of the substorm such as X-ray activiiy
under bright aurora, enhancement of ionospheric ioniza-
tion, and magnetic micropulsations. In recent years, therc
have been added to the above a number of satellite
observations, including a rapid large-scale injection of
plasma into the nightside of the magnetosphere, ar.d
changes in magnetic field strength at some places within
the magnetosphere simultaneous with the polar substorm.

The mode! o polar substorms as proposed by Atkinson
(Ref. 4) is essentially a flow sequence as follows:

First stage. The solar wind drags magnetic field lines
into the tail with a resulting increase in the total magnetic
flux in the tail and a _lorage of potential energy.

Second stage. The polar substorm begins when field
lires start to recombine at the neutral sheet. Once a
normal component is established across the neutral sheet,
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the curvature in the field lines pulls the plasma out of
the recombination region, allowing the recombination
rate to increase. Thus, therc is an implosion of field lines
into the neutral sheet. "he energetics of the substorm
leads to the conclusion that about 10* Wh of magnctic
flux recombine during the substorm. Much of the energy
of the magnetic field that is annihilated is given to the
particles. This implies that particles receive energies of
scveral keV in agreement with the observed auroral
electron energies. The bulge width during the fiist 10 min
implies that the recombination is confined to a slot
6 or 7 earth radii wide (in the east-wesc direction). It is
proposed by Atkinson (Ref. 5) that the west edge of this
slot propagates westward during the course of the sub-
storm causing the westward traveling surge.

Third siage. The recombined field lines and plasma
flow onto the nightside of the region of closed field
lines. This initial flow and adjustment is controlled
by hydromagnetic waves and consequent velocities. Fhe
extent of this flow is limited by the fact that these flux
tubes have their “feet” in a conducting sheet (the ione-
sphere), which restricts thic initial rapid flow and retains
a bulge on the nightside of the closed region. Thus, the
closed region resembles a toruidal coil with an excess of
turns . a the midnight section, and the outward bulge in
the equatorial plane :uaps along tield lines as a northward
bulge into the polar cap, or more precisely, into the region
inside the auroral oval. (The auroral arcs trace out an
oval believed to contain the fect of the tail field lines.)
The auroral arcs are observed to form such a northward
bulge near midnight during a polar substoim.

Fou.th stage. The fourtt stage in the flow is the flow
ot flux tubes around the magnetosphere as the bulge
attenipts to subside. (The actual growth or decay at any
tiine deperds upon the relative speeds of the third¢ and
tourth stages.) This motion is relatively slow because it
involves the flow of flux tube feet through the conducting
ioposphere; ie.. the E = — v X B fields necessary for
such flows produce dissipative currents in the ionosphere.
it was proposed i' Pef. 6 that these cv-rents in the high
conductivity strips at the foot of the auroral arcs were the
westward electrojet—the source of intense high latitud-
magnetic disturbance.

In Ref. 5, an approximate flow equation was developed
and applied to the growth and decay of the bulge. The
bulge was assumed symmetric in the east-west direction,
and the curvature of the system was neglected. The two
solutions to this problem siown in Figs. 3 and 4 are for
flows at the feet of flux tubes. To translate to 2 point
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Fig. 3. Computed time development of substorm bulge

elsewhere on a flux tube, velocities and distances are
multiplied oy the square root of the ratio of the magnetic
field strengths. The solution in Fig. 3 is a linearized
approximation, and is probably the least accurate as it
involves an incorrect boundary condition. However, it
has the advantage that a source .2rm can pe included to
study the grow*h and subsidence of the bulge. The arrows
show the predicted easterly flow velocities of flux tubes
south of the oval, and the north-south velocity of the
auroral arcs (the bulge). The shading indicates where
fluid is being added to the bulge, and the shape is shown
at different times in the substorm.

The solution in Fig. 4 is an analog model solution and
shows the flow (and fiow velocities in m/s) during the
subsidence of the bulge. The velocities are a factor of
1.5 to 2 lower than observation indicates. In view of the
ur-ertainty in the parameters used (in particular the
conductivity of the ionosphere) as well as the approxi-
mate nature of the equations, the observations fall well
within the probable error of the prediction.

The observed growth and decay of the auroral bulge is
shown in Fig. 5 (after Akasofu, Ref. 7) This shows the
north polar cap of the earth and the location of auroral
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Fig. 4. Analog model solution for flow

arcs. The initial growth of the bulge northward at veloci-
ties of 1 km/s is followed by a slower subsidence and
east-west spreading at velocities of several hundred meters
per second, in agreement with the predictions. An asym-
metry can be seen to develop with the formation of a
wave-like feature (the westward traveling surge) propa-
gating to the west. Atkinson (Ref. 5) suggested that this
represents further recombination of flux tubes as the west
boundary of the recombination slot in the tail propagates
westward. The general auroral activity inside the bulge
is indicative that these flux tubes have just recombined,
and contain energetic particles. some of which precipitate
as auroral particles. These auroral patches thus provide
a tracer for following the flow of a particular flux tube.
From this the east-west observations of flow velocity
are obtained.

An independent method of observing magnetic flux
tube velocities (using whistlers to obtain velocities in the
outer magnetosphere) has been used by Carpenter and
Stone (Ref. 8). Southward velocities of 700 m/s were
observed in the bulge during a substorm. Figure 3 pre-
dicts southward velocities in the range 1000 to 2000 m/s
during the expansive phase of the bulge (the rate of addi-
tion of fluid, 2000 m/s, minus the northward velocity of
the arc). in reasonable agreement with the whistler ob-
servation.

Thus, it can be seen that the model accounts in scme
detail for the auroral effects of a polar substorm. The
auroral forms; the auroral bulge shape, growth, and
subsidence rates; the velocity of auroral patches; the
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Fig. 5. Observed time development of substorm
bulge (after Akasofu, 1964)

auroral particle energy; and the total energy of the sub-
storm are in agreement with the model. A further paper
(Ref. 9) shows that there is agreement with the observed
magnetic fluctuations over a wide range of latitudes and
longitudes.

B. The Dynamitron Accelerator as a Source

of Thermal Neutrons, R. H. Parker, E. L. Haines,
A. B. Whitehead, and W. F. Wegst

Versatility is an important consideration in the design
of a basic research facility. The emphasis of the effort
may be expected to change many times over the useful
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life of the facility. Thus, the Nuclear Physics Rescarch
Croup at JPL selected as its miain research instrument
an accelerator capable of directly accelerating electrons
and a variety of positive ions. In aduition, by use of a
suitable ion beam and target, neutrons can be produced,
expanding the scope of the possible experiments. If
these neutrons are slowed in a moderator, the accelerator
becomes a source of thermal neutrons, similar to a small
reactor. This summary discusses how the dynamitron
accelerator at JPL is used as a source of thermal nentrons.

The three elements for producing thermal neutrons by
this method are the accelerator, the target, and the mod-
erator. The dynamitron accelerates deuterons to an energy
of 2.5 MeV, with currents up to 1.5 mA. The beam cur-
rent is greater than that produced by most accelerators.
The neutrons are produced when this energetic beam of
deuterons strikes a beryllium target, causing beryllium
nuclei to undergo nuclear transformation to boron and
release a high velocity neutron. These neutions emerge
into a large tank of distilled water which slows them
down to thermal velocities. These thermal neutrons are
then available for nuclear or radiation experiments.

The high-current capability of the accelerator pre-
sented some special problems in the design of the target.
It was mounted on the end of the evacuated beam tube
which protruded into the center of the water tank, and
formed the membrane between the vacuum and the
water. The target had to withstand the intense heat
produced by power densities as high as 20 kW/cm? from
the deuteron beam. It was found, first by calculation and
then by experiment, that this heat could best be dissi-
pated into the water if the target backing was a copper
disk 30 mils thick. Beryllium metal 3 mils thick was
evaporated onto the copper prior to its placement at the
end of the beam tube (Ref. 10).

Tests were performed to determine the yield of therinal
neutrons and th=ir angular distribution. The accelerator
was operated at energies between 2 and 2.5 MeV, with
beam currents of about 1.0 mA. Thermal neutrons were
detected by the gold-foil activation technique. The gold
activity was measured, using an end-window propor-
tional counter, during a two-week interval. Identification
of the half-life established that the activity was due
sclely to the activation of gold. These activities were
used to calculate the flux of thermal neutrons at the gold
foil. Corrections were made for the perturbation of the
foil and for the background due to high energy neutrons
and other sources of activation.
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The results are summarized in Figs. 6 and 7. Figure 6
shows the optimum flux 6f thermal neutrons as a function
of the energy of the deuterium ions. It is this flux that is
available to an experimenter. The graph of flux rises very
rapidly with eneigy, indicating that small increases in the
available energy will substantially increase the neutron
yield. Modifications to the accelerator are scheduled that
will permit it to operate at 3 MeV. An increase of an
order of magnitude in the available neutron flux may be
realistically anticipated. Figure 7 shows contours of
thermal neutron flux as a function of position in the
moderator. It is noted that the optimum position for
experiment location is immediately behind the target and
approximately 2 in..away.

These thermal neutrons will be used in experiments
which require large numbers of energetic heavy ions.
The neutrons will produce fission fragments in a thin
uranium plate. The neutrons will also be used for activa-
tion experiments and radiation effect experiments,
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C. The Algebra of Fermi-Dirac Operators and

Its Application to the Muny-Body Problem,
M. M. Suffren

v

One metod used in the problem of determining the
approximate eigenstates of a manv-body system is the
so-called ‘equation-of-motion method” (Ref. 11). This
method can be described in many ways, but the ore most
useful utilizes the quantized wave field y(r). If we limit
ourselves to i particular many-body problem — that of
the electron gas -— this field is the electron field. It is still
more convenient to use this fizid in its momenturn space
representation

Cl) = | = yir) ds
VvV

(where V denotes the quantization volume, and the inte-
gral is performed over this volume), and in this repre-
sentation the field obeys the IFermi-Dirac anticommutation
relation

C(k) C+(K) + C+(k’) C(k) =

kk’

where 8, is the Kronecker delta.
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In the equation-of-motion method, we seek operators
of the form

v(k) = C(k) + 3 A, C(p) Cla) C(x) + -

to represent the electron-like excitations of the electron
gas. We do this by requiring that

[H, y(k)] = o, y'k)

which is to say that the operatois (k) are eigenoperators
of the Hamiltonian H in some upproximate sense For
the free-electron Hamiltonian, fcrexurr ©le, the y(k) are the
C(k) themselves, and are exact eigen-perators. For the
plasma-like excitations, which exist only in the interacting
electron gas. we seek operators of tb= furm

bk) =3 A, C'(p) C(a)
* ¥ B, C(p)C{g) C(r)C(e) + -
and require th.at, for these,

[H, b(k)] = 0_ b(k)

Thus far this method, the equation-n{-motion method,
has been applied successfully only to the electron gas in
the limit of high density (Ref. 11). However, the density
of electrons in actual metals is comparatively low. We
seek to extend the equation-of-motion method, therefore,
to this more interesting range of density.

In this method, one has always dealt with products of
operators of the form

C+(p) C*(q) -** C(r) C(s)

These operators are in the so-called normally ordered
form. Since these operators do not commute, calculations
involving such products can become quite involved. In
an attempt to simplify the computational difficulties, we
have studied the algebra of such products in some detail.
Although this study is reported in detail in Ref. 12, some
of the results are mentioned here.

We show explicitly that the algebra of N Fermi-L irac
operators is equivalent to a simple matrix algebra of
order 22¥. We point cut that the operators in this algebra
have a dual role as operators and as states. Most impor-
tantly, we find a basis for the Fermi-Dirac algebra more
convenient than normally ordered products. We choose
as the basis the operators

These are very nearly normally ordered, except for the
term (0) which denotes the expression

I C(p) C(p)

 J

where the produc: is waken over 2!l p. For operators in
this basis we have a very simple form for products

[C(p) -+ C*(q)'0) C(r) -+~ C(s)]
X [C(p) - CHE)O) C(¥) -~ C(s)] =
8rp = 8ag C*(p) -+ C¥{(q)(0) C(r’) -~ C(8')

This expression for the product is simpler than that
obtained for normally ordered operators. This basis also
proves quite convenient when expressing the Fermi-Dirac
algebra as the Lie algebra U(2%). The relation of Fermi-
Dirac algebras to Clifford algebras and the relation of
the Fermi-Dirac algebra to the spin-representations of the
orthogonal groups are also discussed in Ref. 12
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XVIl. Communications Systems Research '
TELECOMMUNICATIONS DIVISION

A. Block Coding and Synchronization Study,
J. Stiffler and A. Balakrishnan

1. Optimum Tracking PSK Modulated Carriers, J. stiffler

a. Introduction. The received signal in a phase-shift-
keyed (PSK) communication system typically has the form
y: () =(2)% Asin (ot +0;+ ¢ (8) +n(t), IT,<t<(1+1)T,,
where n(t) is white, Gaussian noise, T, is the symbol
period, 8, = 2zj/n is one of the n possible symbol phases,
and ¢, (t) is a random carrier phase shift. Efficient de-
modulation of such a signal necessitates the capability
of tracking this carrier phase deviation. In this article we
propose a method for doing this based on the maximum-
likelihood method of phase estimation. We assume the
symbol timing is already knovm.

The principle is as follows: We first determine the
probability density p (y: (t)| ). It is well known that

E{?logp(gt;z (t>|¢)} _o

for ¢ = ¢, and that

E{‘l” loglég(t)l#:)} _ E{(E’logpa(z(t)ln#))"}
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also for ¢ = ¢,. Thus, the expected value of the derivative

dlogp (y: (O)l¢)
— 2 = f(#)
is a monotonically decreasing function of ¢ in the vicinity
of its true value, positive for ¢ < ¢, and negative for
¢ > ¢,. This function can therefore be filtered and used
to control the frequency of the oscillator producing the
local replica of the carrier. Once the local and received
carriers are “in-lock,” the filtered signal f(¢) should en-
able the local osci'lator to track the received carrier as in
an ordinary phase-locked loop. The optimum fiter can
be determined by the same methods used for ordinary
loops.

We will refer to the resulting phase tracking loops as
“optimum” tracking devices. They are optimum in the
same sense that a phase-locked loop is optimum. If the
received carrier phase were constant, the optimum loop
filter weuld weigh all the past equally. The loop would
thus be forced to satisfy the equation

dlogp (y(2)|$) dlogp(y: ()]4) _
T ZT—O

1
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Accordingly, it would be asymptotically unbiased and
efficient (Ref. 1). If ¢ can change with time, the only
remaining possibility is to choose the filter preceding the
oscillator so a~ to weigh the past in an optimal manner
in determining the present phase-estimate. This is pre-
cisely what is done in the determination of the optimum
phase-locked loop filter. At first glance, it might appear
meaningless to attempt to track ¢,/¢, (t) when 6, is also a
random variable. But if the local phase reference were
perfect, ¢. would be zero and ¢; could assume only one
of n precisely known values. The imperfect phase refer-
ence causes a discrepancy between the values 9; is known
to be able to have and the values it apparently does
assume. In other words, ¢, (t) simply causes a bias in the
observed phases. If ¢,(t) can be assumed to vary slowly
with time, remaining relatively constant over a number
of T, second intervals, this bias can be estimated and
removed.

b. The tracking loops and their perfor:nance. It is not
difficult to show that the function p (y; (£)|¢) can be ex-
pressed in the form

n

PWIOI9) =7 ) exp (2R (a1 (8)cos0, + b (#)sins,)

1=1

(1)

where R = A*T,/N,, N, is the single-sided noise spectral
density,

1 d+1) T, .
a(¢) = 5 / g (1) (2% sin (act + ) dt

7,

and

1 (l+1)7T,
b =gz [ 0 @cos(ut + 91
1

7,

;-ng Zf“
Z Z Ff () f5 () fu () Zf{“(¢)ﬂ(¢)+

t-1  f=i+1 k=41
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The maximum-likelihood estimate of the phase 4, on the
basis of the signal y, (¢), IT, <t <. (I + 1) T., is a solution
of the equation

vlogp (y: (t)|$)
o

=0 (2)

We coutend, however, that any ¢ ;3 satisfying the
equation

%Z [a: ($) cos 8, + by () sin 8,]" = (3)

will also be a solution to Eq. (2).

To prove this statement, we expand the exponential
of Eq. (1) in a power series, take the logarithm of the
resulting expressions, and deerentlate with respect to ¢,
obtaining

o

©

— —% Z [2R (a; (¢) cos 6; + b; (¢) sin 8,)]"

v=0

Z% Z [2R (a: (¢) cos 0; + bi (¢) sin 6;)]"

(4)

We next observe that, for any se* of functions f; (¢), with
f’ (¢) = afl/ a‘i’

Zf, Zf”( V() — ZZW)WZW(M@

i=1 J=14+1

(D)9 (9),

u(#) Zf"" @) (4)

(5)

JPL SPACE PROGRAMS SUMMARY 37-45, VOL. IV

R

Pk et L T L

P

T by s v




e

As a final manipulation needed in the proof of the sig-  where
nificance of Eq. (3), we rewrite the function ) Gy
= t) (2)% sin wct dt
a) AT, s y( )( )
a; (¢) co.d; + by (¢)sin 9,
and
. (+1)71,
in the form B = le"_ y (t) (2)%cos w t dt
slir,
arcos (6, + ¢) + Bisin(0; + ¢) (6)  are both independent of ¢. he summation
3 (a1(p)cosd; + bi(¢)sind;) = 3 (arcos(d; + ¢) + Bisin(6; + ¢))* (7)

721

can then be written

i=1

é (%, + ksysin(8; + ¢) + keycos(8; + ¢) + k. 5in2(6, - ¢) + k2cosZ(0; + o) + - -

j=1

+k5vsinv(0] +¢)+kchOSv(0, +¢)) (8}

and is independent of ¢ for all v < n. This follows because

a

sin () +9) = 3 cosu(6; +9¢) =0

i

1

for all integers p, 0 < p < n, when §; = 2xi/n. Conse-
quently, equating f;(¢) and a;(¢)cosd; + b;(¢)sind;,
we have established the following:

(1) 8/8¢2f§(¢)=0forv=0,1, ee,n—1

(2) If2/3¢ Sf3(¢) =0 for ¢ =g, then by recursion,
j

using Eq. (5),2/0¢ S f}(¢) = 6, for ¢ ——-/$, for all +.
i

(3) Thus, Eq. (2) is identically zero for any ¢ = ﬁ satis-
fying Eq. (3), as was to be shown.

Tiquation (3) can be expressed in a more convenient
form by making the substituiion

clg) =2 (¢) ;ibt(tﬁ)
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which yields

—a% 2 (c1(g) e + et (g) e oy 9)

with ¢}(¢) the complex conjugate of c;(¢). Expanding
the summand in a binomial series and interchanging the
order of summation, we obtain the function

—in*(ci(9))" — (7 (9) =

2o E@ar@bi@(-)re (o)

If y) (2) = (2)% AT, sin (ot + 8, + ¢,) + n(t) is the sig-

nal received over the interval IT. <t< (I + T, then
a;(¢) = cos¢’ +n,
b, (¢) =sing’ + n, (i)

¢’:¢n—¢+0,5¢¢+0'

1 I+ T,

= ——— 2\'”-’ i [0 /]
ar, |, n () (2Y%sin (0.t + ¢) dt
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and

1 (1+1)T, .
n, = oo n(t) (2)% cos (wet + ¢) dt
Thus,
e e
cilg) =+ m,ci(¢) =—5— +m,
where
n, +in .
rn\ - 2 b 2= ml
and
n* . , n? .
— i E{c}(¢) — (cI ()"} = Zaorsinng = Ersinn g,
(12)
Moreover,
W E (ci(g)ers +ci(g)e ) } )
. nt
~nE(e}(4) + ¢ ($1) = — gicosng,  (13)

From Eq. (12) we conclude that one of the roots of the
function (3) is indeed an unbiased estimate of ¢, In
addition, from Eq. (13) the sizn of the expected value
of this function will be positive when the estimate ¢ of
¢ is less than ¢, and negative when ¢ exceeds ¢, so long
as [¢, — ¢|==/n. Accerdingly, if this function itself
after suitable filtering is used as the input to a voltage-
controlled oscillator (VCO), the resulting device will be
able to track the received c~-rier phase. These PSK car-
rier tracking loops are show: in Fig. 1 forn =2, 3, and 4.

There are, of course, 2n — 1 other values of ¢, for
which the expected values of Eq. (3) are zero. The ex-
pected value of the second derivative is negative for
n — 1 of these solutions. indicating a total of n possible
lock-in points. This would also be the situation if the
actual maximum-likelihocd estimator were used, since,
as we have already observed, any solution to Eq. (3) is
also a solution to the maximum-likelihood equation. In-
deed, the inevitability of this n-f- 'd ambiguity is appar-
ent from the very nature of the problem.
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Fig. 1. PSK carrier tracking loops: (a) n = 2,

bln—=3,(cin=4

These carrier tracking loops are suboptimum only be-
causc the expected values of the derivatives of Egs. (2)
and () are not necessarily equal. The true maximum-
):<elihood estimate might, therefore. have a smaller vari-
ance. Neverineless, when the signal-to-noise ratio R is
small, the expansion (4) is well approximated by retain-
ing only the first non-zero terms ip both the numerator
and denominator. In this case, thus, the two estimators
are identical. The estimator based on the function (3)
is therefore asymptotically optimum as R— 0. Moreover,
as we shall see, this same estimatcr is also asymptotically
optimum at the other extreme when R— oo.

To analyze the performance of these loops we needed
only observe that, when the bandwidth of the combined
filter-integrator portion of the tracking loop is narrow
relative to 1/T,, the following conditions hold:
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(1) The noise consists of a sequence of independent
noise pulscs of width T,. Thus, the noise spectrum
at the loop filter input is of the form

YAY
sin-——5—
2
wels

2

S,. (w) = a'f,T, (14)

where of is the variance of the noise pulse ampli-
tude. So far as the loop is concerned, the noise is
white, therefore, with the two-sided spectral den-
sity S, (0) = oiT..

(2) The signal at the loop input, when the tracking
error is small, is approximately

Ao ()= 9 (1) (1)

and is linear in ¢, (¢).

(3) Since many noise pulses determine the VCO phase
¢:1 (t), the signal ¢, (t) = ¢, (t) — ¢. (t) is essentially
independent of any one of these noise pulses.

"=l
$olr) +2;7 it —
His)
)
K/s

Fig. 2. Linear model of PSK carrier tracking loops

'Thus, the tracking loops are eqr-ivalent to the linear
model of Fig. 2. This is, of course, also the linear model
of an ordinary phase-locked loop when the received sig-
nal has the amplitude n*/2"* and the noise i: white with
the spectral density ¢2. Thus, we immediately conclude
that the phase error variance is

2 2¢7$|BLTA
oy — (n4//2n—1)2 (16)

The noise variance ¢2 can be shown to be, after <ome
manipulation,

n* 1

o= ~nt[E{c}($) = [ @) + B (9 — (1@ = 55 ) @K (7)

Thus,

B.T, \C 1
o= z:q)zkyﬁ (18)
k=1

when R = A*T, /N, is large,

oy~ D (19)

Since this would be the phase variance in the absence
of any modulation whatsoever, it clearly represents the
optimum performance obtainable from any carrier phase
tracking device. This validates the statement made above
that the loops described here are asymptotical optimum
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k1

as R— o. They are also optimum when R is small com-
pared to unity, in which case

a1

b ~ B.T. F ﬁ; (20)

Evidently, then such loops will be practical only for sinall
values of n, unless R is also relatively large.

2. Signal Design for a Class of Cluiter Channels,
A. Bolakrishnar’

The problem of signal design (or optimal selection of
signals for transmission over a given channel) has for the

"Member of the staff of the Engineering Department, the University
of California at Los Angeles. Research prepared urnder contract to
the Jet Propulsion Luhoratory.
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most part (Refs. 2, 3, and 4) been studied for channels
with additive noise independent of signal parameters. In
this article we consider such a problem for channels
characterized by the presence of an additive noise com-
ponent dependent multiplicatively on the signal in such
a way that increasing the signal energy increases the
noise power. Such a noise component is usually referred
to as clutter or a reverberation component, and occurs in
.nany applications such us sonar. and recently also in sig-
nal transmission from a spacecraft in the vicinity of a
planet. The fact that an increase in signal power need
not result in improvement, especially when the ambient
or temperature limited noise is small, makes signal design
essential in these applications. In our analysis we have
assumed a model in which the clutier or reverberation
component is stationary Gaussian with a covariance func-
tion which is a product of the covariance function char-
acterizing the medium and the covariance function of
the signal.

The general method for the signal design problem is
the same as before; we first optimize the receiver regard-
‘ess of the signal to be transmitted, and then seek the
optimal signals that minimize the error, the receiver
being always optimum for the signals chosen. In this
article we consider a binary system, the receivcr being
optimized for minimum probability of error.

For our purposes, the basic detection problem can be
stated as follows:

Null hypothesis H,;:
x(t) = n(t) 0=t=<T
Alternate hypothesis H,:
x(tj=s(t)+n(t) 0=t=T

where (the functions are allowed to be complex) s(t) is
a known (sure) signal, and n(t) is the “clutter” noise, a
stationary Gar:ssian process with covariance function R (¢),

R(t) =R.() R, (t) + ¢ 5 (t)

where
Rs(t>=[° (exp2nif£) |4 (| df
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¥ (f) = /;r(exp — %rift)s(t)dt

and R.(t) is a given covariance function.

As is well known, the optimal receiver is obtained by
setting a suitable threshold for

A ") g0 dt (1)
where

/rﬂ(t-—s)g(s)ds———s(t) 0=t=T (2)

The corresponding probability of detection (whether in
radar or communications) is a monotone function of the
signal-to-noise ratio:

/ 2 s dt 3)

The signal design problem is that of choosing th< optimal
signal s (.) which maximizes the probability ¢ Jetection,
or equivalently the signal-to-noise ratio, subject to energy
or bandwidth constraints.

We shall first consider the problem under the constraint
that:

[(1s@rae=x -

0

It is convenient at this point to use operator theory. Thus
let H denote the space L, (0, T'), and for each element s(.)
in H, let us introduce the linear transformation R (s),
mapping H irto H, by:

R(9)f = qs [nca - o) R, (t — o) f(e)de = q (8

0=t=T

Then Eq. (3) can be written, using the inner product

in H as:
(¢l + R(s)) s, 5] = [a.s] (5)

where it is noted that I is the identity, and since R (s) is
non-negative definite, [¢I + R(s)] has a linear-bounded
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inverse. The problem of signal design is thus one of
maximizing Eq. (5) subject to

[s,s]=E

Now it is readily verified that the functional defined by
Eq. (5) is sufficiently smooth on H so that the maximum
is actually attained by an element s,, say. Moreover, the

constraint set being defined by a continuous convex func-
tion, we may employ the Lagrange parameter method,
and use the fact that s, must maximize

[(¢I + R(s))'s,5] + vy [s,5] (6)

The functions being Frechet differentiable, the gradient
of Eq. (6) must vanish at s = s,. Thus for arbitrary h in H,

;—A {[(¢I + R(s. + Ah))~*(so + Ah),50 + AR] + [so + Ah, s, + AR} A 0 =0

Now

d
dx

and a direct calculation shows that the gradient is given by:

[l + R(so + AR)]~*|aco=[I + R(so)]-‘[% R (s + Ah)

]u+mww

A=0

/;T/Tg)—(t)gn(t')ﬂc(t—t')[So(6+t—t')+so(a+t'——t)]dtdt’+(ys0(a) +y50(0) — (g8 (o) + 8o (o)) O0=0=<T

where
g = (¢ + R(s0)) 8o (8)

Hence it is necessary that the optimal signal satisfy the
nonlinear integral equation that results by setting Eq. (7)
to be zero, the constant y being so chosen as to yield the
energy E. The problem of finding an analytical solution
of the equation would appear to be a difficult one; it is of
course possible to give a computational algorithm based
on steepest descent using Eq. (7).

In order to get some analytical results, albeit approxi-
mate, we now consider the special case where the time-
bandwidth products involved are large =nough to allow
us to essentially make the time interval T infinite in
Eqs. (2) and (3), so that we may work equivalently in the
frequency domain. We have then that the functional
Eq. (5) to be maximized can be expressed:

> ¢ ()]
ey b ®)
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where

am=[1«—ﬂmmP¢

K{f) = / "l R, (¢) dt (10)

This is an immediate consequence of the fact that if T
is infinite in Eq. (2), the Fourier transform of R(.) and
Eq. (3) is equal to

r

Jnnha

where ¢, (f) is the Fourier transform of g(.). We note
that Eq. (9) depends only on the si 1nal “spectral density”
|¢s (f)|? and hence we denote the latter by P(f), and
Eq. (9) is thus to be maximized over the class of positive
functions P (.) subject to

/:mf)df:E
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Actually we shall consider a slightly more general prob-
lem in this setting. Thus we shal! consider the problem
of choosing the optimal signal of energy E from the class
of signals band limited to (—B, B) in the sense that we
add an additional constraint:

P(f)=0 |fl> B

We can now use the Lagrange parameter methcd and
seek to maximize:

* _P{)df

5 ¢+P (f‘ +Y/BP(f)df (11)

where

P,() = [:K(f—f'mf')df

over the class of positive functions in L, (—B, B). The
maximum is again attained by some function P (.), and
denoting it by P,(.), and the functional in Eq. (11) by

r(.), if h(.) is any positive function in L, (—B, B), and
for sufficiently small A,
P.(fy + Ah{(f)=0 —B=f=B

we have that:

A By + AR a0 =

dx
[, G- [ 25 R
v [Tyniar

where
q.(f) = ¢ + [:K(f — )P, (f)df (12)

It follows from this that the optimal signal spectrum must
satisfy:

o /.
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K- fIB()df
q(f)

y=0 - B=f=B
(13)

We note that this result could also be obtained from
Eq. (7) by taking the Fourier transform of Eq. (7) under
the assumption of infinite T. As before, y is again to be
determined to satisfy the energy constraint. Multiplying
Eq. (13) by P, (f) and integrating, we obtain:

P, (f)
¢>/ o(f df+yE 0

~nd hence we may rewrite Eq. (13) as

1 [PKE-fP)

Tl M o
where

Kf-f)=5+K(G-f)  —B=Lf<B

and in place of Eq. (12) we can write equivalently:

a0 (f) = / ?<’ (F = £) o (F) dF

Equations (13) and (14) are nonlinear integral equa-
tions but have a simple solution if we can find P (.) such
that

[:Ka—f')P(f')df' —c  —BZf<B (15

where P (.) is positive and in L, (— B, B). For in this case

Eq. (13) becomes:

1 (c—¢)

c o —+y=0

or

¢ +vycr=0

and of course y can always be chosen to satisfy this, so
that we have obtained a solution of Eq. (13). Also, the
functional Eq. (3) itself has the maximum value:

¢—% ifﬁ?(f)df=E (16)
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If we consider the special case where

K(f) =k —L=f=L

=0 |f|> L (17)

it is readily verified that if 2B == L, then Eq. (15) has the
solution

P (f) = constant

and thus we can take:
—B={<B (18)

then we have for the corresponding maximal signal-to-
noise rativ:

E

ST EE (19)

In particular, if ¢ = 0, we note that the maximal signal-to-
noise ratio is (1/k) and is independent of the signal en-
ergy. The bandwidth can also be chosen as small a<
desired, and increasing it up to L brings no improve-
ment. For 2B > L, we do not know the solution of
Eq. (13). However, it is easy to calculate the signal-to-
noise ratio for signal spectrum given by Eq. (18), and
since it sheds some light on the general nature of the
results, we shall indicate it here. We have

Case 1: L=2B=<2L

Signal-to-noise ratio

2E L-BY, 2B ¢+ kE
N ){(¢+kF *XE °g<¢+@g kE >}

2 +-2§(L—B)

Case 2: L=B

Signal-to-noise ratio

B-L

_op (LY, (2B +2KEL
= ){23 T okLE (ﬁ) Og(23¢ T KEL )}
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This is
E E

=TI e
i (T)

and of course E/¢ cannot obviously be exceeded.

If there is no constraint on the bandwidth, then for any
arbitrary K(.), we note that the choice, Eq. (18), yields

E
. 40 . . é -
Signal-to-noise ratio 5T R E

where
- sup 35 [ K= 1)df

But kg clearly goes to zero as B tends to infinity, and we
get Eq. (20) in general as well.

B. Combinatorial Communication, H. Rumsey, Jr.,
and L. Baumert

1. A Multiplier Theorem For Difference Sets

a. Introduction. The equivalence of difference sets with
the binary two-level autocorrelation sequences of space
communications (Ref. 5) has led to extensive investiga-
tions of difference set existence problems. For certain
values of the difference set parameters v,k 1, the exist-
ence question is extremely difficult. In particular, the
usual methods of handling these problems are frequently
ineffectual when n =k — A divides v. We present a the-
orem which is most useful under just these circumstances.
A weak form of this theorem is indicated in Ref. 6, but
it is not made clear there whether the stionger result was
known. In any case, we know of no published proof of
this result.

b. Preliminaries. A difference set D = {d,, - - - ,dx} is
a collection of k residues modulo v, which possesses the
property that every non-zero residue « of v can be ex-
pressed as a difference of elements of D in precisely A
ways. Thus the parameters v, k, A are related by the equa-
tion k(k — 1) = A (v — 1). With each difference set we
associate a polynomial § (x) = x% + - - - + x% called the
Hall polynomial of the set. This polynomial then satisfies

0(x)0(x)=k—A+r1+x+ -
(mod x* — 1)

+x)
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If tis an integer prime to v, the set tD = {td,, - * - ,tdy}
taken modulo v is also a difference set with tle same
parameters v,k,A as D. If tD={d, +s, - - - ,dx + s}
modulo v, then ¢t is said to be a multiplier of the differ-
ence set D. (Note that for t not prime to v, tD is not even
a difference set.) If ¢ is a multiplier of D and 6 (x) is the
associated Hall polynomial, then

8 (x*) =126 (x) (mod x* — 1)

Consider the Hall polynomial of a difference set re-

duced modulo x* -- 1, where w divides v. That is, consider

B (x) = m-lC(i)x‘E0(x)

(mod x* — 1)

Define a w-multiplier of the difference set to be any inte-
ger t, for which there exists a non-negative integer s
satisfying

0y (xt)=2x206,(x) (modx” — 1)
Clearly, a w-multiplier is a w,-multiplier for all w, divid-

ing w. Thus an ordinary multiplier is a w-multiplier for
every w dividing v.

Multipliers are extremely useful for deciding whether
or not a difference set exists. The principal means of guar-
anteeing that a hypothetical difference set D possesses a
multiplier is the following theorem of Marshall Hall
(Ref. 6).

Multiplier theorem. Let D be a difference set and let n,
divide n, (n,,v) =1, and n, > A. If for every prime p
dividing n,, there is a j such that p’=¢ (mod v), then ¢ is
a multiplier of D.

In the case which concerns us, n divides v; thus, Hall's
multiplier theorem cannot help. However, under cer-
tain conditions we can guarantee the existence of a
w-multiplier for some divisor w of v, and frequently this
enables us to solve the existence problem.

¢. The existence of w-multipliers. By reasoning com-
pletely analogous to that used by Hall (Ref. 8) in the proof
of his multiplier theorem, one can conclude the following:

Theorem. Let D be a difference set and let n, divide n,
(n,,w) =1, and n, > Av/w, where w is a divisor of v, If
for every prime p dividing n, there is a j such that p' =t
(mod w), then t is a w-multiplier.
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Unfortunately, the condition n, > Av/w is rarely satis-
fied; thus this theorem is not often of use. Our main result
is more satisfactory:

Theorem. Let w divide v and suppose that for every
prime p dividing n there is an integer j such that p/ =t
(mod w). Then ¢ is a w-multiplier of every cyclic difference
set with these parameters n, v.

Proof. It follows from the difference set property that

B () B (x) =1 + %’ Tolx)  (modx® —1)
¢y
where T, (x) is defined to be 1 + x4 - - - + x*~'. Thus
Bie ()8 (x")=n (mod f, (x))

when f; (x) is any one of the distinct irreducible factors of
T. (x) over the rational field K. Let ¢ = 27!/ be that root
of f; (x) for which j is least positive; then we have a fac-
torization of n in the field K (¢) given by 6., (&) 6, (1) =n.
Since K({) is a cyclotomic field, the hypothesis of our
theorem implies that every prime ideal divisor of n (hence
every prime ideal divisor of 6,, ({)) is fixed under the field
automorphism ¢ - ¢'. (Ref. 7 provides all required alge-
braic number theory.) Thus the principal ideals (6. (¢*))
and (6, (£)) are the same. This means that 6., (£) = u6., ({)
where 1. is a unit of K(¢). As 1,¢, - - - ,{™ ! form an inte-
gral basis for this field (here m is the degree of f; (x)), we
may express . as a polynomial in ¢ with rational integral
coefficients. Say n = S; (). Thus 6, (¢*) 6. (L) = nS; (2),
which implie

B (x*) 0o (x72) =S, (x) (mod f; (x)) (2)

There will be such a congruence for each irreducible
factor f; (x) of Ty (x). We wish to deduce a similar con-
gruence modulo T, (x) =f.(x)f.(x) - - - f.(x). Suppose

8. (x') 0o (x1) =nR;(x) + A(x) F; (x) 3)

where F;(x) = f(x) - - - f; (x). This is immediate for
i =1 from Eq. (2). Assuming Eq. (3) holds for j, we ask
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about j + 1. Now f;,, (x) and F; (x) have no common fac-
tors. Thus their resultant z is a non-zero ratinnal integer,
and there exist integral polynomials C (x) and D (x) such
that

C(x)F;(x})+ D(x)fj..(x) =z 4)

(Ref. 8 contains proofs of all the relevant resultant theory.)
But z can be expressed as a product of factors « — 8 where
a is a root of F; (x) and 8 is a root of f,., (x). Thus « and B
are different wth roots of unity, and if 4 is a primitive wth
root of unity, we have « — B = ¥ (3' — 1) for appropriate
exponents y, l. Now ¥ is a unit and »' — 1 is a root of

[(x+131:_1].=xw-1+ e 4+ w=0

thus »* — 1 divides w. Hence z will divide an appropriate
power of w, and, since (n, w) = 1 is implied by the hypoth-
esis, we also have (n,z) = 1. From Eq. (2), withi =j + 1,
we have

C(x)Fj(x) 0, (x) " (x) =
nC (x) F; (x) 8j.,1(x) + C (x) B(x) F;., (x) ()

Multiplying Eq. (3) by D (x) f,., (x) and adding the result
to Eq. (5) gives

20,0 (x%) 0 (x~1) = nS (x) + G(x) F; .1 (%)

This can be combined with the trivial relation

nd (x') 6 (x~1) = nH (x)

to yield (since n and z are relatively prime)

i (xt) 0 (x71) = nR; ., (x) + A(x) Fj.\ (x)

Continuing in this manner, we find
O (x*) 6 (x~} = nR (x) + A(x) T (%) (6)
as desired.
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Since A (x) T (x) = A (1) T'w (x) modulo x* — 1, Eq. (6)
yields the congruence
Bo(x) 0 (x Yy =nR(x) + A(1) T, (x) (mod x* — 1)
Here, with x = 1, we get k2 = nR(1) + A (1) w. Since we
know that k2 =n + Av and (n,w) = 1, this implies that

A(1)=v/w modulo n. Thus, by altering R (x) if neces-
sary, we get

B (1) B (x-1) =R (x) + %Tw x)  (modx®—1)
)
From this (at x = 1 again) we deduce
R() =1 8)

Since {t,w) = 1, we know that

B (£) B (1) == B, (x) B (") = 1 + i‘wﬂ T, (x)

(mod x* — 1)

Thus 8 (x!) 0 (x%) 000 (%) 0,0 (x~) = [n + (Av/w) Ty (x)]?
modulo x* — 1, while from Eq. (7) we get the value

[nR (x) + %) Tw (x)] [nR (=) + % To (x)]

Since R (x) T, (x)= R (1) T\, (x) modulo x* — 1, a compari-
son of these two yields

R(x)R(x)=1 (mod x* — 1)

But R (x) has integer coefficients; thus R (x) = *x°. As
R(1) =1, we see R (x) = x*. Thus Eq. (7) takes the form

0 (x%) 6 (x ) =nx* + % Ty (x) (mod xv — 1)

(9)

Multiply Eq. (3) through by 6. (x) and use Eq. (1). After
simplifying, this becomes

B0 (xF) =2x* 6, () (mod x® — 1)
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That is, t is a w-multiplier of every difference set with
parameters n, v as was to be shown.

d. Some examples. We restrict ourselves to examples
which pass the various parameter inequalities of
Yamamoto and others (Ref. 9); that is, to cases where it
is meaningful to apply our theorem.

Assume a difference set exists with parameters v, k, A, n
= 2325, 84, 3, 81. Then our theorem implies that 3 is a
31-multiplier. Since (3 — 1,31) = 1, there is a shift D + s
=d, +s, -+ ,d.. + s of the hypothetical difference set
which is fixed modulo x*' — 1 under the multiplier. That is,

G5y (x¥) =03, (x) (mod x** — 1)

for this shift. Since 3 is a primitive root of 31, this implies
that

631 (x)Ebo + b1 (x + - 4+ xm) (modx'” _ 1)

Thus

031 (1) = 84 = bo + 30b1 bo, b1 é0

while the constant coefficient of Eq. (1) above is
bz + 30b: = 306

These last two equations have no integral solutions b,, b,.
Thus our hypothetical difference set does not exist.

Assume a difference set exists with parameters v, k, A, n
= 276, 100, 36, 64. Then 2 is a 69-multiplier by our theo-
rem. As before, 2 fixes some shift of D modulo x%® — 1; thus
also modulo x* — 1. This implies that 2 is a 3-multiplier
for the same fixed shift modulo x* — 1. From this we con-
clude (as before) that 8, (x) = b, + b, (x + x?) and that

b, + 2b, = 100

b3 + 2b: = 3376

These imply that b, = 28 and b, = 36.

If we now consider 2 as a 69-multiplier, we see that
those residues i (i, 69) = 3 fall into two set. of 11 elements
each plus the singleton 0. Thus b, = 28 = ¢, + 11 (¢, + ¢,)
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with 0=c¢,,c,,c, =(276/69) = 4. But this equation has
no such integral solutions ¢,. Thus no difference s=t exists
for these parameter values.

C. Propagation Studies, P. Reichley

1. The Effect of Atmospheric Variations on
High-Precision Tracking

a. Summary. For high-precision tracking accuracy, it
is necessary to have a good model of the atmosphere in
order that the effects on range, doppler, and elevation
angle can be accounted for. The time variation of the
atmospheric parameters, such as scale height and refrac-
tivity, determine over how long of a period of time esti-
mates of such atmospheric parameters can be used.

In order to study these atmospheric variations, ground
and balloon weather data for 1966 was obtained from the
U. S. Air Force at Edwards Air Force Base in the Mojave
Desert. The climate at Edwards is very similar to the
climate at the Goldstone Tracking Station and thus pre-
sented a good study case.

We present in this article the results of that study, and
the effects of these variations on range, doppler, and eleva-
tion angle.

b. Introduction. The atmosphere was assumed to have
a spherically symmetric exponential index of refraction n
where

n(r)=1+ ae -/t (1)

where a = N, X 10-%, N, = ground level refractivity,
h = scale height, and r, = ground level radius vector.

The weather data obtained from Edwards Air Force
Base was in two forms. The first form consisted of hourly
readings of pressure, temperature, and relative humidity
at ground level. The second form consisted of balloon
readings of pressure, temperature, and relative humidity
taken at 1,000-ft intervals from the ground The balloons
were released at irregular intervals during the day.

To compute the refractivity the following formula
(Ref. 10) was used:

N

_T116 (p + 48106) @)

T T
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where T = temperature, °K; p = pressure, mbar; and To compute the scale heights the balloon readings
e = vapor pressure, mbar. Since the data conained rela-  were used. Following Bean (Ref. 12), the scale height is

tive humidity rather than vapor pressure, it was necessary  defined by
to convert. Relative humidity R is defined as

R:eixmo (3)

1

-"l- =In—-

N
N,

(5)

where N, is the refractivity at 1-km elevation. The pres-
where e, is the saturation vapor pressure. The saturation  sure, temperature, and relative humidity at 1-km elevation

vapor pressure is defined (Ref. 11) by

were obtained from the balloon data, and then Eqs. (2),

(3), and (4) were utilized to compute N,. Hence, from

7.4475¢t

e, = 6.10 X 10—2§.7_+t

(4) h -ights.

Eq. (5), the balloon readings were converted to scale

c. Refractivity and scale height variations. The refrac-

where ¢ is the temperature in degrees centigrade.

tivity during the year 1966 varied from a minimum of 251

to a maximum of 331 which, interestingly, both occurred
Hence, using Egs. (2), (3), and (4), the hourly readings  during the month of September. The distribution. of the
of pressure, temperature, and relative humidity were con-  refractivity is shown in Fig. 3. The average refractivity for

verted to refractivity readings.

the year was 281 with a standard deviation of 12.
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Fig. 3. Refractivity distribution for 1966
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The variation in refractivity during each day and from
day to day during the month of September is illustrated
in Fig. 4. The month of September was chosen because of
the wide variations during the month. The mean daily
variation in refractivity for the yeai was 24.2 with a maxi-
mum daily variation of 45.

Since balloon data was not taken at vegularly spaced
intervals, the scale height data was not in a form to yield
a compiete analysis as was the refractivity data. The scale
height during the year varied from a minimum of 3.83 km
to a maximum of 25.05 km. In several cases, the expo-

nential model for the index of refraction was not ap%li-
cable. In these cases, the refractivity profile was parabolic
rather than exponential as shown in Fig. 5.

d. Effects on high-precision ranging. In SPS 37-43,
Vol. IV, pp 314-321, we presented formulas yielding cor-
rections to 1ange, doppler, and elevation angle for a signal
passing through the carth’s atmosphere. The range cor-
rection formula is

r\% eBu-b
Ro=o(5) Tramete@a-ba  ©

340
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MAXIMUM
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AVERAGE
AVERAGE
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Fig. 5. Example of parabolic refractivity profile
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the doppler correction formula (range rate) is

.
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2a (r2 — b))%

bO ;l

T - byn - (- byn ("
X (1 — (B (1 — b))% B~ erfe ((8(1 — b,))*))

B (r? - b?))% L}

)

q)

and the elevation angle correction formula is

[+ 4

“T By - (- b

(8)

In the above formulas 8 = 1/h, b, = straight line impact
parameter
r,siné
(1 + r: — 2r,cos )%

r, = straight line range to spacecraft, = straight line
range rate to spacecraft, § = rate ot change of spacecraft-
center of earth-station angle, erfc(x) = complementary
error tunctior of x, and all lengths are measured in earth
radii.

We wish now to look at the effects that maximum
variations in scale height and refractivity have on range,
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\ N=33)
n=25.05 km
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ELEVATION ANGLE, deg

¢ig. 6. Difference between maximum and minimum range corrections and standard range correction
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doppler, and elevation angle. We shall assume that
r. = 10" km, r, = 3 km sec, and 6 = 7.3 * 10-° rad/sec
(rotation rate of the earth). The range correction, Eq. (G),
and the doppler correction, Eq. (7), are minimum when
scale height and refractivity are minimum; and they are
maximum when scale height and refractivity are maxi-
mum. The elevation angle correction, Eq. (8), is minimum
when scale height is maximum and refractivity is mini-
mum; and the elevation angle correction is maximum
when the conditions are reversed.

If we assume a standard atmosphere for the year based
on the average refractivity and average scale height, then
we can compare the maximum and minimum variations in
range, doppler, and elevation angle corrections with this
standard model. The average scale height was 9 km, but
this figure is not as reliable as the average refractivity
since the data was taken at irregular intervals.

Assuming an S-band frequency of 2388 MHz. we Lave
plotted the results of this comparison in Figs. 6, 7, and 8.
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Fig. 7. Difference between maximum and minimum doppler corrections and standard doppler correction
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The largest variation from the standard in each figure is
seen to occur for the maximum correction. The non-
exponential character of the range and doppler correction
curves is due to the different rates at which the maximum
and minimum corrections decrease with respect to the
standard correction. The actual correction curves them-
selves decrease expouentially,

e. Conclusions. If we examine Figs. 6, 7, and 8, espe-
cially at low elevation angles, we see then the variation

from the standaid correction can be quite sizabie. The
variation between the maximum and standard range cor-
rections can be sizabie « ven at quite high elcvation angles,

These results all point up to the fact that if higher tack-
ing accuracies are to be realized, then a*mospheric param-
eters for range, dovpler, and elevation angle correcti s
will have to be obtrined on a real-time basis. We realize
that we have chosey: to compare maximuim and minimum
conditions for the ~ntirc year with the standard, but these

30
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are conditions that will occur. Alsc, as was pointed out
earlier, the exponential model for the index of refraction
did not fit in some cases. This is a problem that still needs
to be resolved.

If obtuining real-time aumospheric parameters proves
impractical, then we must decide, on a statistical basis,
how much of the time, for a given length of time, a local
model will hold within error limits. This, however, may
not be possible, since weather is not predictable with the
same accuracy as the tracking accuracies involved.

D. Communication Systems Development,
W. C. Llindsey and A. J. Viterb,

1. Error Rates in Phase Coherent Systems With
Bondpass Limiters, »_ C. tindsey

a. Introduction. Recently, considerable interest has de-
veloped in attempting to understand hcw a bandpass
linuiter affects the performance of oue-way locked, co-
herent (phase-shift keyed, PSK) and differentially coher-
ent (DPSK) data demodulators. Such demodulators are
typical of the Mariner- and Pioneer-type transmission-
data detection systems, The subject of this article is,
therefore. to develop mathematical models for overall
system performance as a function of well-defined system
parameters. These parameters are defined such that mea-
surements taken from various passes of tl.e spacecraft may
be used to evaluate and predict system performance at
various times after launch. The results 2re also useful in
predicting system performance prior to launch, and in
evaluating the performance of a particula: laboratory
simulation. To avoid discrepancies in practice versuc
theory, it is necessary that the parameters in ihe test set-
up (or spacecraft-to-DSIF link) be compatible, in Jdefini-
tion, with those which follow. This frequent errcr is ne
prime motivation behind this article.

b. System model. Briefly, the transmitter emits a low-
index phase-modulated wave such that, out of the total
radiated power of P watts, P, watts remain in the carrier
component for prcposes of tracking, and S watts is allo-
cated to the data signal. The total transmitter power is,
therefore,

P=P.+S+P, Q)

where P, is any loss which may occur due to the modula-
tion process.

If the signaling states are assumed to occur with equal
probability and the data si; 1als are negatively correlated
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and contain equal energies, the conditional bit-error
probability, conditioned upon a fixed RF carrier-loop
phase error 4, of a PSK system, may be shown (Ref. 13)
to ke given by

1 (> i
Po(o) = (210%/;2“% . exp[ - E] dx; (PSK()2)
where
_ ST,
R= N, ®

with S = signal power, N, = kT° = single-sided spectral
density of the channel noise, k = Boltzmann’s constant,
T° = system temperature in °K, and T, = duration of the
data bits. The average bit-error probability is easily ob-
tained by averaging over the probability distribution p (¢)
of the phase error. This distribution has been characterized
in Ref. 14 and we shall define it in a later section.

In the case of detecting DPSK signals, the conditional
bit-error probability is easily shown (Refs. 15, 16) to be
given by

Pr(¢)=gewp[~Roosl;  (DPSK) (4

where the parameter R is defined in Eq. (3).

The average bit-error probability becomes

P, = / " p(6) Pe(8) do (5)

T

where substitution of Eq. (2) for P; (¢) into Eq. (5; yields
the average performance of a PSK system, while substi-
tution of Eq. (4) into Eq. (5) yields the average perfor-
ma..ce of a DPSK system.

c. Probability distribution model for p(¢). The char-
acterization of the distribution p(¢) requires considerable
elaboration (beyord the scope of this article) on the re-
sponse (signal plus noise) of a phase-locked loop when
preceded by a bandpass limiter. Suffice it to say, however,
that the distribution may be modeled on the basis of
experimeatal and theoretical evidence given in Refs. 14,
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17, 18, and 19. Calling upon this body of theory, the dis-
tribution for p(¢) is well approximated by

_exp[p.cosg]

p(¢) - %Io(pb) ’ |¢I<7 (6)

where

_ 2 1 BB 7
Pe = Nows, T\1+2

n

and the parameters wy,, o, and p are defined from the
closed-loop transfer function H(s) of the carrier tracking

loop, i.e.,
r+1
1+ ( urs )s

1
1+ To + 1 s+ i To +1 &
2w o \ 2wio

Here p is taken to be the ratio of the limiter suppression
factor «, at the loop’s “design-point” (usually referred to
as threshold) to the limiter suppression, say «, at any
other point, i.e., p = ao/a. This, of course, assumes that
the filter in the carrier tracking loop is of the form

H(s) =

8)

1 + 1’18
Flo) =152 ©)
in which case
73
fo = ao K— (10)

T1

where K is the equivalent simple-loop gain (Ref. 17). The
subscripts “0” refer to the values of the parameters at
the loop “design-point.” The parameter wy, is defined by

1+r
9, (1 + l)
Toly

It is convenient to define the loop bandwidths w, and b,
through the relationship

Wro = (11)

—on L [ 2
wL_zbb_zﬂ,LJH(s); ds (12)
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Substitution of Eq. (8) into Eq. (12) yields

-

o

1+2

Wy = Wyo = 2b1_, (13)
1+71,

Analogously, one may define wy, = 2b,, in which case
Eq. (13) becomes

142
2b, = (2bbo)|: ] (14)

—

1+r

This is the usual definition of loop bandwidth, Here we
use lower-case letters to denote these bandwidths so as to
conform to the standard set by Tausworthe (Ref. 17). The
factor T is well approximated (Ref. 17) by

T = 1 + 0.345 PH
~ 0.562 + 0.690 p,,

(15)

where py is the signal-to-noise ratio at the output of the
receiver’s IF amplifier, i.e.,

2P,
Now,,

(16)

[

The parameter wy is the two-sided bandwidth of the
second IF amplifier in the double-heterodyne receiver.
In one-sided bandwidth notation, w, = 2b, and

P

PH = NobH (17)

The parameter py is also the signal-to-noise ratio at the
input to the bandpass limiter.

The remaining parameter to define is the factor
g = ao/a. It may be shown that limiter suppression a is
given by

SOl TORC )

where I; (z), k =1, 2, is the modified Bessel function of
argument z and order. To specify a, we rewrite the
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parameter py as follows, viz,

Pc bL() — P(' bLu

P Nby b Nobio b (19)
where
_ Pc _ bLO
=Nbn YT (20

In practice, the parameters of the carrier tracking loop
are specified at a point which we have referred to as
the loop “design-point” (sometimes called threshold). If
we define the design point as z, = Y, = constant, then
the parameter a, is given by

(&) () ] () 1)

(21

From iq. (21) it is, therefore, clear that system perfor-
mance, namely Pg, depends upon the choice of Y,. In the
DSN this choice is usually taken to be Y, = 2 so that

Po
(kT®) (bro)

2o = 2 (22)

or, equivalently,

P,

(T), @by ~ 1

at the design point. In the next section we explore the
dependence of Py upon z, and R for the case where
Yo=1land Y, =217, =2 and y = 1/200.

The variance of the distribution p (¢) is given by

oz=['¢2p(¢)d¢ (23)

Substitution of Eq. (6) into Eq. (23) and carrying out the
integraticn yields

A 4 NV(—DF (e
LR T D) D

where the functions I (u) are imaginary Bessel functions.
The variance of the phase error is plotted in Fig. 9 for
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Fig. 9. Phase error variance ¢} vs signal-to-noise
ratio z in the carrier tracking loop

various values of z with r, =2, Y, =1 and y = 1/200,
y = 1/60. This variance is in close agreement with the
variance predicted from Tavsworthe’s linear spectral
method (Ref. 17).

d. Error rates in PSK and DPSK detectors. Assuming
that r, = 2 (corresponds to a damping factor of 0.707 in
the loop as determined from linear phase-locked loop
theory), the error probability for PSK systems is easily
determined from the material and definitions given in
previous sections, viz,

Py = / TR e O ) o [(2R)* cos ¢] dg (25)
0 WIO(PL)
where
ric(8) = [~ ——exp( - Z)d 96
arto(p) = [ “Grmen(-5)a @
n=—2—  R=3D @7
r(l + ——) °
N

_ 1+0345zy

"~ 0.862 + 0.690 zy 28)
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i AL

o (Yo)¥ exp(— Y;y) !;lo (Xz"—y) +1, (%)] )
e D) (D)

Y, = NIEZ’: (31)

The integration in Eq. (25) may be carried out (Ref. 13);
however, the resulting infinit~ <eries of Bessel functions
does not shed appreciable : - upon its behavior as a
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Fig. 10. Error probability P; vs signal-to-noise ratio R
in the data ST,/N, (ro =2; Y, = 1;
PSK signaling assumed)

JPL SPACE PROGRAMS SUMMARY 37-45, VOL. IV

function of x and R. To illustrate this behavior, Eq. (25)
has been evaluated numerically on a digital computer
for various values of the parameters R,x = z/2for Y, = 1
and Y, =2 with r, =2, y = 1/400. These results are
given in Figs. 10 and 11.

Similarly, the performance of DPSK systems is given by

_ [T exp (pr, cos ¢ — N cos* ¢)
O A = s S

where p,, is defined in Eq. (27) Again the integration may
be carried out; however, computer results are best ob-
tained by numerical integration of Eq. (32). Results of
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Fig. 11. Error probability P, vs signal-to-noise ratio R
in the data ST;/N, {r, = 2; Y, = 2;
PSK signaling assumed)
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Fig. 12. Error probability P: vs signal-to-noise ratio R
in the data ST,/N, lr, = 2; Y, = 1;
DPSK signaling assumed)

these computations are illustrated in Figs. 12 and 13 with
Yo=1, Yo =2, r, =2, y =1/400 for various values of
R = ST,/N, and x = P./(kT°) (2b,,).

e. Error rates in Pioneer-type data detectors. The con-
ditional error probability in the Pioneer system mecha-
nization is such that? the total error probability is given by

Py, =2 [ " (6} Pr(9) [1— Py (¢)] dp (33)

where Py (¢) is given by Eq. (2). Performing the integra-
tion numerically on the IBM 7094 computer yields the
results shown in Fig. 14 for Y, =2, y = 1/400, and vari-

*]. Layland, private communication
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Fig. 13. Error probability P;; vs signal-to-noise ratio R
in the data ST,/N, (r, = 2; Y, = 2;
DPSK signaling assumed)

ous values of x and R = ST,/N,. The results in Fig. 14
are easily compared with those given in Fig. 10 for a
Mariner-type system. From Figs. 10 and 14 it is clear that
the performance of a DPSK system, illustrated in Fig. 12,
is superior to either the Mariner- or Pioneer-type system.
This is due to the fact that a DPSK system makes correct
decisions if the “requency of the voltage-controlled oscil-
lator remains at the frequency of the incoming RF carrier,
ie,, phase lock is not as significant in a system which
employs differentially coherent detection.

f. System performance when the phase error is not
constant over the duration of the signal. In previous
sections we have been concerned with the performance
of various communications systems where the phase error
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is constant over the duration of the modulation, ie., Ty
sec. In certain situations, e.g., command systems and low-
rate telemetry systems, the assumption that the phase
error of the system remains constant for T, sec becomes
suspect, and it is therefore of interest to understand how
system performance changes. The basic system param-
eter, which is a measure of how stable the phase error
is over the signal duration, is the ratio of the data rate
to the bandwidth of the carrier tracking loop (Ref. 13).
In Ref. 13 it is shown that the decision variables which
a correlation receiver has to work with are given by

= / " cos g (8) 2 (8) [ () — 2 (8)] e

+/“n'(t)dt; k=12 (34)

where 1z, () and x,(t) are the transmitted signals, and
n’ (t) is additive white Gaussian noise with a single-sided
spectral density of N, watts/cycle. To determine the error
probability, one must determine the probability density
of p(q:) and from this compute the probability that g:
is less than zero, given that x,(t) was transmitted and
vice versa. In general, this is a very difficult, if not for-
midable, problem; however, an upper bound on the best
that one can expect to do is to compute the mean and
variance of g on the basis that gi is Gaussian. Such a
procedure has been used by this author in determining
the performance of linear analog demodulators (Ref. 20).
Using the same procedure as outlined in Ref. 20, it is
easy to show that the mean of g is given by

g. = 25T, (Cos ) (35)

and from Eq. (6) we find that

fl

8

L{pL
3 TO—&;= (36)

This function has been studied in detail in Ref. 21. The
variance of g, is easily shown to be given by

o2, = 28T,N, (37)
Similarly, the mean of g, becomes
q: = — 25T (cos §)
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Fig. 14. Error probability P vs signal-to-:oise ratio R
in the data ST,/N, (r, = 2; Y, = 2; Pioneer
system; phase error assumed constant
over duration of 1 bit)

and the variance of q, is

0%, = 2ST,N, = of, (38)

If one characterizes the statistics of p(gi) as Gaussian
and assumes equal probable signals, then the error proba-
bility for PSK systems is given by

(PSK)

1 o0 y.’)
Py = = exp( ~ L) dy;
T ()% /:z;mz)“ p( 2]

" a Rk L




This result agrees with one due to F. Reed in unpublished
work . Fur differentially coherent detection we have

P.=yemp[-uRl;  (DPSK)  (40)

and the error rate for a Pioneer-type system becoines

Py, = 2P5 (1 — Py) (41)

°F. Reed, private communication of information developed for
Motorola on contract 951700.
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Fig. 15. Error probability P; vs signal-to-noise ratio R
in the data ST,/N, {r, = 2; Y, = 2; phase error
assumed to vary during transmission of
1 bit; PSK signaling assumed)
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Equation (39) is plotted in Fig. 15 fcr various values of
x, R with y =1/400 and Y. = 2. Figure 16 illustrates a
similar plot for DPSK systems, while Fig. 17 is a plot of
Eq. (41). Thus, in any practical system we have upper
and lower bounds on the error probability. The upper
bound is for use in systems where the ratio of the data
rate to the carrier-tracking ioop bandwidth is large, ie.,
the phase error is essentially constant over the duration
of the signal. The lower bound is to be used in predicting
the performance of systems where the ratio of the data
rate to the carrier-tracking lonn bandwidth is small, i.e.,
the phase error varies over the duration of the signal. For
intermediate values of this ratio system, performance lies
between these two curves.
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Fig. 16. Error probability P; vs signal-to-noise ratio R
in the data ST,/N, ir, = 2; Y, = 2; phase error

assumed to vary during transmission of
1 bit; DPSK signaling assumed)
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2. Radio Losses in Block-Coded Communication Systems,
W. C. Lindsey

a. Introduction. In SPS 37-34, Vol. IV, pp. 242-247,
SPS 37-36, Vol. IV, pp. 298-306, and Refs. 22 and 23,
results were presented which allow one to optimally allo-
cate the total transmitter power between the carrier and
sidebands of a block-coded communication system. The
purpose of this article is to evaluate the “radio losses” that
are experienced in high-rate block-coded systems. The
term “radio losses” needs defining. Here the term is taken
to mean the degradation in system performance due to the
fact that the modulation and demodulation processes are
not perfect. The major contribution to this loss is due to
the noisy reference derived by the carrier tracking loop in
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the Deep Space Network and the phase modulation exist-
ing on the spacecraft’s transmitted carrier that is due to
the noise in the spacecraft’s transponder receiver.

Two cases of the phenomenon are considered: (1) one-
way reception where the spacecraft is operating with an
auxiliary oscillator as a frequency reference, and (2) two-
way reception. This situation corresponds to the case
where the additive noise on the up-link affects the per-
formance of the earth-based telemetry demodulator. We
point out that the losses in one-way telemetry are the
limiting cases for two-way reception (Ref. 23).

b. System performance. The conditional (conditioned
on ¢) word error probability for a block-coded system

employing (2", n) orthogonal codes has been shown (SPS
37-34, Vol. 1V, pp. 242-247) to be given by

Pe() =1~ | “P\"2" J(erfly + (Ryscos 4]} dy
w (o)

where R = ST,/N, and

]_ xr —?
erf (x) = -(-éﬂ_—)u;/ exp (—2-> dz {2)

—o0

For (2", n) bi-orthogonal codes, the conditional (condi-
tioned on ¢) word error probability is given by

c
~(2R)% cos ¢ (27")%
V+2RY% con g — an-1og
X [/ iﬁ?ﬁ—z——)- dz:| dy
—y+(2R) coc B (2n)

(3)

Pp(¢) =

where ¢ is the phase error due to the fact that the carrier
tracking loop cannot track the phase of the observed
carrier component with zero error. By averaging Eq. (1)
over the probability distribution of ¢, we obtain the
average word error probability for either orthogonal or
bi-orthogonal codes, i.e.,

%w=fmwmmma, k=12 (4)
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where p, (¢) is the probability distribution of the phase error where the system is operating in a one-way mode, and p; (¢)
is the probability distribution of the phase error when the system is in two-way lock. In Ref. 13, it has been shown that

_ Iy (e} + af + 2,0, COs )%

p:(¢) =

where

2nlo () Io (a2) ’

gl < (5)

= (_gg__) GK (ry, 15, B)

Nowi,

2P, P

az == =
Nowr: Noobye

r,+rr(B)(1+8) +82(1+8) +n

K (ry, 1, 8) = Py (:ﬁ_ ) [

_wp(nt+1)
B= o1

— (Pcn)% K,L-;_-E_,,

Tin

n

1

and H,(s) is th: closed-loop transfer function (in linear
form) of the carrier tracking loops. On the other hand,
p, (¢) is obtained from p.(¢) by allowing «, to approach
infinity, i.e.,

pi(¢) = lim p:(¢)

ay— %

__exp [a;cos ¢]

2l (a0) |6l < @

where a, = « = 2P,/N,w,, = P./N,b,, i.e., one-way recep-
tion. Considerable experimental justification for the use of
Egs. (8) and (7) in characterizing the RF phase error is
given in Refs. 18 and 19.

Equation (4) has been prcgrammed, using Egs. (1) and
(7), on the IBM 7094 computer and evaluated numerically
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rz(r1+fz)p+(f2 +f1_2)32+r1‘33+!£-]

n=1,,2

joo
—_— e}l
=g MLSCIR

for various values of the parameters R and a. The results
of these computations are given in Fig. 18 for orthogonal
codes with n = 5, 6, 7 and 8. Similar results for two-way
reception are shown in Figs. 19, 20, 21 and 22 for n = 5, 6,
7 and 8. These results are obtained by substituting Eqgs. (1)
and (5) into Eq. (4) and performing the integration numer-
ically on the IBM 7094 computer. Since the performance
(Ref. 5) of block-coded systems which use orthogonal
codes is, for all practical purposes, equivalent to the per-
formance of a system which uses bi-orthogonal codes, the
results in Figs. 18 through 22 may be used in the design
of systems which use (2"!,n) bi-orthogonal codes. The
results are useful in evaluating the radio losses and de-
signing high-rate block-coded systems.* Similar results
for uncoded systems are given in SPS 37-44, Vol. IV,
pp. 282-290.

‘Privatc communication, J. Knudsen and F. Reed.
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3. The Effect of Filtering and Quantization on a
Coded PSK Communication System, 4. J. viterbi®

Figure 23 illustrates a mechanizatior of the symbol
detector for a coded binary phase-shift-keyed (PSK) com-
munication system which avoids the integraie-and-dump
circuit, since the latter may be quite difficult t~ mecha-
nize at high data rates. This technique has been proposed
for the Mariner Mars 1869 telemetry system.®

The received signal heterodyned tc baseband, y(t),
is normally operated on during the symbol period
kT,=t<(k+1)T, by an integrate-and-dump circuit
which generates

(k+1)Ts
Am:/ y () dt (1)
A

iy

These samples are then fed to the digital deender after
very fine quantization (Ref. 5).

In the alternate mechanization shown in Fig. 23, the
integrate-and-dump circuit is replaced by a low-pass fil-
ter. To obtain specific results we shall assume a one-stage
resistance-capacitance filter whose impulse response is

h(o) =€ u(q) (2)

which is the simplest possible systein to mechanize and
in this sease represcuts a lower bound on performance.
Note, however, that as the time constant +—> o, h (o)
approaches the impulse response of an ideal integrator.
Assuming a filter output y (kT,) at time kT,, the outpat
at time (k + 1) T, due to a positive symbol of amplitude

*Consultant from Dep-rtment of Engin-ering, University of Cali-
fornia, Lcs Angeles.

‘Easterling, M. F., private communication.

(S)% and white Gaussiau noise of one-sided density N,
will be

y I_(k + 1 Ts] = / ) (S)%u(T’ — (r) e do

[}]

+/T'n(T,, —o)e"do+ y(kl,)e™ "
@)

Since the initial output for the kth symbol, y (kT,), is
known exactly (within a quantization error), the computer
can first calculate the quantity

A
WSyl + DT —ykT)e™ (@)
From Egq. (3) it follows that
Ay = (S)%r(1- eT/") +n; {5)

where n; is a zero mean Gaussian random variable. Thus

E(aye) = (§)%+(1 — e ™) (€)

var (Ayy) =

T~ N,
=/ / ——3 (y —o)e o/ " daody

=T e )

We now determine the degradation due to the filter
alone without quantization. It is well known (Ref. 24)
that the performance of the overall communication sys-
tem depends only on the energy-to-noise iatic (bit or
symbol) and the relative normalized inner products or
Jistances between signals. Since each symbol of each
signal has only been attenuated as shown in Eq. (5), the
rei. iive inner products are unchanged. The entire cffect

| 3
I !
y(#) LOW—PASS ANALOG-TO-DIGITAL{ | I i
RECEIVER FILTER A CONVERTER j Ay CALCULATOR p———gl DECODER [—{t»
L @ LEVELS P |
I |
SAMPLING niGITAL COMPUTER
PERIOD 7,
Fig. 23. Digital telemetry demodulator utilizing filtering and quantization
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is then measured by the degradation of energy-to-noise
ratio. This is obtained directly from Eqs. (6) and (7)

[E(Ays)]? 457 (1 - e™/7)-
var(Ay;) N, (1 —e=7/7)

9SI,[2 (1= e?):
N, lx(Q—e%)

>

(8)

where x = T./r. It is well known, and can be readily shown
by using Eq. (1), that for an integrate-and-dump circuit
the corresponding quantity is

[E(ay)]* _ 2ST.

var (Ayx) N,

Thus we conclude that the degradation factor due to the
filter only, which we shall denote Dy, is

Dr(x)=%%:—gz—;él ()

It follows readily from Eq. (9) that *

lim Dp(x) =1

Ir—0

which is as expected since x~> 0 corresponds to — oo,
which corresponds to a perfect integrator as shown by
Eq. (2). (Note that the differencing operation of Eq. (4)
effectively converts a perfect integrrtor into an integrate-
and-dump circuit.)

Thus, if quantization were not required, we should
make the filter time constant as long as pessible. On the
other hand, with quantization a perfect integrator can-
not be tolerated because this vould convert white noise
into a Wiener process, whose variance increases linearly
with time. (Of course, this could be avoided by a series-
blocking capacitor; but, as we shall see, it will not be
required.) It is clear from Fig. 23 that the tctal dynamic
range of the quantizer must be large enough to treat the
entire range of signals plus all but the additional varia-
tion: due to noise. Assuming that the truncation of noise
values beyond =3¢ will have little effect, we thus set the
total dynamu- range of the quantizer at

A = 2(K + 30) (10)
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where A is total one-sided deviation of the quantizer
about zero, and K is the magnitude of the maximum devi-
ation from zero of y (kT,) due to signal only. Note that
here o® is the variance of n (kT,) or y (kT.) and not Ay;,
which is much less and is given by Eq. (7). The maximum
deviation of y (kT,) due to signal only (i.e., of E {y (kT,)])
depends on the code. If we assume that earl. code word
has an equal number of zeros and ores and, furthermore,
that the difference between the number of zeros and onc :
that can occur between the beginning of a word and any
given symbol is never greater than ky, (note that ky can-
not be greater than half the length ~f each word) then
it readily follows from Eq. (6) that

K =E[y(kyT,)] = (§)% (1 —e*v7/7)  (11)

On the other hand, if the code words do not have equal
numbers of zeros and ones, the worst case becomes
Eq. (11) with ky = «. The variance o of y (kT,) or
n(kT,) must be taken as the steady-state variance as
k— o0, since we cannot set any limit to the duration of
transmission and, in any case, the steady-state variance
is closely approached after one or two word-times. It
follows from Eq. (7), letting T, —> o, that

Nll
o = 4’ (12)

Thus we have from Eq. (10) that the total dynamic range
of the quantizer must be

, 3 (N.V4
2A = 2(5)“27[1 —e R 4 S <§> ] (13)

Now we can assess the degrading effect of quantiza-
tion. We assume Q levels and a uniform quantization
scheme as shown in Fig. 24. It is also reasonable to as-
sume that the quantization error in each level is uni-
formly distributed. (This may be somewhat inaccurate in
the outermost levels which are affected only by noise, but
since the probability that y (t) will be at these high noise

24/0

Fig. 24. Quantization scheme for 8 levels
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levels is very small, it is felt that the effect will be negli-
gible.) Ther. the probability density function of the quan-
tization error or noise is

Q24 for ~A/Q=n,=A/Q
Py (ng) = ;

0, otherwise

its mean is zero, and its variance is

A? S+2 3 /x\*¥%]?2
var(n) = 50 = 35 [ 1= + 5 () |

(14)

where x = T,/ and R = ST,/N.. Since the quantization
noise is essentially independent of the channel noise (ex-
cept for the edge eftect noted above), we may add the
variance of the quantization noise of Eq. (14) to the vari-
ance due to channel noise of Eq. (7) to obtain the total
variance

var (Ayk)f -

(15)

where E = ST,/N,, x = T,/+. Finally, from Egs. (6) and
(15) we obtain the effective degradation factor with quan-
tization and filtering

_ [E(ag))® (25T, \"
Dry (x, R, ky, Q) = var (Ay): < No )

_ 2(1 —e?)?
- 3 x l,ﬁ 2
— p-kuzr —f =
[ (= QY)]
Q J
(16)
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wherc R — ST,/N,, x = T,/+. Note that as Q- oo, this
approaches the result without quantization of Eq. (9).
Note also that for finite Q

lim DFO (x, R, ky, Q) =0

for now an infinite time constant (perfect integrator)
would result in an infinite required dynamic range 24,
which in turn would produce infinite quantization error
for finite Q.

It should be emphasized that the result of Eq. (16) is
essentially exact (except for the quantizatior edge effect
mentioned above). However, this is merely a degradation
in the effective energy-to-noise ratio. This is also the deg-
radation in system performance if the noise affecting each
word decision is Gaussian. Of course, the symbol quan-
tizadon noise is uniform. On the other hand, the noise
affecting a word decision is the result of adding all the
symbol noises for the word. If the number of symbols per
word is large (32 for the Mariner Mars 1969 biorthogonal
system), we may reasonably invoke the central limit the-
orem for the sum of these independent equidistributed
random variables with finite moments of all orders, and
it is anticipated that the result of Eq. (16) will be a very
good app:oximation to the actual system degradation.

Figures 25 to 28 show the degradation factor of Eq. (16)
in dB on two different scales for Q=29(¢=2,3, - - - ,12),
for the (32, 6) biorthogonzl code with R = ST,/N, = 0.45
(which corresponds to STs/N, = 2.4 and bit error proba-
bility Py =~ 10-3). Figures 25 and 26 show on two different
scales the degradation factor for the worst case (ky = 16)
if each code word had an equal number of zeros and
ones. Figures 27 and 28 show on the same scales the deg-
radation factors for the worst case (equivalent to ky = )
when the code words are unbalanced. It appears that for
Q = 2¢ the degradation can be kept to less than 0.1 dB
over a wide range of x = T,/+. The uppermost curve in
each case is that of Eq. (9) without quantization.

We note finally that although quantization will also
affect the integrate-and-dump circuit of Eq. (1), the effect
will be much smaller since both the signal peak and noise
variance will depend only on one symbol, thereby allow-
ing a much narrower quantizer dynamic range and conse-
quently a smaller quantization noise variance for the same
number of levels.
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E. Information Processing, S. Zohar

1. Computation of the Derivatives of a
Band-Limited Function

a. Introduction. In the processing of sampled data, the
need sometimes arises to compute a high-order derivative
of a band-limited function given by its (adequately
spaced) samples.

Since the original continuous function is completely
reconstructible from its samples, the determination of any
derivative is a straightforward procedure. However, the
expressions obtained are sometimes so ill-behaved nu-
merically as to render the results absolutely meaningless.
In the following discussion, we examine the cause of this
behavior and devise a computational scheme that over-
comes the difficulty.

The problem originally arose in the processing of plan-
etary radar data. The algorithm described here has been
successfully applied to the extraction of the planetary
backscatter function from the return signal.

b. Basic formulation. Let p (-) be a band-iimited func-
tion such that its Fourier transform p(v) vanishes for
|v] > %. We use indices to denote the samples. Thus,

p, = p(k), k integer (1)

Applying the sampling theorem, we can reconstruct p (7)
from its samples as follows:

p()= 2 pf ln (k)] (@)
where
fa)=22% 3
Hence,
pw (=Tl > S p [F™ @)lerien

(4)

We see that our problem is essentially the evaluation of
the nth derivative of sinx/z, which we proceed to do

JPL SPACE PROGRAMS SUMMARY 37-45, VOL. IV

now. Using the derivative operator D, we note that for
real x

f™ (2) = Im (D" (x°* ')} (5)

Applying Leibnitz’s rule, we find that f™ (x) is expressible
in terms of partial sums of the sine and cosine series. In
view of this, we introduce the following notation:

Sa(x) = 2 s (x); Ca(x) =

cx (x)

(6)

where

xzk» 1 2k

w®=CVmgyyy  e@ =gy
@

and

Sw(x) = sinx; C.(x) = cosx (8)

With this terminology, we get the following expressions
for the derivatives of f(x):

200 () — — Tymer COS% S (%)
fom () = (=1) om+ 1 sa(x)
sinx C,.m(x)
+(-1)»— (@)
2m-1) = [ — M(I)SI SL(_;t_)
f( (x) —( 1) om * c,,.(x) o
4 (cppsinz | Cat) ®
( ) x ’ Sm-1 (x)
xcosx Sm(x)
Rl A =y y iy
n2m—1)sinx Cn(x)
(=1 x? .Cm—l(x) ’

While the above formulae are certainly correct as mathe-
matical statements, they are almost useless when actual
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numerical evaluation is considered. The reason lies in the
behavior of the function

yol) =25 (10)

for increasing n[ck(x),sx(x) are essentially such func-
tions]. While it is true that

lim v, (2) =0

”— 0

application of Stirling’s approximation to n! shows that,
for a finite z, vy, (z) becomes a monotonically decreasing
function of n only for (approximately)

n>ez (11)

Before this n value is reached, however, v, (z) may as-
sume extremely lar; alues. Since S, (x), C,(x) are just
sums of such terms with an alternating sign, it is obvious
that cases may arise in which a reasonable relative error
in a single term of the sum (say, 10-*) could lead to com-
puted |S,.(x)], |Ca(x)|, which are orders of magnitude
greater than the true values.

The resolution of this difficulty is taken up in the next
section. Before we do that, however, we find it somewhat
more convenient to reformulate our problem in terms of
the functions

Sa(x)
sa ()’

Cpa (%)
Cn ().

E,(x) = H,(x) = (12)

These are polynomials of degree n in the variable 1/x2.
[See definitions in Eqgs. (6) and (7).] Expressing the deriv-
atives in terms of these functions, we get

CcOSX

fom (3) = (=1) g En (3)
+ (~1m 2, ()
(13)
N/ 1ym. XCOSX
f( m-n(x) _( 1) 2m(2m+ 1) Em (x)
sinx

+ (=1 (2m — 1)—x;- Hp, (x)

y 298

We note that for x = 0, the functions E,(x), H,(x) be-
come infinite, making Eq. (13) indeterminate and requir-
ing the application of 'Hospital’s rule. However, with
x =0, the derivative can be obtained directly from the
Taylor expansion of sinx/x, yielding the result

[Fom ()]s = f

[ (@)l = 0

Egs. (13) and (14) are the final forms adopted here. Scb-
sti*ution of these in Eq. (4) will yield the desired deriva-
tive formula. We turn now to the resolution of our main
difficulty, the computation of the functions E, (), I, (x).

¢. The functions E, (x), H, (x). We discuss here, in de-
tail, only the computation of E, (x). Since the derivations
for H, (x) are very similar, the corresponding results will
be stated without proof later on.” Our first step is to estab-
lish a recursion relationship. Starting with the definition,
we have

_ Salx) _ Sn-1(x) + 8p-y (%)
E,(x) = s (1) ~ x?
[ Sn(@n 1)]8'“ =)
Denoting
_ 2“(2;2'*‘ 1) =e, (x) (15)
we get the recursion
E,{x) =[14 E,, ()] ea(x) (16)

We examine now the feasibility of using Eq. (16) to com-
pute a sequence of E,(x). Suppose the error in E,_, (x)
is AE,, (x), then we see that AE, (x}, the error in E, (x),
1s given by

AE, (x) = ey (x) En, (x) a7

The error in e, (x) itself can be neglected. It is the accu-
mulation of errors which we should worry =bout. The

'Corresponding equations in the two car s are assigned the same
number, except that a prime is added to the number for the
H. (r) case.
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stability of the recursion process obviously depends on
the magnitude of ¢, (x). Thus, as long as

lea(x)| <1

for all n in the sequence generated, an error injected in,
say, E,(x) will be progressively attenuated in E,,,, (x),
En,: (x), etc. Under these conditions, the desired sequence
will be generated by a simple stable process starting with

E,/x) =0 {18)
We observe, however, that e, (x)| is a monotonically

increasing function of n and as we proceed with ihe recur-
sion we will eventnally reach a point beyond which all

lea(x)]> 1

Any error introduced at this point and beyond it will be
progressively magnified in subsequent terms, rendering
ti:e results complete,y meaningless.

The solution to this problem is quite simpl~. Rewriting
Eq. (17) to obtain

1 ,
AE,., (x) = w@® AE, (x) (19)
we observe that for
len(x)| > 1

we have here a stable process in the backward direction;
that is, we can safely generate E,_, (x) from E, (x), etc.

This points to the following computational procedure:
Our first step would be to determine « where

lea(x)| =1 (29)

Applying Eq. (15), we get

a(®) =7 [(L +4e5— 1] (@1

Now let
n, (x) = [«] {22)
n, (x) = n, (x) +1 (23)
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“bviously,

n=a<n, (-4)

Hence, L, (x) can safely be used to generate all E, (x) for
n==n, (x). The remaining values (if any) will all have to
be generated by a backward recarsion from E,, (x) where
m is the highest required n value.

How does one compute this E, (x)? The answer is
provided Yy a simple argument originally applied by
J. C. P. Miller (Ref. 25) to the computation of Bessel func-
tions. The reasoning is as follows: It the generated func-
tion is known to be bounded, it does not really matter
what value we use for the initial value starting the recur-
sicn, piovided we star! with an index n sufficiently re-
moved from the first indox of interest. Since the initial
error is finite, it will take only a finite number of recursions
to reduce it below any permissible error.

Applying this idea to our case, we consider first the pos-
sible error in the initial value of the backward recursion.
This is most easily obtained '+-  ~ring that e, (x) is actvally
a ratio of two adjacent s, .«es. Specifically,

This mcans that for n=n, (x)
L (2)| <] (2)]

Hence, we can apply to S, (x) the well-known theorem
pertaining to ziternating seriec and obtain

3 (%) = 80 () | =] 3a (2) ]

n=n,(x) (25)

Dividing Ly |+ (x)| we get

|
j==1, n==n,{x) 26)
|

n
a
—_
»
S

A reasonable choice foi *he igitial value o: the backward
recursion is therefore thy e;timate

F.(x) = 27)

$n (x)
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From Eq. (26), the absolute error in this term i< bounded
by 1. Let m be the highest n value for whic E, (x) is
required. To guarantee a negligible error in E, (x) we
have to start the recursion with a higher n value. Let the
initial esiimate then be

Bua () =s—i‘¥("5 (28)

where k > 0.

We consider now the determination of k for a specified
error bound in E,, (x). We have already seen that the abso-
lute error bound on E,..;(x) is 1. Successively applying

Eq. (19), we get

T 1 2
|AE,, (')Ién!e'm @] = Cm+ 2u (29)

This inequality leads to the determination of a sufficiently
large k. Let the error requirement be

|AEw (x)| < e (30)
Then we set
|AEn (2)| < g gy =° @

Naturally, we are interested in the smallest k satisfying
this inequality. Rewriting Eq. (31) explicitly

~ x . X . x
= mi2 m+3  omtok+1 2

shows a simple way of determining this k on a computer.
The relevaat program would multiply factors as indicated
on the right and test after each multiplication whether the
bound ¢ has been reached.

A simpier, though somewhat wasteful, solution is based
on the inequality

xzk _ x 2k
@m+2)a \2m+ 2) (33)

300

Here we would sct

£= (2mx+ 2)2" (34)

getting

Jog [ —X—
_}_Og 2m + 2

k=2 loge

(35)

We have d¢ ~cribed here a method which will yield any
desired E, (x) without error accumulation. Obviously, the
method is most economical when E, (x) is required for a
sequence of indices starting with n = 1. This method has
been tested on the IBM 1620 computer with most en-
couraging results. The testing consisted of comparing
results obtained with a different number of digits (from 8
to 28). Alsc. both the backward and forward recursions
were extended (for test purposes only) one term beyond
their proper range and the results compared; that is, E, (x)
and E,,(x) were computed by both recursions. In both
tests, the slight discrepancies observed were consistent
with the number of digits used.

It will be seen in the next section that the values of
E,(x) for

I=1r,21r, o

play a major role in an important special case. We pause
here briefly to establish the range of these parameters.
Denoting

Euw=E.(kr), k integer,k=£0 (36)

we observe that the Inequality (26) implies

This range can be further narrowed by applying the basic
recursion Eq. (16):

E..k = [1 - En-l.k] €pn (k"")
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The square bracket term is non-negative becacse of
Eq. (37), while e, (¥} is negative for all noi-negative inte-
gers n. Consequently,

and combining with Eq. (37) the range is
—1=<E.=<0, ﬂénz (38)

We proceed now to remove the constraint on n in
Eq. (38). We note that for n < n, (that is, n==n,)

€n (k‘rr) = — 1

Theretore, it for any n < n,,

—léEn—l,kéo (39)
then
—1=[1+E, ,i]e.(kx) =0
that is,
—1=<E.=<0 (40)
But
Eok =0

and certainly satisfies Eq. (39). Hence, we conclude that
Eq. (40) holds for all n < n,, and combining with Eq. (38)
we establish

~1=E;=0

for all n. These bounds are the tightest that can be estab-
lished. Thus, the upper bound is a member of the set, as
we have already seen. The lower bound is a direct result
of Eq. (25); but there, equality holds in the limitas n—> .
Hence, this is the case here too and we have

7 — 00

We turn now biiefly to the second function appearing
in Eq. (12), namely, H, (x). The recursion formula is

H,(x) =1+ H,., (%) hn (2) (16")
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where

_2n(2n -1) _ Cn-1 (%)

ha(x) = o on () (15")
The error propagation is governed by
AH, (x) = h, (x) AH,_, (x) (17"
Forward recursion can be used up to n, (x) where
n, (x) = [a] (22)
a=7 [(L+ 4%+ 1] @)
The initial value for the forward recursion is
Hy(x) =1 (18")
Backward recursion is to be nsed down to
n,{x) = m(x) + 1 (&)

If H,(x) is required up to n =m and’the permissible
absolute error in H,(x) is,¢, the backward recirsion
should start with

cos x ,
Hp (x) = o () (28")

where k is determined by
~__* . _* .. x ’
‘T om+1" 2m+2 2m + 2k + 2 (329

Alternatively, an explicit though somewhat wasteful
formula for k is

o5
po 1 Fomi T

5 loge .t (35
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d. The derivative jormula. Having resolved the difficulties associated with the functions E, (x), H, (x), all that re-
maias to be done is to substitute Eq. (13) [or Eq. (14)] in Eq. (4). The resulting expressions are:

o(r x(k inw(k—~
ddrf;"(')=(—1)m+l,,zm2{0052m(+l e (k- )W]—'ﬂg-(Tc(—:—T)—'sz[(k—r)w]}pk

k=-0
(41)
2m-1 0 (0 = k—~ n(k— 1 inw(k—r
Ll LSS I)M,,,Z {( _ m)(°2°,f, +(n1) JE[(k = +)x] + (2m — 1)%2—)11,"_1 [k - ,,,,]},,k
k=-0

Recalling the special treatment required in handling E, (0), H, (0), we restrict the application of Eq. (41) to non-
integral . When 7 is an integer (n), one term in the infinite sum in Eq. (4) will require use of Eq. (14) rather than
Eq. {13). In addition to that, however, all the remaining terms involving Eq. (13) are simplified since the associated
trigonometric functions have integral multiples of = for their arguments. Taking advantage of the fact that E, (x) is

an even function of x, substituting k — n = r, and using the terminology of Eq. (36), we get

( — 1)m+1 zm

d*™p () _
=™ |... 2m + 1

dam-1 ('r) _ (= 1)""‘l
Tdem |, “om(@m o 1l

We note the simplicity of Eq. (42) compared to Eq. (41).
Of particular nterest to us is the disappearance of the
function H, (x) as well as the replacement of the con-
tinuous function E,(x) by the parameters E,,. In view
of the fact that the derivative of a band-limited function
is likewise band-limited to the same frequency band, it is
obvious that the mth derivative of p(7) at any = whatever
can be obtained from its samples given by Eq. (42). Thus,

i’;# _ zm:f[w(n— 7)]{[%@] _ } (43)

nz=-00

Consequently, we sec that the derivative at any point
could, in principle, be obtained without recourse to the
continuous functions E, (x), H,(x), using only the E,,
parameters. The advantage of the approach adopted here
is that, while the simplicity of the formula for the sam-
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{_ Pn + § (_1)'Emr(Pn+v + Pn-r)}

r=1

(42)

2 ( 1) rEn, (Pmr Pa- ')

ples of the derivative is maintained, we get a much more
conveniert formulation for points in between. Thus,
Eq. (43) used with Eq. (42) involves a double summation
as compared to the single summation in Eq. (41). Under
usual circumstances, this point far outweighs the extra
computations involved in evaluating H, (x).

In special cases, however, the combination of Eqs. (42)
(43) might still prove to be faster than Eq. (41). This
could be the case, for example, when a large number of
derivatives is required and a large memory storage is
available. In this case, one would initially compute and
store all the required parameters. This would avoid a
large amount of repetition and would appreciably
speed-up the implementation of Egs. (42), (43). Depend-
ing on the specific problem, the resulting computing time
might be much shorter than that involved in Eq. (41).

We coaclude with the application of Eq. (42) to deter-
mine derivatives at the origin of the autocorrelation p (7)
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of a band-limited process. Using the fact that the auto-
correlation is an even function, we get
d2m p (‘r) _ (_ l)mﬂ aim
dem |, 2m+1

X {=po +2§lEmk(—1)" oy (44)

[gz'tlp<f)1 o

dr'm

This formula plays a key role in the solution of the plan-
etary tackscatter problem and provided the initial moti-
vation for this investigation.

F. Data Compression Techniques, I. Eisenberger

1. A Goodness-of-Fit Test Using Six and Eight Quantiles

a. Introduction. The desire to achieve data compres-
sion of space telemetry arises from the fact that there is
a limit to the total number of experimental observations
that can be transmitted in a given time, thus limiting the
number of experiments that can be performed simul-
taneously for given sample sizes. The aim of a data com-
pression system is to transmit only “useful” information,
discarding the remainder of the data. If the data compres-
sion ratio, the ratio of the number of observations taken
to the number transmitted, is high enough, it will then be
possible to perform additional experiments with a rela-
tively small increase in cost. Or, data compression may be
necessary on the ground communication links between an
overseas Deep Space Station site and JPL., due to a limita-
tion in the number of circuits available between JPL and
overseas sites.

There are cases where the data is to be used to draw
statistical conclusions from a histogram, such as in pulse
height analyzers of the kind used in the “Chicago cosmic
ray” experiment on board the Pioneer spacecraft. In such
instances, it may be possible to achieve significant amounts
of data compression with only a small loss of useful infor-
mation by transmitting a small number of sample quantiles
instead of all the sample values. The sample quantiles can
then be used to perform the identical statistical analyses
for which the histogram was originally intended. When
data compression is done on the ground to make the best
utilization of existing ground links, using quantiles may
allow the experimenter to have usable data in real time
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instead of having to wait several weeks or more for the
complete received telemeiry to arrive at the experimenter’s
laboratory.

A distribution-free goodness-of-fit test for large sample
sizes, using sample quantiles, was given in Ref. 26,
pp. 9-12. In addition, the special case where the null hy-
pothesis assumes that the parent population is normally
distributed with unknown parameters was !0 considered
and a procedure was given which uses four quantiles. The
object of this article is primarily to extend this procedure
to six and eight quantiles.

b. Review of quantiles. To define a quantile, consider a
sample of n independent values x,, x., - - - , x, taken from
a distribution of a continuous type with distribution func-
tion G (x) and density function g(x). The pth quantile, or
the quantile of order p of the distribution or population,
denoted by ¢,, is defined as the root of the equation
G(¢) = p; that is,

p:/ch<x>=[_:g<x>dx

The corresponding sample quantile, Z,, is defined as fol-
lows: If the sample values are arranged in non-decreasing
order of magnitude,

Xy Exe= - X

then x;, is called the ith order statistic and
ZD = x([np]+1)

where [np] is the greatest integer = np.

If g (x) is differentiable in some neighborhood of each
quantile value considered, it has been shown (Ref. 27)
that the joint distribution of any numter of quentiles is,
asymptotically,

E (Zp) =,
var (Z,) = ____pn(;lz (—Z:)J)
_[p(Q—p)7%
oz [Pz (1- 771)]

where p,, is the correlation between Z, and Z,,, p, < p..
The analyses will be based on the limiting distribution
and moments of the sample quantiles.
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¢. Testing a distribution using M quantiles. Let H,
denote the null hypothesis that the parent population has a
probability distribution with density function g (x) (which
meets the above conditions on its derivative), and let K,
denote the (composite) alternative hypothesis that the
density tunction is not g(x). Let Z},i =1,2, - - - .m, be
m sample quantiles of orders p; and let ¢} denote the cor-
responding population quantiles. Assuming that g(x) is
completely specified under H,, the ¢, and g(¢!) can be
calculated and one has

pi() —pi)

E (Z,) = (i and 03 = ﬂgz (C:)

Since the (asymptotically) normally distributed random
variables Z},Z!, - - - ,Z,, are not independent, it is con-
venient to transform them into m new independent ran-
dom variables x,,x., - - - , . such that under H,, each x;
is distributed N (0,1). In order to accomplish this, th
following procedure is adopted. First, let

g = [1 —ph — (azxpxk + azszk)2 - (asxpxk + Qs2px + aaaPak)z -

then set

k-1
X o= Ggly + 2 Gk, k=12, ,m

i=1

and determine the a;, recuisively so as to satisfy the fol-
lowing conditions:

E(x;)=0 (1)
E(x)=1 =12 - ,m ()
E(xx;) = 0,i£j 3)

It is immediately seen that by normalizing the Z] and
putting a,; = 1, the first condition, E (x,) = 0, is satisfied.
Applying Conditions (2) and (3) results in the following
general expressions for the kth set of coeflicients:

T (ak-l, 1p1k + Gry, 2pak + o gk Pk—l,k)zl_%

Axy = "~ p1xQrx
Oy = _(azlplk + azzpzk) Gxx
Qi3 = _(as1p1k + @32pax + asspsk) Grx
Gk k-1 = ~(Ok-r,1p1% T Qrer,2p2 + © 0 0 F Gy kapren k) Gix

where p,, is the correlation between Z} and Z). The above
transformations are derived in Ref. 268, where it is shown
that the x; are indeed independent normally distributed
random variables, each with zerc mean and unit variance.
Thus, the likelihood function is the density functi m of the
joint distribution of the x;, given by

1 1
W""p(*iz :"*)

iz1

L(xla U ,xm)=
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which has a maximum value of (2r)-™/2. A critical (or
rejection) region can now be designated as the interval
0< L<A A< (2r)™2 where..is determined such that,
given H,, the probability of L (x;, - - - ,x,) lying in this
interval is equal to e, the significance level of the test.
However, since L (x,, - - - , x.) is a monotone function of

y= 2 «f

i=1
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and y =0 when L = (2r)? and y—> « when L= 0, a
critical region of the form 0 <L < A is equivalent to
a critivai region y > B, where B is determined so that
the probability of y > B equals .

Now, ¢ has the chi-square distribution with m degrees
of freedoin, so that for a given value of ¢, a value of B can
easily be found in a table uf percentage points of the
chi-square distribution, such as that given in Ref. 28,
pp. 130-131.

d. Testing a normal distribution with unknown param-
eters using six and eight quantiler. In practical situations,
the null hypothesis is often made on the form of the
density functions which may be a function of several
unknown parameters. For example, one may wish to test
the hypotliesis that the parent population is normally dis-
tributed with unknown mean and variance. It is this case
that will be considered and tests will be given using six

and eight quar.tiles. The four-quantile case is given in
Ref. 26.

In order to carry out this test whep x and o are un-
known, estimates of ¢ and ¢ are required and the same
sample quantiles used for the test can also be used in the
estimators. Optimum unbiased quantile estimators of p
and ¢ have been derived using up to twenty quantiles and
are given in Ref. 26. However, since the orders of the
quantiles which are optimum with respect to estimating p.
are not, in general, those which are optimum with respect
to estimating .+ suboptimum estimators of » and s were
constructed using the same quantiles. The criterion used
was minimization of the linear sum var (&) + c var (3) for
¢ = 1,2, 3. The estimators that will be used here are those
obtained for ¢ =*1. Using six quantiles, these estimators are

2= 0.0497 (Z, + Zq) +0.1550 (Z, + Z5) + 0.2053 (Z; + Z,)

=0.1088 (Z, — Z,) + 0.1951 (Z; — Z,) + 0.1228 (Z, — Z,)

E(Z,) = p, = § — 1.1850%
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E(Z) = pe = + 199365

E(Z5) e us = [,l.\+ 1.18509

where
p, = 0.6237 p. = 0.9769
p. = 0.1180 p, = 0.8820
ps = 0.3369 p, = 0.6631

Now, let Z be a sample quantile from a set of sample
values taken from a normal population with density func-
tion g(x). Let {* denote the corresponding population
quantile and { denote the corresponding population quan-
tile of the standard normal distribution with density func-
tion f (x). Then one has

p=[ g(x)dx=[:'"'"°f<x)dx=[: fx) d

Hence, c .e sees that, asymptotically,
EZ)=0=u+lo
and, since g(¢*) = 1/0f(2),

var(Z) = apll- ¢ (- p_)

nf* ({)

so that the moments of the sample quantiles of normal
distributions are expressible in terms of the standard nor-
mal. Thus, for the quantile: used above for estimating x
aud o, one has, replacing n and ¢ by /i and @,

A
var(Z,) = var (Z;) = -————-7'54:3 ¢
var (Z,) = var(Z;) =~ 2—66:3 ¢
var(Z,) = var(Z,) == 1'6738 s

305




secursive evaluation of the coefficients a;; now provides the following transformatioa to independent variables for the
six-quantile case, using the same guantiles for the test as were used to estimate . and o:

Y%
_ 03640 (m

% 7 1 )

x, = —0.4504x, + mé@(Zz — )

x; = — 0.2455x, — 0.5451x, + Q@”%W-(zs — us)

x, = — 0.1234x, — 0.2740x, — 0.4882x, + E9—02\—(”)—%(24 ~ )

x, = — 0.08312x; — 0.1401x, — 0.2497x, -- 0.4834x, — W(L = us)

0.3954 (n)s
%

xe = — 0.02451x, — 0.05442x, — 0.09695x; — 0.1877x, — 0.3629x, + (Zs — pe)

Although the above transformation is also used when » and ¢ are known, it is important to note that the statistic

has only four degrees of freedom when x and ¢ are unknown, since two degrees of freedem are lost in estimating x and o.
Thus, to test H, using six quantiles, transform the observed values nf Z; (of order p;) to the x; by means of the above
transformation; if

Me

< B

i=1

-
n

accept H,, If

6
Sx>B
i=1

reject H,. B is determined for six degrees of freedom when . and o are known, and for four degrees of freedom when
they are estimated.

When eight quantiles are used, the suboptimum estimators are given by

2 = 0029 (2, + Z,) + 0.0764(Z, + Z;) + 0.1568 (Z, + Z,) + 0.2419(Z, + Z,)

WP

= 0.0800 (Z, — Z,) + 0.1249 (Z; — Z,) + 0.1528(Z, — Z,) + 0.0789 (Z, — Z,)
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where

P, -0.0119 P, =0.9881
P, — 0.0604 P. = 0.9396
P, = 0.1721 P, =0..279
P, =03711 P, = 0.6289

and one also has

12.23495*
E(Z) = u = h— 226038 E(Zs) = us = 1t + 2.2603% var/7.) = var (Z,) = —2::4-—-
3.9584 5*
E(Z)) = p, =1 — 155155 E(Z)sp, =+ 15515¢ var(Z,) = var(Z,) e —na—
2.1904 3%
A 1.6340 6*
E(Z) = p, = /i — 0.3290% E(Zy) & us = [ + 032904 var(Z,) = var (Z,) = —-n—“
The transformation to the x; is as follows:
0.2859 (n)*
X = —T(— (Zl - Il-l)
¥ %
x'_) = - 0.4801:!-, + 22'5'2:3—(11 (Zz - p.g)
0.8130 (n)*%
X3 = — 0-2896x1 - 0.6032& - +(n,(z;q - ,“-3)
0.9581 (n)¥
x, = — 0.1751x, — 0.3644x, — 0.5800x, + ——5—8519-)—2-(2, - i)
0.93. . (n)%
x; = — 0.1011x, — 0.2105x, — 0.3350x, — 0.5201x, + 93—3(7'-)—%25 — )
0.8033 (n)*
xs = — 0.05944x, — 0.1239x, — 0.1973x; — 0.3060x, — & 5116x, + ———9—(")—(26 — )
0.5806 (n)%
Xy = — 0-03211x1 - 0.06698:& - 0-1066x3 - 0.16543!4 - 0-2765x5 - 0.4623x6 + —-—f’:gzll— (Z'[ - [1.1)
0.3109 (n)*
xs = — 0.01305x, — 0.02727x, — 0.04341x, — 0.06743x, — 0.1127x; — 0.1884x, — 0.3563x; — ————(Zs — p.)
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The statistic

8
y= Zxi

4

has eight degrees of freedom when y and ¢ are known, but only six degrees of freedom when n and ¢ are unknown.

e. Applying the test. The above tests were applied to
two sets of sample values, each taken from non-normally
distributed populations in order to test for normality. In
Case A, the parent population was bimodal with a density
function given by

0.3

, 0.7
galx) = @

* 3@

e % e-%le-4)/31

200 sample values were generated trom entries taken from
a table of random numbers. The required sample quantiles
to perform both the six- and eight-quantile tests were deter-
mined. The set of six quantiles gave the results, & = 2.813,
@ = 3.248, as compared to x = 2.8, ¢ = 3.156. After trans-
formation to independent variables under the null hy-
pothesis that the population was normally distributed, the
result

was obtained. Hence, H, is rejected at both the 0.01 and
0.05 levels. The set of eight quantiles gave the results,

8
2 = 2.805, ¢ = 3.250, > x3 = 1840 > 16.81
i=1

For this test, H, is again rejected at the 0.01 and 0.05
levels.

With respect to Case B, the parent population was also
bimodal with a density function given by

0.8 02

&) = G * 05

e-¥(a-2)/03)*

The six-quantile test gave the results, & = 0.345, ¢ = 1.206
s compared to p = 0.40, o = 1221, and

S 21 = 1699 > 13.28
1-1

308

The eight-quantile test gave the results

7 = 0.86, @ = 1.10C. x3 = 30.15 > 16.81

1

Thus, both tests reject H, at both the 0.01 and 0.05 Jevels.

The same tests were then performed on two sets of
sample values, each taken from a standard rormaal distri-
bution. With n = 200 in both cases, the following results
were obtained. From the first set, the six-quantile test
gave

J x1 =338 <949

i=

2 =0.031, & = 0.980,

-

The eight-quantile test gave

8
3 x3 =569 < 1259

i=1

= 0.047, 2 =0.929,

From the second set, the six-quantile test gave

6

> x1=593<949
iz1

The eight-quantile test gave

8

D x3--9.37 < 12,59

=1

A= —0062 & = 1.010,

Thus, in all cases, H, is accepted for ¢ = 0.05 as well as
for ¢ = 0.01.

The vower of the test, that is, th- probability of reject-
ing H, when it is false, obviously depends upon the nature

JPL SPACE PROGPAMS SUMMARY 37-45, VOL. IV




of the true distribatic.. (as well as on ¢). In order io deter-
mine the power of the test relative to a specific alternate
density function, one must find the probability that

Sxi>B
i=1

under the simple alternative hypothesis H,, when the x;
are random variables resulting from transf-.ming the Z;
under H,. Consequently, although the x; are still normally
distributed under H,, they are in general correlated and
have means and variances other than 0 and 1, respectively.
Under these conditions, the problem of determining the
distribution of

y=§x?

i=1

under H, is quite difficult. Accordingly, in order to esti-
mate the power of the tests by “Monte Carlo” methods
when H, is the hypothesis that the population in Cace A
is normally distributed with p = 2.8, ¢ = 2.156 and H, is
the hypothesis that the population has a distribution with
the true density function g, (x) given bove, the Z; were
transformed to the x, under H,, and then the first two
moments and correlations of the x; were computed under

H,. For the six-quantile case, 350 sets of the six x, were gen
erated from a table of random numbers, and for each set,

]
y= 3 i
=1

was computed. In 97.1% of the cases y > 12.59, and in
84.3% of the cases y > 16.81. For the eight-quantile case,
250 sets of the eight x, were generated and for each set

was computed. For this case, in 93.0% of the cases y>15.51,
and in 83.6% of the cases y > 20.09.

Although the yuantile estimators of u and o were
derived on the basis of a normally distributed parent
population, they are relatively insensitive to deviations
from normality, as can be seen by comparing  and &
with the true means and standard deviations in Cases A
and B where the parent popu.ations were beth bimodal.
Thus, these estimators can be used effectively when the
goodness-of-fit tests given here are applied to other types
of density functions where the parameters are unknown
but cin be determined from knowledge of tl.. mean or
variance, or both.
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A. RF Techniques: 90-GHz mm Wave Work,
W. V. T. Rusch?, S. D. Slebin', and C. T. Stelzried

During the period of April 4 through July 10, 1966, a
series of lunation observations were carried out using the
USC-JPL millimeter wavelength radio astronomy facility
located on the JPL, Mesa Antenna Range. Useful data
were obtained on only 23 dates in this period, primarily
becazce of bad weather. However, better measurement
resolution was obtained during this experiment than dur-
ing a similar lunation experiment in 1965, due to improved
instrumentation and data reduction techniques.

1. Observations

The observational technique has been refined to yield a
maximum armount of data for a given night’s effort, while
still maintaining accurate calibration standards. One drift
curve sequence consists of the following operations: The
center of the moon is tracked for 2 min and then the an-
tenna tracking drive is turned off, allowing the moon to
drift cut of the antenna beam. After 2 min have passed,
a gas tube noise output is recorded for 1 min. The antenna
is then repositioned on the center of the moon for the
following drift curve. All data taken are recorded by both

iConsultant from the Electrical Engineering Department, University
of Southern California.
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a chart recorder and by a digital voltmeter. The output of
the digital voltmeter is used to give quantitative data,
while the chart recorder is used primarily to monitor the
system performance. Before and after each night’s runs,
the gas tube noise output is cal’hrated by comparing it
with the outputs of matched waveguide terminations
heated t:» known temperatures. The analog and digital
outnut ¢ a typical drift curve may be seen in Fig. 1.

The wutput of each night’s runs [which included the
ratin. moon output (digital)/gas tube output (digital’.
zenith angle for each drift curve, and complete ga: tuixe
calibration measurements] was recorded on IBM cards
and sub-nitted for computer evaluation.

2 Data i2eduction

Figure 2 shows a typical computer data rediction print-
out (prosram designated CTS 10). This proz.am gives a
least squares solution to the equation

Tant Tant,y,or *
sont _ _Gntaor (f OY-secz 1
T,, T, (LO) (1)
or b
» }‘ "
. TA: TAC (Lo)** (@)
[
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where
Tant . . .
TA = T = measured ratio of radio source an-
gt

TAC — Tanr, cor

Ty

LO = L, = zenith atmospheric loss (LO > 1)

tenna temperature divided by gas
tube noise temperature contribu-
tion

= ratio of antenna temperature cor-
rected for atmospheric loss, divided
by gas tube noise temperature con-

tribution

sec z = secant f the zenith angle (z = 0 is overhead)
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TIME OUTPUT

2 2 I & 5 8 4 4 8 7 1 i
2 2 1 1 4 s 4 2 4 1 & 1
2 2 1 1 3 3 4 2 1 o0 2z
2 2 1t 2 1 6 &8 S 9 1 |

2 2 1 1 o & 6 8 5 1 o0 |

2 2 1 0 5 6 6 9 Iz 4 6 i G%lsJBE
2 2 + 0 4 ) 6 8 1 1 2

2 2 1 0 3y 1 6 8 1 2 2 1 _j.
2 2 1 0 1 e 4 2 8 3 1 1 —I'
2 2 1 0 o0 L 4 2 & 9 1 1

2 2 0 9 S5 4 4 2 6 1 & 1

2 2 0 9 4 9 4 2 8 z & 1

2 2 0o 9 2z 9 4 2 3y 8 0 i

2 2 0o 9 1 4 & 2 6 0 5 1

2 2 0 9 0 4 4 2 6 9 & 1 cenna
¢ 2z 0o 8 5 2z 4 3 3 6 8 il craATIONARY
2 2 o0 8 1 6 4 4 2 6 8 |

2 2 o 8 2z 1 4 6 5 1 9 1

2 2 0o 8 1 4 4 9 4 5 o0 1

2 2 o 8 0 2 S 1 9 9 o0 |

2 2 0 1T 5 0 5 2 8 4 8 1

2 2 o 7 3 71 5 5 1 1 5 1 ;
2 2 0 71 2 5 S 4 8 S5 3 1

2 2z o0 71 1 2z S & 2 9 2 i

2 2 o 7T 0 o 5 6 1 & 3 1

2 2 o0 6 4 8 5 6 0 2 2z 1 McT,fg:CK
2 2 o6 6 3 5 5 5 9 6 9 |

2 2 0o 6 2 3 5 5 s 2 1 1

2 2 o0 & I 1 8 s 1 3 71 1

2 2 o S5 s 8 5 & 3 1 1 1

2 2 o S5 4 S S 6 1 6 3 | !
2 2 0o 5 3 3 4 5 3 9 3
2 2 0 5 2 1 4 3 1 4 s 1

2 2 o 5 0 8 4 2z 2 & 5 1

2 2 0 4 5 6 4 2 8 6 8 1

h | min l s l arbitrary units

Fig. 1. Lunation drift curve, showing analog and digital output

The actual radio source disc temperature is given by

Tan!,(or _ TAC X Tgt

Taise = —poF BCF (3)

where BCF is the beam correction factor defined by

G, [
BCF = j f(@)da (4)

and

G, = nct gain of the antenna

f(Q) = normalized antenna pattern
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RADIO SOURCE MEASUREMENTS..... LUNAR DATA APRIL 30,1966 (UP)

TA z ~ TA(LN) TA-TA(LN) TA{TAY) TA-TA(TAY)
0.86850 67,450 0.88031E CO -0.11812E-01 0.87985E 00 -0.11345E-01
0.94350 65.130 0.90823E 00 0.35267E-01 0.90806E 0C 0.35441E-01
0.98020 62.200 0.93752E 00 0.42679E-01 G.93766E 00 0.42536E-01
0.91990 59.800 0.95762E CO -0.37720E-01 0.95799E GO -0.38087E-01
C.89400 57.280 0.97574€ 00 -0.81737€E-01 0.97631E 00 -0.82310E-01
1.00750 54.620 0.99216E CC 0.15337E~-01 0.99293€ 00 0.14574E-01
1.046390 51.530 0.10084E 01 0.37874E-01 0.10094E C1 0.36921E-01
1.01180 48,970 0.10200E 01 -0.82138E-02 0.10211€ 0O} ~0.93048E-02
0.99150 46.780 0.10288E Q1 -0.37289E-01 0.10300E 01 ~0.38485E-01
1.06390 44.730 0.10362€ 01 0.27722E-C1 0.10375E 01 0.26437€-01
1.07750 42.550 0.10433E 01 0.34237E-01 0.10446E 01 0.32865E-01
1.04250 40.180 0.10502E 01 ~-0.76686€E-02 0.10516E 01 -0.91246E-02

TAC(LN)= 0.12545¢ 01
LO{LN)= 0.11455E 01

PETAC(LN)= 0.46382E-01
PELO{LN)= 0.23202E-01

PETA(LN)= 0.27345E-01

LO(LN)CB= U.58996E OC

PELO(LN)IDB= 0.87965E-C1

TAC{TAY)= 0.12587E 01
LO(TAY)= 1.11472E Gl

PETAC(TAY)= (.46133E-01
PELO(TAY)= C.23612E-01

PETA(TAY)= 0.27336E-01

LO(TAY)DB= 0.59637t 00 PELO(TAY)DB=

0.89388E-01

NC.

ITERATIONS FOR EACH COMPLETE CYCLE=

2

Fig. 2. Computer printout for lunation data reduction (April 30, 1966)

The beam correction factor is obtained from antenna gain
and pattern calibrations. The USC 60-in. millimeter an-
tenna has a higher gain and somewhat narrower beam-
width than when measured previously (1965).

A complete description of the solutions of Eq. (1) is
given in SPS 37-36, Vol. IV, pp. 255-258. Referring to
Fig. 2, TA represents the measured ratio of radio source
antenna temperature divided by the gas tube noise tem-
perature contribution. TAC represents the same quantity
after correction for atmospheric attenuation. Quantities
involving the notation (LN) represent soludons to Eq. (2)
by linearizing the data with respect to the logarithmic
equation

In(TA) = In(TAC) — sec (z) In (LO) (5)

Quantities involving the notation (TAY) represent solu-
tions to Eq. (2) by linearizing the data using a Taylor
series expansion of Eq. (2).

The logarithm linearization method introduces an un-
known weighting factor that does not occur in the Taylor
series method (Ref. 1). Therefore, the latter method was
used to determine final values for lunar temperature dur-
ing the lunation, utilizing Egs. (3) and (4). The columns

JPL SPACE PROGRAMS SUMMARY 37-45, VOL. IV

TA — TA (LN) and TA — TA (TAY) indicate the error
between the actual measured value of TA at a particular
zenith angle and the calculated value TAC (LO) %<+, by
both methods. Quantities involving PE indicate the prob-
able error of the associated quantities.

Accurate calibrations of the gas tube noise contribution
were made throughout the lunation. A straight line is
fitted to the values obtained for each day, and this new
value is used as the average gas tube contribution for that
day. This method smooths out the daily measurement
errors for the gas tube contribution and accounts for long-
term drifts in the gas tube.

3. Results

The resulting lunation curve for the period April 4
through July 10, 1966 is shown in Fig. 3. Comparison of
this curve with the 1965 lunation curve indicates a re-
duced scatter of data points as well as a reduced uncer-
tainty for each data point. The data from phase 180 to
270 deg are repeatea for the sake of clarity. The increased
accuracy was obtained by improving the instrumenta-
tion, increasing the period of the on-off cycle, and taking
more data points. In addition, every data point in Fig. 2
is the result of averaging both pre- and posttransit data.
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Fig. 3. Lunation curve (April 4 through July 10, 1966)

The error flags represent the probable error due to
measurement dispersion only. The resulting scatter of
the data points is attributed primarily to changing at-
mospheric loss rather than to experimental uncertainty,
as the resolution of the radiometer is much higher than
the spread of data would indicate. Changes in atmo-
spheric loss during the course of . series of observations
can frequently produce misleading data; and the process
of averaging pre- and posttransit data usually results in
smoothing the scatter but not eliminating it.

B. Quanitum Electronics: Optical Communications
Components, M. S. Shumate and J. C. Siddoway

1. Carbon Dioxide Laser Heferodyne Receiver, M. S. Shumate

The use of the nitrogen-carbon dioxide laser wave-
lengths (~10.6 pm) for deep space communication has
been discussed recently (Refs. 2 and 3), and although the
desirability of such a communications system is subject
to discussion, its feasibility has been adequately estab-
lished (Ref. 2). This article describes an experiment lead-
ing toward a laboratory demonstration of 2 10.6-ym laser
heterodyne receiver.

Of the several pieces of equipment necessary for a
10.6-um laser communications system, the recciver por-
tion of the system is one of the least developed. The state
of the art for efficient (~17%) (Ref. 4), high-power trans-
mitters is adequate, although no space qualified laser
transmitter has yet been constructed. Appropriate modu-
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lators exist, and present day telescope technology is suffi-
cient for both the transmitting and receiving antennas.
A sketch of an optical heterodyne receiver is presented in
Fig. 4.

A laboratory demonstration of a laser heterodyne re-
ceiver suitable for deep space communication is now being
prepared. Previous heterodyne experiments with 10.6-jm
carbon dioxide lasers have been reported (Ref. 5-7%).

However, most of the emphasis in these experiments has
been on the narrow band detector performance; these
experiments have not adequately simulated an optical
receiver. The present experiment will use two separate
lasers, one serving as a transmitter and the other as a local
oscillator. The transmitter beam can be suitably attenu-
ated and modulated in order to simulate a weak, broad
band signal.

Construction of the various pieces of appaiatus has
begun. The laboratory facilities have been suitably modi-
fied to eliminate air conditioning noise and vibraticn from
the table used for the experiment. A gas handling system
for controlling and metering the gases used by the laser
has been constructed, as well as two complete lasers.
Peripheral monitoring apparatus has been purchased or
fab icated.

*‘Heterodyne Operation of 10M Photoconductive Detectors” by
C. J. Buczek, G. S. Picus, and D. E. Bode, to be published.

RECEIVING
TELESCOPE

—BEAM SPLITTERS

DETECTOR DETECTOR
OPTICS AND
x DEWAR

' b—
+ EAT
Pl FREQUENCY
I LASER T TO IF
AMPLIFIER
RECOLLIMATING ggi#éhsnATNG E
OPTICS
DOPPLE .
FREQUENCY SHIF TEK
IMAGE LASER LOCAL
TRACKING CSCILLATOR
OPTICS

Fig. 4. Sketch of an optical heterodyne receiver
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Prior to actual heterodyne experiments, it has been rec-
essary to perform an accurate wavelength determina ion
of the carbon dioxide laser lines, in order to caleulate
the optimun leser cavity length (SPS 37-39, Vol. 1V,
pp- 196-198). Experiments are also in progress to deter-
mine the discharge tube configuration. Problems involy-
ing frequency stability of the laser have occurred, the
effect being due to thermal drifts and mechanical v bra-
tion of the laser cavity iairrors. Although present ex»eri-
ments indicate reasonable stability, it may be necessary to
devise a frequency stabilizing technique in order to obtain
the required laser frequency stability.

2. Isotopic CO. Laser Studies, J. C. Siddoway

The development of an efficient laser whose output is
in a favorable atmospheric window has made the carbon
dioxide lascr a potential candidate for a future high data
rate transmission link from deep space. However, there
are many problems to be studied before the full potential

of such a system can be demonstrated. This summary
describes a program to study:

eltects which limit the
lifetine of sealed-off CO. lasers.,

(1) Impurity and or “getterin

(2} The use of various isotopes to prevent radiation
absorption by thermally excited CO, molecules in
the atmosphere,

(3) Isotopic lasers as possibie local oscillators to account
tor Doppler shifts.

Three isotopes of carbon dioxide (C=0".CO!".C"O!")
have been obtained for study. Since some of the reaction
products formed in the discharge tall on the same mass
number of parent molecules present in the laser, defiinte
resulis concerning possible contaminants are difficult to
obtain. (Two examples are: mass 28; N., CO and mass 44;
CO., N.0OL) The use of isotopes to shift these lines on the

Fig. 5. Isotopic CO. laser
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mass scale will make analysis much easier and more
quantitative.

The isotopic wavelengths will be measured using a
0.75-m Spex grating monochrometer. Comparisons can
then be made with the absorption spectra of the atmo-
sphere to determine suitable operational wavelengths.
Isotopic CO. may also be desirable for use in a receiver
in a local oscillator sirce the calculated Dopnler shift
(~500 MHz) from a tygical spacecraft operation is ap-
proximately an order of magnitude greater than the tuning
capability allowed by the Doppler broadened linewidth.

a. Apparatus. The laser which has been constructed for
the isotopic CO, studies is shown in Fig. 5. The water
cooled discharge tube is 24 in. long with a %-in. ID. Each
end of the tube is equipped with bakeable high-vacuum
(Conflat) flanges using copper gaskets for seals. The
brewster window mounts and aluminum electrodes are
attached to a mating flange through which %-in. copper
tubing has beer run to provide cooling for the electrodes.
The windo'vs, polished flats of potassium chloride, are
scaled with a low vapor pressure epoxy (Varian Torr
Seal). Double sided Conflat inserts are used between the
flanges to provide gas inlet and vacuum exhaust ports.
The optical reflectors are gold coated, nearly opaque
mirrors; one of 2-m radius of curvature and a flat through
which a 3-mm diam hole provides output coupling.

Three Granville-Phillips variable leak valves control
gases admitted into the discharge tube, and the pressure
is monitored with a Wallace & Tiernan gauge. A fourth
variable leak valve allows small samples of gas to flow
from the discharge tube to the analysis chamber of a
Varian quadrapole mass spectrometer and then to the
vacuum system. Used in this fashion the instrument per-
mits comparisons of background, impurities, relative
amounts of the original gases before and after the dis-
charge has been run, and new mo.ecular species formed
in the discharge.

The main vacuum system is a 2-in. mercury diffusion
pump with two Granville-Phillips liquid nitrogen cold
traps. (Mercury is used to prevent hydrocarbon contami-
nation of the 1aass spectrometer.) Also, a Vac-Ion pump
allows continuous pumping of the discharge without full
time operation of the Hg pump and cold traps. High-
vacuum fittings have been used throughout the apparatus
so that pressures at least of the order of 10 *mm Hg are
attainable.
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Construction of the apparatus is now complete, and
initial operations have been concerned with leak check-
ing and calibration. Lifetime studies have recently been
started, but no definitive results have yet been obtained.

C. Propagation Studies: Planetary Entry Blackout,
G. S. Levy

A study® was conducted under a JPL contract to deter-
mine the effect of entry plasma on the telemetry link of a
Mars lander. The effects of both frequency shift and
attenuation were studied, and a report has been issued
(Ref. 8). The plasma environment model used in this study
was adopted from D. Spencer (Ref. 9). It was found that
for the model used both attenuation and frequency shift
can be significant effects.

As a spacecraft enters the atmosphere of Mars, a plasma
columin trailing the spacecraft is generated. The strength
and the frequency of the signal originating from the space-
craft are greatly affected by the presence of this plasma
column. The objective of this investigation was to obtain
an estimation of the frequency shift as well as the attenua-
tion of the signal passing through the plasma column
based on an idealized model (Ref. 8, Fig. 6).

It is assumed for this model that: (a) the plasma is con-
fined in a cylindrical column swept out by the spacecraft;

*Conducted by Dr. G. Cohn of Quantum Engineering, Pasadena,
California.

CYLINDRICAL VOLUME
SWEPT OUT BY
ENTRY VEHICLE

z-AXIS
Zy PLASMA

SIGNAL RAY TO
REFERENCE
RECEIVER

ENTRY VEHICLE:

TANGENT K
>//
RAJECTORY
. //_T

Fig. 6. Entry vehicle, trajectory and plasma
column configuration

MARTIAN SURFACE
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(b) the plasma is uniformly distributed over each circular
cross section of the column; and (c) the density of the
plasma varies along the column in accordance with the
generation rate and the decay rate of the plasma for
the nonfrozen flow model. Furthermore, it is assumed that
the plasma medium may be adequately described by a
cold plasma permittivity constant with loss (Ref. 9). The
velocity, electron collision frequency and plasma fre-
quency, as functions of altitude, are shown in Figs. 7-9.

1. Signal Attenvation

Unde: the W.K.B. approximations, the total signal at-
tenuation A between the transmitter and the point where
the signal emerges from the plasma column can be ob-
tained from the following expression

ls
A= f odl 1)
!

T

where « is the attenuation per unit length along the ray
path; L, is the location of the transmitter; and [, is the loca-
tion where the ray emerges from the plasma column.
Expressing Eq. (1) in cylindrical coordinates with the

28 ?
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4
°
100 00 .0 40 20 0
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Fig. 7. Velocity versus altitude
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z-coordinate along the plasma cylinder axis and making
use of the assumed plasma model, one has (Ref. 10)

_ [ a@)

<1

where z., zr anu 6 are shown in Fig. 6. «(z) is obtained
using the cc'1 plasma model with collision, (Refs. & and 9)
or,

where c is the velocity of light in vacuum; and the plasma
frequency o, and the collision frequency v are functions

SURFACE PRESSURE = || mbar
ATHMOSPHERIC COMPOSITION:
40% Ny, 30% COp, 30% A
T msCpA = 02 slug/fi2 -
Vr = 26,600 /s

10t Yr = 90deg

L N\

N T T
N

v, COLLISIONS /s
-]
|
A
!
J B

0 20 40 60 80 100 120
ALTITUDE 2z, km

Fig. 8. Electron collision frequency versus altitude

319

'\-



2 — l ;

-FROZEN FLOW
( APPROXIMATION

1010 |-

AN

ab—
N

I

& e GHz\\
5 ° T

Z

w

o]

[«]

[

0

L9 Sy

2 L

4 6

a

oo

SURFACE PRESSURF = limbar

ATMOSPHERIC COMPOSITION.
40%N,, 30%C0,, 30%A

4} -

/1

z /l ——  mfCyA =02 slug/fi —
“—EQUILIBRIUM V;.- = 26,600 /s
FLOW APPROXIMATION ‘PE - 90deg
108 A ] | !
4] 20 40 60 80 100 120

ALTITUDE Zz, km

Fig. 9. Plasma frequency versus altitude

of 2 in accordance with the plasma density variation
described in Ref. 10. The attenuation in dB/m within the
plasma column is presented as a funciion of altitude for
both fiuzen and equilibrium flow in Fig. 10.

2. Signal Freyuency Shift

With the assumption that the velocity of tue space
vehicle is much less than the phase velocity of a plane
wave in the plasma medium, the frequency of the received
signal may be given as follows (Ref. 10):

_ Usl = Ug wd (1
fn_fr[l +——UP—-— /;T d_t<v_p>dl:| (4)

where fr and fr are, respectively, the frequency of the
received signa! and the transmittal signal. (vr; — vg,) is
the relative velocity between the transmitter and the
receiver. v, is the phase velocity of a plane wave in the
plasma medium. I and I, represent, respectively, the re-
veiver location and the transmitter location. The second
term in Eq. (4) represents the classical doppler frequency
shift while the third term in Eq. (4) represents the fre-
quency shift due to the changes in the internal properties
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Fig. 10. The attenuation per unit length
versus altitude

of the propagation path. Eq. (4 is derived from the phase
kinematic considerations (Ref. 10}

Assuming that the phase velocity does nct vary sig-
nificantly within the signal ray path under consideration,
cne may make the following approximation for the L.st
term in Eq. (4)

wd /1 a d,; .
*ﬁ,ﬁ(;)d’:umoa‘z‘\' G

where a is the radius of the plasma column and 4 is shown
in Fig. 6. With the further assumption that the depcn-
dence on time is only due to the change in the spacecraft
position for the frozen flow model, we have

rd (1 a d /1
“[, a(a)d’l‘"m”f'm;(z:)

=_avrsin_¢z£i(_1_) (8)

sind dz \uvp
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- e -

where y; is defined in Fig. 6,

on = — Ury
T cos @
and
1 1 v -']w}uz
Lo Jr-r+la-ReE+ (L
rale AL R LR CL)
(7
with
- wp”
R= w? + v

3. Numerical Examples

Numerical computations were carried out for specific
models representing the Martian atmosphere in accord-
ance with Ref. 8. Re«ults are shown in Figs. 11 and 12.
In Fig. 1I, the component trequency shift is plotted
against the altitude of the Martian atmosphere. The sym-
bols used in Fig. 11 are defined as follows (Ref. 10):

nn=(“jh

&0 T I I T T - T
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Fig. 11. Component frequency shift versus altitude
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In Fig. 12, the total frequency shift f. and the relative
signal amplitude are both plotted against the altitude of
the Martian atmosphere.

D. Low Noise Transgonder Preamplifier Research,
W.H. Higa

Spacecraft transponders currently use a mxer with a
noise figure of ~ 8dB as the input stage. A preamplifier
could be used to improve the receiver sensitivity by at
least 3 dB without too much difficulty. Howc ver, to realize
the improvement with a minimum of additional de power
drain is of great importance for deep space probes. A fig-
ure of merit is defined as a start:ag point for solving this
problem. Various possibilities are being compared.
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The effective input noise temperature T, of a preampli-
fier followed by a mixer is given by

T.
T,—T.-Fa—l

where
T, = no'se temperature of preamplificr
G, = power gain of preamplifier
T. = noise temperature of mixer
Figure 13 shows a graph of T, as a function of T, for

different gains G;,. Two horizontal reference lines for an
8-dB mixer and a 5-dB mixer are shown also.

An arbitrary figure of merit for a spacecraft preampli-
fier can be expressed as

T X Pi. XS

M R

where
M = figure of merit
P4 = dc power input
S = stability factor

R = reliability (e.g., mean time before failure)

NOISE FiGURE OF PREAMPLIFIER £, dB

2 3 4 S
20001 7 T T T
15001 8 dB MIXER (NO PREAMPLIFIER )

& 1000 13
- - =10d3
8 ~&
5 dB MIXER {NO PREAMPLIFIER)
5CO+
20-
0 i 1 i L | 1
) 100 200 300 400 500 600 700

TEMPERATURE 7}, °K

Fig. 13. Effective input noise temperature for different
preamplifier noise tempcratures (followed by
8-dB mixer) and different gains G,
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Clearly a low value of M is desirable. The stability factor S
is a product of gain variation coefficients, such as AG, /AT,
AG,/AV4. where

AT = change in ambient temperature

AV, = change in power supply voltage

Current developments in semiconductor devices make thr
followine, devices attractive competitors at 2115 MHz

(1) Transistor amplifiers.

(2) Tunnel diode amplifers.

(3) Parametric amplifiers with solid state pump.

In Table 1 typical values are compared for various
parameters. The dc power requirements shown include

losses in the regulating circuits employed. Potentially, the
tunnel diode amplifier is most attractive in this respect.

The paramp is good from the point of view of noise
temperature, while the transistor amplifier is good with
respect to stability and reliability.

One each of the devices has been ordered, and an

evaluation program will commence soon.

Table 1. A comparison of various parameters for
three different solid state preamplifiers

Device ::.:: Typical | o bility | Reliability | TYPical
typical, dB Pec, W gain, 4B
Transistor 4-6 0.5 Good Excellent 15
Tunnel diode 35 0.4 Fair Good 15
Paramplifier 2-4 1.0 Poor Fair 15

E. Thermally Isolated Transmission Lines,
C. T. Stelzried, T. Y. Otoshi, and D. L. Mullen

Spacecraft onboard communication systems require
microwave transmission lines with high reliability, low
loss and light weight. Microwave transmission lines which
provide thermal isolation are used in the construction of
thermal calibration terminations (cold loads). These ther-
mal terminations provide noise temperature calibration
instrumentation for low noise receiving systems. The ther-
mally isolated transmission lines are usually fabricated
from thin-wall stainless steel. Copper plating is used to
reduce the microwave insertion loss.
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1. Description

A lightweight thermally isolated low-loss waveguide
section has been fabricated with plastic. Fig. 14 shows a
photograph of an H-baud plastic waveguide test section
(RFT 265) obtained from Maury Microwave Corporation,
Montclair, California. This unit is 6.0 ii.. in length with
Ye-in. wall thickness. The section was fabricated by hand
wrapping fiberglass tape to the desired thickness or. a steel
mandre] and impregnating with liquid plastic. The plastic
flanges are an integral part of the section. The necessary
conductive fil' = on the interior and flange faces is pro-
vided by first spraying approximately 0.005-in. thick alu-
minum on the mandrel. The waveguide interior is given a
thin gold flash for protection after fabrication.

2. Experimental Evaluation

Table 2 summarizes the measured interior dimensions
for this particular test section at ambient and liquid nitro-
gen temperatures. Since plastic has a higher coefficient
of expansion than metal, these dimensional changes are
greater than would be obtained with stainless steel. The
measured dissipative loss of this particular section at
8448 MHz was 0.0196 dB. This is in good agreement with
a loss of 0.0258 dB measured for solid aluminum wave-
length of the same length. fabricated by the electric
discharge method, if account is taken for surface rough-
ness. The dissipative loss is obtained by subtracting the

reflected loss from the overall measured insertion loss.

Fig. 14. WR 112 plastic waveguide
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Table 2. Plastic H-band waveguide interior dimensions
at ambient and liquid nitrogen temperatures

Waveguide opening dimensions, in.

Acruel opening
—

Standard opening Liquid nitrogen

Ambient temperature temperature

1.122 X 0.497 1.124 X 0.503

1.120 x 0.500

The plastic and solid aluminum waveguides have a mea-
sured surface roughness of approximately 40 and 70 pin.
rms, respectively.! The accuracy of the dissipative loss
measurements accounting for instrumentation, mismatch
errors, and measurement dispersion was approximately
0.0006 dB (probable error) and 0.0004 dB (probable
error) for the plastic and aluminum waveguide sections,
respectively.

3. Conclusion

The primary advantages of the plastic waveguide fabri-
cation technique over conventional stainless steel sections
are reduced cost and fabrication time. Special thin-wall
stainless steel waveguide requires a factory mill run,
which entails long lead time and user storage problems.
The plastic section also has higher rigidity and less total
weight than conventional stainless steel sections.

The primary disadvantages are the dimensional insta-
bility caused by the higher coefficient of expansion of the
material and the thin conductive coating on the flanges.
The flanges cannot be lapped due to the thin metal
covering,.

The close agreement in insertion loss between the solia
aluminum ~nd plastic waveguide sc :tions indicates that
the sprayed aluminum interior of the plastic waveguide
provides a suitable microwave conductor.

F. RF Breakdown Studies, R. Woo, and H. Erpenbach

1. High Pressure RF Breakdown in Coaxial Transmission
Lines at S-Band Frequencies, R. Woo

a. Introduction. The results of our investigations of
multipacting breakdown have been reported in previous
issues of SPS, Vol. IV. Multipacting breakdown occurs
when the electron mean free path, the average distance
traveled by the electrons between collisions, is greater

‘Refer to JPL Inspection Report 56401, Account No. 421-00103-
3330, sketch for part number.
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than the electiode scparation Jlistance. If pressure is in-
creased, the mean free path is shortened, and the principal
electron production mechanism is no longer secondary
electron emission but ionization by electron collision. If
both the electron mean iree path and the amplitude of
oscillation of the electrons are appreciably less than the
electrode separation distance, the main electron loss mech-
anism is diffusion to the electrodes. Under these condi-
tions, RF breakdown is governed by the diffusion theory
(Ref. 11).

It is within the limiws of the diffusion theory that many
microwave components fall. In certain gases, electrons are
effectively removed by attachment to gas molecules; loss
by recombination is generally negligible, since the charge
concentrations are usually low. The subject of high pres-
sure RF breakdown has been ably summarized by Brown,
Francis, and MacDrnald, Refs. 11-13, respectively.

The availability of enginec ring data for high pressure
RF breakdown is essential for the successful design of
high power RF components for future space missions.
High pressure RF breakdewn would be encountered in
two main situations: (1) when there is a requirement to
turn on the high power RF prior to launch and to leave
it on during ascent through the earth’s atmosphere, and
(2) when high power RF components must operate in the
vicinity, or on the surface of, a planet where pressure
levels are a few torr, such as on Mars.

In this article we will present breakdown data in air for
1%-in. rigid coaxial transmission line obtained at S-band
frequencies, using the basic experimental setup described
in SPS 37-44, Vol. 1V, pp. 334-336. A three-dimensional
surface representing both multipacting and higher pres-
sure RF breakdown data will also be discussed. The sim-
plicity and practical usefulness of such a plot is shown to
be attractive to the design engineer.

b. Experimental setup and procedure. The schematic
of the vacuum system used in the experiments is shown
in Fig. 15. Air is admitted through the dessicant tube,
which removes the moisture and carbon dioxide from the
air. The swivel-type Stoke’s-McLeod gauge used for mea-
surement of pressure, has a 0-5000 xm scale. The dry-ice-
acetone cold trap serves to prevent the diffusion of
mercury vapor from the McLeod gauge to the remainder
of the vacuum system.

Rose and Brown (Ref. 14) showed that the products of

ionization from one breskdown measurement can reduce
subsequent breakdown voltages by as much as 10%, if the
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Fig. 15. Schematic of vacvum system

air is not changed. The system was, therefore, pumped
down to 40 um, and new air introduced before each
breakdown measurement. Reproducibility of the power
breakdown readings was within +2% (equivalent to break-
down voltage reproducibility within +1%), while the
accuracy of the readings was within +3% (equivalent to
breakdown voltage reproducibility within +1.5%).

c. Experimental results and discussion. Figure 16 shows
the manner in which breakdown power varies with pres-
sure for 1%-in. coaxial transmission line at 1700 and
2400 MHz. An RF breakdown is determined by the elec-
tric field, but we have chosen to plot power, since this is
the parameter of direct interest to the design engineer.
It should be cautioned that these power readings corre-
spond to a matched 50-Q transmission line. Under mis-
matched conditions, the electric fields may be higher so
that breakdown could .occur at lower power levels.

The “parabolic” shape of the breakdown plots in Fig. 16
is typical of diffusion-controlled RF breakdown. The mini-
mum of each breakdown plot occurs at the pressure py,..,
where the electron-molecule collision frequency v, is ap-
proximately equal to the radian frequency o(w = 2zf,
where { is the frequency of the RF field), since the energy
transfer to the electrons from the field is at 2 maximum.,
If the pressure is increased, the electron-molecule colli-
sion frequency increases, the energy gained by the elec-
trons from the field per mean free path decreases, and the
breakdown electric field (or power) must correspondingly
increase.

In a perfect vacuum, the electrons oscillate with their
velocity 90 deg out of phase with the RF field, and no
energy is gained by the electrons from the field. The elec-
trons gain energy from the field only by undergoir.g colli-
sions with the gas molecules. A decrease in pressure for
pressures lower than p,,., therefore, corresponds to an
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increase in loss of energy transfer from the field to the
electrons. As a result, the breakdown field rises with de-
creasing pressure.

High pressure RF breakdown between coaxial elec-
trodes has been investigated by Herlin and Brown
(Ref. 15), and Gould (Ref. 16). Paska (Ref. 17) obtained
some experimental data at 77 MHz. Unfortunately, the
theoretical results of Herlin and Brov'n, and Gould, suffer
from limitations. Shown in Fig. 17 is th= theoretical curve
of Gould, tcgether with the experimental data of Fig. 16
and that of Paska using Gould’s notation. As can be

seen, Gould’s curve is limited to pr values greater than
1.4 torr-cm. In the case of the 1%-in. coaxial line, data exist
only for pressures greater than 1600 um. One reason for
this limitation is the concept of effective electric field,
which is only satisfactory for higher values of pr.

Comparison of Herlin and Brown’s data with our data
indicated their breakdown power levels were approxi-
mately 10% lower. The reason is tat they did not use
fresh air for each breakdown measurement when deter-
mining the high frequency ionization coefficient ¢ (Ref.
18). The main objection to either GGould’s or Herlin and
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Fig. 18. Surface constructed from high pressure & F breakdown in hydrogen between parallel plates
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Brown’s theoretical curves, however, is their complexity.
A design engineer is usuaily interested in the breakdown
power level as a function of pressure for a fixed frequency
and a given coaxial line. He is also interested in the effects
of changing frequency or the line size. Such data are not
conveniently or explicitly available in the theoretical
curves.

A more meaningful and practical scheme of presenting
the breakdown data is to use a three-dimensional plot,
such as that described by MacDonald and Brown for
parallel plates (Ref. 19) and shown in Fig. 18. They
showed through dimensional analysis that the breakdown
data for geometrically-similar configurations in a given
gas can be represented by a single pA-pr-EA surface.
A is the characteristic diffusion length and, in the case of

parallel electrodes, is equal to d/=, where d is the elec-
trode separation distance. It should be noted that the
vertical axis could have been breakdown power rather
than EA.

Reproduced in Fig. 19 is the pA-pA plane with the limits
of the diffusion theory for hydrogen. In the case of air,
these limits are approximatcly the same. A discussion of
these limits is given in Ref. 19. The collision frequency
transition represents the condition v, ~ . The limits for the
data of Herlin, Brown, and Gould are also indicated.

The usefulness of Fig. 18 is realized when we examine
a singlc 45-deg line on the pA-pA plane. A single 45-deg
line corresponds to a given electrode separation distance
with frequency fixed and pressure varied. At this point we
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Fig. 19. Limits of applicability of diffusion theory of breukdown in hydrogen between parallel electrodes
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wish to add an important observation. Each 45-deg line
corresponds to a fixed fd product, and this allows the in-
clusion of multipacting data in Fig. 18. To illustrate,
we show in Figs. 20 und 21, breakdown data obtained
for two parallel plates situations (fd = 120 MHz-cm and
fd = 300 MHz-cm) with the experimental apparatus
described in SPS 37-41, Vol. 1V, p 242. The 45-deg lines
corresponding to these two situations, as well as to the
multipacting cut-off fd value ot 70 MHz-cm, (SPS 37-41,
Vol. 1V, p. 246) are drawn in Fig. 19. The vertical ticks
on each line indicate the limits of the data.

The data in Figs. 20 and 21 represent two interesting
situations. In Fig. 20 the multipacting breakdown voltage
is less than that corresponding to pmi,, while in Fig. 21 it
is greater than that corresponding to pmis. On the three-
dimensional plot of Fig. 18, the multipacting region is

represented by a surface composed of horizontal lines,
which are at a 45-deg slope on the pA-pA plane. The cross-
section of this surface is similar to Fig. 26 in SFS 37-41,
Vol. 1V, p. 246. If the vertical axis is power instead of volt-
age, the slopes of the phase-determined boundaries would
be doubled. It should be noted that the %-cycle multipact-
ing mode occurs approximately 310 MHz-cm. For RF
voltages lower than 200 V, the fd range for multipacting
is significantly smaller than that for higher pressure RF
breakdown.

In the case of breakdown in air between similar coaxial
electrodes a surface can also be constructed. For con-
venience, the EA axis can be replaced by power. Presently
the b/a = 2.3 (b and a are the radii of outer and ivner
electrodes) case is of interest. Shown in Fig. 22 is the
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pA-pA plane for b/a = 2.3 with the diffusion limits of
Fig. 19. These represent a good approximation since the
limits should not deviate significantly from that of parallel
electrodes here the electrode separation distance is iden-
tical. The fd lines corresponding to our data, as well as to
Paska’s data are drawn. Breakdown data for 7-in. coaxial
line at 1700 and 2400 MHz are currently being obtained
and will be reported in SPS 37-46, Vol. IV.

It is clear from Fig. 22 that data are needed in the
200-1000 MHz cm fd range. This can be obtained either
with the setup described in SPS 37-41, Vol. IV, p. 241, or
with the current setup when a 1-kW 150-1000 MHz RF
source, now on order, is delivered. Note that the former
setup is advantageous in two respects: (1) large RF volt-
age can be achieved with tuc use of a lower power ampli-
fier, and (2) voltages can be measured more conveniently
and more accurately by using a vacuum tube voltmeter.

When these data are obtained they will be combined
with the multipacting data, and the three-dimensional
breakdown surface will be constructed. From the stand-
point of the design engineer, the results will prove invalu-
able. By selecting the fd line corresponding to the coaxial
line in question, the design engineer has available to him
bieakdown data for both the multipacting and higher
pressure RF breakdown regions. In addition, he has infor-
mation on the breakdown processes and the effects of
changing either frequency or line size.

d. Conclusions. It has been shown that multipacting
data can be included in the breakdown plots introduced
by MacDonald and Brown for higher pressure RF break-
down. The 45-deg lines on the pA-pA plane correspond to
constant fd situations and, when identified, can be very
useful to the design engineer. By using this scheme for
plotting the data, he can cover a wide range of breakdown
parameters with a minimum number of experiments. Simi-
lar ple* can be constructed for those gas media which
correspond to extraterrestrial atmospheres.

2. Muiltipactor Research: Surface Preparation Studies —
Secondary Electron Emission, H. Erpenbach

Investigation of reduced secondary electron emission
from copper surfaces is continuing. In SFS 37-41, Vol. IV,
pp. 207-209 we reported that the puiity of hydrocarbon
gases used for the deposition of thin carbon films on cop-
per surfaces has a direct effect on the yield of secondary
electrons. An attempt was made to obtain a research grade
of gases for our work; however, these gises were not ob-
tainable from our source in the quantities that we require
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for our process. We obtained chemically pure ethane from
another source with fewer impurities. Mass-spectrometer
analysis of the above gas showed it to be 99.9% pure. The
impurities were methane and ethylene.

Table 3 is a list of 10 copper targets that have been
bombarded with ethane ions to form a thin carbon film
over one surface. The current discharge density, time, and
gas pressure were the same for each sample shown in the
table. The tests were made after each target had been
exposed to the atmosphere for a minimum of 24 h.

The 8§ maximum ratio of incident primary electrons to
secondary electrons of the 10 targets in Table 3 average
0.98, compared to the 1.07 figure previously obtained with
ethane gas of lower purity.

X-ray diffraction patterns made from two of the copper
targets with carbon film deposits, show the films to be of a
polycrystalline type; however, since the results are pre-
liminary, further investigation will be made.

Application of the cleaning and carbon coating tech-
nique to waveguides for prevention of oxidation, theieby
reducing the surface resistivity, is now being studied. Two
waveguides are being evaluated for the cleaning process
only, and later a carbon deposit will be applied.

To bombard an internal surface of a waveguide with
ions, a gas pressure-voltage relationship is followed if the
operation is performed in a conventional vacuum bell jar
system that encloses the open ended waveguide.

Table 3. Compiled data

Gas Sample No. 8 max

Ethone

1.05
0.98
0.95
101
1.01
0.98
0.96
0.95
0.98
0.97
0.984

O @ N OO » A WwN
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Fig. 23. Pressure—voltage curve

Fig. 23 illustrates the pressure-voltage required of any
form of tube waveguide or cavity in which an ion dis
charge takes place while enclosed in a chamber. Since the
[, and L. (1D and OD of tube or waveguide) are constant,
we may plot the voltage agaiust pressure instead of P, and
obtain the two curves for the two paths shown to Fig. 23.
'f the pressure in the chamber is progressively reduced
from high values, the discharge, as shown by the ID curve
passes more easily until at P, the curve reaches the mini-
mum a with the voltage F,. A further reduction of pres-
sure demands a relatively large increase in potential,
shown by the steeper slope between a and b 1If the source
of potential were limited to 4 maximum value E,, the dis-
charge would cease at b. But at ¢ the longer path becomes
available, and the discharge passes the rcute via the out-
side of the tube, with a new minimum at d. At lower pres-
sures the discharge passes with increasing difficulty and
stops at I, when the limit of potential E, is reached.

0 |
L

The pressure Pe determines an unstable condition,
where the discharge may pass or either the inside or out-
side of the tube; however, for our work the pressure is
adjusted to the a portion of the ¢ .rve or about 70 gm dur-
ing the ion bombardment of the internal surface.

A hydrogen ion discharge is preferred to argon for the
cleaning of the waveguides, as it scems to be more effec-
tive in reaching the internal corners of a rectangle. The
rason is not known at this time, but possibly the increased
gas pressure necessary for internal ion discharge work
may be the cause, as the impurity content of the hydrogen
is less than the argon.

Our next work will be the bombardment of copper sur-
faces with a newly designed 10-kV ion gun, which will
allow us to work at lower pressures.

G. Spacecraft Antenna Studies, K. Woo and
R. M. Dickinson

1. High Impact Cavity-Backed Spiral Antenna, K. v/oo

a. Introduction. A high impact cavity-backed spiral an-
tenna (SPS 37-41, Vol. 1V, . 239-241) has beer devel-
oped. It is capable of surviving an indirect impact of
10,000 ¢ and is relatively compact and lightweight. (Refer
to SPS 37-40, -42, -43, -44, Vol. IV, np. 201-206, 180-181,
386-389, 336-338, respectively, for other high impact
antennas.)

b. Antenna design. The antenna (Fig. 24) consists of a
pair of copper planar Archimedean spirals printed on a

Lo
il

Fig. 24. High impact cavity-backed spiral antenna: (a) front; (b) rear; (c) interior
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fiberglass board (0.135-in. :hick) and backed by an alumi-
num cylindrical cavity (2.750-in. ID, 0.803-in. decp). For
the purpose of preventing the board from flexing during
high impact, the cavity is filled with low-loss foam, and
the board is bonded to the foam. The foam is formed by
mixing Eccofoam FPH® (high temp-rature foam-in-place
liquid resin) and catalyst 12-10H. Upon curing, the foam
becomes rigid and adheres firmly to the cavity wulls.

The input arms of the spirals are {ed by a coaxial trans-
mission line protruding into the cavity from the input con-
nector at the rear. The arms, respectively, make contact
with the center conductor (1/16-in. diam) and the ground
stud (1/16-in. diam) of the feed line by means of a self-
locking nut (0-80 thread). As the result of bonding the
board, the feed contacts are capable of withstanding high
impact and remain secure. When the spirals are energized,
circularly polarized radiations are obtained in the forward
direction.

c. Test results. An indirect impact test of the antenna
at 10,000 g (0.6 ms duration) was performed. The antenra
was attached in a test fixture. and then the fixture was
impacted against a target. There was no visible damage
to the antenna. The electrical performance of the antenna
remained about the same. Figure 25 shows the radiation
patterns at 2298 MHz of the left-hand circularly polarized
and right-hand circularly polarized components taken
Yefore and after the inupact. The input voltage standing
wave ratio measured the same beforc and after the im-
pact, 1.32.

Future work on the antenna will include

(1) Improving the gain and axial ratio by reducing
icsses, wherever possible, and modifying the feed-
line configuration.

(2) Reducing antenna weight (present weight 0.71 Ib)
by further trimming the cavity walls.

(3) Adapting the antenna to right-hand circtlar polari-
zaticn by redesigning the spiral configuration.

2. Large Aperture Antenna Study, &. M. Dickinson

a. Introduction, This study is directed toward develop-
ing an analytical technique for evaluating the perfor-
mance of large aperture spacecraft erectable antennas
wherein the reflector is not a simple surface of revolution.

In order that an antenna b2 erectable (i.e., capable of
being packaged into a small volume for launch and then

‘Distributed by Emerson and Cuming, Inc.
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urfurled in space), the mechanical design sometimes com-
promises the reflector or mirror such that the erected
surface deviates from the idea) parabola of -volution.

The surface deviations generally result in a loss of peak
gain and increased wide angle or scattered radiation
when compared to the normal paraboloidal antenna. This
portion of the present study will be limited to investigat-
ing the effect on peak gain of “umbrella” reflector surface
deviations.

Theoretical umbrella surfaces consist of a flexible re-
flecting material pulled uniformly between radial ribs.
The particular example investigated use. ribs that are
patabelic in section. Surface equations for this type «a-
tenna reflector were derived in SPS 37-35, Vol. 1V,
pp. 273-278.

b. Peak gain calculation. Peak gain calculations were
made by using the surface current integration technique,
as outlined in Ref. 20. An attempt was made to formulate
the calculations in a manner paralleling existing mea-
surements. That is, to use the unit circularly polarized
vectors of Ref. 21 in a spherical polar coordinate system
in order to describe the currents and fields. However,
this particular mathematical system runs afoul of the
essential ambiguity at the poles where 9 = 0 or =. There-
fore, a uniform in azimuth, linearly polarized feed system
was used in the calculations, which iz satisfactory for the
peak or on-axis gain calculations. whereas the spherical
circularly polarized wave representation is ambiguous on
axis.

A computer prograin was written in Fortran 11 for the
IBM 1620 using double, Simpson’s 1/3 rule, numerical
integration (Ref. 22). The program was checked by in-
creasing the number of ribs to a very large quantity anc
comparing the calculated gain to the gain of a perfect
paraboloid.

Calculations were made for reflector diameters from
4 to 75 wavelengths and for the cases of 8 to 20 ribs.
All reflectors were of 0.35 focal lengt' to diameter ratio,
and a cosine-squared-feed power pattern was assunied.

The numerical integration increments were vaiied from
6 increments in 6 by 6 increments in ¢ to 20 X 20 over
a “gore” half. (The portion of the reflecting surface ma-
terial between a pair of ribs is termed a gore. For peak
gain calculations the two regions on either side of the
gore radial center line are symmetrical with respect to
the feed; and thus, only half a gore need be considered.)
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Fig. 26. Cnlculated peak gain of erectable and parabolic antennas with cos” feed

The machine execution time varied from <2 to >10 min
with a difference in the calculated gain of only several
hundredths of a dB. Thus, most calculations were raade
1sing 6 increments in 4 and ¢.

Figure 26 shows the calculated gains as a function of
reflector diameter in wavelengths for various numbers of
radial parabolic ribs. The gain of a perfect paraboloid
using the same feed ic also shown for comparison.

The program effectively integrates the surface currents
over an area with a circular boundary whose perimeter
is the same as an equal diameter circular paraboloic. In
actual construction, the radial ribbed erectable reflector
would have scalloped edges. Thus, the projected aperture
arca of an erectuble umbrella antenna would be less than
the aperture area of an equal diameter circular parabo-
loid. Figure 27 shows the approximate gain reduction
based npon the area loss with respect to a full paraboloid.
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(Both curves of Figs. 26 and 27 are actually stepped fu. >-
tions but arc drawn continuously for ease of graphing.)

c. Surface efficiency factor. The surface efficiency factor
7. i defined as the ratio of the peak gain of an equal
aperture area ribbed reflector to a perfect paraboloid
when both are excited by the same feed.

Cn the basis that the peak gain loss is proportional to
the reflector surface deviation from parabolic, 5, was
plotted as a function of the erectable peak surface devi-
ation 85, as shown in Fig. 28. The deviation is measured
parallel to the focal axis.

The solid curve drawn through the calculated points of
Fig. 28 is given by

G
s =~ = exp — (2.118,,)? (1)

0
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The greatest surface deviation occurs along the gore
center line and has its maximum deviation from the true
parabolic surface at the reflector edge.

Sms = 1794 D, /n? (2)
where

Dy = Reflector rib diameter in wavelengths
n = Number of ribs or gores

dmr: = Maximum surface deviation in wavelengths
measured parallel to the focal axis

Except at the ribs, where the surface deviation is as-
sumed zero, points on this particular erectable reflector
surface are always closer to the fccus than the same
points on a true paraboloid. Thus, all the surface devia-
tions have the same sign. It may be possible to reduce
the gain loss by defocussing the feed, such that the aper-
ture has zero mean phase error. Gain calculations for this
case will be made in the future.

d. Comparison with Ruze’s tolerance theory. The form
of Eq. (1) is similar to Eq. (11) in Ref. 23, wherein Ruze
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Fig. 28. Erectable ‘‘'umbrella’ antenna surface efficiency

relates gain reduction to the reflector rms surface devia-
tion. However, Ruze’s statistical tolerance theory for re-
flectors is based upon a uniform distribution of errors
with zero mean phase error and is not applicable to the
reflectors considered herein.

e. Design considerations. From the foregoing analysis,
with reference to Fig. 26, it can be seen that a given value
of required peak gain can be achieved by various ¢ abi-
nations of diameter sizes and number of ribs. Possi.
the optimura design would produce the required gain
with the least weight for spacecraft applications.

Since the weight of the reflecting screen is small in
comparison to the rib weight, the optimum design in
terms of dB per 1b would possibly be the larger required
diameter with the least number of ribs.

The absolute gain values in Fig. 26 are optimistic in
that a cosine squared feed with no radiation beyond
90 deg was assumed for calculation simplicity. Neverthe-
less, the surface efficiency factor of Fig. 28 should be only
secondarily influenced by the type of feed. In actual prac-
tice, the umbrella surfaces will likely be additionally
degraded by construction tolerances and thermal dis-
tortions.
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A

XIX: Spacecraft Radio °

TELECOMMUNICATIONS DIVISION

A. Spacecraft Guidance Radar Beam Configuration
Performance ll, &. L. Horttor

1. Introduction

This report is the last part of an effort to analyze the
beam configuration performance of spacecraft guidance
radars. Such radars are used in closed loop guidance sys-
tems for lunar and planetary soft landing vehicles. Several
factors influence the choice of a beam geometry for a par-
ticular guidance radar application. In the context of 2
Mars lander, the dominant ones are capsule trajectory
angles, surface scattering variation, and the need to per-
form an altitude marking function. As the work in this
article shows, the quality of the radar ontput data is
affected by the geometry of the radar beam configura-
tion. Hence, the performance of the beam configuration
may be assessed by the quality of the radar output.

Previous work concerning the radar beam-to-surface
incidence angles was reported in SPS 37-43, Vol. 1V,
pp- 376-380. Analyses of the altitude marking accuracy
and slant range bias error of the beam geometry were pre-
sented in SPS 37-44, Vol. IV, pp. 328-334. This article
analyzes the variances of the range and velocity estimates.

For all of these criteria, beam geometry performance
varies with changes in the beam look ungl . The results
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of these reports can be used in picking a beam geome-
try suitable for a given set of spacecraft trajectory and
attitude conditions.

The beam geometry chosen for this work is particularly
applicable to a Mars retrolander. Figure 1 illustrates »
simple five-beam configuration with four beams pointed
symmetrically at an angle from the fifth. There are several
ways of combining the information from each of the five
beams in order io generate the required output informa-
tion. At various times in this summary, certain techniques
use three, four or five beams to perform the required
function.

2. Variances of Range and Velocity Estimates

In the Mars lander context, the velocity information
may be used to follow a gravity turn. Components v, and
v, are then used as uull signals, while v, is used to calcu-
late the thrust command. Different weighting may, there-
fore, be given to component variances when judging per-
formance. One criterion is the following:

FM (6;a) = a[Var (v;) + Var(v,)]

+ (1 - a) Var(v,), 0<a<1 Q)

where « assigns relative importance to transverse and axial
components according to an external value criterion. The
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Fig. 1. Beam geometry

dependence on angle § results from expressing velocity
components (v., vy, v;) in terms of beam components
(91, 2, 03, 04, U5). An important special case occurs when a
is one half. Then FM (6, %) is one half the variance of the
estimate of the total velocity vector.

Var [v] = Var (v,) + Var(v,) + Var (v,) = 2FM (6; %)
()

Both of these criteria find some use in this work.

a. Three-beam system. A three-beam system may be
chosen from the total system in Fig. 1 by choosing Beam 5
snd the two other beams closest to the ground. This tech-
nique is useful for combating low trajectory angles, when
two opposite beams may not intersect the surface.

With the geometry drawn as shown, the (v,, v, v.) com-
ponents are expressed as follows:

=0 _ U
Vs~ tané sind
U5 v,
vy=——..—
tan¢ siné
U, = Uy (3)
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The following conditions apply to the v,,

E {v;v)) = E {v:}* E{v;}, i1
E{ﬂ.’} =0
Var {v;} = o} = B} o?, B:=1

The 8; depend on the antenna patterns, the surface
reflectivity, the orientation of the beam system to the
surface, and the velocity vector. They serve only as nor-
malization factors whose derivation is extraneous to this
discussion.

Substituting Eqs. (3) into the criterion for data quality,
Eq. (1) gives

+&ﬁ%+(l—a)ﬁ§]

tan®
4

sin% @

FM;(8;a) = a?[a (B2 + B3)

Figure 2 shows that the minimum occurs at § = =/2. At
that point

FM;(7/2%a) = o}[a(Bi+ B3 + (1 —a)B2] (5)

a=1/2

\
s \
. \\
\\\EJ

0 |
0 10 20 30 40 50 60 70 80 90

8 , deg

1, VAR [ve]+ VAR [] 2,vaR[1;] 3, vAR [v] NORMALIZED TO (0%)

Figure 2. Velocity variances for three-beam system
versus beam look-angle theta
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The variance of the velocity vector when 6 is =/2 is
Var (v) = ¢* (8% + B3 + B2 (6)
if all the beam variances are equal

Var (v) == 3¢¢ )

The point is academic. <ince not all the beams can inter-
sect the surface when ¢ is =/2. For example, at a 30-deg
beam look angle,

Var (v) = 150% (8)

b. Four-beam system. This configuration uses only the
outer four beams. It is useful primarily during the final
descent portion of the trajectory when the system ap-
proaches vertical flight.

The velocity components (v, v,,v,) are expressed as
follows:

1
O = ing (0 T 02
J— 1 A
% = o5ing (0 = v;)
=2 (0 + 0y + 0s + 1) ©
v, = dcosd (0, + 0, + v+ 0, )

The variances of components are
Var (02) = 7= af (8% + )
#7 7 4sinzg NP4
Var (0,) = g of (81 + )
V" 4sintg TVt TR
-— 1 2 2 2 2 2
Var (0:;) = e ot (B + Bi + B + 62)  (10)

Substituting into the quality criterion, Eq. (1) yields

@ (1- a)]

sin?d ' 4cos 6

(1

FM,(6;a) = %f(ﬁf + i+ B+ ) [

Only one term in Eq. (11) depends on 6 (Fig. 3). Minimiz-
ing FM,(6;a) is not difficult. Letting G (6) be the last term
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I, VAR [v, ]+ VAR [v,] 2. VAR [ 1] 3, VAR [ v] NORMALIZED TO (o?)
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Fig. 3. Velocity variances for four-beam system
versus beam look-angle theta

in Eq. (11) gives

G(0)=acsc’0+(1—a)sec’0-%, 0<o<n/2

G’ (6) =0= —2acotfcsc’d + %(1 — ) tan § sec? §
(12)
Solving for 6 begins with

(1 — a)tansec? 6 = 4acot § csc? 6

or
sin 4 cos §
(1-a) cos® § sin® 4
which becomes
4a
40 =
tan* 4 1—a

6 = tan- [(2)% (1 L a)“] (13)
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When « is 12, the minimum variance is also achieved.

6 = tan1 (2)%
0 = 54044’ (14)

This angle is the tetrahedron angle. For the presently
accepted angle of 30 deg, the variance is 4% o}, with equal
beam variances. Foi tlie same conditions, the minimum
variance is 2% of.

c. Five-beam system., When all tive beams are used, two
measurement techniques are possible. One system uses
Beam 5 to measure v. directly. The components (v, v,)
are derived from the other four beams. The relations are

— 1 a —
Vs = 5sin 6 (0, = ©2)

c oo
Y = 55ing \V* v

0 = 0, (15)

Substituting into the figure of merit definition gives

oia

M (63.2) = Tsinrg

(B + B% + 83 + B) + (1 — a) oif}
(16)

Clearly, the minimumn occurs at ¢ = »/2. Assuming equal
Bi, the v variance is minimum also.

Var (v) = 20%

Again, the point is academic, since not all the beams inter-
sect the surface when 4 is a right angle.

An interesting question is what region of ¢ allows
FM;(8; a) to be < FM, (6; «). The terms with sin®@ are
equal, hence

(1 —a)ot(Bi+ B3+ B85+ BY)

(1—a)oipi=

16 cos? ¢
2 2 2 2
oosﬂog[ﬁ‘Jr”zl;?f”B‘] (17)
Thus, whea
2 2 2 2\14
0 g cog-l [(Bl + Bz :‘st + 134) ] (18)
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FM; (6: «) For equal weighting factors and equal

variance .,
1
6 = cos |-~
= 2

6 =60deg (19)

or

Whenever 6 < 60 deg, the four-beam variance is less than
the five-beam variance. This result is surprising. The rea-
son is that *he noise averaging in the v, component greatly
offsets the sec? ¢ multiplication effect.

Alternate five-beam system. Another estimate of v, com-
bines data from all five beams according to Eq. (20)

1 [vs + v,

_1 v, + U,
% =3|%c0os0 T + 05] (20

2cosf

The estimates of the transverse components (v,, v,)
remain unchanged from the previous examples.

_ U, — U,
%s = 2sing
_ Uy — Ug
Y = 25ing (21)

Substituting these expressions into the figure of merit
FM;; (6; «) yields

FM,, (6; o) = "7 (B2 + B2 + B3 + )

a l—a Bi ot
X [sin”() + 9c0520] + 9 (1=a)
(22)
The variance of the total velocity is given by
2
Var (v} = (81 + B + g3 + 1)
w2 Llzed, o,
sin’d  9cos?f g P8
(23)
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This equation is nearly identical to the ons minimized in
subsect.on b. The minimum occurs at

6y = tan! [(3)'/1 (1 i a) %] (24)

The velocity variance for equal variance beams and
=1
a 72 18

Vary (v) = 1% ¢? (25)

with
] ¥ = 60 deg

Plots of Eq. (23) appear in Fig. 4. At 9 = 30 deg by com-
parison, the variance is

Var (v) = 4% o2 (26)

16 I \ i T
14 }——1
\

i
!
\
[P SN R U S

N,
~ a=./2 /
T S
2
[o] e

) 10 20 30 40 50 60 70 20 90
6,deg

1,VAR[, |+ vaR[] 2 VAR [i,] 3,vaR[v] NORMALIZED TO (o?)
[
—
|

Fig. 4. Velocity variances for five-beam sysiem
ver.us beam look-angie theta

3. Range Estimation Variance

When only three of the five radar beams are used in a
given estimation technique, range is measured directly
along the roll axis, or Beam 5. Consequently, the variance
of the estimate is just the variance of Beam 5. For the
four-beam estimation technique, the estimation variance
is reduced greatly by the averaging of four components.
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The expression in Eq. (27) indicates that slant range is
merely a sum

Re,=7 (R + R + Ry + R,) cos (@7)

of the four range measuren:ents along ea h ~f the outside
beams. Since each measurement is independent of the
others, the variance of the overall estimate is merely the
sum of the variances of each beam weighted by the proper
coeflicients. This relation is expressed by Eq. (28}.

Var(Rs‘) = :—g [} + 2 + e} + ¢5] cos® 8

Var (R;) = e} o} (28)

Slant range may also be estimated by using the informa-
tion gained from all five beams. This estimate is indicated
in Eq. (29).

Re,=3 [(Bi+By+Ry+ R)coss +R]  (29)

5

Again, all measurements are independent, and the vari-
ance can be written down in Eq. (30).

Var (Rss) = ';—é [(e2 + €3 + &3 + €2) cos? 6 + €3]  (30)

The variance expressions for the three-, four-, and five-
beam estimates are plotted in Fig. 5. The relative vari-
ances are plainly ind:cated.

4. Cenclusions

This series of articles has dealt with a very special-
ized guidance radar beam configuration. No attempt was
made at generality, except for varying the beam look
angles. The reason for choosing this configuration was
the current interest in Mars lander type capsules and their
requirements for radar. Clearly the same performance
criteria will apply to any other class of beam configura-
tions. The principal result contained in this summary is
that the radar beam look angle chosen for the Mars cap-
sule concept is much smaller than it should be. Greater
marking accuracy as well as far less velocity estimate
variance cc 1ld be achieved by spreading the ~ngles from
30 deg to something more like 50 deg. The Lest angle
for marking accuracy is of course dependent upon what
the trajectory angle will be at the time when the mark is
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desired. This information could be used only if the Mar-
tian atmosphere were better known. Until such time, the
beam configuration must be chosen on the basis of worst
case. Range and velocity estimation variances could be
greatly improved by increasing the beam look angles.
Both of these considerations must be balanced against
the slant range bias error, which gets worse with increased
look angles.

The resvlts of the articles referenced in SPS 37-33, -44,
Vol. 1V, should be helpful in designing radar syster.as for

future missions. .
b d

~ B. Performance Margin and Cost Trade-off for

Spacecraft Telecornmunication System Design,
M. K. Tam?

1. Intr¢duction

In the desigp »f interplanetary spacecraft telecommuni-
_ cation systems, the “sum of the negative tolerances” phi-
losnphy has been used as a system manag=ment tool in
controlling the telecommunication system parameters. In
this design concept, the performance margin (expresced
in dB) of a communication link is defined as the ratio of

'Contract associate,
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the nominal received signal level to the nominal threshold
signal level; a::d the acceptance level of the system is
chosen such that the magnitude of the performance mar-
gin is equal to or greater than the linear sum of the ad-
verse tolerances for the various cystem parameters. This
approach establishes a minimum leve! for the communi-
cation system performance with a high degree of confi-
dence, provided the specified system tolerances are
accurate.

The sum of the negative tolerances concept is a worst-
case design technique for system design. While it is seem-
ingly possible for any one of the system parameters to
operate anywhere within its permissible range, the proba-
bility of all the parameters en. ountering their adverse
tolerance limit sinultancously is extremely unlikely. This
is because the tolerance of irdividual systemn parameters
is usually randomly distributed in some continmous fash-
ion, and the overall system tolerance, which is made up
of the tolerance of all the individual parumeters, tends
to be normally distribui.d. However, for fi-st generation
systems or pioneering missions, the extra margin of safety
achieved by this technique is highly desirable.

It is recognized that this technique does nc* permit
controlled variation of design risk, nor does it specify the
relationship between the tolerance and the variance of
system parameters and express the meaning of the os-
signed tolerance statistically. Ar.other possible and often
suggested anproach that serves the same purpose is by
realistic handling of the system tolerances such as the
rms method supplemented with a safety factor. These
two approaches appear to be comparuble, if the selected
safety factor for the latter approach is adequate.

The same technique is not automatically applicable to
follow-on missions, as the characteristics of the sys: m
become better understood. In this case, the design con-
straint on system tolerances may be relaxed to an extent
that will optimize the trade-off between mission cost and
design performance margin.

From the stand-point of communication performance
margin, two methods can be adopted for cost reduction
purposes. The first method is to narrow the tolerance
limits of individual system parameters based on the ex-
perience of the past missions. The second method is to
employ a probability design principle in rciation o cost.
Both methods can be employed concurrently. However,
since the latter method offers a reasonable estimate of
risk associated with tle reduction in system performance
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margin requirement, ii is discussed and considered exclu-
sively in this article.

The question of how much the performance margin
of a communication link should be reduced under the
influence of the cost-design margin trade-off 1s an opera-
tions research problem. In general, a problem of this
nature involves a multitude of factors which may be of
varying degrees of significance, depending upon the atti-
tude and position of the individuals concerned. The pa-
rameters of interest may also be varied, depending upon
the level of organization at which the operations research
is taking place. Therefore, prior to the undertaking of an
optimization probiem, certain ground rules defining the
preference, motivation, and emphasis of the individual
should be established.

In the current study, the *otal cost of the mission rather
than the cost of the communication system alone is opti-
mized. The average mission cost, as a function of power—
gain product, is obtained, and the point of diminishing
returns is determined graphically. This relationship is
demonstrated first by a Mars-distance mission and sec-
ond by a long-distance mission, with a nomirval power-
gain product of 20 dBm over that of the former. Finally,
a similar analysis reflecting the ioss of scientific measure-
ment capacity, as a result of the payload weight .acrease
for a higher margin of pcrformance, is also given. The
latter analysis ignores the poss:bility that some scientific
measurement capability can be ac~ommmodated by sacri-
ficing operation time and bit error rate.

2. Average Cost of Mission Based on System
Performance Margin

This subsection shows the development of an anaiyti-
cal model relating the average cost of a planetary mission
and the margin of communication system performance.
Here we make the hard assumption that the mission must
be repeated unless all the objectives are satisfactorily met.
The important elements to be considered are the toler-
auce distribution of the overall communication link and
the average cost involved for lowering the design con-
straint in performance margin.

a. Distribution of overall system tolerance. The toler-
ance distribution of the overall communicatior link estab-
lishes the probability of the communication system to
meet a given margin of performance. The overall system
tolerance is the aggregate sum of the tolerances for indi-
vidual system parameters, which are random variables
of specific distributions. Since the exact nature of these
distributions is not yet available, *he over-all system dis-
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tribution used in the current study is based on the follow-
iny assumptions.

(1) The communication link consists of 10 parameters.
The distribution of the variation of these param-
eters 1s identical but independent.

(2) The deviation from the design point of these pa-
rameters is rectangularly distributed (=1 dB). Its
standard deviation ¢ is 0.578 dB.

(3) The over-all system tolerance is approximately nor-
mally distributed, based on the central limit the-
orem with a mean of 0 and a standard deviation
o equal to 1.83 dB.

(4) System performance is considered unsuccessful if
it does not meet all specifications, including bit
error rate at encounter.

Based can the above assumptions, the distributions for
the individual parameters and for the over-all system are
shown in Fig. 6. The actual behavior of propagation of
tolerances and the distribution of various system param-
eters will be investigated in a later study.

In Fig. 6(b), the probability of success for a given
design margin of performance p is represented by the
area under the normal curve up to the performance mar-
gin that is selected.

b. Expected number of flights to meet hardened objec-
tives. Suppose that an infinite armnount of money is avail-
able to accomplish a given mission and that successive
attempts can be made until a successful flight is achieved

(@)

~1dB 1dB

(b)

| 1 1 { i 1

-QAE -3dB -2d8 -1dB 1d8 2d8 3d8 4dB

Fig. 6. Assumed distribution for deviation from
design point: (a) individual parameters;
(b) over-all system
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for the first time. The sample space describing the success
flights of this mission is as follows:

First fli -ht p
Second flight qp
Third flight q°p
nth flight g™ p

This is an infinite sample space in which p is the proba-
bility of success for each flight and p and q are related by

ptq=1 (1)

It is implied in this sample space that the ith flight is
undertaken only when all the preceding flights have
failed. In the present level of analysis, the probability of
success of each flight reflects only the performance re-
quired of the communication system.

If x denotes the number of flights needed to achieve
the first success, then
f(x) =q#¥p, x=123, - - ,n 2

and the average value of x is found to be
F=3of@=p(l+20+3¢ 4+ ) @
It is known that

(T__l—q)z=1+2q+3q2+4q3+--' 4)

Therefore,

P

E: =

1
1—-q0 p

(5)

Equation (5) shows that the average number of flights
is inversely proportional to the probability of success of
each flight.

c. Average cost. The average cost of the mission is the
product of the cost for each flight and the average num-
ber of flights required to accomplish the mission. Taere-
fore,

- - u
C=ux =— 6
> (6)

where u is the total cost per flight.
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The general relationship between the average cost of
the mission (exclusive of the communication system and
power required for the communication system) and the
performance margin is shown in Fig. 7.

, It can be visualized from Fig. 7 that if the design point
with respect to the over-all system tolerance is -'sed, the
probability for the system to meet the required perfor-
mance level is only 50%. Consequently, two flights are
required on the average to achieve success of the mis-
sion. Conversely, if the sum of the negative tolerances
procedure is followed, only one flight is required, as p
for this case is essentially unity. It is interesting to note
that the average number of flights is only slightly greater
than unity when 30, is chosen as the design constraint.

Figure 7 points out two characteristics that are sig-
nificant.

(1) Tt Alifference in cost between two performance
le . near the upper tail of the cost-design level
curve appears to be small.

AVERAGE COST, arbitrary units
H

! »———_‘ _____
|
L
|
DESIGN DESIGN POINT
REQUIRED TO POINT
MEET OBJECTIVES+— |~
7
1 L l/ /
-30’ -20’ -0, 0 o, Zcr, 30,

Fig. 7. General characteristics — average mission
cost vs performance margin
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(2) The average mission cost rises rapidly as p de-
creases below 50%. This leads to the conclusion that
design in this region is not desirable.

3. Average Cost of Transmitter Power

The average mission cost, as described in the preced-
ing subsection, is valid for those outlays which are inde-
pendent of the performance margin. To increase the
performance margin of a communication system, addi-
tional costs and other economic factors will be incurred
on certain portions of the spacecraft, depending upon the
methods by which the additional perforinance is achieved.
At present, one of the more feasible methods is to in-
crease power and antenna gain of the spacecraft tele-
communication system if operation time and bit-error
rate are to be maintained. A shortcoming of this method
is that, in addition to the cost required, it takes up already
limited payload weight availability; and, as a conse-
quence, design ar . atility restrictions imposed upon other
subsystems may be created. This subsection outlines the
rele. ionship between cost and design constraints in terms
of the product of transmitter power and antenna gain.

a. Relationship between weight and transmitter power
and antenna gain. The relation defining the optimum
weight as a function of power and antenna gain of the
spacecraft transmitter has been investigated. For a sym-
metrical paraboioidal antenna, the relative weight in rela-
tion to power and antenna gain is expressed by

P P, koA?
W= +kA=—"t—t
k, i kl"]r")t 4”"7a

G )

where

P = raw power

A = antenna area

k, = raw power per unit weight

k, = antenna weight per unit area

P, = available power at antenna

G = antenna gain

n, = power regulator efficiency

n¢ = transmitter efficiency

s = percent effective area of antenna (A.;; = 5,4)

A

1

wavelength of transmitted signal
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b. Cost of power-gain product. The term power-gain
product here refers to the power-gain product P,G re-
quired to satisfy a given performance margin when all
' er parameters of the communication link are assumed
constant. Although there are unlimited combinations of
P, and G that yield a given power-gain product, the
combination which is optimum with respect to cost is
used for this study. This optimum power-gain product
denoted by M, is determined as follows:

Assuming the cost of power-gain product C, is ob-
tained by

C,=q,W + q.P + q,A (8)
in which q,, g., and g, are cost per unit payload weight
for launching, cost per unit raw power, and cost per unit
antenna area, respectively. Then, combining Eqs. (7) and
(8) yields

C,=aP; + a.G 9)

where

1 (q.
=—(L+ 10
7 e (k, qz) (10)

and

_ (g:k: + g5) A

11
az 47”7(1 ( )
The optimum condition is obtained by taking
dC, d M, 1 p
pre —E[alf+azcj—0 12)
and the minimum cost is found to be
Cp min = 2 (al az)% (MO)‘/z (13)

As a preliminary estimate, the various constants used
in the above equations are listed in Table 1. It should
be emphasized that the listed values are derived from
limited data and are subject to further verification. In
the meantime, they serve to provide a numerical estimate
for demonstration purposes only.

With these constants,
Com:n = 7400 (M,)% (14)
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Tabie 1. Various constants used for evaluating C;mun

Constant Valve used Remarks
ky 5w/lb Solar panel at Mars distance
ks 0.251b/%
ki 0.8 Not constant fo: all power
- 0.3 levels
“1e 0.5
A 0.lm
q $1000/1b
q $20,000/W
qs $100,000/m Not o linear function

Equation (14) is plotted in - " with the power-gain
product coordinate expressed in dBmn

c. Cost of power—gain product reflecting u:eight reduc-
tion of science package. There is a considerable hidden
cost due to the loss of payload weight resulting from
over-design. For example, the over-design may result in
the reduction of weight available for the scientific instru-
ment package to such an extent that additional flights
are required to complete all the planned measurements.
This, in effect, increases the cost of the over-all mission.
It is assumed that, on the average, the cost of the over-all
mission is increased in proportion to the decrease in
weight of the science package. If a weight ceiling for the
combination of science and power packages is assumed to
exist, a curve of the form shown in Fig. 9 can be con-
structed to show the weight capacity available for the
science package in relation to the power-gain product.

/

8} 0.8
/

(o) 10

6)- 06

404 — /
_

@02
V/

COST OF POWER PACKAGE, millions of dollars

ol o , ‘
50 55 60 65 70 75
L I I ] i —
@ 9 ®0) @) @0 ©9)

POWER-GAIN PRODUCT, dBm

Fig. 8. Cost vs power—gain product
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AVAILABLE WEIGHT
FOR SCIENCE PACKAGE

WEIGHT, Ib

WEIGHT OF
POWER PACKAGE

WEIGHT OF
POWER' PACKAGE

POWER—-GAIN PRODUCT, dBm

Fig. 9. Load limit for science package in relation
to power—gain product

On this basis, it is possible to establish a price for each
unit weight by taking the quotient of the cost of a space-
craft and the typical weight of the science package it
carries. The cost for the excessive weight, due to a higher
power—gain product requirement, is then determined by

Cw=q,(W-—-W) (15)
where

Cw = cost of excessive weight of power package

g, = cost per unit weight due to loss of science mea-
surement

W = actual weight of power package

W, = weight of power package with no safety margin
for tolerance

With the information concerning the weight of the
power package given in subsections 3a and 3b, and with
the variable portion of the spacecraft cost assumed to be
$27,000,000, and with the weight of the science package
to be €0 Ib, the relationship between Cy and the power-
gain product in terms of M, in dBm can be computed and
plotted (Fig. 10). In optimization problems of this type,
the optimum point is independent of the fixed cost and,
therefore, can be ignored in the computation.

4. Total Average Cost of Mission

The total average cost of the mission is obtained by
combining the average mission cost of the spacecraft (not
including power package) and the average cost of the
power package. The latter, derived in subsection 3, is
modified by the factor ¥ to reflect the fact that the power
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Ciy, millions of dotlars

2 /]

/
e

63 65 67 69 71 73 75
POWER - GAIN PRODUCT , dBm

Fig. 10. Cyw vs power—gain product

package is also subject to the same risk as the balance
of the spacecraft.

Three composite performance—cost curves are pre-
sented. Figures 11 and 12 are based on direct cost of the
power package only. While Fig. 11 represents the cost
characteristics for a Mars mission with a nominal M, of
63 dBm, Fig. 12 is for a long-distance mission whose
nominal M, is assumed to be 83 dBm. Figure 13 depicts
the case which reflects the trade-off between scientific
measurement capacity and communication system per-
formance.

5. Weighting Function for Subjective Adjustment

The general characteristics of the total average cost of
the mission, as illustrated in the preceding subsection,
indicate that there exists an optimum power—gain prod-
uct at which the mission cost is at the minimum. Theo-
retically, the power-gain product of the spacecraft
telecommunication system should be designed around
this optimum pc’at, if the minimum average mission cost
is the sole cousideration for system design objective. Un-
fortunately, such an assumption oversimplifies the situa-
tion which the management team of a space exploration
project must confront. At present, planetary explorations
still attract world-wide attention, and design decision is
heavily influenced by political pressure, as national pres-
tige and institutional reputation are at stake. Therefore,
the optimum power-gain product thus obtained can be
used only as a guide toward the final design decision.
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Fig. 11. Mars-distance mission performance—cost
characteristics (10 component blocks each with
=+1,0-dB tolerance rectangularly distributed)

The effectiveness of the average cost and performance
analysis technique can be improved if a flexible, subjec-
tive weighting function, which reflects the degree of the
cunent political pressure and the confidence of the man-
agement team in the design of the telecommunication sys-
tem, is incorporated into the analysis. This weighting
function should be monotorically decreasing with increas-
ing power—gain product and asymptutically approaching
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Fig. 12. Long-distance mission performance—cost
characteristics (10 component blocks each with
=+ 1.0-dB tolerance rectangularly distributed)

unity as the power-gain product increases without limit.
In addition, the function can be modified by varying a
single weighting factor. Among the many mathematical
expressions that satisfy these requirements, Eq. (16) is
regarded as most suitable. Hence,

W) =1+ vexp — — (16)

(4]
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Fig. 13. Performance—cost characteristics (10 com-
ponent blocks each with +1.0-dB tolarance
rectangularly distributed)

in which z is the power-gain product in terms of the
standard deviation ¢,, and v is the adjustable weighting
factor of the function.

A revised cost function C’(z) can be constructed ac-
cording to Eq. (17)

C'(z) = W (2) C(2) (17)
349
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where C (z) is the cost function of the mission. It can be
shown that an optimum point in power-gain product at
which C’(z) is minimum exists. In relation to the opti-
mum power-gain product for C (z), this point is shifted
toward the right side, with a displacement depending
upon v. If v is determined, the optimum power—gain
product for C’ (z) will be the desired margin for the tele-
commurication system.

The remaining prc blem is how to assign the weighting
factor v. It can only be selected intuitively based on
cumulative knowledge from past experience. To get some
understanding for handling this factor, it is possible to
obtain values for v so that the revised optimum power—
gain product coincides with the margin of the sum of the
negative tolerances approach and with any other wrbi-
trary margin, such as the 3-¢ point. With this information

v=4

W(z)=1+ve %0

WEIGHTING FUNCTION #(z)
w

/
s

.

3 4 -]

o
N

Z/op

Fig. 14. Weighting function curves
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as a guide, a reasonable value of v car be established
according to circumstances at hand.

For demonstration purposes, a family of curves for the
weighting function and for the corresponding C’(z) are
shown in Figs. 14 and 15, respectively. The cost function
C (z) used to construct Fig. 15 is the one for the long-
distance mission, as shown in Fig. 12.

The unit used in the ordinate of the diagram shown in
Fig. 15 may be misleading, as the ” (z) curves for various
v do not in fact represent the true cost. To avoid any
misinterpretation, these curves are normalized with re-
spect to their optimum point and are plotted in Fig. 16.
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Fig. 15. Modified long-distance mission performance-
cost characteristics (10 component blocks each with
=#+1.0-dB tolerance rectangularly distributed)
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Fig. 16. Relative risk function corresponding
to Fig. 15

The ratio of C’(z) to its corresponding C’ (z,), where z,
is the optimum level, is defined as the relative risk
function.
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6. Conclusions

In each of the three cases considered in subsection 4,
there exists an optimum power—gain product at which the
total average mission cost is at the minimum. The opti-
mum power-gain product occurs between the 2-0 and
3-0 points, depending upon the specific cases.

From the direct cost standpoint, and if the mission is
confined within the Mars distance, it appears that the
design constraint on performance margin is not critical
beyond the 2-0 point, so far as the total mission cost is
concerned. On the other hand, the optimum condition
becomes more keenly defined for missions with longer
distance, or when system capacity (such as scientific
measurement capacity), is considered. Under these cir-
cumstances, it is beneficial to investigate the point of
diminishing returns for each mission and to establish the
design constraint accordingly, instead of employing the
more arbitrary procedure of sum of the negative tol-
erances.

It has also been shown that if certain subjective mea-

sures are included in the analysis, the optimum strategy
would be shifted toward the conservative side.
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XX. Future Projects

ADVANCED STUDIES

A. Mission to a Comet: Constraints and

Background Information, R. G. Brereton and
R. L. Newburn

1. Introduction

When first observed far from the sun, a comet appears
as a hazy area of light. Plunging into the inner parts of
the solar system, it may appear to change in size, and it
usually develops one or more extensive tails which may
trail out to a length of more than 10®* km, The most
spectacular comets are possibly new comets, or those
from far out in the solar system, which have not been
subjected to repeated solar passages. It is obvious that
material is used up, or “boiled off,” in each passage near
the sun.

Observations tell us that comets are very different from
the earth and may be among the most interesting scien-
tific bodies in our solar system. The nature of the obser-
vational information has led to many theories and a great
deal of speculation. Perhaps comets are formed from
interstellar dust, thus providing an accessible sample of
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interstellar material, or perhaps they represent a sample
of the original solar-system condensate. Knowledge of
the chemical composition of the material in a comet
could yield the best possible estimate of the composition
of primordial matter and lead to imporiant conclusions
about the origin of the elements. The mechanics of a
comet’s formation and the effect of a cometary impact
on a planetary atmosphere or surface are also of interest.
Some have even speculated as to whether large lunar
craters and other lunar surface features could be the
scars of a cometary impact.

Because comets are so little understood, and because of
the diversity of speculations about them, the selection
of suitable and acceptable scientific objectives and exper-
iments for a comet-intercept mission is not an easy task;
further, it is one that must be subjected to review by a
large segment, comprising many disciplines, of the scien-
tific community. However, it is felt that such a mission
may be the most important mission for purposes of
cosmogonical research that will be within the capabilities
of the early 1970s.
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2. Mission Constraints

To derive the maximum svientific value from a comet-
intercept mission, it is necessary to define several mission
constraints that affect not only the choice of experiments
and their unique requirements and techniques for imple-
mentation, but also the teasibility of the mission itself.
These comet-mission constraints, as presently conceived,
are discussed below.

The selection of a specific comet for an intercept mis-
sion will not be attempted here. This can be accom-
plished only after a detailed analysis has traded off the
constraints listed below, as applied te particular comets,
with technical data involving constraints on the launch
vehicle, launch window, flight time, approach velocity,
communication distance, guidance and control, and,
finally, the mission’s scientific objectives and the resuit-
ing scientific instruments.

a. Launch vehicle capability. The launch vehicle
assumed here has at least the capabilities of an Atlas/
Centaur. Because of the high injection-energy require-
ments for most comet missions and the relatively modest
capability of the Atlas/Centaur launch vehicle, target
selection is limited, as are spacecraft weight and the
resulting scientific payload. Even so, preliminary trajec-
tory analyses indicate that there will be several favorable
comet apparitions from 1970 through 1976 that are amen-
able to study with a lightweight Mariner-type spacecraft.
These opportunities are expected to allov: the considera-
tion of 116 to 156 Ib of scientific payload for a particular
missicn. This is certainly adequate, and a select group of
scientific experiments on an intercept probe of this type
can be expected to contribute data toward a major
advance in our understandirg of comets.

b. Intercept miss distance. A spacecraft-comet en-
counter miss distance of less #' -1 2500 km from some
preselected part of the comet is desirable. Threugh Deep
Space Instrumentation Facility tracking and programmed
trajectory corrections, the spacecraft’s location in space
will be known, and, within limits, some adjustment will
be possible. Howe ver, the comet’s trajectory will be less
well-known, and so the precise point and time of
spacecraft—comet encounter will be largely dependent
upon knowledge of the cometary orbital elements. This
suggests that an extensive accompanying optical observa-
tion program of the comet will be necessary throughout
the apparition, i.e., possibly for several weeks prior to
spacecraft launch and also during the flight portion of
the mission. This further suggests that the choices of
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particular comets considered for the mission should be
limited to those short-period comets whose orbital ele-
ments are already reasonably weli-known and whose
apparitions can be predicted to be bright erough to
permit early recovery.

Previous studies (Ref. 1) of the trajectories, orbital
determination techniques, and spacecratt guidance prob-
lems for a number of selecte? comet missions have
indicated that the requisite 2500-km spacecraft-comet
encounver miss distance is feasible. This would be with-
out the complication of an on-board comet seeker for
in-flight and terminal guidance. The genera! comet-
selection and guidance procedure for achieving this
accuracy in flyby distance is envisioned as follows:

(1) Use data frcm earlier apparitions of selected short-
period comets to determine their orbits (highly
elongated), predict intercept points, etc., and then
select the most suitable one ac a likely target.

(2) Begin optical tracking of the comet from several
facilities at its first appearance {0 determine a
more precise orbit and intercept point. It is pos-
sible that this phase could begin some months
before launch.

(3) Launch the spacecraft on the basis of item (2)
above.

(4) Track the spacecraft and the comet.

(5) Use midcourse and terminal corrections to achieve
final rendezvous.

c. Desirability of intercept close to perihelion. Except
for the rare annual comets such as Schwassmann-
Wachmann 1 and Oterma, comets usually become visible
only as they approach the sun and become subject te
increasing solar radiation. Their most active period is
near perihelion; therefore, it is desirable to have the
spacecraft-comet intercept occur at or near perihelion
passage. This is alsc an important consideration for the
following constraint.

d. Visibility from earth during intercept. This places
a requirement on both the brightness and the trajectory
of the comet. It is very desirable that the comet be visihie
from earth during the intercept phase to allow the corre-
lation of data from the spacecraft’s scientific instruments,
earth observatories, and perhaps, by then, even orbiter
observations, Thus, any comet chosen for this mission
should be a visual comet or, at the least, one that is
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capable of achieving a brightness of at least tenth mag-
nitude during the intercept phase of the mission: this is
especially desirable for carrying out any ecarth-based
spectroscopic observations. This constraint is a difficult
one, as few periodic comets have been observed to
brighten to visual magnitudes as high as six.

e. Closing velocity. Closing velocities determine how
long the spacecraft will be in a particular comet and
also affect the design of the scientific instruments, their
data rate, and the design of the scan platform. In most
cases, the comet would overtake the spacecraft. A low
closing velocity is desirable, wich the comet flying slowly
by the spacecraft; however, a differential velocity of
up to 15 km/s would be acceptable.

f. Trajectory constraints for approach, fly-through, and
recession from the comet. It is desirable to fly through
the cona and as “lose to the nucleus as possible in order
to observe the central core of the comet. The desired tra-
jectory is expected to pass through ‘he coma and, as
discussed earlier, to within 2500 km of the nucleus.
Further, the trajectory should offer an opportunity to per-
form scientific experiments on the comet’s coma and tail
during the approach and recession portion of the flight.
It should be noted that, for most trajectories, the come-
tary tail cannot be intercepted on leaving the coma with-
out a significant change in the course of the spc.cecraft.

g. Spacecraf. hazard. The physical state and distribu-
tion of matter within a comet are largely unknown: thus,
the actual coma penetration phase of this mission could
involve a hazard to the spacecraft. For this re:son, it may
be desirable to include shielding for certain crirical space-
craft components and also a real-time, or at least a high-
data-rate, transmission capability for monitcring the
spacecraft’s engineering and scientific data. In this way, it
may be nossible to have information concerning a haz-
ardous situation before loss of contact with the spacecraft.
Fortunately, the intercept phases of most comet missions
that are practicable seern tn uccur when the communica-
tion distance is very small, e.g., a few tenths of 1 AU. This
could be an important advantage in sizing a communica-
tion link for high-data-rate transmission.

3. Comets: Observcition and Theory

a. Orbital characteristics. The most precisely known
characteristics of comets are their orbital elements, al-
though even here the uncertainty is much larger ¢ in
the case of planetary orbits. Comets can be rcughly
divided into two classes: the “short-period” or just
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“periodic” comets havirg periods up tc 200 yr, with abru?
100 members curreni:, known: and the “long-peried”
comets with periods averaging 30,000 yr or more and
numbering possibly on the order of 10° to 102 members.

A further distinction can perhaps be made among the
“long-period” comets by distinguishing their orbits as
hyperbolic or nonhyperboiic. It has been an important
scientific question whether or not hyperbolic comets,
entering from interstellar space, never before having been
attached (o the sun, do indeed exist. It is now universally
recognized that many comets having hyperbolic orbits
when moving near the sun were perturbed into those
orbits from their former elliptical paths by the action of
one or more of the planets, usually Jupiter. Such comets
then are lost to the solar sys.em for all future time.

Long-period comets a-e not completely randomly dis-
tributed The number within a given inclination is roughly
proportional to the sine of the inclination, with a defi-
ciency from 100 to 120 deg and an excess from 120 to 150
deg. Their nodes are roughly uniform in distribution, but
the distribution of aphelia, a n.easure of the direction
from which comets have come, is nonuniform, there being
numerous concentrz*ions and several regions showing no
comets {Ref. 2). There are definite groups of long-period
comets having almost the s. e orbital elements, except
for the tme of perihelion passage. The famous sun-
gra:ers, of which Ikeya-Seki (1965f) is the most recent of
seven known members, is such a group. These groups
tend to cause a clustering in the distribution of aphelion
points.

The periodic comets are dcfinively not randomly or-
ganized. More than two-thirds of the kaown examples
have inclinations less than 20 deg. Only seven out of the
total ot 94 are in retrograde orbits, as opposed to about
half of the long-period comets. The aphelia of 67 of the
94 periodic comets lie between 4 and 8 AU from the sun,
with 52 of them br .veen 4 and 6 AU. These 67 comets
are usually referred to as Jupiter's comet family. Russeil
(Ref. 3) and Stromgren (Ref. 4) have shown conclusively
that the action of Jupiter has indeed greatlv changed
their orbits, in effect capturing them from long-period
orbits. In f~-t, Jupiter nas played a major role in the
determination of the orbits of most, if not all, the short-
period comets. Even Halley's comet, with an aphclion
distance of 35.3 AU, can at present come no nearer than
8 AU to the orhit of Neptune, but can come within 1 AU
of that of Jupiter (Ref. 5). The other major planets nave
had measurable effects ripon various comets, of course,
but there is no good evidence *thai any of them have
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comet families (Ref. 5). In fact, a study of cometary nodal
distances (the distances from the sun at which a comet
crosses the ecliptic plane) indicates that Jupiter and pos-
sibly the terrestrial planets Venus, earth, and Mars are
the chiet cometary perturbers.

The changes effected in the orbits of periodic comets
by Jupiter are not small. For example, from 1858 to 1964,
Jupiter’s interaction with P/Pons-Winnecke changed the
comet’s period from 5.56 to 6.30 yr, its perihelion distance
from 0.77 to 1.23 AU, its eccentricity from 0.7535 to 0.639,
and its inclination from 10.8 to 22.3 deg (Ref. 6). In 18886,
P/Brooks 2 passed within two Jovian radii of Jupiter, and
its period was changed from 31 to 7 yr in the one inter-
action (Ref. 6). P/Oterma had a period of 18.0 yr in 1934.
7.9 yr in 1950, and 19.2 yr in 1965.

Comets of the Jupiter family cannot be differentiated
from minor planets (asteroids) on the basis of orbit alone.
Roemer (Ref. 7) has remarked that “When 1 observed
Comet Arend-Rigaux on its last apparition I found that
it was completely stellar or all plates. The orbit is similar
to that of a minor planet, but the object was designated
as a comet because it on occasion showed some diffuse-
ness. When Baade discovered Hidalgo he was undecided
whether to call it a minor plunet o1 a comet, but he de-
cided on the forme: simply ber - more people were
observing minor planets at the . = and it would be
better taken carc of!”

b. Observed structure.

Nucleus. A comet consists of a nucleus, a coma, and
usually one or more tails. The nucleus and coma together
are called tl.e head. The nucleus is the name given to
the starlike pcint of light appearing at times within the
coma. It requires a fairly large telescope and long focal
iength even to see the nucleus of most comets,-and pho-
tography is also difficult due to the lack of contrast
against the coma. Roemer has possibly had the most ex-
perience of any modern astronomer in this area, and she
states (Ref. 8) “It is our experience that the overwhelm-
ing majority of comets have essentially starlike nuclei
that can be obscrved photographically with the 40 inch,
£/6.8 Ritchey-Chi-tien refl=ctor, but that these nuclei
almost iavariably are faiater than magnitude 13 or 14
reg. “dless of th. total brightness of the comet.” Roemer
feels that 1t is likely the nucteus is a small solid body.
Richter (Ref. 9) stated that “the term nucleus can be
urdeisiood to refer tc the ¢ .cal center of the comet,
and we can speak of the plotometric nucleus.” He notes
tha* not all cumets show anything that could be called a
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nucleus, not even a central condensation, let alone a star-
like nucleus, while some show a condensation resembling
one or more planetary disks (Ref. 9). Most observational
evidence seems to agree with Roemer’s contention that
such difficulties are due to inadequate apertures used by
many observers.

In cases where a starlike cometary nucleu~ has existed
of sufficient brightness to attempt slit spectroscopy. the
result has been a Fraunhofer spectrum of reflected sun-
light, with only a few weak gaseous emission lines super-
imposed (Ref. 9). These emission lines may well be from
the surrounding coma. Photometrically, the nucleus seems
to follow an inverse square law rather well again what
would be expected of a body shining by reflected radia-
tion (Ref. 9). Assuming the nucleus is a compact body
follow:ng Lambert’s law of reflection, a radius may be
calculated for any assumed albedo. Typical periodic
comets show nuclear radii from 0.1 to 2 km, assuming an
extremely high albedo of 0.70, and from 1 to 10 km,
assuming an opposite extreme albedo of 0.02 (Ref. 10). If
these values are typical of nuclear radii, it is obvious why
small telescopes see so little and why even large ones
still do not resolve a disk. For nearly parabolic comets,
radii are typically twice as great, while exceptional ob-
jects in both categories may be 5 to 10 times larger
(Ref. 10). Assuming a middle value for the albedo (0.25)
and a mean density of 3 g/cm? nuclear masses would
typically lie in the range of 10'* to 10?° g, with a few
exceptional objects going as high as perhaps 3 X 102 g.
Whipple has reversed the problem and attempted to
build a “new” Halley’s coinet from estimates of dust and
gas loss by the comet at eac’ -rihelion passage. He finds
a minimum total mass of 1v to 10'* g (Ref. 11). No
cometary mass has ever been measured gravitationally,
and two comets have been observed to pass within the
Jovian satellite system without causing a measurable
effect upon the satellites. This is consistent with the
masses discussed above.

If the comet is not a compact body, but rather a gravi-
tationally assuciated cloud of dust, the masses are roughly
the same while the dimensions are one to several orders-
of-magnitude larger (Ref. 9). According to Lyttleton, the
masses are again comparable to those discussed above,
but there is no real nucieus ‘Ref. 12).

Coma. The head of a comet is quite large and very
tenuous. Just how large is difficuit to state, since the
apparent size varies with the aperture, focal ratio, and
detector used for the observation, as well as with the
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distance of the comet from the sun. A typical diameter
is 10° km although many cases of 10° km have been
measured and 6 X 10° km is claimed for 1943 I (Ref. 13).
Star trails can usually be photographed through at least
the outer parts of the coma. In some cases, the coma
appears to shrink in size as the comet approaches the
sun, while in others it may grow (Ref. 9). The coma is
roughly spherical in shape, and the nucleus is more or
less at its center. This would seem to indicate an isotropic
streaming of material from the nucleus (assuming the
nuclets exists).

The spectrum of the head (coma) of a comet near
perihelion consists most prominently of emission bands
of CN and C,. Other neutral molecules that have been
identified are C,, CH, NH,, and CH (Ref. 14). Forbidden
lines of atomic oxygen were first identified by Swings
and Greenstein in 1958. Atomic sodium is often identified
in comets that closely approach the sun, ie., nearer than
0.7 AU (Ref. 14). High-dispersion observations of the
recent sun-grazer lkeya-Seki (1965f) confirmed an earlier
visual observation of atomic iron, and definitely added
Ca I and Ca II while suggesting H, Sr II, Fe I1, and Mg I
in increasing order of doubt (Ref. 15). Several other
workers obtained spectra of 1965f, and new information
may soon be published. Ionized molecules are character-
istic of the tail, but CO*, n;, CO;, CH*, and possibly OH*
all may appear in the region of the head (Ref. 14). It is
diffcult to distinguish the head from the initial part of
the tail where it leaves the comet. The head usually also
exhibits a weak continuum of reflected sunlight, indicating
the existence of scattering or reflecting particles (Ref. 13).
The continuum seems in some cases to be slightly red-
dered (Ref. 14).

It is difficult to obtain any estimate of dust-particle
mass or density in the coma. Some comet heads contain
a great deal of dust, as shown by rather strong spectral
continua; others contain virtually no dust. There is not
even a direct correlation between dust in the coma and
so-called dust tails, since the dust particles must be just
the right size for light-pressure acceleration to form a
proper dust tail (Ref. 13). Vanysek has attempted an
estimate of dust in the coma from the continuum strength,
assuming properties for the dust grains, and finds the
total 1nass varies from about 3 X 107  for P/Encke to
almost 10** g for objects such as Arend-Roland (Ref. 16).
The coma of A:end-Roland was some 3 X 10° km in
radius (Ref. 17). This implies a mean density of
10 g/cm?®. Assuming the particles to be 1 um in diam-
ecer (Ref. 18) with a density of 3 g/cm?, they would have
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a mass of about 1.5 > 10-'* g/particle, and there would
be about 7 X 10~ particles/m® Assuming an inverse-
square-density increase toward the nucleus, this would
imply 70 particles/m® at a distance of 1500 km trom the
center of the nucleus. The particle density would be
considerably lower in a comet such as P/Encke, which is
nearly as large but has much less dust. It must be recog-
nized that these figures depend strongly on assumptions
and could easily be in error by orders of magnitude.

The photometric behavior of the coma differs greatly
from that of the nucleus (which follows a routine inverse
square brightness with distance from the sun). Values
have been measured from inverse 11.4 power to direct
1.77 power, although comets with inverse values greater
than 2 are in the great majority (Ref. 9). Most of the
visible light from the coma is the result of fluorescence
excitation of gases by the sun, and the brightness of a
comet must be, among other things, a function of the
number of molecules of gas available for excitation and
the efficiency of the detailed mechanism. These processes
are not well-understood. Some additional discussion is
included elsewhere in this article.

Tgil The most spectacular feature of a great comet s
its huge tail. P/Halley showed a tail at least 3 X 107 km
long in 1910; that of Arend-Roland was 5 X 107 km in
length; and the great comet of 1843 showed a tail
32 X 107 km long (Ref. 9). These tails may be 10° km in
width (Ref. 9). Yet some faint comets never develop an
appreciable tail, simply appearing as a small diffuse
cloud. Other comets may develop more than one tail, and
tails of the same-or difterent comets may differ greatly in
appearance and behavior at different times.

In 1903, Bredikhin developed, in considerable detail,
the complete mechanical theory of cometary tails previ-
ously begun by Bessel (Ref. 14). This theory assumed
that, once particles received an initial velocity from the
comet nucleus, they moved strictly in a field of attraction
force due to the sun and repulsive force of sclar radiation
pressuie. If the repulsive force was strongly dominant,
they were rapidly accelerated back from the nucleus,
virtually in a straight line away from the sun. Such
straight narrow tails were called Type L. If the repulsive
force was weak, the tails were strongly curved and called
Type II. A reiaied weak acceleration tail called Type I11
was due to an outburst of particles with a small range of
weak acceleration (as opposed to the usual continuous
emissions of particles) which resulted in a nearly straight
tail (Ref. 19).
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A comet’s tail generally hes in the plane of its orbit.
Unless the earth is reasonably far out of that plane, it
may be difficult to observe just how the tail is behaving.
Tail spectra characteristically show emission due to CO",
N:, CO;, CH*, and OH*, and may show a continuum
(Ref. 14). It is usual to place CN in the tail also (Ref. 9),
but Wurm would deny this (Ref. 20). When the earth is
far enough out of the plane of a comet’s orbit, it I, seen
that the comet may have a pure ion tail that appears to
be Bredikhin’s Type I, a pure dust tail of Type II (or III),
or both (Ref. 14). In fact, it can appear to have several
tails. Any tail appearing to contain both ions and dust
more than a few million kilometers from the nucleus is
just a projection effect of one tail on top of the other. The
accelerations in the ion tails are far greater than those
that can be given to dust particles, and the dust particles
show no ability to generate gas (Ref. 13). Either they are
completely degased before they leave the coma, or they
nev .- had any significant amount of gas in them (Ref. 13).

Until recently, it was generally felt that the classical
theory of Bredikhin was adequate for the dust tails
(Ref. 21); however, Belton has suggested that some fea-
tures of dust tails are unexplained by this theory and that
the dust particles are probably charged and, with accom-
panying electrons, form a plasma (Ref. 22). This turns the
nature of the dust-tai! mechanism into a rather complex
problem. Levin has even suggested that the evidence
that Type II tails exhibit nothing but a continuum is not
really valid, and that, in fact, the Type II tails are really
primarily neutral gas tails plus some dust (Ref. 19). Levin
still pictures the Type III tail as a pure dust structure,
following Bredikhin’s theory.

c. Theoretical structure (cometary models). Cometary
models generally fall into two classes: the particulate or
“sandbank” models; and the compact models, the most
notable of which is Whipple’s icy conglomerate model.
Nore is completely satisfactory, but they offer insight into
the problems of understanding comets and, above all,
suggest what experiments may be crucial to ascertaining
the true nature of comets.

For almost a century, the most prevalent view was that
a comet consisted of a large number of solid particles of
varying sizes, possessing some gravitational coherence
and being in orbit about the sun—the sandbank model.
In 1953, Lyttleton presented details of a cometary model
in which gravitational coherence couki operate only at a
great distance from the sun, while at planetary distances
each particle would be in its own independent Keplerian
orbit abov* the sun (Ref. 12). On th~ basis of this mod=l,
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most periodic comets would have negligible self-attraction
as compared to the solar action. Lyttleton suggests that
collisions occur near perihelion between independent
particles in the comet, due to the orbital crossings on the
perihelion side of the latus rectum of the mean orbit.
These collisions would shatter particles, offering fresh
surfaces for desorption, and would perhaps effect direct
gas production through intense local heating (Ref. 23).
Even if this mechanism produces sufficient gas, which
remains to be proved, the average comet begins to pro-
duce gas at a b liocentric distance of 2.5 to 3 AU, which
in many cases is long before it crosses the latus rectum.

The theory that condensed gases might be present in
comets was formulated in the nineteenth century. How-
ever, until some idea of the composition and quantity of
gases and dust present in comets was obtained, and until
certain other factors, such as the secular accelerazion,
appeared to be well-established, there was no reason to
be overly suspicious of the sandbank theories. In 1950,
Whipple (Ref. 24) proposed his icy conglomerate model,
a model in which the nucleus was visualized “as a con-
glomerate of ices, such as H.O, NH,, CH,, CO, or CO,
(C:N:?), and other possible materials volatile at room
tempe-ature, combined in a conglomerate with meteoric
material.” The description was expanded in later papers
(Refs. 25-28), and many other researchers have since
made contributions.

It was soon pointed out by Delsemme and Swings
(Ref. 29) that the sublimation rates in a vacuum were
all wrong for such substances as CH,, NH;, and H.O o
be subliming simultaneously. Yet that had appeared to
be required to obtain the spectroscopically observed
daughter products. Delsemme and Swings suggested in-
stead that the substances present were hydrates such as
CH, + 6H.0. Various authors have since confirmed that,
if there are CH,, NH,, CO,, etc., present in a comet, they
must be present as such hydrates (in fact, probably as
mixed hydrates) to satisfy thermodynamics (Ref. 30).
(The vapor pressure of CH, in such a hydrate is Jecreased
by 10° to 10%, for example.) There are now no conflicts
with spentroscopic abundances of neutral molecules.

An interesting observation is that old comets (comets
tl... have short periods and have been around the sun
many times) show primarily gas specira, whereas new
comers show continua due to dust. This is just thé oppo-
site of what might be expected of a sandbank comet re-
leasing absorbed gas. This adds structure to the icy
conglomerate model, suggesting that meteoric material
near the centers of old comets begins to achere, muking
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available dust rare, while fine unconsolidated dust pre-
dominates near the surface of new comets or very small
comets (Ref. 11). The possibility of cohering carbon dust
at the center of comets also exists (Ref. 11). More elab-
orate models are now being built using Whipple's original
concept.

A problem common to all theories is the source of the
tremendous amounts of gas given off by a comet at each
perihelion passage. It cannot be assumed that some of the
particles are frozen gases, since they would b~ destroyed
during the first perihelion passage. Levin’s work on
adsorbed gases seemed to offer possibilities (Ref. 9). The
process was feasible, and the energetics were right. How-
ever, the mass of gas available comes nowhere near meet-
ing that required for even one orbit, and it is impossible
to replace it from the interplanetary medium for the next
orbit, even if it were sufficient for the first (Ref. 11).

A somewhat related problem faced by any cometary
model is survival from a close periheiion passage. The
sun-grazing comets pass withit: about 1 solar radius of
the solar surface at perihelion. Becklin and Westphal
(Ref. 31), assuming the emissivities of iron, were able t-
fit observations of the head of Tkeya-Seki at 1.65, 2.2, 3.4,
and 1) pm with a color temperature curve that reached
1000°K at 0.15 AU. At perihelion, the temperatuie must
have been several times that value, far above the vapor-
ization temperature of iron. Indeed, any particle of up to
several-meters radius should certainly be vaporized dur-
ing a passage within 4 radii of the sun (Ref. 12). Whipple
has shown that only about 2% of the original comet
would be available for recondensation, the remainder
having been dissipated due to its gaseous random thermal
velocities, together with light pressure effects as particles
begin to r~condense (Ref. 25). Yet Ikeya-Seki appeared
virtually the same before and after perihelion passage.

d. Origin and evolution. The status of knowledge of
the origin of comets is roughly the same as that of knowl-
adge of the origin of the solai system: there are many
ideas, none very acceptable, or at least none very well-
developed. Knowledge of the evolution of comets is
slightly bettcr because they evolve very rapidly, and
there is observational evidence of change.

Theories of cometary origin can be divided into two
major classes: those based en interstellar origin, and these
L 1sed on origin v .hin the gravitational bounds of the
solar system. The idea of interstellar origin dates back to
Laplace In the classic form of his thzory, comets were
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condensations in interstellar space. The original velocity
distribution of the comets and the presence or lack of a
resisting medium at the time of capture vary from theory
to theory. There {5 no juestion that, under some of the
cond:tions postulated, comets could be captured by the
sun. The chict problem is accounting for the "act that
strongly hyperbolic comets, which should be the rule of
such an origin, do not appear to exist. Only specia! classes
of distribution functions of cometary velociiies result in
an elipse, rather than a hyperbola, as the preferred
“capture” orbit.

Some theories regard the capture process as being over,
a temporary event as the sun passed through an inter-
stellar clrud. Others assume that comets are a natural
part of intersteilar space, filling the size spectrum be-
tween interstellor d st and small planets. A very recent
theory cf this type is that of Sekanina (Kef. 32).

Perhaps the niost ingenious theory of in'erstellar origin
is that ot Lyttleton (Ref. 12). He observes that the sun
travels through an interstellar dust cloud from time to
time. The individuai dust particles must then Jescribe
hyperbolic trajectories with respect to the sun that inter-
sect along a line parallel to the relative velocity vector
of the cloud and the sun. The particles are, in effect,
gravitationally focused. Kinetic erergy is lost through
inelastic collisions, and material within about 100 to 1000
AU may be captured by the sun, depending upon the
relative speed of the cloud.

Theories of origin within the solar syster. are also quite
old, dating back to Lagrange. Most of the nineteenth
century theories assumed comets were ejected by the
major plarets. The modern champion of the ejection
hypothesis is Vsekhsviatsky, who, in his more recent
papers, has partially turned from the major planets to
their satellites as sources :Bef. 33). The major objection
to the ejection hypothesis has come in modern times with
a better understanding of the conditions on the major
planets and their «atellites. Very few scientists are willing
to accept the idea that a mass of 10'* g (a large comet)
could be ejected volcanically from bodies such as we
think the major planets and their satellites to be.

The most prominent current theory is that of Oort,
based in part on the work of van Woerkom. It states that
thete is a great reservoir of comets, the total number
being perhaps 10", at a mean distance from 30,000 to
100,000 AU (Ref. 34). These are suid to be perturbed into
the central part of the solar system by passing stars. As
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evidence of this reservoir, a plot of the nuinber of comets
against the reciprocal semimajor axis shows a great pre-
ponderance at very large distances. Actually, the statistics
are so poor, with most of the “reservoir” lying completely
beyond the data points, that the “evidence” is very weak.
The evidence in no way denies the existence of the res-
ervoir, but neither does it confirm it. Oort’s hypothesis in
no way creates comets. It only moves the history one step
wrther back.

4. Scientific Objectives and Experiments

The Space Science Board of the National Academy of
Sciences (Ref. 35) has developed a rationale for explora-
tion of the solar system. It stated that the exploration of
the solar system is concerned with three central scientific

(1) The origin and evolution of the earth, sun, and
planets (moons, asteroids, and comets implied).

(2) The origin and evolution of life.

(3) The dynamic process~-~ that shape man’s terrestrial
environment.

In terms of these major probiems, the Board has further
suggested a number of specific questions to guide com-
etary research. Some of these are shown in Table 1.

Obviously, the mission under consideration in this
document cannot logically be addressed to the task of
answering all questions specified by the Board, so some
ordering is required. It would seem that the important
questions can be divided into two groups. The first group

problems of our time, defined as:

is concerned with questions recarding the physical nature

Table 1. Scientific questions for guidance of cometary research

Question

Means for obtaining answer

m

(2)

(3)
(4)

(5)

(6)

7}

{8}

{9)

(10)

)

(12)
(13)

Are cometary nuclui single bodies of icy material?

If so, what compounds do the ices comprise?

What part do ‘rozen free radicals play?
What is the structure of cometary dusi?

Do stable isotope ratios in icy compounds or ust differ
from the usual terrestriol and meteoritic valvess

What is the age of the dust?

Can nuclear material be identified as primordial solar
system condensates or s accumulaied interstellar dust
grains?

How long, on the average, have the present elliptical
comets been in orbit?

What is the composition and size distribution of cometary
dust?

How ara tail gases ionized?

How are they accelerated away from the sun; if by the
sular wind, what is the coupling mechanism?

What causes cometary bursts?

What are the compositions of the coma and tail gases?

A TV or bistatic radar experiment in a near-flyby probe seems best. (See photo-imaging
and mass spectrometer experiments in Table 2.}

An IR, UV, or microwave experiment could give direct evidence about the composition of
the “snowball” itself. A mass spectrometer would recognize "boil off" products. {See
dust detector experiment in Table 2.)

item (2) above

A detailed answer would require a sophisticated approach involving sample return or
complex on-board analysis ot ,amples. Some information could be obtained by observ-
ing abrasion and penetration rates of spacecraft comp ts during p ge through
the comet.

An answer would require a sophisticated appreach involving sample return or complex on-
board analysis of samples. Perhaps a good IR experiment could provide the answer.

.em {5) above

Unknown. The answer can only come from an evolution of knowledge about comets and the
solar system.

Information about the boil-off rate, or the rate at which comets are offected and the
mechanism of this, may suggest an answer. {See dust detector experiment in Table 2.)

Information on the composition would probably require sample return or on-board analysis
techniques. A penetration or Pegasus-type experiment would be useful for determining
the size distribution. A simple dust detector [see item (4) above) would give much infor-
mation on the mass velocity and energy distribution.

T e search coil magnetometer, the vector magnetometer, energetic electron detectors in
the range of u few fo tens of kiw:-electron-volts, the plasma detector, the mass spec-
trometer, the UV spectrometer, and perhaps TV experiments could each contribute to an
vnderstanding of this phenomenon.

Item {10) above

ltem {10) above

Using both ground and spacecraft techniques, IR and UV spectoscopic studies would be
useful. A moss spectromete:s on a fly-through trajectory could provide some direct meas-
urements. (See dust detector experimen; in Table 2.)
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and composition of the comet itself. For example, are
cometary nuclei made up of single bodies of icy material,
and, if so, what compounds do the ices comprise? What
is the chemical nature of the material? Ts the so-called
sandbank model appropriate, and, if so, what are the
nature and distribution of the particles? The second group
is concerned with questions regarding the interaction of
the cometary matter with solar corpuscular and electro-
magnetic radiation, and with interplanetacy magnetic
fields. For example, how are tail gases ionized? How are
they accelerated away from the sun? If by the solar wind,
what is the coupling mechanism? What is the effect of
cosmic ray bombardment?

From the foregoing, it seems appropriate that the
scientific objectives for an early comet mission should be
to determine the comet’s physical state, structure, com-
position, and the manner in which it reacts to its environ-

ment by investigating the comet au close proximity with
the appropriate experiments. A select scientific payload
to accomplish these broad objectives could include the
following experiments: (1) photo-imaging, (2) mass spec-
trometer, (3) dust (solid particle) detector, (4) magnetic
field detector, (5) plasma spectrometer, (6) Fourier spec-
trometer, and (7) cometary mass determination. These are
described in Table 2.

5. Conclusion

Having considered the many questions ?bout com-
etary phenomena that still remain unanswered and the
possible importance of these questions in cosmogonical
research, it is concluded that a comet-intercept space-
probe mission is potentially the most important mission
for the purposes of such research within the capabilities
of the early 1970s.

Table 2. Scientific experiments for an early comet mission

Experimei.t Waight, Ib Power, W Objective
Photo-imaging 50 32 (max) Examine the nucleus, if present, and determine its shape, size, albedo, and light-scattering
properties; also, examine the over-all structure of the comet and observe any temporal
and spatial changes
Mass spectrometer 12 15 (max) Investipate the chemica! nature of the gaseous material comprising the coma, and deter-
mine the distribution of such species and ionized constituents as can be identified
Dust {solid particles) detector J 2 Investigate the distributior, mass, ond velocity of small solid particles throughout the coma
and in space
Magnetic field detector (a 3-axis 8 7 Examine magnetic fields in space and in the comet, and investigate the interaction be. ween
helium magnetometer plus o the comet und the ambient solar envir t
single-axis search coil mag-
netometer)
Plesma spectrometer 20 10 Examine plasma streams in the comet and in space and obtain data on the interaction that
must occur between the solar plasma and the cometary atmosphere
Fourier spectremeior 26 12 Examine, ot close range, the gaseous ~nvelope around the nucleus to decide on the origin
of the radicals Cg, CN, etc.
Cometcry mass determination -* -8 Determine the mass of the cometary nucleus as it may be indicated by tracking data
2 Not applicable.
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