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FOREWORD
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pleted by Mr. Jean Lorenzetto under Professor Crocco's
direction. Assistance in the preparation of this
report was provided by Mr. David T. Harrje, Senior

Research Engineer and Lecturer at Princeton University.
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SUMMARY

A guantitative understanding of the combustion process
associated with transverse mode combustion instability in
an annular liquid rocket motor is the objective of this
theoretical research. Emphasis is on the nonlinear aspects
of the phenomena. The gas dynamic equations for the annular
motor are developed and represent a considerable simplifica-
tion when compared to the cylindrical chamber. The eguations
are solved by the technique of expansion in powers of a
small parameter related to the perturbation amplitude. Since
the source term is strongly dependent on the comparative
magnitude of the transverse perturbation v and the steady-
state relative axial velocity w - u , different ranges of
these velocities are considered and conditions for the exis-

tence of shock-type periodic solutions is determined.

This theoretical study confirmed that shock-type waves
are characteristic of transverse mode instability in an
annular chamber as shown experimentally. The design require-
ments to minimize the occurrence of such instability (apart
from requiring solutions such as baffles and acoustic liners)
are that: (1) the combustion should either be spread over
the entire length of the combustor or completed in less than
20% of chamber length for the example cited, (2) the chamber
length should be as small as possible compared to the mean
annulus circumference and (3) the ratio of nozzle entrance to
injected velocity should be maximized by injecting the pro-
pellant at the lowest velocity and increasing the chamber
Mach number.
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NOMENCLATURE

injection port area

function of the parameters: ﬁn, R and ¥
sonic velocity

function of the parameters: Gn' £ and Y

station in the_combustion chamber wherein
steady state, v = 0

constant

constant (see Eq.(18))

constant (see Eqg. (18))

reference sonic velocity

function of the parameters: ﬂ , T, f£ andy
frequency

general quantity

jump of the quantity F through the shock
linear integral function of &

integral function of g(@)

function of ﬂ

combustion chamber length

function of ©

injection flux per unit area

droplet number density

order of

pressure

Prandtl number

mass source (or evaporation rate)

gas velocity




q = ligquid propellant velocity

A

dral relative velocity

ry = droplet radius at injection

Re = Reynolds number

t = time

u = longitudinal gas velocity

uy = longitudinal liquid velocity

u, = gas velocity at nozzle entrance

v = droplet volume (relative to injection droplet
volume) :

v = circumferential gas velocity

X = longitudinal coordinate

v = circumferential coordinate

gE = substantial derivative

Greek Symbols

=4 = circumferential coordinate defined as: ft-vy
G = ratio of the gas velocity at nozzle entrance
to the liquid propellant velocity.

{ = ratio of specific heats

S = time elapsed from the injection of the droplet
¢ = arbitrary function of

(§ = stretching of the longitudinal coordinate

/“ = nondimensional injection flux

Y = square root of the relative droplet volume
e = gas density

?r = reference gas density

gL- = liguid propellant density
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§E = amount of propellant per unit chamber
volume at injection

T = droplet lifetime

3 = dummy variable

P = guess function of € to start the iteration
procedure

& = nondimensional entropy change

e = sgtretching of the circumferential coordinate

0% = value of‘9 fof which the transversal velocity

v(©& ) takes on the mean value Vo

Subscripts
0 = zeroth-order quantity
1 = first-order quantity
2 = second-order dguantity
m = corresponding to a mean value along the shock
n = nozzle
L = partial derivative with respect to &
€ = partial derivative with respect to ¢
© = partial derivative with respect to &
x = partial derivative with respect to x
t = partial derivative with respect to t
bar = wvector
asterisk = related to the station in the combustion chamber
where the steady-—state gas velocity is equal to
the liquid propellant velocity.
Superscripts
asterisk = dimensional wvalue
bar = steady~-state value
prime = perturbation
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SECTION I

Introduction

In a liquid propellant rocket motor, the combustion pro-
cess is never entirely smooth. During the steady-state period
between starting and cutoff, fluctuations occur in all import-
ant properties (pressure, temperature, velocity, etc.) around
the desired operating values. The amplitude of such fluctu-
ations can vary over a wide range, from motor to motor and
in one motor for different operating conditions. When the
fluctuations are completely random, the operation is classi-
fied as "rough" combustion. Combustion instability, on the
other hand, consists of organized oscillations, which are

maintained and amplified by the combustion process itself.

Theoretical explanations of the causes of combustion in-
stability date back to Rayleigh's anig%gis. Since that time
a number of concepts have been advanced. One example is the
constant combustion time lag which has proven to be useful in
explaining low frequency instability (i.e., interacticn be-
tween the feed system and combustion chamber). Later Crocco
introduced the time varying combustion lag in his analysis of
high frequency instability. That approach involved both in-
sensitive and sensitive time lags, the later responding to
fluctuations in the chamber conditions. Sirignano analyzed
longitudinal mode, nonlinear combustion instability for a
combustion time negligible compared to wave travel time in
the chamber and for combustion times of the same order of
magnitude. Unstable operation was shown possible for both
conditions with triggering action initiated whenever a phase
existed between energy addition and pressure. Later theo-
retical studies at Princeton dealt with transverse modes and

with concentrated combustion.

A mechanistic approach to the origins of combustion in-
stability was investigated by Priem and Guentertgat Lewis
Research Center. The approach used the Priem—Heidman%3dropn
let evaporation model as the basic for energy generation,

The assumptions used in that mechanistic approach may be
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briefly stated as:
1) the burning rate was equal to the vaporization rate,

2) the combustion chamber was composed of toroids of a

very small thickness, A r, and length, A z,

3) and the total mass, momentum and energy in the

toroids were constant.

In the present work, which is the subject of this report,
the theoretical model of the combustion chamber is an annular
geometry and use has been made of the same droplet evaporation
model, However, the differences are in the assumptions in
that:

1} instead of a one-dimensional toroidal section with

a very small thickness and length, here we consider

a two-dimensional combustion with a finite length {,

2) in the present model a time dependency for the drop-
let has been introduced (T = b/uﬂ, where b 1is the
station at which the droplet vanishes and up is the

constant liquid velocity),

3) restrictions as to mass, energy and momentum con-
stant with time are no longer necessary because of
the boundary conditions existing in the present

model at the injector and nozzle entrance planes.

As liquid rocket designs have changed with time oﬁe ob~-
serves that tangential modes have surpassed longitudinal modes
in importance, shock waves and other nonlinear behavior have
become increasingly important. The purpose of this report
is to focus attention on the combustion behavior of an annular
chamber to illustrate how the basic mechanism of droplet evap-
oration together with the chamber gas dynamics can result in
combustion instability. Triggering behavior and limit cycle
operation are traced to the effect of the pressure oscillations
on the combustion processes where the amount of energy feed-
back is sufficient to balance the energy absorbed by dissipa-

tive or other damping processes.
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SECTION II
Annular Motor

The mathematical approach which was developed by Crocco
for nonlinear transverse mode instability is described in

this section.

2.1 Theoretical Model and Assumptions

A combustion chamber geometry corresponding to a constant
thin annular cross section followed by a large number of in-
dividual small nozzles (Fig. 1) has been chosen. The dependence
on the radial coordinate can be disregarded and the only rele-
vant independent variables are the time t , the axial coordi-
nate x and the circumferential coordinate vy . The reference
length will be chosen equal to the circumferential development
of the annulus; the reference velocity is the sonic velocity
in the reference state; and the reference time is the ratio of
the reference length to the velocity. All other quantities are

normalized accordingly.
The fundamental assumptions are the following:

a) The gaseous material contained in the chamber is in the
form of gases of perfect combustion. The volume occupied
by liquid or vaporized propellants and intermediate com-
bustion products is negligible.

b) The combustion gases are assumed to be thermally and
calorically perfect and homocompositional. Viscous effects
and heat conduction are disregarded. The combustion im-
mediately follows the propellant evaporation.

c) The droplets have no drag, so that their velocity uy is
constant in space and time.

d) A combustion model has been retained such that the com-
bustion rate which has been assumed to be equal to the drop-
let evaporation rate, has a law of proportionality with re-

spect to the square root of the Reynolds number 13w

-10-




2.2 The Combustion Chamber Equations

Following Crocco's mathematical derivation, we first

write the conservation equations for the combustion chamber:
.-V (s2) =Q

3, +(a-v)a]+ T2 - - (a-q,)

oo —

D

% £ V. (Pq) g;éi[<9qz)b « V. (59%9 )] =Q

The right-hand sides of the three equations representthe mass,
momentum and energy sources corresponding to the rate of gasi-
fication {or combustion rate) Q of the liquid propellants.
The expressions for the first and the third actually coincide
only because in the nondimensionalization the energy content

of any mass generated is taken as unity.

The conservation equations can be transformed to the
variables p, ¢ and & (representing a nondimensional entropy
change from the reference conditions) by taking ¢ = 4;h{e-s.
After r%arranging}the new equations can be written in the con-

venient form:

j;,gotmgg 9.0+ pV.q =Q!_.4— %(Zﬂe'i”qzﬂ

?’é;

. -y & ~y &
9o «(3-V)a+p € T =-p e Q(a-9,)
r % o
6’@4»%9”?’@’:;@[%_}3 e_%(gge,i __,qz)l

The only relevant independent variables are t, x and y. The
reference length will be chosen equal to the circumferential

development of the annulus. Hence, all physical quantities must

-11-



be periodic in y with unitary period. The equations for

the annular geometry become:

#, -1 2 e
.%'.‘:-+4L %‘_+v‘§§+1o(ux+%)=q>[—7(2ueu~& v }_E

. Sy e "y o
W, vhlly vy € DX o eT @ (Unuy )
~1/,
~1/¢ s p ¥ &
y _ -
Vo + WUy +U'u5+/}o e == poe Qv

o o el )

For the time being we have assumed that the velocity W, of
the ligquid propellants is undisturbed, which means that the drop-
let drag is vanishingly small. This produces a substantial simpli-
fication in the treatment because if the injection velocity is
constant and axial, so the droplet velocity will remain at every

location. Hence W, represents the constant value of the (axial)
droplet velocity.

2.3 Steady-State Egquations

Equations (1) can be applied, of course, also in steady
state, or the corresponding solution can be obtained directly

from the conservation equations written in finite form

Ay
e WU = Ta =

ﬁ

Q)
Q\
9]
Q.

X

P- = "% g m > T - 1
,1%71 = 4o ¥ e u,(ue_LL) = © M,(ite-cL) (1)
y-1 _ -
7: ?eﬁ" =4 . X1 u’t = ../_D...
z 3

2.4 Purely Tangential Waves; First Order Egquations

By definition the nondimensional values of steady-state

pressure and temperature have been taken as unity at the injector

-12-~




and the corresponding sonic velocity has been used as reference
velocity. Only two cases have been considered, the"purely"axial
and the "purely" transversal cases. The purely axial case was
developed by Mitchell, so here we will present only the trans-
versal case. We assume that we have a spinning type of in-
stabhility, traveling in the positive vy direction. Then all

guantities must be functions of

o(::‘)et"'g

where £ 1is the still unknown frequency. We see that any of

the dependent variables must be periodic in e« with period 1.

In the new variables the equations can be written

- t 2
f-gv“/} Pu «-»«M——,:-;S— »fP(ux—U:() = Q[4~ Kz_i(zueu~w -V )]

Ea
) /v & Yy &
igmv/} U, + U, +P € l:;" =-p e Qu-up) (2)
~1y & - o

(f«—vf); Vy + WU, - p € _/_;’f = - € Q v

) - & B!

~ 1 X'1 _ - H
{fwb/;@] ‘-@«M(‘S;( — Q)____,FA (=4 .._E..—(ZM{M. “u V?j

The boundary conditions at the injector and at the nozzle

are at x = 0, u= 0 (3a)
4 ¥+1
2, 2 \T Y1
. xeld M- 4 = const. (u !’.‘_*__‘f_:_‘_’__) (3b)
/ o 2 Q,z
where
/. 1 S/

>
N~

a=(%) = pFe (-

represents the local sonic velocity. The nozzle boundary con-
dition holds for a very short,Lgulti~orifice nozzle, and was de-

rived by Crocco and Sirignano.

To these x-boundary conditions one has to add those of

periodicity in the « variable. In the case where the spinning

-13-



wave includes a shock, the conservation equations through the
shock have also to be satisfied. We will expand all guantities
in powers of a small parameter expressing the injection flux.
Indeed, if the injection flux reduces to zero, the steady-state
" pressure becomes constant and uniform throughout the chamber.
Hence any deviation from uniformity in space or from constancy
in time should be related to the injection flux and vanish with
it. Similarly, the axial velocity u reduces to zero if there
is no combustion. Again both the steady value of u or its
oscillations, or the oscillations of v and © (their steady -
state values are zero) should be related to the injection flux
and vanish with it. Hence, calling./u_ the injection flux, we

will assume the following expansions.
p=Ads ppy «ptfo, « O( p3) (52)
U= pmu, +plu, +0(p) (5b)
Jo= /M(f; .,./ul(f; -+ O(/us) (5c)

4 3 =
c:r’z/«e’,t .,-/AG'Z 1,.O(/u) (54)
Q=@ p@, + O p°) (5e)

We have taken po==l in agreement with the choice of the

reference conditions for the steady-state solution.

The injection flux can be written as

= S Y
where f1i = fr A, is the product of the actual liquid density
times the injection port area Ai per unit area, and represents
the actual droplet mass per unit chamber volume at injection.
The injection flux, for a given propellant,can vary as a result
of varying Ai and u,. Here we shall assume that Ai is kept con-

1
- stant, in which case we can write

W, = M u,, (S, %, = 4) (5£)

-14-




Cbserve that in steady state (assuming the combustion to

te terminated before the nozzle entrance) we must have

/“:/z%dx

Or, by virtue of Eqg. (5e) ©
¢ 14
jf,/@:gd)(:’l ;D/QZdX=O / (6)
o

Insertion of the expressions (5) in the equations (2) will
provide, after separation of the terms in different powers of @,
the egquations to be solved. We notice that each one of equations
(2) contains a mean convective term due to the steady-state gas
velocity U, The presence of the convective terms results in
inconsistencies which we shall not discuss here, since they
affect only terms in higher powers of M than those considered
in the present study. It is sufficient to say that the inconsisten-
cies even in the higher order terms can probably be suppressed
v using a double scale of axial length, according to a recently
established technique for the treatment of certain nonlinear

problems.

Another technique which is found useful in nonlinear prob-
lems is that of the coordinate stretching. Here we have already
introduced a time stretching through the use of the frequency £,

which can also be expanded as

Fede pf, W AR (7)

where the constants fl’ fz......; are to be determined and, of

i

ourse, the frequency reduces to unity for/K = 0.

In addition to this time stretching, it is convenient to
introduce also a stretching of the variables « and x,* in the

form of a series
S wa e (0,5) p0, (6, ) » O(pY) ®
§= X fs(08) ) gu(0g) r OO0Y)

*Observe that instead of introducing £, and stretching a and x,
one could just stretch the original variables t, y, and x, with the
same end results. The mixed procedure we are following here allows
faster derivations.

~15-



where the functions 91, f 1 92, ‘? 5t eees. are to be deter-
mined. All dependent variables are functions of & , % ;
they must be periodic in € with period 1. If there is a
traveling transversal shock, we choose to stretch e¢ in such
a way that the shock corresponds to © = const. 1In particular,
if we place the shock at © = 0, because of the periodicity we
must find again the shock at © = 1 and at any other integral

value of © .

The derivatives of a general guantity

2 3
F—-.-_'Fo-r-/ur:;f/u Fz,+ 0(/“)
with F, = const (as it is in all expansions (5)) can then be

written as
) .
Fo= M Fio +p° (Foo+ Fg O *Fag Sao )+ O(M°)

Fx ::/‘L F;u; —f/“Z(FZ.? + Fig 94$ _,.I'—:? ?4T>+ 0(/"3)

Introducing all the expansions above in Eg. (2) and
separating the powers of M we obtain the following equations

for the first order duantities

R R (92)

w,, + P5 -0 (9b)
Y

v - Pio ) 9¢)

416 v (9¢

Se = O (ed)

2.5 Second Order Eguations

The following are the second order equations -

(10a}

}q
12?9 "’ 132 “o +-§??<?49 4'<£v“d:)‘é;?'*kaié}.fak?‘+ba9é%? -

LH??@"%9'5&%&‘@??m+ﬂ(ﬁq_ga)==@2”
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6
Uy g tlyy G + Uy ?{9 +(7E4”‘}4—) Uig +4, “nf _,,_ti‘f_,_,/f’,, —+ (10Db)

y %
7, /}"’ P4~2
kg(?f?a ”\;”54)7 = =G (M-4y,)
fro  Fiso (10c)
%Q*J 849*1;??49*(724 4)‘1—9"“ 44~§“j§“"§;"’"
# P Pe _
-???%Q+ A O’) d ___—-Q,,U'
Yot (104)
See *+ e %+63?€49+(ﬁ-"3)529+“45’4§=—¢?4(77°4+°’4)
The injector and nozzle conditions (3a) and (3b) are also ex-~
panded with the help of (4). They show that at the injector
we must have
wy (6,0) = w, (6,0) =0
(1la)
and at the nozzle*®
/
u4(9’€)==0
, ; (11b)
r ‘3 -
H’Z(Qs£!*é‘w4r% (‘918)?4(9;2) 4(£)a (96)__“ ()[X 9{}+64{9{]
On the other hand, if there are shocks at € = 0 and 1 and we

indicate with A F the jump of the quantity F through the shock,

this is obviously a function of x only, and can be expanded as
AF(x)= m zﬁ (0, %)~ F4 (1, ‘;)] M [{‘ (0,9)-F, (1.%) +
€, (0%) F;f (0.9)- % (4'?) F;g (1 ?)]‘g-:x + O(/M
= m (aF, >.?=X+/A2(AFL+$1MA I’—;,$ . F;“f/m>‘§=x + O(/a )

where we have defined for the general quantity g ( @ , g )} the

two guantities

=g9(0%)-9 (%)
R FICEIRETER )

*The assumption is made that combustion terminated at the nozzle
entrance is steady state, so that re (%)_,0'
4 =

-17-



The equation of the shock located at © = 0 is given by (8) as

<= ftoy = -6, (0,5) - M6, (0,g)«0(}) (122)

Hence the local angle between the shock and the axial direc-

tion is, to first order, given by

/6 dﬂ )L--—COT'S}' C/" 94‘; (Ol$) s/u ﬁ4 {lzb)

Applying the conservation equations through the shock one

obtains the first and second order shock conditions in the form

'
! ' . P2 1
ALL_'::O I A64=0 / A(U:’—__f_.)—-o (13)
f ', / _
Au’zf.+‘$4w‘l“t'g+“4$ g, =-fav; [ A, F AG’$+ i, 05 =9
P2y . biy hpA $et ) ol }Mai (14)
43(0""_') ;MM430q$ Ty ) (Ufﬂu ) £ ( AMa+"Z' EF

The first equation of (13) and (l4) represents the continuity

of the tangential velocity component. The second equation in
each group expresses that up to second order the shock is isen-
tropic. The remaining equations express the invariance through
the shock of the appropriate Riemann invariant J - j%? .

This invariance holds indeed to second order for thgfobllque

shock under consideration as for a normal shock. Observe that

the second term of each Equation (14) vanishes because of Egua-
tions (13). Finally, it is evident that the shock velocity in

the y direction is given by f. For the purposes of this treat-
ment we need only the first order coefficient fl of the expansion
(7). It is given by the same relation as if the shock were normal,
and hence by the mean value of vl' + a,' across the shock, that is

1
by

! Y_»f ] .
fi = Vima 5 | (15)

-18~




2.6 First Order Solution

The steady-state solution can be obtained either from
Equations (9), setting all € -derivatives equal to zero, or,
more directly, from expansions of the Equation (1) already

in finite form. The result is

Tig= 8% ) &5) /Qd$; 7=, =°

Comparing with (6) we see that
w, (t) =1 (16)

For the unsteady components we obtain from Equation (9)

/
/
Q ) .{_’_1.?——-“-/ ’ U’/ = /:”’9 ‘ 6‘, =0 (17)

? i " 10 16 ~ ’;r' / 10

For many combustion models (such as that considered later) the
effect of the perturbed conditions on the combustion rate Q is
not felt before the second order term QZ'. Hence Ql' = 0, and
ul”m const = 0 consistently with the injector and nozzle con-
ditions {(1la and b). This result is, of course, due to the
assumption of purely transversal wa%es, as shown by the second
Equation (17) which shows that p;' must be a function of © alone.

Hence the other two equations (17) are satisfied by

-9(8) s Limgp(o)ecyi oh= o 18)

where (7 and C2 are constants to be determined,* and CP(Q)
is an arbitrary function. It is clear that this solution satis-
fies the first order shock ccnditions (13).

2.7 Second Order Solution

The second order solution in steady state can again be ob-
tained either from the Eg. (10) or directly from the Equa-

tion (1). If we assume a(‘i’)=/“ 5,, (‘é’) for all values of /A
then @2 = (0, and one gets

= . - = w

T=0 ) Pl (M R) ;& ()T (wy, - Er) ()

*Ac*ual?y Co could be an arbitrary function of ? , however, in
the way Cq{ and Co will be determined, it can be shown that CH

is independent of ¢ . For simplicity, we assume from the beginning
that it is constant.

-19-



The equations for the unsteady components are then, using the

relation Q. (‘?):LL"$
7’Z9+u [(y\w)? f )/'cl] -+ (xﬁo-fxcr? ):@J (20a)
¥ i1 fe 2
9 "‘/’z?/b/ -lcf cfg ""u!? ?19 =0 (20b)
o’ Pro o) & (20c)
29’——-—*(761*‘31 o = 1«;7
4 e ] 5
S, = g [{X—‘I)? “(y-1) cl+c2] (204)
2.8 Wave Shape Equation in the Most General Case
It is assumed that the constants C; and C, of Eg.(18)
to be zero and this is generally the right value with some
exceptions. We can then rewrite Eg. (18) so that:
P /
._.cp[g) ; LA 90/6?} and o, =0 (21)
Y
represent a possible first order solution (purely transverse
wave). From Equation(l5)we have (having taken fa =0):
£ - Yed
1 - -E:“ N
which results in the following egquation
/ -— / .
“rg = (e1)( P ) To % 1g (ve1) 5P = T2 (22)
We also have:
74 = &: = Q, = 51 {23}
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Multiplying Eg. (22) by/u—2 and Eq. (23) by’/& , adding them

up and recalling the expansions (5), we find the equation:
@Q% 5(2(*4)(!&0’,,‘.)0'9 ~zJZ‘g (y+4) e @

between the unexpanded quantities 4 , U~ , @ . This equation
applies for the case when all quantities are periodic, and
hence can be expressed as functions of @ = ft-y and € alone.
If the solution is not periodic, every quantity should be con-
sidered to still depend on t, independently on the 6 depen-
dence. In this case an additional term should appear on the

left hand side of the equation which writes:

“. c2V, = (Yet) (v, vy -y (yet) Ve @

In reality this equation holds only if Ql'= 0, and if M (and
hence v) are small as well as when the Q perturbation is of
order M 2 while the steady state Q is of order M . However,
we shall suppose its approximate validity as well as that of

Eg. (21) even in the case when Q' is of order M« , provided

1
w{?} = U, ;(yn)ﬂ(w-wm)we _(y+1) Emzf-ra//q?(‘;‘) A%

vee 1. Integrating from O to ? we obtain

From the expanded nozzle condition, Eg. (11b), we can again(multiply-

ing the first by # and the second by s 2 and adding up) synthe-

size the result:

—_ Y1
w =i (4_, —

and hence we obtain:

’
()L (7= ) v = (14 %ﬁ")'o/@(” ¥ (24)

The corresponding equation in the non-periodic case is,

L
_,;zﬁyg .,L(;;”)ﬁ(«r-u:m)%=Im(1+3_g:1w)~/0(g)0{§ (24a)

v)
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When the relationship between Q and v is known, Equation (24)
(or 24a) represents a nonlinear integfo—differential equation

for wv.

2.9 Droplet Evaporation Model

The quasi-steady evaporation rate, under certain assump-

tions, is defined by the relation:
1/2

X * #- 1/3
Dert_ DT x0T K ({03 Re £ )
DE* DE* ox* r*

where stars stand for dimensional guantities, K is a constant
related to the properties of the gases and of the droplets, Pr
is the Prandtl number, the Reynolds number is defined as:

Re =2 .ﬁi%;;jﬁge
and q;el is the droplet velocity relative to the gas, given by:

qry = (up - w) et

Introducing the relative droplet volume
3
o
V= (/%)

where ;f represents the droplet radius at injection, and non-

dimensionalizing the other guantities in the usual fashion we

obtain:
g3
2V PV uyV, = - C(Vea,,) @)
where we have: quec - (L{e -u)z+ (/'Z

and @ _ o.qfz Ke* ,.'/3< e r‘e*C‘: "z
ctr%® *
contains the reference length p* (developed periphery of the
annulus), the reference sonic velocity cr* and gas density ‘gr*
(in our case these are the corresponding values at the injector
end) and the viscosity'/M* is the average gas viscosity.

The injection flux per unit area is given by:

ok d oy * * ¥* % *
T SNOET S e =6
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where Nd'is the droplet number density which is constant
“wk
Q1nce€&g is constant,lfL* is the liquid propellant density,
and 5%@ is the amount of propellant per unit chamber volume
at injection. The dimensional evaporation rate is:
%3
3 L T

d it di i 1 value -fﬁQ;/ *e* is immediatel
and its nondimensional va , Q= fr r y
proved to bes

A\
Q = "'?e. __'_12_3____ (B)
(3 —D t

where g ﬁl ~g921/“? is related to the nondimensional injec-
tion fluxx/&by the equatlon~ /a’=§%;“£. . Equations (A) and
(B} completely define the source strength Q.

2.10 Wave Shape Equation With Droplet Evaporation Model

From Eguations (A) and (B) we have:

1/2
L P Ve, Vg mma(VSa,,) 29
be
Here we have identified o with €& (©,=0 ). Hence, taking
V% = V¥ we can write:
e
Vv vV, = - &
fvg « u, s = (9 9,,) (26)

reres 9, (5.8) = [(4p-®) e t]"

where . has been replaced by w , consistently with the
approximation that, to order 4« , w’'=0 , and where within

the same accuracy, we can take (see Eg. (21))

friopf, s B pmap e s rm9(0)

The formal solution \’(? 9) of Eqg. (26) which has
%95@ @ﬁ 1 (initial droplet diameter fixed) is:

i

(5,9~ (- [e(e £ 2 )q (s, o T2 ag oo
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after which Eg. (25) gives
1/2

Q(1.0)=¢, ¢[pe)q,, (v.0)] V(%)

We have then Egq. (24) in the form: ¢

1/2 Jr

(3+ 1)L (i) v =, (1+ 3Yed U’)—'%z c’[y(e)] [‘1"2(?,9)}9(?,@)@@ «2lu (29)

2

0
the last term being present for non periodic solutions. Since Eg.

(27) gives §;= i (within the present approximation)we can ob-

tain §k_ from:
L

/ﬂ.-,-.-F& u«?:fm w, = u_ (30)

The equation for U is now entirely defined for assigned

values of C , LT,“, U, ., Y and £ . It must be observed
that it applies to the case of shock-type waves, and V7

reprasents the mean value at the shock with the frequency

f=A- Y; U

A

For shockless waves, of course, v is meaningless, but f

is still meaningful, and v should be simply replaced by
(2/ty«4y ) (£=1). 1In this case, instead of the unknown v, to
be determined simultaneously with the solution v(@ ), we will
have the unknown frequency f +to be determined also in the

same time as the solution v(©).

We also have:

Foz, (1V) - T (77

(31)
Since §; = 1, and (30)//%= ﬁ;‘ . Hence we have
from Eg. (26):
_ _ 1/2 . 1/2 —_ "z
“Ve == Z|H-F| = -5 uy /4“/3(“’ )/ (32)

Wwhere we have introduced /5 = ZTM /M.e'
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2,11 Case for /8<l

The solution of Equation (32) for /3 < 1, where U< u,

at all stations 1is:

1/2
V= (-%;-/i) >h [K(" ';Y')J (33)

where
$

§- 1

U, (34)

represents the time elapsed from the injection of the

droplet,

b

is the droplet lifetime, b representing the station where,

—

in steady state, V = 0, and K being related to /3 by:

/&, I/L
C(R) =t B 2~ _ 1 A /_f_:_i_)
2 i_ /,»’/z, z ﬂ’/.z__ q
The relation between b or T and the constant C appearing
in Eg. (25) is found to be:
e, C oo 2k(®)
2 o
U, f:’
From Egs. (31) and (32) we obtain then:
_ z
- A = (1-p) Ch [K(Li)]
U 2
£
Application of Eq. (28) gives then:

g iy
2

) (5,0)- 1 K /{1,,_If__J[e-f(J_S)J}{(‘LP)ZChI’K({-_;_5:)+_'-_’1, Ie-((s-g)_] dg (36)

E”’f{"":/ wo
0

.12 (Case for/5>l

[

In the case /3> 1, u< U, only to a certain value of S*
{or a certain station‘? «See Eg.(34)) where ¥ Dbecomes equal

to a certain value 3 «; after this station we have “u > “-e .
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We find for §< 5*,;7_7_\3;, u <

For:

), (56) < - 5%2/{ 1) Sh k- (xam; J}_]+

and for §> Y;

-26~-

Uy

0555 5* we have:

A v
2
“y

z[e-{(;_ g )]}l{; L ‘yg@-g(g, 3

we must take:

e
qufji@s

ds
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§# “
7)1 227 { /ff(e S sh e} Vz["-f(J-S)}} 3f--;-v—[e-f(f—sﬁ} ds+

e

. ;/{(F-@EZWQZ(KJ/Z);-K}E‘TLVZ[Q—F(X-})J}{h%d-[g-f(ﬁﬂ} a(; | (38)

/
5

Following Equation (27) we have taken: § = 4+ 1 U
2

Pinally we have all the elements to write the last term

in Bguation (29)
17’3
$2.€8 /[7"4 (5. Q)J Vg, 0)dy=
le
= ‘ﬁ’;’j « u, [+ Q_(zij /[(4_,3)611 k(1-2). f’; uz(a)]a (40 4
0

for @B<4 , and:

/
1/2 S« g4
3 K+ T
-2 F éii _/‘f) [u _”_'_{_9_)] //({3 )Sh [ K+%}£_]+uiz€v2(9)} v, (5,8)dd +
gﬁg
/ et
. ffg{i%a% Sin [(Kf/)___]_,,__i_u'(e) V ({e)dg
/ <
Sk
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for ﬁ>'i .

It is obvious that any negative value of V resulting

from Equation (36) or (38) must be replaced by 0 .
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SECTION III

Numerical Analysis for Periodic Solutions

This section concerns the numerical integration of the
wave equation [Eg. (29)] in the previous section. A shock-
type solution is sought in the case of BUYStA:O which repre-—
sents the case of a periodic solution. It is useful to recall
that in a linear treatment once instability appears, the ampli-
tude of the perturbation grows indefinitely larger with time.
Of course, in reality, this is not so, because of the presence
of nonlinear effects resulting in a limitation of the final

amplitude.

Crocco's mathematical study of the nonlinear behaviocr in
the case of a thin annular chamber has, indeed, the purpose of
determining the limiting-cycle (periodic solution) of a linearly
unstable rocket. However, an even more useful goal is the
solution of the problem of nonlinear instability, that is insta-
bility which may result during an otherwise stable run, when the
application of disturbances of a sufficiently high level results
in amplification, while disturbances of lower-level decay. This
kind of instability is said to be "triggering instability” and
the corresponding '"threshold" has a periodic solution which is
called "triggering cycle". For this kind of analysis it is
immaterial if <1 or > 1.

3.1 Solution of the Nonlinear Integral-Differential Equation (29)

If the integral appearing in the last term of Eg. (29) is
formally reduced to a simple function M(€), the same equation

may be written as follows: y
: : 2 .
(- ) G = T [ 14 2L )]- 2B K w(8) w1 (a)
()% 5 ) o= T [ 1+ 200N - 28 g 1 O ME)

adding further simplifications,

(U-Up) up = A+ Bu(0) = D |1+ Qé@l] M ()

(40)
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where

o —— '/L
Ao o B (3¥<d) Zn . pozl Kue (41)
eyl 7 2 (Y+1) 4L T(¥e1) L
are @onstanté: for given: y,£ , u,l , ZZ;‘_ (and henceﬂ )y, and
b {(or P et o
U

Let us define the right-hand side of Eq. (4) as g(@ ), where
g 1is seen to be a linear integral function. With this assump-
tion, EBEg. (40) may be written:

(v-v;.) Ve =g(a) (42)

g(®)

- Uy = P
or: ) o (43)
where: (};h = {_ [U’(O)+U‘(4)J (44)

Since we have a periodic solution with discontinuities only at
the endpoints of the interval O<©<4 , it follows that there
is some ©® * in this range, such that (f(@‘)=:q;“ . From Eg. (43)
it is geen that @ * is a singular point and for that equation to
have meaning 1t must be:

g (%) =o (45)

Integration of Eg. (42) yields the formal relation

1 L ®
iw‘“;{@}mﬁf’w,‘] = [U‘(a)-d'm\] + Zﬁ (') do’ (26)
o

Evaluation of Eg. (46)at ©®=41 and the definition Eg. (45) combine

to yvield another condition on the function g ( 8 ), namely:
4

j(@)dg = O (47)
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Equation (21) may be considered as a quadratic relation for
g(®) and, therefore, has two solutions. It may readily be
seen that, in the case where a shock exists and so‘af(%};ﬁ @V(Qﬁ

we must have:

o 12
YA
U‘(G) = U'm “+ {[w(o) _J,Mj) + 2 3 de’z (48a)
l / J
for 05656": , and
o 1]z
I ‘ / / (48b)
T) = [0 [ £ 2 [ G A0 e
% o
for © £8=<s 41
In the particular case which arises for 6=0" | v(e")=1,,

and so Egs. (48) yield:

ot . il2
{[U‘(O),U’m]z+ 2/9019’} =0 .

In order to obtain real-valued solutions that are continuocus

e
at e%¥ , it is necessary that (let us call G(6) = /’gd@’ }:
o* o

G(-(e":): 9d9,

has a certain negative value such that the term under the
square-root sign in Eg. (48)has a local minimum value (which
equals zero) at ©@=0% . This is consistent with the fact

that g =0 at e=6%* .

From Eg. (49)it follows:

G vlo) - [ -2 (07) o

Of course,Ed.(48)is merely an implicit relation for ¢« (@)

since 9(®) depends upon V(@) ; however, the equation is

£

in convenient form to solve by Picard's method.
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The iteration procedure used begins with assuming
u(8)=vu(0) + gbp(©) where ¢p(o)j=0 . An initial guess of <H(8)
is made (typically, a sawtooth profile was assumed), but rather
than specifying v (9) ,Eq. (47) is used to calculate
(o) o

Knowing v (o) and #(e) ., v(e) is immediately known
and may be substituted into the right-hand side of Eg. (48). Then
use is made of Condition (45) for which Eg. (49) is true
and by means of Eq.(50)w,, may be determined. Eq. (48)
is thenused to calculate a new U (€) . Subtracting v (o) £rom

v(e) , a new <A(8) 1is known and then Eqg. (48) is again used to
calculate a new Lr[q) and so forth, until the sequences for

v (®) and V,,. converge.

The iteration was performed on an IBM 360/91 computer with
the solutions converging in approximately ten to fifteen steps.
In all the cases where different initial profiles for <b (&)
were assumed, the same limiting solution was obtained. Usually
the qualitative behavior is demonstrated immediately (in the case

of convergence) by the first step in the iterative procedure.

3.2 Influence of A Upon the Numerical Analysis

As it was stated at the beginning of Section III, it is
immaterial whether/g is >4 or <41 as far as the iteration
method is concerned. Only the function M(€ ) is affected be-
cause it takes on two different forms according to the value of
}@ compared to 1. For /5>4 , a station o exists in the combus-
tion chamber where the gas velocity gets larger than Wy - This
ig because at the nozzle entrance u+\>'Q£ and thus the way to
calculate 9/ is split in two parts as shown in Eg. (38),

For information, the computer program for /6‘> / has been
introduced in Appendix A. The reason is that the situation /3>’/
is more likely to occur in reality and another reason is that

its numerical generality makes the case /6-< { a special case.
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3.3 Discussion of Results for Periodic Solutions

One of the most interesting and important conclusions
that can be drawn from the numerical solution of Eg. (29)
for — = v, = 0 is that a shock-type pressure distribution

does exist within the annular chamber.

Depending on the magnitude of the gas velocity at the
nozzle entrance compared to the constant droplet velocity
(i.e., depending on whether ﬂ = L-Z,,/L(E is § 1) we can have a
shock-type pressure distribution as shown in Fig. 2 or in
Fig. 3. 1In both cases the wave decays sharply at the beginning
(low values of 8 ) or, as to say, decays for high negative
values of du /de, especially for the case g > 1 for which

larger amplitudes exist also as a general result.

The characteristic droplet lifetime 7 , in the way it is
defined by Eg. (35) (time elapsed from the inijection of the
droplet to the moment it vanishes) influences the shock ampli-
tude and, in a more sensitive way, the energy associated with

it as it will be seen later.

Fig. 4 shows how wave amplitudes are distributed for given
combustion chamber length and droplet velocity for various
values of 7 . The wave shape for 7 = 0.8 1is significant of
a situation where for smaller values of 7  the convergence
towards the solution becomes more difficult to obtain until
the situation is reached where no solutions exist in the sense
that no convergence is obtained in the numerical iteration pro-

cedure.

The periodic solution is a condition of dynamic equilibrium
and, as such, may be stable or unstable. If the amplitude is
perturbed slightly from the value for a periodic solution, the
perturbation may grow or decay. If both positive and negative
perturbations grow in absolute magnitude, the periodic solution
is unstable (triggering cycle) while if both positive and nega-
tive perturbations decay, the periodic solution is stable (limit-
ing cycle). We are not in a position to assert that the periodic

solution we obtained is the triggering cycle, and it is likely to be
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such, because of small wave amplitudes involved, etc. A system-
atic search has been performed in order to find the limiting cycle
for given values of 1, ul,/B and position at which droplets vanish
(actually the parameters were 1 = 0.40, Uy = 0.10, b = 50%,/3 = 1.1
and the initial wave amplitude guess was of 0(40), which means of
the order of 200 times more than the triggering cycle amplitude).
From such an initial high value of the wave amplitude all the
following wave amplitudes, during the iteration procedure, converged
to lower and lower amplitudes, reaching the triggering cycle without
being "caught" by any other solution. A third order, highly in-
volved mathematical analysis, could perhaps yield a limiting cycle

which certainly exists for t —» eo.

A comparison can be made with Crocco's previous calculations,
where the results are valid only for vV << Y4;and fori1<<ueand no
chance is given for L to become larger than Uy , as is the case
in the present work where we have/8>-l There it is shown that a
shock-type solution can appear only if l‘ie4 £1/33.8, i.e., only
if# 233.8 (in fact “£4=*‘2A“ —ue 'k) Actually this condition is
guite well satisfied in the present case as long as /3 is small;
it is possible to show that Eg. (29) yields the same conclusions
mentioned above as long as/ﬂ—.a and numerical computations have
shown that it 1s no longer possible to obtain solutions for/ﬁ< 0.15
(/= 0.15 and “, = 0.02 have been taken).

From Figures 2 and 3 it is easy to compare the breadth of the
wave profile in the two cases where the gas velocity at the nozzle
entrance is smaller than uQ(F:= 0.8) and larger than Uo (P== 1.1).
The more f@ increases, the more the wave amplitude increases (for
/Sx 5, the value of P/y = v(0) (at® = 0) reaches 0.46). The most
significant way to look at the behavior of the shock-type pressure
distribution is by studying the behavior of the energy associated
with the wave, versus the droplet characteristic lifetime 7. In
this study we are considering the case of a spinning wave and the
energy % associated with 1t (kinetic energy + potential energy)that
is propor %1onal‘U3//ud9.ﬁ/?h%) <9 , Figures 5 and 6 show the
behavior of & versus 7 for/3 0.8 and for ﬁ = 1,1 and in each

case for given ! ana Uy .
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The parameter 7° has been made variable by changing the
combustion distribution length (station b at which droplets
vanish) and keeping L and W, constant. Considering that the
energy associated with the triggering cycle should be minimum
where the instability is most likely to happen, (because more
energy should be put in the wave in order to drive the instab-
ility),such a condition is not reached for/@== 0.8, Fig. 5
(note that the curve is smoother for g-= 0.5). A common
feature appears evident from Figures 5 and 6; the effect of 7
upon the energy S gets less and less evident as long as 7
increases consistent with Crocco's previous calculations
For A = 1.1, as it is shown in Fig. 6, the instability is more
likely to occur for values of 7 ranging from 0.5 to 1.2 (from
L=0.2 tol= 0.4). Numerical computations have shown that, at
least for ue= 0.1, and for values of £~ close to 0.3, it is
easier to obtain solutions for‘ﬂ:>l than for,ﬂ < 1. This, per-
haps, is the reason why we could not reach a minimum for & in
the case ofvﬂ = 0.8. A discontinuity appears for 7 = 1.4, but
on the ground of theoretical analysis no singularity appears in
Eg. (29) to give a justification and besides pressure distribu-
tions for values of # in the neighborhood of the discontinuity
appear to be normally behaved. Nevertheless, convergence is
reached faster, for/3<l when ﬂ , as well as UL, , are given

lower wvalues.

Figure 7 shows that the energy associated with the trigger-
ing cycle (everything being equal) becomes smaller when the
droplet velocity increases and that it is influenced in lesser
extent by 7 .

A common characteristic appears from Figure 6 and that is
for values of 7 lower than ‘?%“““ (value of?’for which @ is
minimum) the tendency towards instability becomes increasingly
high and at a very fast rate, up to a point where no valid solu-

tions are obtained (dotted portions of curves for ﬁ = constant).

15
Crocco and Mitchell in their theoretical investigation
on the transverse combustion instability for an annular motor,

used the n- 7 model and in doing so they expressed the second
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order combustion rate Q'2 as follows:

i —_— I'4 ~
Q, {g@) = nuﬁé(g) [101 (;,9)-):’4(g,9-r)J (51)
where n 1is the interaction index, 'fi the stretched time

lag and ©-7 a retarded variable.

In the present work the instantaneous combustion rate
is related to other physical factors such as the droplet
relative volume, the gas density and the gas relative velocity,
as can be seen from Eg. (25). From Crocco's time lag theory
we can assume that the physical factors are correlated and we
can disregard the explicit effects of all the factors except
that of the pressure and say that the rate of combustion and
pressure are related together by means of the interaction
index n. Under this assumption we can say that a given
local and instantaneous combustion rate, at any value of the
interaction index n, corresponds to a pressure disturbance p.
Through the integration ‘{Q¥/gfcie we can say, from the
present work, that we still have two values of 7 for any &

in the region of & minimum®

-36-



SECTION IV

CONCLUSIONS

The theoretical work described in this report provides
conformation to the experimental observations of Harrje,
vVarma and others that shock-type waves are characteristic of

transverse mode instability in an annular chamber.

The following is a listing of the practical considerations
that one can derive from this theoretical investigation of an
annular rocket motor experiencing first tangential mode conmbus-
tion instability.

1) For the more realistic case of & = ﬁn/g[> 1 (since the
gas velocity at the nozzle entrance 1is most likely to be larger
than the liquid propellant velocity) Fig. 6 shows that in the
particular case of/3:= 1.1 and Uy, = 0.10 a combustion distri-
bution extending to approximately 30% of the chamber length must
be avoided. With such a combustion concentration, the energy
feedback required to trigger combustion instability is minimized.
The behavior of the energy for different values of/Q has not
been investigated.

2) Figure 6 also shows that for a combustion distribution
below 20-25% of the combustion chamber length no shock-type in-
stability can be triggered. This would appear to indicate that
these combustion lengths represent the best point to complete
combustion. If the combustion distribution is required to be
spread further along the chamber axis, then Fig. 6 shows that
it is far better to attempt to provide very large values of T
(characteristic time required for a complete combustion). This
takes advantage of the higher energies required for triggering
the instability with large T and thereby moves the operational
point further from the limits of unstable combustion.

3) Again from Fig. 6 it is shown that improved stability is
achieved if the combustion chamber length is taken as small as
possible compared to the mean circumference of the annulus (for

* *
examgle, /= ¢ /md = 0.33 represents the length of a square
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longitudinal cross section combustion chamber, i.e., where

ﬁ% = d , here d* is the dimensional mean diameter of the
annulus). For large values of 7 it is far more convenient

to operate with a short combustion chamber, since a larger
guantity of feedback energy is then required (i.e., more stable
operation) .

43 It is also suggested to operate at as low an injection
velocity as possible in order to increase the feedback energy
required for triggering the instability. This trend is shown
by Fig. 7 where for /3 =1.1 and £ = 0.3 larger energy re-
guirements for instability are associated with u, = 0.10 than
with u, = 0.12. Actually, the parameters u, , b and /
are not completely independent, because of the effect of uy
on the combustion distribution.

5) For a given injection velocity and chamber length, another
way to stabilize an engine (i.e., require more energy to drive
the instability) is by increasing/g which means making the gas
velocity at the nozzle entrance as large as possible compared to
the liguid injection velocity. This is shown by Figs. 5 and 6
for a transition from A = 0.8 to & = 1.1 , where shock amplitudes
and asscociated energies become larger and larger (for A = 5 ,

?;% = 0.46) enlarging the safety margin from the instability
limit. ILiikewise, as has been pointed out above, the increasing
of g by increasing the gas velocity at the nozzle entrance would
also affect other parameters which in this specific case have
been taken as constant. It should be pointed out that in this
theoretical investigation the energy associated with the shock
wave has been considered per unit volume of the combustion chamber.
If, on the other hand, energy computations for the overall combus-
tion chamber volume are made, that situation would lead towards
reversing the relative position of the curves, i.e., the longer
chamber with more volume would exhibit the larger overall energy

levels (rFig. 6).

To summarize the design requirements needed to operate as
far as possible from the triggering limit one should (apart from
requiring solutions such as baffles and acoustic liners):

a) Either distribute the combustion over a range not exceeding
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b)

c)

20% of the combustion chamber length, or spread the com-
bustion over the entire length of the combustion chamber
(this is to avoid the minimum enerqgy zone of 30% of the

combustion length).

Keep the combustion chamber length as small as possible

*
compared to the mean annulus circumference (7d ).

Maximize /g by injecting the liquid propellant at the
lowest velocity and maintaining the gas velocity at the

nozzle entrance as high as possible.
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10.

11.

12.
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APPENDIX A
Computer Program for Periodic Solution with/@7l

‘ORTRAN LV G LEVEL 19 MAIN DATE = 71952 21/52/5¢

S001 DIMENSION F{200)9G{2001,QU200) oFTL200) 4 ETLR200 ) FINFL20LUTDIFL200T,
LFINE{200) o TICL200) 4 PSTL200G) o V{ 2003 CAPGL200Y,SMALLGI2 03, VI(200]),
1QL(200) 50202001 ,Q3(200),CRIL2001.V2(200),V159(207)

READ{S,10) JOELTsITETARJVNB,S o VK3 BELUL,PONT Y INT. TN

10 FORMAT(314,6F10.5,F8.3)

READ(5,14) CCEF,0CVSN
14 FORMAT{2F10.5)
READ(5,500) (PSI{K3) K3=1,21)

nOoT 500 FORMAT{T7(2X.F8.0),10X)

noog WRITE(64,24T7) EN,COEF,DVSN

nnee 247 FORMAT(/30X36H EN = oF1C.448H COEF = (F10.4,5H DVSNh = F10.471
BioNRY WRITE(6 220V JDELTZITETA,JYNBsS o VK BF UL, PUNT

o011 20 FORMAT(10H DELTAS = ,14,9H TETAS = 214,54 VKIC) = ,14,5H L =

1F7.4415H FIRST VKI(C) = ,F9.4,8H BETA = 4FT.4,
16H UL = sFT7.4+5H B = ,F7.4)

B2 WRITE(6422)VINT

2013 22 FORMAT(15H DELTA VKI(D) = 4F9.4)

nol4 VKPP A=Y K

$015 CA=0.5%ALOG(ABS( (BE*%05+1.0) /(RE#%T.5-1.0)) )

no16  TAU=PCNT#*S/UL

2017 R=S/UL

ST PAI=2,141592

1019 RAT=((BE*%X0.5)%TAUI/(2.C*(CA+PATI*0,5))

0N20 AC=(RE*UL)/{2.2%5)

2021 BC={BE*UL)*1.044/5

1022 DC=(2.0%(BEX%0.5 )% (CA+PAT %045 )¥UL ) /(TAUK2 L 2%5)

(623 DLTSTR=TAU*CA/(CA+0.S5#PAT)

G024 WRITE(6423) AC,RBC,0C,DLTSTR

©025 23 FORMATILOX,5H A = 4F7.4,5H % = ,FT.4,5H D = oFTeh,10H ULTSTR = ,F7
1e4)

L026 WRITE(6+25) CA,TAU,R,RAT

2027 25 FORMAT(LIH K(BETA) = ,1PF12.4,7H TAU = ,1PT12.4,
18H L/UL = ,1PE12.64,7H RAT = , 1PF12.4)

N2 TETA=ITETA

1029 DTETA=1.0/TETA

6030 ITETP=ITETA+]

6031 DELT=JDELT

1032 COELT=R/DELT

9033 : JDELP=JDELT+1

0034 LAPPA=2

4035 LAST=1

5036 15 MARY=]

2037 VK INT=0 . 10%VK

1038 MINA=1

2039 LIRA=1

1040 LAMA=1

0041 MAMA=1

5042 MELA=1

0043 LUNA=ITETP

"4 4 26 DU 80C I=1,JVNR

0045 WRITE(6412) VK

D046 12 FORMAT(/1CH VK(D)I = ,F12.7)

0047 24 GO TO (27+11),MAMA

1048 27 T1=0.0

0049 KLV=1

5050 11 DO 700 K3=KLV,ITETP
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TORTRAN IV

1351
n0os2
1053
D054
G055
nnse
3057
058
2059
Qe
3061
2062
0063
0064
2065
D066
D067
4068
069
3070
o071
2072
3073
onT4
anTs
2076
2077
2078
079
2280
0081
D82
5083
O8R4
D85
t086
0087
BRoReE.
2089
G090
D091
aU32
nn9g3
L4
1095
1096
097
J098
nnN9g
2100
D01
102
21072
J104
3105
01906

LEVEL

13

284

286

1416

40

41

2073

b4

AT
EORFUN
o

243

42

251

50

40
70

86

90

19 MAIN DATE

DJ=0,.0

DO 620 K2=1,JCELP

GO TO {(284,28€),LAPPA
FRK=1,041,1%(VK-0.5%COEF)
GO TO 14156
FRK=1:.04+1.1*%{VK+05%PST{ITETP))
MAGGIC=1

MAGGIO=1

LAFIN=1

LIMBC=1

IF{DJ-GT.DLTSTR) GO TO 41
A=TI-FRK*DJ

KOv=1

GO TO 42

DIMLST=DJ-DLTSTR
IF(DUMDST.LTLDDELT) 60 TD o4
A=T[-FRK%*DJIMLST

MISA=1

KOv=2

LAFIN=2

GO TO 66

LIRSTK=K2

SECT=DJMDST
LASTK=LIRSTK-1
IFCLASTK.LT.2) GC TC 242
GO TO 243

WRITE(6,244)
FORMAT(2X,14F LASTK IS LT 3)
STOP

BERE=DJ

A=TI-FRK®=0OLTSTR

DJ=DLTSTR

GO TO (45,46), LAFIN
MAGGIO=2

GO TO 42

MAGGIC=3

LIMBC=2

G0 1O 42

D T TG
Bl o=y |
VDU e
[LI e = 2~

bt I

IF(D) 50,6C(,10C
IF{{A.GTo0:0) e ANDa(AelTalaC)) GO TO 115
ALFA=B

GO T4 30

IF(AY 70,80+90

AL FA=B

8=R4+1.0

GG TCQ 30

ALFA=0.0

B=TI

G 70 38

IF(ANE.1.0) G2 TN 98

—43~
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IRTRAN IV G LEVEL 19 MATIN DATE = 71253 2i/52/m

107 92 ALFA=0.0

108 B=T1

J109 GO TO 30

G110 98 ALFA=B-1l.0

7111 B=B~1,.0

2112 G 70 30

ni13 100 ALFA=8-1.0

114 GO TO 30

0115 110 ALFA=0.0

0116 E=TI-A

11T IFLE] 120,13C,14C

0118 120 B=TI

C1l¢ GO TO 30

012¢ 130 ANUL=1.0

o121 MONA=1

JL22 GO TO 600

123 140 B=TI

0124 30 DX=(B-A)/2C.2

0125 OOX=ABS(DX)

0126 X=4A

n127 DO 180 L=1,21

2128 CSI=X-ALFA

G129 GO TO {392+,393),LAPPA

2130 392 FUN=COEF®{2. 2% {CSI**EN)I-ENF{(CSI**2) )/ (EN-2.71)

0131 GO 10 29¢

2132 393 TITTI=0.0

0123 B0 334 IL=1,LUNA

2134 IF{IL.EQ.L1) GO TC 232

G135 ILM=1L-1

0136 TITTIM=TITTI-OTCTA

L0137 336 IF(CSICGELTITTI} GC T0O 332

~138 FUN=PSI(ILMI+{CSI-TITTIMIR(PST(IL)I-PSI(ILM))/DTETA

o139 GQ TO 290

0140 332 TITVI=TITTI+CYETA

2141 334 COMTINUE

0142 290 G0 TO(335,48), LIMBC

Cla3 335 FULIST Lo 040 5% (VKAFUND I¥{{(Be—1.0)%%2 1 (SINH{CA-{CA+C,5%DATY
LR{DIFFRE-{TI=-X) P /{FRKHATAY) ) Dok b4+ ( (YKHFUN) /UL PRF2) 535,25

0144 Ltova=1

0145 GO 70 52

D146 48 FILI=(1lo0+0, 5 (VKHFUNP IF(L(BE~T.0)**%2 )% {SINI(CA+Q. 3HPAT*{DJxFRK~-{
LTI-XI W/ (FRKFTAU) -CAY %4 )+ ( {VK4FUN ) /UL } %% 2} %% 0, 25

D147 Lova=2

0148 52 X=X+CX

0149 ' 184 CONTINUE

0150 NSEGAP=21

0151 190 CALL QSF{DCX.F.GyNSFGAP)

0152 IF{{EL«GE-D-N) «AND{ETsLL 1)} GO TO 4010

0152 GO TO (19%,5210,223,23C),IAC

0154 195 AINT=G(NSEGAP)

0155 200 ALFA=0Q,.0

1546 A=0.0

0157 B=1,0

0158 IAC=2

n1s5e GO TC 39

0160 210 PER=G{NSEGAP}

LY
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(RTRAN IV & LEVEL

0161
n1e62
3163
N164
0165
0166
0167
168
0169
N7
G171
niL72
0173
0174
n175
0176
ni77
0178
0179
0180
0181
2182
0183

0184
0185
0186
o187
¢188
0189

2190
0191
ni9z
193
0194
0195
(196
0197
0198
0199
0200
0201
n202
(1203
204
0205
4206
0207
0208
4209
021¢
0211

0212
213

220

225

230
400
231
350
351
500

43

16
252

245

299

223
226

254
47

256
609

19 MATIN DATE = 71053 LB

IF{EI.LT.0.0) GiJ TO 225

BINT=(BI-1.0)%PER

IAC=3

A=1.0

GO TO 92

ANUL=1.0-({CA#C.5*PAT ) /{FRK*TAUK(BEFXC,S5) I IH(AINTHEINTHGINSTGAR T
MONA=2

GO TC 500

PINT=ABS(BI)*PER

IAC=4

A=0,0

GO TO 30

60 7O 220

GO TO 231

ANUL=1.0-((CA+CS*PALY /{FRK*RTAUX(BEXX]LS) ) )XG{INSEGAP Y
MONA=3

GO TO {250,351),LAPPA

RUN=COEF (2 Q¥ { TI*XEN)-ENF(T] %2} )/ (EN-2.0)

GO TO 620

RUN=PST(K3)

GO TO (43,14,47)y MAGGIC

IF{DJ.GT.DLTISTR) GO TC 629

QLIKZ2)={ (({BE=-1.0)**2 )% ( SINH{CA~ (CA+u.b*PAI)*DJ/TQU§}**¢¢

TOOVKERUNDY /UL ) %2 ) %0, 25 )k ANU L

QISTR=Q1(K2}

IF((OJ-DLTSTK}EQ.0.C) GU TO 245

GO TO 209

CINTST=1.0-ANUL

ANUSTR=ANU1

STARZ =(({(BE-1.CI*:2 ) (SIN{{{CA+C.S%PALIRDI/TAUI-CA) ) F%4s
( {VK+RUNDI /UL ) *%2)%%0,25) &« ANUSTR

MISa=2.

CJ=BERE

IFICI{K2}.LT.C.C) GO TO 249

GO TOQ 609

JL=K2-1

IF{JL.EQ.1) GC TC 228

GO TO 227

G(JL)I=0.C

GO TO 226

IF{JL.EQ.2) GC TU 224

GO TO 223

JiM=JL~-1

GUILI=(QL{ILMI+CTI(ILII*DDELT*0.5

GO TC 226

CALL OSF(CCELT,Q1,G,4L)

DI =CJ-NDDELT

Z1=({D1)*Q1(K2}-DJ*+QL (I I /{Q1LIK2)-QL(JL ))

ATRIL=0.5%{Z1-D1)1*Q1(JL}

FT(K31=G{JLI+ATRI1

GO TO (361,3€31,LAPPA

ANU3=ANUL-CINTST

QZUKZ2Y={{L{(BE~1.O)¥k2) % (SIN{((CA+O.5%PAL)*DI/TAUI-CAY 1 %54 +

1 (OVKARUNP/ULYE¥2) %%(,25) %ANUS

IF(Q2{K2).LT.0.0) GC TC 610
IF{DJ.LT.OLTSTR) GO TG 250
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TORTRAN IV 6

N214
0215
N216
G217
n218
219
2220
nz221
0222
0223
(3224
0225
nN226
0227
D228
n22g
(0230
n231
0232
D233
234
5235
D23¢&
0237
0238
(239
D240
0241
0242
0243
0244
0245
246
n24T
0248
249
G2s¢
251
0282
0253
0254
0255
3256
0257
£258
£259
5260
nN261
0262
0263
0264
0265
5266
267
3268
0269

LEVEL

206
255
&20
623
624

610

237

221
236

234

55

&l

239

A3L
257
361
363
399

19 MAIN DATE = 71053 2175

IFIIDJGTDLTSTRIAND ADIMDSTLLTLODELTY) GU TO 27046
G TC 2590
IFIMISA.EQ.2) GO TC 203
DI=CJ+DDELT
CONTINUE
WRITE(6:624)
FORMAT(10X,29H NUl DOES NOT BECOME NEGATIVE)
STop
KK=K2-1
MILLA=1
IF(DJMDSTLLTLDDELTY GC TO 221 ,
[F{{DJMDST LT {2%DDELT}) AND. (DIMDST.GTLODELTY) 6O TO 237
GO 10 238
KK=K2-1
G{MILLA)=0.2
CALL QSF{DDELT+01+GsLASTK)
QLINT=G(LASTK)
GO TG 239
IFL{OIMDST LT {3%D0ELTI) JANDA{DIMDSTLGT (2%DDELTIYY G2 T0 241
GO TOU 55
Q2INT=(C2{LIRSTKI+C2(KK})*DDELT*0.5
CALL QSF{DDELT+Q1,G,LASTK)
Ol INT=G(LASTK)
GO TO 23¢9
Q2{KK}=STAR2
CALL QSF(CCELT,Q1+G,LASTK)
Q1INT=G{LASTK)
AREALI={QL(LASTK)I+ QLISTRIX{DDELT~-SECT)/ 2.0
DD=DLTSTR
I={{0CI*Q2(KZI-DJ*Q2(KK}I/(02(K2)-Q2{KK))
ATRI=0.5%{Z-CD)*G1STR
AREAZ=0.0
GIMILLAI=0.C
GO TC 631

MILLA=KK-LASTK

DO A1 NNL=1,MILLA

O3 (NNL)=Q2(LASTK+NKNL)

CALL CSF{DDELT,01,CG,LASTKY}

CYINT=G{LASTK}

CALL QSF(DEELT.Q3,G4MILLA)

Q2INT=G(MILLA)

AREAL=(QL1(LASTK}+ CQISTR)I*{CDELT-SFCT)/2."
AREAZ={(Q2(LIRSTK}+ STAR2)}*SECTI/2.0
UD=CJ-DDELT
Z={{DCY*Q2(K2)-DJI¥C2(KKI I/ (Q2 (K2} -Q2(KK}}
ATRI=N 5% {Z-T0)*Q2{KK)
FTIK3)=QLINT+C2INT+AREAL+AREAZ+ATR]

GO TO (261,3¢63),LAPPA
PST(K3)=COEF* {2 0% {TIHXEN)-EN®{TI*%2})/(FN-2.0])
GO TG (699+4899),LIRA

VIK3)=VK+PST (K3}

SMALLGIK3) =AC+BCRV (K3 J-DCH {1, 0+0.5%V{K3) }*¥FT(K3)
IF{K3.,EQ.1) GC TC 903

MAL =K3-1
CAPGIK3)={SMALLG(KR)+SMALLG(MAL) ) *DTETA/ 2. 0+CAPGIMAL Y}
CAPGUITETP)=0.0

-l




"TIRTRAN

0270
C271
0272
0273

L2274

3275

L0276

2277

. 0278
12279

0280
0281
0282
5283

D284

5285

10286

D287
~288

0289
0290
0291
G292

02973

294
295

L1296

297
(298
n299
0300
0301
3302
N303
0304
0305
3306
n307

5308

23¢9
2310
0311
0312

“0313

D314
0315
0316
0317
2318
2319
0320
0321

- 0322

0323
0324

Iv

e

LEVEL

903

an4
998

19 MATIN NDATE = 71053
GO TO 904

CAPG(K3)=0.0

GO TO 632

PRUD=SMALLGIK3}*SMALLGI{MAL)
IF{{K2.EQ.ITETP) s AND. {(MINALEQ.1)) GO TH 90D
IF{PRODLT.00) GO TO 831

60 TO 632

217527

831 ZFGO=TI-ABS({CTETA*SMALLG{K3) )} /{2BS(SMALLG(K3) ) +ARS{SMALLG{MAL

444

842

564

540

843

550

560

565

561

566

562

567

13}

STORM1=TI~-CTETA
ZATRI={ZFGOC—-STORML I SMALLG{MAL) /2.0
PATRI={TI-ZFCO}*SMALLG(K3)/2.D
QUAD=PATRI+ZATRI
CAPGI{KZ)=CAPC{MALI+QUAD
WRITE(6,444) CAPGIK3)
FORMAT(1X,8H CAPG = ;1PE16.6)
GO TO (B42,843+560,561,562,553),LA%A
CGST1=CAPGINMAL)I+ZATRI
IFGO1=2FGO

CAPGST=CGSTL

TISTAR=ZFGC1

WRITE(6,540) ZFGOL
FORMAT(LIX,9F ZFCOL = ;1PE16.H)
LAMA=2

GO TO 632
CGST2=CAPG(NAL)+ZATRI
LFGO2=2FGD

WRITEL6,550) ZFGC2
FORMAT(1X,9F ZFGN2 = 41PFl6.5)
LAMA=3

[FICGSTL.LT.CGST2) GO TC €32
CAPGST=(CGST2

TISTAR=ZFGCZ

GO TO 632

CGST3=CAPGIMAL)I+ZATRI

IFGO3=2FGC

LAMA=4

IFCCAPGST.CT.CGST3) 60 TO 565
GO TO 632

CAPGST=CGST3

TISTAR=ZFGC3

GG TO 632
CGST4=CAPGIMAL}+ZATRI
ZFGO4=7FGO

LAMA=5

IF(CAPGSTCT.CEST4) GC TO 566
GO TO 632

CAPGST=CGST4

TISTAR=ZFGO4

GO TO 632
CGSTHE=CAPGIMALI+ZATRI
LFGO5=1FGC

LAMA=6

IF{CAPCST.CT.CGSTS5) GO TD 567
GO TO 632

CAPGST=CGSTH
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FORTRAN

0325
032¢
0327
0328

{3329

03340
01331
n332
0333
(334
0335
N33¢
0337
n328
0339
0340
341
0342

(0343

10344

(1345
U346
0347

N348

0349

10350
0351
10352
:0352
30354
13355
10356
0357

358
1358
1360

i0361
111362

363
D364
3365
D366
0367

10368
(03648

2370

(3371
10372
NAT3

0374

(0375
1N374

377

‘0378

0379
0380

IV § LEVEL

563

568
699

632
700

283
9976
802

801

248
800
805
810

812

803
729

730

00
262
268
263
266
269
267

264
571

19 MATIN DATE = 71053

TISTAR=ZFGCH

GO TO 632

CGSTo=CAPGIMALI)+ZATRI
ZFGR6=ZFGO

IF{CAPGST.GT.CGSTH) GO TGO 3568
GO TO 632

CAPGST=CGSTS

TISTAR=ZFGC6

VIK3)=VK+PSI(K3)
SMALLG(K3)=AC+BLHVIK3)=DC*(1.0+0.5%VIK3) VXFT(K3)
TI=TI+DTETA

CONTINUE

CALL QSFI{DTETASMALLG,G,ITETP)
TIC(II=GUITETP)

WRITE(6,283) TIC(I)
FORMAT(20Xs7F TIC = 41PF16.6)
GO TO (802,8C3),MARY

IF{I.EQ.1} GC TO 8C1

IM=1I-1

TEST=TICCII*TIC(INM)
IF(TEST.LT.0.C) GO TG 845
VK=VK+VINT
IF{{I.EQel)} o ANDCATIC{I).GT.0.D)) GO TO 248
IF{I.EQ.JVNB) GG TO 248 '
GO TO 80¢Q

STOp

CONTINUE

GICL=TIC(IM)

GIC2=TIC{I}

X1=VK-VINT

X2=VYK
X={XI*GIC2-X2*GICL)/(GIC2-GIC1)}
VK=X

MARY=2

GO TO 26

WRITE{6,729)

FORMAT(50Xe8t MITETA))

WRITE (6,730) (FT{K3),K3=1,ITETP)
FORMAT(4T7X,1PE1E.6)

LIRA=2

MAMA=1

GO TO 26

IF{LAMALEQ.1) GO TC 262
IF{LAMA.EQ.2) GG TO 263

GO 1O 264

WRITE(A,268)

FURMAT(/20X+26H SMALLG(K3) DDES NOT CROSS)
STOP

IF(CGST1.GT.L.0) GG TC 26¢

GO TG 267

WRITE(6,269)

FORMAT (/20X ,42H SMALLGIK3) CROSSES ONCE BUT CGST1 CT ZFRQO)

CAPGST=CGST1
TISTAR=ZFGO1
WRITE(69571) CAPCST,TISTAR

FORMAT(2Xs1CF CADPGST = 41PT16.6,10H TISTAR = 41PF1l6.6)

—48~
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TORTRAN IV G LEVEL

;0381 921
0382
nN383 922
03284
10385 923
0386
10387 924
0388
0389 97C
0390
391
3392
10393
‘0394
03985 Q27
0396
0397 928
3938
10399
L0400 ‘
0401 292
L0402
‘0403
0404
0405
0406 929

0407
0408 931
0609
0410
n411
0412 293
‘0413
0414
D415 380
'0416
0417
2418
(0419 3501
T0420
10421 390
N&22
D423 385
N424
i 425
10426
(5427 - 359
10428

19 MAIN DATE = 710%3

IF{CAPGST.LTL0.0) GG TQ 923
WRITE(6,922)

FORMAT(//50X 254 G(TETA STAR) IS POSITIVE)
STGP

VAVRG=VK~{—-{2.0%CAPGST )} )**0.5
WRITE(6,524) VAVRG

FORMAT{1X,8H V(M) = ,1PEL1&.H)
WRITE(6,970) TI

FORMAT{1IX,6H TI = ;F7.4)

THI=0.0

DO 931 LL=1,ITETP
UNO=[VK-VAVRG) *%2+2 ,0%CAPGI(LL)
IF{UNG.GE.D.C) GC TO 328

WRITE(&,927)

FORMAT(/20X,22H VI{TETA} IS IMAGINARY}
sTop

IF(THI.LT.TISTAR) VI(LLI=VAVRGHUNO**C,.5
IF{THI.GT.TISTAR)} V1(LL)}=VAVRG-UND**0,5
IF(LAST.EQ.1} G TC 292
DIF{LL)=ABS(V2{LL)-VLILL))
CRI{LL)=V1I(LL)-VK
PSTILLI=(CRI(LLI+PSI{LL)}/2.0
va{LLi=vi(ete

VISQULLY=VI{LLI*VLI(LL)

WRITE(6,929) VI(LL) oLL,CRI(LL)
FORMAT({1IX312H VI{TETA) = ,1PEL16.6492Xe6H K3 = 414,

13X,12H PSII(K3} = ,1PFEl14.6}

THI=THI+DTETA

CONTINUE

IF (LAST.EQ.1) GG TC 385

00 380 NN=1,ITETP,5
WRITE(65293) DIF(NN)
FORMAT(//10X,7TH DIF = 1PE16.6)
IFIDIFINN)LT.C. 0010} GC TO 380
GO TO 385

CONTINUE

CALL QSF{DTETA,V1ISCsGLITETP)
ENERGY=G(ITETP)

WRITE(6,3901) ENERGY
FORMAT(50X,1CH ENERGY = ,1PE16.4)
WRITE(6,390)
FORMAT(/////50X,17H BRAVC GIOVANNINO)
GO TO 399

LAPPA=2

LAST=2

VK=VKAPPA

GO TOQ 135

STOP

END

—4.9-
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APPENDIX B

Program Outline For Transient Solutions

The nonlinear integro-differential Eq.(29), after
the formal simplifications seen in Section 3,1, will read as

follows:

(9 s
- A, Bu(st I»ﬁ d ] ok EAs
(6:t) - D]t (5.8) « XM 2E (1)

Let us call again:
A+ Bv(et) *D[M_"L(Eﬂ] M{et) .—.ﬁ(e,i:jg
Z

thus, (I) becomes:

’bU ya 3(}'—
lJ——-L)—’ — 2 et
( ) ? 6 éylf Y+4 2 & (1)

The easiest way to think of a solution for this nonlinear partial
integro-differential eguation (any other method such as the method
of characteristics, is made very hard by the unknown behavior of
the rather complicated form of ?(e,t) ) is to write Eq. II as
follows:

Av” 2 AU
UV L8Y - Av
() ze /7 Y+4 oF (1171)

For a given solution of the wave equation at t = to and for some
given & t, we are able to find at t=td+At: a new wave solution

as long as we regard the equation dependent on € only.
To give now an expression for A t let us consider:
9:«})&_5

The shock velocity is given by: d’ﬁ/db = 7ﬁ or, considering
finite increments, by aY/ak ‘F . For a period , ave-

&
then: ok - V} where .$=4+ EL— VUl - With these elements

it is easy to work with the 1teration procedure as it has been

-50-




done in the case of periodic solutions.

I+ must be understood that great care has to be taken
in defiming“ﬁuzat in that portion of the transverse velocity
distribution which experiences the steepest slope (i.e., for
early values of © ). It should be wise to take values of 4@
as small as possible to approach a smooth Vo distribution
along the period from 0 to 1.
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Grrd

Typical shock-type transverse
pressure distribution
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Up < Uy
0.3
0.2
y:
B = un/u! 0.8
Un= Steady-state gas velocity
at nozzle entrance
ug = Axial droplets velocity (= 0.1)
T = Characteristic droplet lifetime
' p,(8) = Transverse pressure distribution
p.(6)
Y
0.1
0 ] l | | I | |
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Figure 2
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0.3

0.2

pL6)

0.1

Typical shock-type transverse
pressure distribution
-ﬁn > Ug

U, = Steady-state gas velocity

at nozzle entrance
u, = Axial droplets velocity (=0.1)
v = Characteristic droplet lifetime
p(6)=Transverse pressure

distribution

y=12
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0.3

0.2

P()

0.l

Typical shock-type transverse
pressure distribution
L & u,=constant

T varying

£ = Combustion chamber length=0.3

U, = Steady-state gas velocity
at nozzle entrance

u,= Axial droplets velocity (=0.)
r =24 - Characteristic droplet
lifetime

p(6)=Transverse pressure

distribution

b= Station in the combustion

chamber where droplets

vanish

-55- Figure 4




m&\m.@ z 1

Figure 5

3wiia}l| 211S14840D4DYId siajdoiq =1
3ADM YOOys a3y
UM pajploosso Abiaua |pjo] =)

(yibua| saquipyd
uolsnqwod) ¢°0 ={

i

(D—.C\l
OO —
H
m;x

S
I3 _se-

o

|
0

8P ,(4/d)

n > :u
owy4e}! 48]doJp snsieA ABiaua ¥o0ys

/L

6z/

J

Y 247

n.o_xm




Fn/pq= 2 swyayl 214sia340040Yyd siaidosq

Figure 6

y4bua| Jaquipyd uolsnqwo)

ipaddosip siajdoip alsaym
Jaqupyd uolsSNQWod 3y} Ul uoyDLS

%08 0
%00!=q N
0// v /
~ AN
/ /
olo=¥n = T,
_._ = Q //

<
/

3
-57-

apzA

Bulkipa Y ‘*n<Yn yjim awijayl| }9|dolp snsiaA
¢2¢A1111qDISUI UOIISNQUWIOD BPOW 3sJansupi} Ul ABiau3

L

4 Y L5

-OIx8




Figure 7

Tn, §G = 1 awiajl] 214S148}0040Yd siajdoiQg
€ 4 G0 O
14
_ _ _
yibua| Jaquioyd uolsnquo)d =§
ipaddpsip syajdolp aseym 21'0="¥n \ —1s
Jaquipyd uolisNquiod 3y} ul uolDisS =q
™
\ o
—9
\ a
/ @©
01’0 = ¥n
s P2
¢0={
I'l=g
¢ OIx8

BuiA4pA "n‘4upysuod g pup y yiim awija}l| §8)dosp sSnsIaA
9 “A411qDysul uoysNqWod apow asJaAsupld) ul ABisul

4 .19

_58_




1972 DISTRIBUTION LIST

Dr. R.J. Priem MS 500-209
NASA Lewis Research Center
21000 Brookpark Road
Cleveland, Ohio 44135 (2)
Marcus F. Heidmann

NASA Lewis Research Center
21000 Brookpark Road
Cleveland, Ohio 44135

Norman T. Musial

NASA Lewis Research Center
21000 Brookpark Road
Cleveland, Ohio 44135

Library

NASA Lewis Research Center
21000 Brookpark Road
Cleveland, Ohio 44135 (2)

Report Control Office

NASA Lewis Research Center
21000 Brookpark Road
Cleveland, Ohio 44135

E.W. Conrad MS 500-204
NASA Lewls Research Center
21000 Brookpark Road
Cleveland, Ohio 44135

L. Gordon MS 500-209
NASA Lewis Research Center
21000 Brookpark Road
Cleveland, Ohio 44135

NASA Representative

NASA Scientific and Technical
Information Facility

P.O. Box 33

College Park, Maryland 20740
(2 copies with Document
Release Authorization Form)

R.S. Levine MS 213

NASA

Langley Research Center

Hampton, Virginia 23365

R.J. Richmond SNE-ASTN-PP
NASA George C. Marshall Space
Flight Center

Huntsville, Alabama 35812

-59-

J. G. Thibadaux

"NASA Manned Spacecraft Center

Houston, Texas 77058
R.R. Weiss
AFRPL
Edwards, California 93523
National Technical Informaticn
Service
Springfield, Virginia 22151 (40)
J. H. Rupe
Jet Propulsion Laboratory
California Institute of
Technology
4800 0ak Grove Drive

Pasadena, California 91103

F.E. Culick

California Institute of
Technology

Pasadena, California 91109

R. Edse

Ohio State University

Dept. of Aeronautical and
Astronautical Engineering

Columbus, Ohio 43210

G.M. Faeth

The Pennsylvania State University
Mechanical Engineering Dept.

207 Mechanical Engineering Blvd.
University Park, Pa. 16802

M. Gerstein

Dept. of Mechanical Engineering
University of Southern California
University Park

L.os Angeles, California 90007
C.E. Mitchell

Colorado State University
Mechanical Engineering Dept.
Fort Collins, Colorado 80521

P.S. Myers

University of Wisconsin
Mechanical Engineering Department
1513 University Avenue

Madison, Wisconsin 53706




J. A. Nicholls
University of Michigan
Aerospace Engineering
Ann Arbor, Michigan 48104
J. C. O'Hara

Tulane University

Department of Mechanical Engineering

New Orleans, La. 70118

A.K. QOppenheim

University of California

Department of Aeronautical
Sciences

6161 Etcheverry Hall

Berkeley, California 94720

K. Ragland

University of Wisconsin

Mechanical Engineering Department

Madison, Wisconsin 53705

A.A. Ranger

Purdue University

School of aeronautics,
Astronautics and Engr. Sciences

Lafayette, Indiana 47907

F.H. Reardon

Sacramento State College
School of Engineering
6000 J. Street
Sacramento, California 95819
B.A. Reese

Purdue University

School of Mechanical Engineering
Lafayette, Indiana 47907

R.F. Sawyer

University of California

Mechanical Engineering,
Thermal Systems

Berkeley, California 94720

R.A. Strehlow

University of Illinois

Aeronautics/Astronautic
Engineering Department

Transportation Bldg., Rm. 101

Urbana, Illinois 61801

T.P. Torda

Illinois Institute of Technology
Room 200 M.H.

3300 s. Federal Street

Chicago, Illinois 60616 60

W.E. Strahle
Aerospace School
Georgia Institute of Technology

Atlanta, Georgia 30332

T.Y. Toong

Massachusetts Institute of
Technology

Department of Mechanical Engr.
Cambridge, Massachusetts 02139

F.A. Williams

University of California
Aerospace Engineering Dept.
P.0O. Box 109

La Jolla, California 92037
B.T. zZinn

Georgia Institute of Technology
Aerospace School
Atlanta, Georgia 30332
P.F. Winternitz

New York University
University Heights

New York, New York

Library

Stanford Research Institute
333 Ravenswood Avenue
Menlo Park, California 94025

R. Goulard

Purdue University

School of Mechanical Engineering
Lafayette, Indiana 47907

Marshall Industries
Dynamic Science Division
2400 Michelson Drive
Irvine, California
Attn: L. Zung

92664

T.W. Christian

Johns Hopkins University/APL

Chemical Propulsion Information
Agency

8621 Georgia Avenue

Silver Spring, Maryland 20910
0.W. Dykema

Aerospace Corporation

P.0. Box 95085

Los Angeles, California 90045



Library

Director (Code 6180)

U. 8. Naval Research Laboratory
Washington, D.C. 20390

TISIA

Defense Documentation Center

Cameron Station

Building 5

5010 Duke Street

Alexandria, Virginia 22314

Office of Asst. Director

Chemical Technology

Office of the Director of Defense
Research and Engineering

Washington, D.C. 20310

D.E. Mock
Advanced Research Projects Agency
Washington, D.C. 20525

H.K. Doetsch

Arnold Engineering Development
Center

Air Force Systems Command

Tullahoma, Tennessee 37389

I. Forsten
Picatinny Arsenal
Dover, New Jersey 07801

Naval Underwater Systems Center
Energy Conversion Department
Attn: R.S. Lazar

Code TB 131

Newport, Rhode Island 02840

V. Agosta

Brooklyn Polytechnic Institute
Long Island Graduate Center
Route 110 '
Farmingdale, New York 11735

R.M. Clayton

Jet Propulsion Laboratory
California Institute of Technology
4800 Oak Grove Drive
Pasadena, California 91103
E.K. Dabora

University of Connecticut
Aerospace Department

Storrs, Connecticut 06268

-61-

T.F. Perger
Bell Aerospace Co.
P.0. Box 1
Mail Zone J-81
Buffalo, New York 14205
Technical Information Dept.
Aeronutronic Division of

- Philco Ford Corporation
Newport Beach, California

D. Suichu

General Electric Company
Flight Propulsion Lab. Dept.
Cincinnati, Ohic 45215

Library

Ling-Temco-Vought Corporation
P. 0. Box 5907
Dallas, Texas 75222
Margquardt Corporation
16555 saticoy Street
Box 2013 - South Annex
Van Nuys, California 91409
Library-Susquehanna Corp.
Atlantic Research Division
Shirley Highway & Edsall Road
Alexandria, Virginia 23314

David Altman

United Aircraft Corporation
United Technology Center

P. 0. Box 358
Sunnyvale, California 94088
Report Library

Room 6A

Battelle Memorial Institute
505 King Avenue
Columbus, Ohio 43201
Dipl-Ing. Hans G. Ruppik
DEVLR Institut fur Chemische
Raketenantriebe

7101 Lampoldshausen/Wurtt
Germany

J. B. Large

Institute of Sound and Vibration

Research
University of South Hampton
England

92663



Library = Documents

Aerospace Corporation

2400 E. EL1 Segundo Blvd.

Los Angeles, California 90045

G.W. Elverum

TRW Systems

One Space Park

Redondo Beach, California 90278

STL Tech. Library

Document Acquisitions

TRW Systems Group

One Space Park

Redondo Beach, California 90278

G.D. Garrison

Pratt and Whitney Aircraft

Florida Research and Development
Center

P.C. Box 710

West Palm Beach, Florida 33402

Library

United Aircraft Corporation

Pratt and Whitney Division

Florida Research & Development Center

P. 0. Box 710

West Palm Beach, Florida 33402

J.M. McBride

Aerojet~CGeneral Corporation

P. O. Box 15847

Sacramento, California 95809

R. Stiff

Propulsion Division

Aerojet-General Corporation

P. O. Box 15847

Sacramento, California 95803

J.A. Nestlerode

AC46 D/596~121

North American Rockwell Corp.

Rosketdyne Division

6633 Canoga Avenue

Canoga Park, California 91304

T.A. Coultas D991-350

North American Rockwell Corp.

Rocketdyne Division

Zone 11

6633 Canoga Avenue

Canoga Park, California 91304

-62-

L. M. Wood

Bell Aerospace Company

P. 0. Box 1

Mail Zone J-81

Buffalo, New York 14205

Library

Air Force Rocket Propulsion
Laboratory (RPM)

Edwards, California 93523

R.W. Haffner

Air Force Office of Scientific
Research

1400 wilson Blvd.

Arlington, Virginia 22209

K. Scheller

ARL (ARC)

Wright-Patterson AFB

Dayton, Ohioc 45433

Air Force Aero Propulsion
Laboratory

Attn: APTC Lt. M. Johnson

Wright Patterson AFB

Dayton, Ohio 45433

J.R. Osborn

Army Ballistics Laboratories
Aberdeen Proving Ground
Maryland 21005

D. H. Dahlene

Attn: AMSMI-RK

U.S. Army Missile Command
Redstone Arsenal

Alabama 35808

T. Inouye

Code 45831

U.S. Naval Weapons Center
China Lake, California 93555

R.D. Jackel 473

Office of Naval Research
Navy Department
Washington, D.C. 20360
Library

Bureau of Naval Weapons
Department of the Navy
Washington, D.C.



A.P. Chervinsky

Dept. of Aeronautical Engineering
Technion Israel Institute of Technology
Haifa, Israel

J.S. T'ien

School of Engineering

Division of Fluid, Thermal and
Aerospace Sciences

Case Western Reserve University

Cleveland, Ohio 44106

-63 -






