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LANGMUIR PROBE THEORY AND THE PROBLEM

OF AMISOTROP1C COLLECTION
by A. Kyrala* +

Introduction
The objective of this study is to contribute to a more

general understanding of Langmuir probe theory by going beyond

the arguments tied to particular coordinate systems in sofar as possible.

In particular it is desired
to clearly delinecate the role of initial velocities in the prob-

lem and‘to characterize the interaction between the velocity
flow field and the electrostatic potential field bhoth of which
enter into the detcrminagion of_partiéie trajectories,

The probe will be supposed to be negativcly charged through-
out and the ensuing rcgion of positive space charge about it
differs fundamentally from the plasma region beyond in the sense
that the former represents a region in which deterministic
trajectories dominate while the latter is a region dominated by
statistical intecractions largely controlled by the collisionless

P o '
stationary Boltzmann (Vlasov) equation,

In the present study a general solution of this Boltzmann
cquatién will be given and its relationship to the problem of
saturation current density in 3D will be elucidated.

This work has been particularly associated with the vacuum
chamber experiments conducted by B. Melntyre at the JSC environ-
mental testing laboratorv. Since those experiments have.concén-
trated on a,pfobovgcomntry'involvjng a probe in the form q{ a

*Physics Dept./Arixona State Univ./Tempe 85281/AZ

+This work has been supnorted by a NASA-ASLE fellowship at
Johnson Space Center/llouston/TX 77058
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1long strip of constant width detailed specific calculations have

been required for this case. To this end solutions suitable for
this geometry have been studiced and a report of these approaches
is included in the present work,

Finally the physical picthre of the problem of current
collect}on and current "focussing' (anisotropic collection) is
discussed,

Langmuir Probe Theory

Most treatments of this subject have emphasized differcntial
equation approaches, Streamlined versioné‘of these arguments
will be initially given but it will be found that integral
versions uéing the dintegral form of the mean value theorem offer
more: physical insight while cutting through the mathematical
verbiage usually cucountered, Thus the physical rvsglts may be
expressed as averaging theorems which reduce to the classical
results if the initial velocities are zero,

1t should-hc clearly recognized that by including an initial
velocity (see eq. (6)) in the problem we have opened the poss-
ibility of two extreme situations in whiéh the value Ef the vel-
ocity magnitude.at any point in the space charge region may be
dominated ﬁyAthe c]eétrostatic potential field or by the initial
velocity depending upon the sﬁze of the latter.

Plane Probe
For a plane probe (which is a wall) which is negative with

respect to an adjeining quasineutral plasma electrous will be
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removed from a layer next to the probe because of their preater
mobility than the positive ions. This leads to the development
of a dark space containing positive lons and this space of thick-

ness of the order of the Debye shiclding length

C/\_;" {‘. a )
(Vé=thgxma] velocity,cop = plasma angular {requency) is a region
over vwhich the approximate charpge neutralitv of the plasma does not
obtain. 1t is here supposéd that this region is sharply delinoated
by a well-defined surface separating the repion of charpe neutrality
from that of positive charge} This is an idealization. The above
argument is based on Lhc assunption that there is no net flow van
ocity of the plasma with respect to the probe, The effects of such
“a net flow velocity vill be shortly considered,
To determine the voltage as a function of position in the region
s . , .
of positive space charge one proceeds from the Peisson equation

s

in l-dimensional form

! u -

= ”ﬁ/(’: (2)
whcrc(% is the'potential,}>30 is the space charge density and & is
the permittivity -assumed constant. The current density J is
given by

J = pv 3

where v is the mﬁgnitude of thg'velocity of positive ions dirccted

from the plasma toward the probe and J has the same direction. The

energy of an ion is

T AN

S , :?-’c ‘ ?a
[z = XL\ i @,({) = TNVp L @ CP
. | (4)
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where the subscript p refers to the value at the surface sep-
arating the quasineutral plasma from the region of positive
-charge deunsity,

Substitution fnifp in the Poisson cquation then yields

N O
Cjﬁ g . f\{\f‘“’:w :(‘C‘.P 40) (5)

vhere J is uudv1stood to be positive in the direction toward

B L s XY r.vwro-mo!

the probe, By the substitution

o ) = v ™

P ._‘ ".. s 'i. [ ]

r":.” v12 4 S an r’( e -s"u ; ven % (6)
Y P

the Poisson cquation then becones

H -
LE»} m u.-.-..-rm \.J //\( (7)

For constant J one may write k=4ecld/m and integrate this

subjectl to the condition that the field be continuous at

xp=d the p]asma/spaée—chargo interface so thatk%g =0
- 1
(‘(‘ }/(" mu.xva
Lo s mlid i
g AL (8)
Lncwe

This may be written in the forum (taking the negative squave

root becauseliﬁ“:ca )

,:m\mszlfi

3
""'\:)?’-"*2 - “’""/ V 621‘?:3 )]
i. 2 %

which may be immediately intergrated to y§c1d ( since L%’ 2() at

x=d)

3/
f{; "SU e (d - }i.') f.) 2;?.1 (10)
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which at »=0 on the probe gives

; S )
%/;’f i I i "/‘{‘2’

ﬁﬂ‘u ' . y -
c% wery “5::”“,::, kz'} ) I, {:‘:ﬁ b n" )‘:V ﬂmn-.z “‘.‘, (),JO'} } (11 )
-~y oy 0 2 : ' e

which for Vp=0 is recognized as the 3/4 Law of Langmuir

theory. This may also be expressed by squaring as

; 3/ / o
T e ™ N e
T = ...( ) Wb ol .

4. Spherical Probe

The Toisson equation is

1 o - , ) : A (e
Lo (v )= )L 20 T

St (13)

Y ¥ a4 i

a.

or ) . ) v
£ ) € L g L '1

[uv—_ I '-\'g ' '}‘p“ (.gv)
T
L (14)
n ¢
Here A”Ty¢'fgﬂconstant S0
’ I ..nm.-u«nml’
C\" i ) s p,,_u...wm.w;:;;- AL (15)
m"&‘fi‘ 13 !\l
- £
Repl{lClnf‘{Tmﬁi by its average @I'V- sfor ‘Y’"G < & t{z) =
one has approximately
L grTa. N
4 \%§ ot C?a l meavensn oo
e & N
: (‘}.fh ({*}) ‘;:hr.l (rx:':m""‘"‘ veania é{' ;;b Lt ) (']6)

‘?Y' ’(i:}( Ch'» " ( 3

which is similar to the plane probe casc. This approximate
relation - can be made exact by using the integral form of the

5 $ : -
w o g _
mean value theorem to replace{it’ﬂghy fi¥' Eii with <§;
€ . F
J
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an appropriate constant.

Hencc,

%Q%
_m.., )

o ‘ ‘»'

with C: 1, s
J 2 L
3 t i
)":. :-':3 Lol e A ! -v.,\v' F’-(;ﬁ

‘C“‘.ﬂfj m

UVALITY

o

4 &a"Y ):\rlir

3

2 T
{;,. (AL

[ gt S e o e N
R

s S

ey bertw A D

At r=Y this becomes
Ry
(fi\‘kﬂ ( l f - ) ’ f’ﬁzm{*_.w‘f‘:
: o ] N
A2 g } (X <o ¢ AR
w(;.ia \) o ‘{ o gl (&,‘, /.v*_. 2’ (ot
e
oY squaring
2/
) ? cae? c; . P
» - £Y | A
T = 5w [ 4 2
b Lo L el . - n-::.!--..-: i 1
(.\? "} o ():m..:m.;':?l
("3“ i t axn

oY

: ¢ N
z, L QWS
e ‘2" (; i) { I .

which. exhibit the fact that
; <
increased by the factor (1/ {;4).
Cylindrical Probe

The Poisson equation is

y |

£y ‘ ey ”Eg
‘}ﬂ .‘ ( ! } 0) ;.{,\ /;: Lz *
”""‘ Aprent ) s le m DL
‘“4 (‘\nnz ¢ \
or with ?Arhd =l=constant
(’DE- m’-ﬁ’ﬂwla
. Y& — t..;,r LI tfg
[ i VEPRUEIRE a2 ‘.’ \‘. ‘-".

G AA ’1

o Timin s 25
g R

C‘i (=
3

(17)

(18)

(19)

(20)

(21

the effective arca of the probe is

(23)
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Then

e f
! e T U
wan i AQ 2)
The integral mean value theorem then impiies that there exists
a constant (‘_'nq such that {Y’ :2‘(\\71110.11. vould yield an approximation

&

when replacing r on the right side) may be 1oplaLed by T, /
,J PN

witl -

o 18, 2,/ hed)

to ylcld the relation

(\"‘L }) e P . Lf;”a (25)

'1'3!
with C‘T_
D >
fo e Smbone Yo, (26)
.“4 rnN (:: I t/-
((f’”‘ LT v
so that “r
UA SN N
wﬂ.m«- o S i N n'z':';oz o m‘n,;.t 27
W A2 T me g A0S
N PR
r Y
vhere e
o o
Wa e e—f’::v S - = (28)
l"""ii,, [ ‘ ‘-\(2 \}‘l“’; : @
oF
and ¢
" ? %
1= B 2 Srd)
4
then
w0 & . -
2 Cls Voo s REFT (29)
Uxéﬁ" ’ ¢ - !"% (] f,a.“
m; &g; o TR G p A
»”s.
and

L= % any TG h ¢ s 1l 272, 30)
g \e ""g"‘:;‘*g'-:s:‘ e
- 2 s o
J3
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6. Probe of -Arbit:rary Shape
Starting from the Poisson equation 87}0 for ions)
& C‘J &= w‘f’/(: : (31)
mult'iplicatlon by the velocity v of the ions yi€lds
oo
¥ A m =2 m':f/@} (32)
vhere 3_13 the clecui(’.al current density. Since 3[]?
this implies P
\ A},fgb = -J /G (33)
substituting
L.%J ph \/9 ““.ﬁ’,l‘.l:.«[CU = (‘f-lj (34)
.‘where -vp 1s velocity at sheath boundary and Cf.-‘)q electro~

static potential ,there one has

S
&‘L{‘) = “?"':‘\':“ £ ¢ ;‘ (35)

(3"‘1 35
so that 2 . .
. . A U sl
VY & L{) S J /\’ L{J £y K!o’ (36)

Integrating over a volume bounded by the sheath boundary,

. oxn - .
the probe surfaceé and the surface along which W\ @ RY; («-}’ = O

x
R

: 1R
orie has

o . e, Yo
t?m Q:”m . Qf; w} ::;,3 V i j‘ /\I (.f_v} /;}‘ {!j g‘% ‘H[
v G v b 3

Using the integral form of the mean value theorem there exists

(37)

2
a constant (,, such that

4‘ ,
x“e ] SUPA
;;‘;;"é‘ - ew "\r‘ m- n ( [\ (] t"tl"\) ["\’al“ (-n (33)

From the Gauss dlvergence theoremcthls may be written

?« 7, f‘m, ) (-"A f’ ‘.) fj o~ (39)
WG jbﬁ \ o C/\Fz’ Crin J) <l 6!3

(’ﬂm!;‘@: V = Voluae 3 v V’@l@ﬁ;»{ﬂj)
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me Fraak DUl
. ~p
+ For a thn pOGJt]VG charge 1ayer with v =0 so thqt ,
ﬁ" Q P '::
and ‘*“") L‘J “if there is nol too much spice charge L P (f
Prracs ™ 0
Hence
< . e ‘ . q [ﬂ'mﬂﬂﬂe Er ) '
a,%...\":m << J. ::,V,, S P N ‘-f} - f‘i‘f‘.?? ,fi?@ 41y
p) l *i, P, -~ & et ] we S
w G o Y

or /p
< 3.1;:}; "\\" r““iﬂ C 0»‘- Car

ME n Wi ge
(f?" 2 I( o

which then corresponds to the 3/4 law

TRsBe MU e DY, o (,4
R P sy
a & (v € o s /
e v I ~m¢o-ﬂ ; O (‘3)

2’&@ b; - me“”

so that the general case includes the usuval 1cqu]t by °pc01<11—

ization,

For v "{!) = () Lhm«. is an alternative derivation for
P 3 g
‘ ..d -

the 3/4 lav by averaging with respect loq}and U’ . Thus
28, T A[ k
q,t/z. (;’ (‘ )

multiplying by (;{ b th]«: can be written

%0 fJ c fl oz tjp cc&(( j‘") @)

5% C f9

In terms of the averages (in the region between the probe and -

the plasma)

q;
IQT}:P — A .:]m i [} /( (,J
| &)
<A U "‘/a. = L\.LL’ G (“b ) 'L@ 47
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Y
G | 2. 4 A {' .
: X ] ‘ o L en
4 e e m»w;;a L,} €. ,;’1\0 ! ¢"‘:~,.f§ b i
3
or ln terms of charpe donmtv Lﬂ‘jo
< T* o I o IS :

' :;y vaiva ot - e )

I T ufm {b 0 LS N’U) ef/?-/(}«’a (49)
W
2 fer
L f\{ ("’ IJ (} / Cred c
G, [T (2—« £2) (‘,-» - : (JO)
STy & 28 Pa
3 £on [N Q" 3 d i g
RS
SO that

~
g’éf‘“" Eoo .
Ll ” (51)
1%
< T e, o2 B \
paXw ] ;_m::;ﬂ {¢ Bl P Q
wr? 2
(\'V & .
where (,_,,,{35; an approprintc constant
3
7. Charge-Trec Field of Infinite Strip

o
K
The field of an infinite strip maintained at constant
. p" . 4 . . . .
potential  wse= Wy s most readily determined in clliptic
¢ - : ‘%__
cylinder coovdinates. These are defined by
Ao O cotly ag el

e h,.’ (52
<
ﬁ LR ?«vv%g% Ep G ’wﬂ- SE

in which elimination cf{‘!):.'ields the elliptic cylinders for
“T‘z o5 constant

c N g L ™ o
wm'rc:mrwom ) (1"“ G':B"' “.:mmnﬂ'ku"a j m (.‘t; (53)
& Coshy ¢ Coamds 614

while elimination of‘t'xc]ds the hyperholic cvlinders for

LE} = constant

. Bn
OB A ST R PRI 3100 wero p— I,/ imr e o:r-’; ‘7 ( 5 4 )
G st {' <. (”;Vm U ' :
. x, 83 -
Corresponding to {y~(), xeBe &.Jg (}J fﬁ (:}
Corresponding to {y=0, >:4o—c}"is ll) & “?E,"‘

i
Corresponding to ?’A—O v 02 is Ll) e T‘y")

Gan

<«

. I ' 1 . oL .- _.L,. .

= (Q%}Q w C’,):) “fe -2 OV (“mﬁ ¥ &Lf f"kt&% D ‘ 0o
Coanl g d e ""'"\ }m«sc L ota
(;;:\'_,, ,.“-m o ot

A ‘.:l"“" a.k} )

Skt G iecintt » o g T O R et

T e e b e v we e

R N e T

o g ey s apeesm -

poe
Vot
e
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Corresponding totgxr-'(), y(’iﬂ}is, ti") L2 B9 o

Pty Lanry

-1
Corresponding to «gy'ﬁf), fxl‘.n‘.jis s'L b
The arc length ds in this coordinate systom' is
4 L £ 2
. -_t' ('?J N A( . ’f Corvw 'J.‘_“ (r.} ‘u;df uroj
Gis T R g Ca 4."2 D B (55) |
Ao 3‘2_. ot _f’_ T‘,v‘ o (?;;;;‘.'{"
with /““ o "'((J\(‘u\a ‘:'}""‘\J)u h»:) & (e twih z? T it Y
The gradient is given by
AR AT ULt ) . .
. ; '
£ S k ‘:: e f"'an’ ?“ A"(A f()
ANwes = &, O 6 oty Gy § (%6)
4 g 7 e“i i {
The dwm_pvnu is given by

f\(}”?'w.s) - ?(,\ )> "@?(PCHMU!) (57)

The Laplacian is given by

@ ! o0 )
A Cwe g A \ P } Sy f oy 58
/ % é:.}:, Gl & G, @ o &U ) (.-53 (58)
The magnitude of the curl dis given by
st ey m ey
ey B ! T
/\ Vv L': PSR ,Q’\f u} e “,}) \H.,r :)(‘5‘))
e ea
The unit vectms{‘,& andif are in the directions of Jncrc‘asnno
11 (‘:’ -
"1:’{ anm[‘ respectively,

ku C’l

&
: ~ et a3 ‘\
m "’ et (;;‘Cs‘ ‘-"‘vl e q cs}:‘.:} { f-) N (x! Y(:: g (rv S-’,“,"(b t.;-) }
eﬁ'} [ l t ¢
(60)
:x:‘ . ~ () A ’ (? ﬂ -
(A cz)‘& b:\..'nCw' Qf & o } r, \."A(h t 33 ‘I,&.: ? C (I{J )

The eccentr 1c11y of any particular cllipse given by a special

value of‘{’l’is

224

£ o Sach "zz (61)

while the oblateness is tanh¥}. The semi-major axis a and

the semi-minor axis b are clearly read from (53)
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a

¢ cosh ’F’L

¢ sinh f’is?, " (62)

it

b

In these coordinntos the solution of lLaplace's equation

-

reducing to ZCYOvU“*Z“" and to - QQ on}Z‘,(*behomcs trival,

:AL(‘

Since there is no({dopondonco Lap?ace s equation is
d,\ c';s = O (63)
with solution
C'D g /\s"lz e T3 (64)
whence the boundary condltinns vield

[ s .

G} o= O [2?"_. on ‘?) (65)
‘ ' Q "‘ r‘

According to.(62) 2a = 5 e cosh?lsn that the sum of rhe

distances to the strip edges in rectangular coordinates is

given by

oy ,1 MR [wmuvam n—:..wmw

A e er‘“ AT @ 2 e canhing 66)
with the square roots non-negative. Thus the value of?Zis

given by

’L el z: V‘ + ¥ ) e J 67)

with 3
ry -=.=’ (X+c:)2 + yz
A 2 )
r, '—}\/(x—c) + y2 (68)

so that
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wherc'}z&- may be replaced by any of

M = enesadi(b/l )z onessh f‘*’/’) 10

Alternatively the potential may be obtai,ned by wapping the

)!5’0 V' e

R wm (7 onto the upper half

==

semistrip {i‘i‘f\ W30
z-planc by a Schwartz - Chrlstuffel transformation, Mapping

o, + _
w = ~9/2 into z = - ¢ one has

) = rzrmmma (7))

R N
é &.c”%; :

o /
1
¥ - / ‘ "" 3
T o= Al ters
a3 ©-2
.which integrates to.
. ' . . L
\/\j o ([\ % Q’ﬁﬁi,’:’fw’ﬁ:énﬁ/ ke J g &’r} (72)

Since z=0 is the image of ¥=0,B=0.

D)

Since W=%7/2 has z=c as image

T /2 = Aarcsin 1 (@e,e, Fbg/ 8)

implies A = 1. Hence
Z = csin W (73)

which corresponds to

o
Ly

for w=u+ iv and z = x + iy, The potential for the given

ceosh v sin u

fl

]

¢ sinh v cos u (74)

strip problem is then

Ef) = Céﬁ (\f /one “fi{ﬂs.(\“;/) o (75)
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with
¢ cosh v = (r? + rz) /2 ;. (76)

so that

' o f\,(‘wﬁ"u;' I"("ﬂz r‘ ){/f:; 7

WEROT WA ST PRI D T rv.—: x--. wcv: e s.;a..'n':f'fnmnr(ﬂ) e i

(}‘ﬁ» Qe \\\41/ j an

as in (6'5) and with a corrasponding to q‘zﬁ.

8. Field of Infinite Strip with Space Charge
The 'si'mplc.f:t way of incorporating space charge into the
*
elliptic cylinder symmetry would be obtained with a space

chargc distribution of the {orm

~ o w AT/ AT o)

l"\

So that (58) would hocomc

a o=
‘]

as in (7). This would then yield a 3/4 1 law in terms of flc

(} ‘i“ 1en-amu ‘
/n f ¢ win” [ ” (“\‘I

(79)

WJ_.@ { R
b0

Even without the assumption (78) one can expect that
the charge density could be approximated

by some appropriatc’},’l_ dependence hetween ‘{

(80)

- and ¥ f!-\ ., One

ud

) T
Q‘l’;@:and"‘llm Ly The disadvantage of such a double lincar fit

could join two linear functions Off;lat some c]lipnc,l ‘between
(each portion of which satisfics Laplace's equation) is that
1L would imply a charge distribution crowded dlong the inter-

mediate ellipse which is hardly likely physically,Going to fit,’é

quadratic or cubic in Tl provide a more realistic distribution
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of charge and one could even go to higher degree if a "cathode
glow" were desired in addition to a "cathode dark space.

It is not difficult to fit a parabola ‘(in??) of the form

. ‘?u . '”‘j‘ 5
r:é:% g 2N Q‘Y} o m"y’z} " &:}(‘F) f;m"‘f?) (81)
] 5 N [
to the conditions ‘ . )
Moo Byt CD(e ) D
< (Me)=© 5 & (©)iz= by 5 PEYmI= P,
. w

getting &2

) ;
e € v o Q’z ¢ wt (13 oy
Awl|™Feo s A Be s ,
wa 13 n A e ('_ for: o P "
: Ta=" Vol ) ¢ ? e o
' Clmfi’.’i @ls ‘IQ‘J‘;) 3 (“?gf Qi U L

which would then have a uniform charge density 2A in the dark
space. For more detailed specifications Lagrangian interpol-
ation.would.sufficé; These interpolated models however do not
yield a charge density inversely proportional to square root

\ v‘)'-.\ C
of potential, (j;— V

9. Collection Trajectories of lons in Free Space (see Appendix A)

-k

Qs

1f it be supposéd_thag an ion be injected into the elect-
rostatic Chafﬁﬂ"f;oe field of a strip with a velecity below the
escape velocity jt wiil traverse a trajectory which is the imnge
of,an clliptical trajcctory in the object planc ig vhich the
strip has becowme a cirtle. Thus if the strip planc be labelcd

W one has

: '
Wos2 85 [Yh e et
fy - .
:’2‘ ‘é«m (8 ‘Z

)

‘S-' ¢

where ¢ is the strip semiwidth., The strip LIm we=(}, lRe w.gc‘f
is the image of the unit circle Zi.‘ﬁ = 1 in the Z-plane. . A

collection trajectory then vepresents an ellipse with a "periliclion”

e 4{:& C= /]!MQ?S C«‘}?Snn?%.')
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distance not greater than unity. The "escape velocity" is

ey | A
i A A §i Con
v = 2, f(a, - 9o S T, _{ (83)
p vy L U

where Q is the total charge of the strip and g is the charge in

motion while R is the jimage circle f(n'??g;%?,.a
. : o

e

In the Z-plane the elliptical trlivcgony is
s N P
Cﬂ )\ \.':.
-';’ Mo k-r‘

PRee e ps -
' o - [ ot ]
‘L"' E"‘ (,ia{;i"g (& % (‘;b) (‘) *)

while the image trajectory in the w-plane is

-

g

_cf ?"3(1 € Foo & CAD =T

Lo
WW ereveT mrvcseae ’r-m—‘f PTE w13 i
18 AR A XX s ST E BT
wnSS v Lalisilabes +

' ' 5 10 g
p2a l l*"(;,( ‘,,.,‘J"‘"Lj {; ey (65) j
The "perihelion" distance is

(0

_ ‘:u "‘\)f - ‘?
r = ormmens 2 VA D
p .:% f"ﬂ ‘f: ) (36)
¢ L

for collection,

10, The General Motion of Particles in Elliptic Cylinder Coordinates
in Charge~free Space

L] o
The unit Vectorsggxzand Q‘“are given by (60). In torms

of these the vectorial velocity is

/\(ﬂ 'l/\,(.h *‘tf "E"U) (87)

The directions of the unit vectors change with time during
a trajectory and this must be considercd to calculate the

acceleration

— "?. e IR e — (:QL[m vt
4, “ALW:%““%’“ T T

2 !\“’
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Using these the acceleration is found to be

m

s Ov(m) ("Aﬂ? ";L' &;qa @,s%’,

. ) ' ] 3 \ ’
Cny = Ay 4 S fz- Ué S x{7’*7" . NG “‘”j ! ‘h(""l ac
’W [~ i . e
/ ? .; Ir.'f 4!
F) € 4 J,.‘ SR § o Me )./ S ‘

{) ‘oa [At\r) fas C ’lld) f’“l’*‘( i> 2“{\‘\.} | '

whichgive tjuﬂland %!CUmponenLq of the accclelatlon explicitly,

-
’M EANaD
For the electrostatic ficld of the strip a,,=0 and & m= a0 37u.‘C;‘£'f
ot RN f"'\t’,:(_ ‘
s0 one has the cquations of motion £~

a CF b suh (21) —CF T 0 i (2d) = ©
AU) T’/\ '73‘ _ 2 2;(2 W (90)

t
C "‘ . 4 0 ()r’s
~ !_:»’sum Lt E'M ﬂ ’ -"Qf 2 ([J "‘AJ ( (..,,-‘. e 0
AR + G-y w(2p) Ll G- e

which may algo be obtained from the Lagrangian
°l
tn\ L&
¢ t'J . [ )
= r\’WA ((} 4 W ol &(?Q[z wm’/’) (©1)
o i o
% \¥(s

KW

which gufbe ts that hlt? Ansitze

ltb‘z’: ?‘L(JC“) I B

may be used in a varlatlonal Hanmilton pr:nc:p]e using (91).
Finally it is readily calculated that the curvature of

a trajectory any point is given by

‘<?74_E£!1 . ﬁj; (Ip;p3

. e i D) .;,’;";', - (¢
V@ /\""' (:r; up {,;9(")'1/ - Y
s0 that |
¢ adn, (T
l (J.) r /\.f;’) = ‘*m‘?’) UJ SL%(Q,U)) "?";;7-\ ¢ "'\ﬁ) ) me’wé’?m}m{ﬂ
< % fo '
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11, Tield of Clmrged Rectangular Plate at Constant Potential

Here the Laplace equation is in. Cartesion coordinates

f'-% . ,‘; l.‘.rl
,;{,53 cp = (& 3, 0) D,

whiclr by the Bernouilli separation argument and Fourier <;ynth(,“1:3.

has solutions of the form

. QQ @a fmmvwn_a-vmg
: {j:é r’"f) i 4’“ l“"]( L bl e % ;fx;&x PO A g
yrEaE - C ceafn)eifind SUnm) Ehna
with R = (= ,y) For z =
A0 Fine LAY O
@(&305 B -w- | (\) ) ) €L (""’ .) Qﬁ@(‘ﬁ" i Gy
97)

while the chalg,e d(.nsu) Cus

o
\.J "o f
C’?no ‘ \, (\[’{ ,,y\l ["-’.53“‘:‘"‘€-:‘.
o e .i a (’L; - m-»‘:-mz ‘. N‘H){ (H;J.,\
Cooaw ! e ' (98)
20 O YQ
Slnce the charge density is expected to be
e & . e, b
O w20 e
'_-“ -«m N".‘:v\..rmm‘a
e (99)

nrm- &0 e- (‘ “;3 ',:..q 7"1

,»,' [

with@() the minimum at x = ¥ = 0 the Ansatz L
trrxs 6
— 5‘3"‘4; n)fsz g = & ‘o by d By d (M)
A a (100)

is suggested because of the identity1{

o
- 3; awm) eo3Gnx) dm =\ 1/ Uezsw® (Kla &

“(101)

0 @ g‘_;, i 5, (A,
. et v - - -

. ' R T
i I@ 1S &ero e\*c&i@'f”?‘)@ﬁ& )Cu,.«\.c m@m—»(t RS
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The potential reducing toC?(ﬁithc plate then becomes
o .

e GF '
[ frE

E’zg{-‘s'u?.:;’ T e EL} @ \J,.Ct“” Wi ) ‘«,Mﬁ» “‘3) o 6'5“') o4 k‘“" <% =
. J
e T (102)
6 Yo L

It would be desirable to genorallzo thls solution fo include
the effect of a space charge of the type to be expected in the
dark space about such a plate, but this has not yet been accom-

plished.

The General Solution of the Collisionless Stationary Boltzmann
Equation

This eﬁuation sometimes called the Vlasov equation is of
the {following form

’\;? t\-;';';” ‘:} ;:in. Civ o q\'?:\,}, y:‘ Py CD (1 03)
[ e

<38 ' -
wherc\!ﬁ is the positional gradient operator andxpk?is the

velocity gradient operator.while

¢ ‘.X("*‘m sr n
P < L’Ki © EV (3.04)

( with Cﬁ?ﬁL?volume element andtﬂ?fm.velocity space volume element)
._.:" * )
represents the probability that a particle exists with position

v ! P - hungl . N , G id b
in C&bim about R and with velocity :rlcgk,m.about V., 1t is

g
suppoqed that with p &0 one has

55 P a E'm @‘Ew = 1 ‘
(105)

over all position and velocity space.
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Yor a particle total energy

'ry_v'lwnmv&

I:'l’ P ﬂ““"\’q' - @ m C;'Q’ ) ’Qg } (106)

UL P ?’
( L ?
one discerns by using the method of characteristics or by in-

sp ction that the gencral solution of the collisionless stationary

Boltzmann equation is
(ao7)

. . . . - e L
with f an arbitrary function which may be 4 posteriori verificd

by . . y
i o S ": s i -
. v‘f‘j‘ \:‘) =2 "g: bavo ‘4} &'\‘_f ‘i";;' )«...,J [ un’(i: l,..a,:) c:4 ‘\/’ { (’v)
. A . ‘ 2 R
' (108)

é" s ds] :N -
?fJ z‘? e (: (i) \,\7); = ,.' - x )Ar: Y
«

assuming v to be 1ndcpnnd0nt of position., Adding onec then has
. o=, ‘ 8 t o
_7y - . . (45 [Q . ; "
g N / S A A W 53} eve ~n Py (\‘ \! [ e} 1 {“j.:} vt :)
\’h & \[r }ﬂ F¢ =y g’»f . f [ ("l?p‘ \" L-«; _;’ 5 { S ’;._- ) €. 1 (.:.v--
s o €
GG L (109)
by conscrvation of energy.
For a classical thermodynawic gas { is taken to be of the

B

F(E) = A8 (110)

form

which is a Poisson frequency function expressing the physical
assumption of Iolemnp$ that a particle is exponentially

unlikely to be in a high energy state. For such a gas e¢15 0
and a ;nussian distfibution in velocities, Viz{ the Naxwell—l

Boltzmann distribution, results., The temperature of the pas
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is then proportional to the variance of this velocity distri-

bution,

In cases vhere the particle velocities do ﬁot follow the
Maxwell-Boltzmann distribution one can expect to characterize
the form‘of the function f from experimental information about

the actual velocity distribution,
. . 2);)
13, The Physical Basis of Current Saturation <: é t g%’

Although the problem of current saturation may not arise
at loy voltage levels it is important as a limiting situation
more closely approached at high voltages. Therefore it scems

appropriate to -discuss this in a general (3D) way.

. 'J“

Starting frmn Maxwell's ('quat ions
xa (-""7'

; /C - g; ol e c o L

.0
“"‘
CTve
3 LA ‘! }\,} - t‘:*'\'ﬂ
re f.\ ‘ ¥ o,
'i‘ Ccm Q"f ' : !’
‘3 Cntw \ L

:“ Svin (G" 7 r‘”‘ (]11)

@ cTa \"._'"‘ qt
[ E-2 4

in Gaussian rationn]]zcd units it is clear that under stationary

.r,c,,‘..\ -

conditions obtaining at saturation all partial time derivatives

will be zero and the equat]onq beconc

J'/Q AV }"!-
p = v
LR Y -

and el '
O 2 Teld (112)
The stationary (saturation) state is thus characterized by the

. . 3
_ _existence of an electrestatic potential {3 with
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= o« W@ (113)

So that for constant permittivity
4 » \
et .

Poisson's equation res ults. If V 4is the vectorial velocity

(114)

of a charge

ey L] g [P
N - /i\f* G2 = f&\/ (115)
and it is not neccssary to use the Ampere circuital law to
calculate current density'jl If this result be used in the
plasma region where the collisionless stationary Boltzmann
...CC’ (3‘ ‘. m,m, J/O mm

equation holds one has

[ iad 4 Onvly

J = (\\f.»% eV em,e eV
(116)
Since (4) implies \(iél SND
- (e d+ iy )/: 2
M= Ny (117)

: * ' -
(106) 1is a deterministic relation. If it be applied to an
essentially stochastic situation where the expected velocity
is zero (117) implies

*For .the expectation.ﬁ:?to be detectab]e it must be larger than
the thermal velocity which represents noise.This holds at low r,";a
, &7
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o =T, C _ e Vv (118) |

hry . y (] »
One notes that€¥#may be taken to be zero for velocities
of randowm dircction with magnitudes less than their standard
deviations producing a semilegarithmic behaviour of J vs.(%).

T '
This holds a low u?. When(%}increnses sufficiently the general

velocitf‘will be increased due to the continuity‘of.flow and

the fall of particles into the elliptical funnel potential well
they arc approaching. In fact as(&increases this funnel will
widen at the top. Under these conditions v cannot be set equal
to zero, but because (106) -is constant 37 N0 iongér depends on C?)
which is the peculiar property of saturation., What then deter-
mines J 7 Clearly v as a-factor outside the exponential,

Thus particles approaching the elliptical funnel potential
well would in the absence AI initiai velocity simply fall down
the sides of the well along the electric field lines for the
strip. In the presence ofainitiﬁl velocity they wogld swirl
around in the funnel as they fell. All this is true at not too
high (snturntion) voltage. Above saturation voltage the pargicleb
Eehave és if there were no{po¥entia] well. . Héhce they simply
move in the’'{low pattern of uncharged particles about the strip.
There is thus a transition on saturation from a problem of

ionic motion in an electrostatic field to one’equivalent to a

neutral gas dynaﬁit flow about an obstacle (strip).
Anisotropy of Current Collection f—-p E}/

In Langmuir probe theory one is usually interested only in
" A
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total current collected. Naturally such a yariable contains

. no information about how the current density-is disﬁribﬁted on
a closed surface about the collector. To nddrcss the latter
question onec must sct up a distribution of current density under
the assumption that the current crossess the surface everywhere
in the.same sense, Then for total current T crossing the sur-

face one has

im WINELD ¢ & o= 1 |
"!: ) ) (119)

1f R represents the vectorial location of a point on the surface

e v ‘z (: s e ) oy ’ (
QR * = ".‘j‘:" L (3 e I (120)
L/
represents the expected location of current entry on the surface,

5 Qre e

\ . ol XA
e O P I i B i TN g e
N (3 e a4 i @ &‘ 2w Vg, [ & P iy [
y A u <~y % g Q Ne
o C} & > . (121)

<RBeR oy w T 3} M - (122)

determines the standard dev:atlon(Q‘uabout the mean location
3
of current entry. This then is a measure of current concentration

or "“focussing' on the surface,

15. Current Tocussing for a Strip Collector

Returning to (32) and (34)‘and using elliptic cylinder
coordinates (58) one finds from (87) current density.crossing
a particular ellipse corresponding to a specific value of ’FZI

f"’x.:') 2 e QH&U A C‘Zl‘) (123)

s
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or

~ (& i) = 6 ’7‘1 €, - f" P / A

where ().{3 has been taken independent of kt) and only tho'Is“LcomponenL

(124)

of velocity has been used. To evaluate (124) requires not
only that¢/} has been fitted as indicated in Section 8 but a
: ' . g
knowledge of @}"& as a function of.“r‘; and L{J‘ . If the particular
' 4 o

ellipse chosen is "i’z lhowever assuming the input velocity \/,; is

known vectorially one can write

- '*’*) ""; )ﬁ '“(*D //\?m

e s
vhere {‘\'.",‘G tL } is the component of input velocity normal to
& " .

(125)
the ellque"'z‘ Here the (iiizficxx]tt)' is that some (}n'gh-—vo.]nc:ity)
i
fraction of tl:e particles may miss the co]]cctm"in\'nlidating
the assumption that ('50?1;) is single signed. To avoid this it
seems reasonable to take an-ellipse with ‘}z su{ficiently close
to zero that misses will be unlikely to enter it, With a pavabelic
fit . a .
. e
Q? = [‘2\(‘2“ '?.,) L:){:?'zm *’2 :} (126)

L Qf’c; n lc\ fp2<?§;“v ?Ejt}fi35

while wi. Lh a cubic fit

D e D AL e
c%:; = {%;qu"mg") 313 Cz’*é?)ﬁ Qf*yw'*‘jgz)

d i‘;g (;‘EZ) - G; £ @z c..f;}(\,) eSs 5&:;» (127)

T A A UL T s . 7
C{‘}& vose {tq(zs 1) rlg; (ﬂ. '} %3
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]

. S , .
and in either case Cz@? () is determined at the strip. The

’Pz in (124) must he 1nt(?ratcd down to the normal component
4

of impact velocity at the strip. Then integrating (3—055 ds
about the strip will yicld total current I per unit length

of the strip. On rho str:ip.(ii’)) reduces to ds = /\ C‘:“;Lf) S0

(‘,,.
e

is the total ru1ront 1nto Lhe stribe%n the strip (122) becomes

'1-‘.
¢

(128)

n. € ‘ ” z " \2' o t
<: ‘(6 n:' ey L—v- wwv ,‘}—} {-;‘3 \i)I \) ,35) Ef‘? (l é_)

O (17 (129)

fy
3k

while (120) becomes

[t B
. Cm it
’::' o ¢ 3 ?n - iy g ¢
LA &G, {r;f) (L (:J Col i{»’ G (-.f:f (130)
) N
o Y )
Thon(g may be calculated via
[}
o B e nto e ARP a3
A

as a function of applied volrage C?%Q . This describes the
"focussing' as a function of applied voltage* However, con-
sidering space charge it would be better to parallel this pro-

cedure numerically,

\
16, Input Vectorial Veloecity én Entry Ellipse 'VZS CFlg/g S} 6/ 7/ g/

For the purpose of getting better input information on
the velocity of flow into the potential (well) funnel.

Flow into a circular funnel from a point source in the
*If no space charge were present one cou1d use the injtial. inform-
ation on location of entry point and vmn the w-plane of Sec.9
calculating imdge of 1mpact point and impact angle to ﬁnd ql



W-plane (into unit circle) at .

flow function (k is strength of flow)

¢
- res
e .'ﬁ, MQA:N \‘ j - ?' bt

(13N

Fiw) = e Yo WO

A

27

Wi (} is deseribed by the ccémplex

(132)
. L e 4 i mrea
with velocity potential (zero for lwx = 1) Qié Y T4 SRS R e
N ¢ i 3
] Y e T G
e, N .,w,.,,,,...u_.u fmOF
| 5 R A Y] .
(;g,, it x..., - I o L kﬁf (1373)
i
B ﬁ‘“ - fy 24 t, C \
\_;Jﬁ rq:“:“ ‘1{.\‘; Cﬁjx‘c 4 v—n, v--ufw:urﬂ"m ;‘" o ] P )
f “'3 r~‘ VS n (‘, "\‘g ( iql
By mapping this onto the z-plane according. to
&
W S e ‘e
R ew P ‘i‘ . ﬁ,_“ srn { .
C (135)
: . Vesdies o v T an
the unit circle twg = 1 becomes the slit'{! éhhﬂgzlfﬁiﬁ!,,‘tllﬁ s
so one has flow into the slit from the image of the sourcoe
which is at =z = is
£ r.wa—mcc_vﬂ' Ty 4wtam.m-t
Gmﬂ . lc;; { ‘-s iy f*
Lok €3 o F-‘m

‘J‘,.fy’ t?
C o oaNel)

(136)

and the complex flow function in the z-planc i

4 ) ‘-mrrrn—nmvn'e oy (%
’ pEad Y T OF O A
Pt Y Ir\‘x_* AT ‘(."r * S "'._’(). f
: g FLATE g 3 R 3 4 claeten “‘
(: G T YUY % p‘ ,f G}f, Al “r”-;@f up (, RS/ ]
':, G J oo ek e 3 , .

‘P

~
L
LI I 't, r

L} A o
B o e T~ ST S Lot - “‘i
m..,mm "y (i ; (137)
o,
c‘. a C 7'»0/ X ;n.a(;" }(" "’“""!‘ £
€

u
v

qu!‘n‘ ‘fr;

and the (complex) velocity is found from

= £'(z2)" ' (138)
However what is desired is not a flow iuto

the s1it from



17.

ORIGINAL PAGE 53

UALITY
OF POOR @ ”g

an isotropic source but rather a flow into an elliptical funnel

from a dipole source. To get Lbis the mapping frowm cirvcle into

ellipse may be used.

"fe; o) ~--¢ ﬁ(‘(fs."" t '\) v"f rf (‘w-{;:fwa j (138)

(-.:5'0
maps Ewg =] onto the ellipse with maximum abscissa at Z = a
and maximum ordinate at Z = ib. To map the.exterior of the

ellipse onto the exterior of the circle the appropriate inverse

mapping is

(] r';"?

I 'F no e

V‘f :-:ra G ?

| (:cz*uz» 5 3 (139)

The complex flow function from a dipole source at V! = ig’into

a unit circle [wl =] @ink is

SR o (] W”“?

enaz EPARRRBSTRNE SE #0508 WA S PR AN

(\"h\""‘ 2: (;j}'"‘:} C"f s § {g’j (140)

Substitution from (139) for w then ylelds the required complex
flow function in the z-plane. From this the velocity can be

calculated at the ellipse which forms "the edge of the funnel.

Summary 40y

K general relationship between current density, voltage

and flow velocity has been obtained for Langmuir probes of arhi-

trary shape. Several particular cases (plane, cylindrical,

spherical) have also been derived. The classical 3/4 law is
recovered from the general case
if initial flow velocity is zero.

It is argued that for sufficiently high applied voltage

there will be a saturation effect in which current density
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becomes independent of further voltage increases. The approach
to saturation then involves a érgnsition from a flow pahtern
dominated by the electrostatic {ield of the collector te one
similar té flow past an uncharged object,

The question of anisotrbpic collcction.or current focussing
is handled by treating the current density as a statistical
distribution on any surface-sﬁrrounding the collector. The
standard deviation of this distribution is then a measure‘of
the concentration of current about the mean entry location on
the surface and the determination of this standard deviation as
a function of applied voltage would solve thc.current focussipg
p,roblem

Argunments bearing on the numorical aéproaches to the prnbloﬁ
~ are also given. 1t is belicved’that the theoretical aspects
have been considerably plarified. The author wishes to express
his aﬁpreciation to Bernard HcInfyre for many useful discussions
and much helpful guidance in approaching the problem. Also the
assistance of Dino Zei in numerical modeling is gratefully

acknowledged,
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APPENDIX A

Elliptic Cylinder Diffefenéing‘SCheme for Trajcctorf Caleulation

*

R = (x,y) = c(co,‘n'ez wulh sinh rz mﬂll) (/\;]-)

— 2 um :

V = V' t«kaz - \f) 2&(&; 3 él*. C"’? g.g, "’(‘;’Q. ’) (A-2)

Z = @v#,:— uﬂrz] o WA s Q@ (A-3)
v {

!

time increment (+ indicates after % G )

ﬁl‘

1-'[‘ °
Vv, = Vo (A-h)
W t? ‘

\/‘rf; oo V(y} e &Vﬁf’ .T:‘ (A-5)
& o V) Noa, T -6
'(A'*7)

. ('A—s)
A= N+ L7 Csimhlan) ot )4 B0 DGR
n L «
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ABSTRACT

This was a multifaceted project involving several tasks

related to anthropometric data collection and comparison.

Such data occurred in various forms, and included activities
relating to human force and motion capabilities. Information
was obtained from astronaut candidates doing certain force and
motion activities. These individuals were suited, both in
one-G and in neutral buoyancy of a water facility, and also

unsuited, in a one-G environment.

Also involved was the review and comparison of several pieces
of hardware used in quantification of the data collection.
This hardware included a CYBEX II force and torque machine,
and a three-dimension camera system(AMS) for measuring range

of motion envelopes.

Preliminary comparison of collecting techniques was made to
determine significant variables in the available data. Also,
suggestions are offered for standardization of data collection

in an attempt to better predict usefullness to various groups.
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INTRODUCTION:

It has long been recognized that the science of measurement
has been important in the history of civilization. Even in
our present-day technology, we easily forget this principle

as it applies to the physical size of a person and his ability
to function in our complex world.

Early researchers into body size, 1ike Blumenbach (1752-1340),
reported for the first time the complete body measurements.

At about this same time the statistician Quetelet (1796-1374)
carried out the first large-scale body measurement study, and
is recognized as founding the science and coining the term
"anthropometry".

Later, during the early part of the 20th century, extensive
and rapid increases in anthropometric literature occurred.

At this time, difficulties became evident as various
investigators used differing terms in gaining measurements
~on the human body. More and more, knowledge of methodology
became an important part of data interpretation and evaluation.

Today, what most people consider "normality" of body size is
more accurately replaced with tables and charts of statistical
values. In’ anthropometry today, statistical calculations are
used to establish design criteria for specifying the range of
each body dimension or function for which a product is to be
designed.

These criteria will also determine the basis for selection
standards used in screening a potential user population. This
setting of-anthropometric criteria or limits is essential if we are
to insufe proper fit of the man-machine system. However, we must
recognize that variables of human beings are vastly different than
those of machinery.



In both cases, too tight a tolerance excludes use by many,

and may well raise the costs. On the other hand, a design that
accommodates the full range of observed variations in the
population, requires adjustments to the design, and will also
raise the costs.

PROBLEM:

As in many engineering problems of measurement, the most direct
approach to movement and range of motion capabilities is that

of defining "final effects". At this level of the problem, the
desired answer can be presented in a simple "yes" or "no" to

a question such as: “"can the individual reach and move a control?"

Given no prior knowledge, the 1ikely approach to such a problem
is to build a mockup of the situation and test a sample of
individuals to observe if they are able to perform the given task.

This approach has its obvious limitations. After the answer is
obtained, one still has knowledge of only a single, specific
situation that may never be repeated.

At the next level, a more general solution may be sought in terms
of defining a reachable spatial volume by determining its boundry
surfaces, or its envelope. Within this defined envelope, several
motion activities are possible.

Angular movement measurement is one of these, and has much in common
with measurement of linear dimensions. Here, a variety of types of
information regarding movement, may be obtained. These include



centers of rotation and angles as well as range of movement

envelopes.

In each of the foregoing, for angular movement, a consistent use
of scales, reference axes, planes and vectorial representation
of links will reduce uncertainty and encourage consistency.
These are important in that they will lead to more accurate
design data and the development of clear specifications for

mobility requirements.

In the cases involving dynamic recording and measurement of
human movement, several measurement problems are compounded.
According to J. A. Roebuck (1975) and others, the following
are the minimum requirements for exact and objective methods of
recording human movement:

1. Constant relationship and precision to the given

dimension chosen.
2. Action of the subject must be unobstructed.

3. The range and sensitivity of the equipment must be
sufficient to record changes in body position.

4. The data should be easily interpreted.

Further, as compared to anthropometric dimensions, strength data
generally have a much greater variability between individuals.

It also my be more easily influenced by a change in either mental
or physical state of the subject.

Therefore, it has been stated that many of the published studies
on muscular sfrength may suffer from shortcomings involving
failure to consider the biomechanical, physiological, and the
psychological aspects, as well as inadequate or improper
instrumentation. This last deficit may also include failure



to report clearly the experimental procedures or statistical

analyses.

Indeed, one of the most difficult problems in the assessment

and application of human strength data is the presentation of

this data. For strength data to be valid, a large number of
variables must be kept constant. Their status must be clearly
specified in the protocol or final report. The failure to specify
such experimental conditions has caused the results of many studies
to be of questionable validity and use.

CURRENT ANTHROPOMETRICS LABORATORY:

Given the brief background on anthropometrics and some of the
recognized problems associated with the field, the present task

at the Johnson Space Center and the Anthropometrics Laboratory (AML)
may now be undertaken.

The primary concern was analyzing the usefulness of the AML facility
in determining the kinds of problems that a suited astronaut might
encounter in E.V.A. Immediate questions which came to the fore
were: What information is vital? How can this information be
obtained quickly and most accurately? And, what processing is
available for the data reduction and analysis?

In order to answer these and other related questions, it became
apparent that the task was multifaceted. Other researchers needed
to be contacted. Suit facilities had to be seen. Various work
stations needed to be visited, to understand how the real world
of the E.V.A. could be demonstrated.

Questions as those above needed answers. As the list of "experts"
from contacted laboratories grew, the evidence became clear that

a large number of researchers were currently applying themselves

to the problem of motion and force analysis. (See Table 1.0)



It also became clear that several important differences were
present as to techniques and approach to the anthropometrics
problem. Many such workers, it was discovered, have unique
needs and therefore, have designed their techniques to that
purpose. Sports medicine and physical education labs which
were contacted had such a special purpose.

In addition, certain private lab facilities for anthropometric
collection are available, and will tailor their techniques in an
attempt to fit the needs of their clients.

One research unit contacted is using the method of stereo-
photogammetry to re-configure the actual body proportions of
an individual. These dimensions are then recorded digitally
to later be displayed.

Several labs across the country are using two-dimensional and
three-dimensional approaches with 16 mm cameras to record motion
activities. Such film is later analyzed for angular and reach
changes, to be digitized for reference on the test subject.

As noted earlier, the suit facility was a vital factor to further
understanding of any motion analysis problems. At various times
through the weeks, contacts and meetings were held with individuals
of this facility. The attempt was to gain knowledge about the
current suit model, with particular reference and attention to its
fabrication and intended E.V.A. uses.

Several days were spent observing suited activities by astronauts
performing tasks in the WETF water tank. Here, several different
astronauts were in training’to attempt a number of activities on
the submerged shuttle cargo béy and air-lock. Participants were
in neutral buoyancy to simulate zero-G effects. General suit



flexibility and cuff-ring mobility was observed during these
tasks and activities.

At present, the current model of the E.V.A. suit has had only
limited pilot runs of anthropometric data collected on it.

One such collection was made using a two-dimensional reach onto
a drawing board. This was a reach'test done in the WETF water
tank.

Also, a single demonstration, suited and in one-G was run, using
a three-dimensional approach with T.V. cameras and a microprocessor

analyzer.

Finally, while several unsuited force and torque measurements
have been obtained using a CYBEX force machine, no such information
is currently available using the present model E.V.A. space suit.

It is evident that the ability to do work should be the primary
tool to evaluate any E.V.A.space suit. And, while it is more
difficult to relate elementary force and torque functions to the
more complex mission maneuvers, data from such elementary movements
may be applied to understand the limits of a given space suit

and the occupant within,

The anthropometrics laboratory (AML) at MASA-JSC is dedicated to
the task of gathering vital information on reach and force of
astronauts in both unsuited and suited configuration. To this end,
the AML has several prototype pieces of equipment designed for

such data collection. These include:

1. Automatic joint angle measurement device,
consisting of a video camera, lights which
attach to the subject, and a microprocessor
for data acquisition. This system provides
for direct angle readings from a joint, plus
a hard copy print thru an electronic teletype-
writer.



2. Automatic three-dimensional anthropometric
video system, including 3 T.V. cameras, a
lighting system attaching to the subject,
and a microprocessor. Information gained
from this system includes envelope of motion
and velocity-acceleration. Data from this
equipment is programed thru computers for use.

3. A CYBEX II dynamometer and recorder for force
and torque data collection. This machine allows
analysis of the various body joint movement
and several types of motion data, including
strength, torque, power endurance and other
isokinetics.

When fully operational, the above equipment has the capability
of collecting the many parameters of body movement and force
data on both the unsuited and suited individual.

Used together, the CYBEX and the three-dimensional system
can give information on both envelope of motion AND the type
and endurance of many tasks at various body positions.

Clearly, one of the principle jobs in the study of dynamic
anthropometry, is to describe quantitatively the translocations
and rotations of the various body segments, and to relate them to
the movement of the entire body. To be adequate, any such
description requires not only that these body movements be
measured in three-dimensions, but also that velocities and force
be recorded and that the sequence of motion of various parts of
the body be determined.



FUTURE SUGGESTIONS:

The Johnson Space Center's AML is currently in the early
functional stages to begin collection of useful data on suited
and unsuited functional reach and force activities.

A test plan outline has been recefved from the suit facility,
and discussion begun for the start of a performance mapping
profile on shuttle SSA suit at various pressure levels. The
general procedure will include the following:

1. Establish baseline "nude body" range of movement

measurements with selected subjects. Each subject
will serve as his own control.

a) Use document No. ILS-J-SS-011 as a guide line
to determine 22 basic body motions required,
and the technique for deriving these 22 motions.

2. Conduct suited, pressurized mobility range
measurements with three dimensional cameras, using:
a) above defined 22 motions.

b) shuttle space suit at following P.S.I.: 4.0, 5.0,
and 6.0

3. Repeat steps 2a and 2b, using shuttle space suit
without thermal micrometeroid layer.

4. The following cautions are to be observed in each
of the above experimental conditions:

a) Each position to be run three times, with average
value of these taken as mean.

b) Care used not to degrade motions due to candidate
-fatique.

c)vRefer to appropriate standard text sources for
defining each motion given.

It is further suggested that the suited reach (envelope) information
be formatted in the manner given below and adapted from Kennedy (1978).



Using AML three dimension camera system, develop reach envelope
in the prescribed manner. Then, for better data availability,
determine the outside boundry values of this envelope. This may
be done by slicing 150 horizontal layers and 159 vertical layers
through the reach envelope. By using a standard reference point
(such as SCYE or seat) reach numbers can quickly be obtained

in 159 intervals.

To gain further knowledge about a given model suit, additional
reach data must be obtained in neutral buoyancy of WETF water
tank. Alternative methods are suggested for collecting such
data. Perhaps placement of reach boards at front, at 450 each
side and 900 each side would give more useful reach data from
the WETF tank approach. However, general format must be
compatable if these data are to be comparable with the 3-D
system.

‘Additionally, force and work information is vital on each suit.
These data must also be obtained in one-G and in simulated 0-G

environment.

Suggestions are also made to use Life Sciences Division for
coordinating efforts for obtaining B.T.U.'s used and thermal
loads developed during standard force and work tasks, while
in a given model suit under the varying conditions.

A final reminder that data bases must be developed using as much
standardized procedures as can be obtained for proper data
comparison in the future.



TABLE 1.0

Laboratories and Individuals

Involved in Anthropometric Studies of

Motion and Force

Ken Kennedy and Date collection on several types
of flight suits. Have developed
a reach device. Have collected

Chuck Clauser

Anthropometric Unit suit reach data. Determined
Wright Patterson A.F.B. "reach mobility factor" of suits.
(87) 775-5779

Joe McDaniel Has current project on body size

(with Kennedy) and strength/endurance testing.

. Has suited data with SR 71 and
Wright Patterson A.F.B. U2 anti-G garments. Data base
from various suited confiqurations.
Data available thru simulator-
computer programs. Also tests run
for kinetic measurements plus
fixed mode.

Dr. Don Sheffer and Have data on stereophotogammetric
body configurations. I.B.M. cards
received by AML as sample of this
University of Akron program.

Institute for BioMedical

Engineering Research

(216) 375-3850

Robert Herron

Dr. Herb Reynolds and Reynolds is currently collecting
3-0 anthropometric data, using stereg
Dr. Howard Stoudt X-ray technique. Cadaver use inhvolves

Michigan State University placement of metal pellets into joint
East Lansing, MI. 48824 cavities. Computer fortram program
(87) 375-4675 digitizes data. Also doing 3-D

(87) 373-3200 postural data on stewardressess.



John McConville

Anthropometric Research
Studies Inc.

503 Xenia Ave.

Yellow Springs, OH. 45387
(513) 767-7226

Lloyd Laubach

University of Dayton
P.E. Dept.
(513) 229-4225

John A. Roebuck

Space Division

Rockwell International Corp.
1224 Lakewood Blvd.

Downey CA. 90241

(87) (213) 594-3078 or 3311

Jaime Cuzzi

Institute for Rehabilitative
Research

Baylor University

1330 Moursund

Houston, TX 77030

Dr. John Cooper

Indiana University at
Bloomington.

(812) 337-7302

AN

Has done early studies on volume
and center of gravity of various
body components. (using cadavers)
Presently doing moments of inertia
on body segments (cadavers). Has
reference to W.P.A.F.B. Targe data
bank, raw data, and various display
programs for such data.

Currently teaching only.
Has had important past involvement
in anthropometrics studies.

Publication and familiarity with

one and two camera approach on
stereophotogammetry. Has no data
base on these techniques. Currently
on space serve project at R.I.

Experienced with 3-D body configuration
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Introduction and Statement of Problem

In order to ascertain the magnitﬁde of the effect of power
loss through the medium surroundingAa large voltage-biased
conducting object in Low Earth Orbit, experiments were conducped
by Konradi, McIntyre and Potter in Chamber A at the Johnson Space
Center.

This particular experiment involved measurements of current
drain to rectangular metal panels maintained at negative bias
potentials of up to 24060 volts. The amhient plasma was supplied
by a Kaufman thruster using Argon gas.

These I-V data were obtained while varying the ambient plaéma
density (thruster parameters).and'the externally applied magnetic
field between runs, using three different panels.:

It is desired to qualitatively codify the effects of
Qifférent plasma densities and panel sizes as well as the
»}elevence of magnetic fields on the I-V characteristics of these

collectors.

Characterization of Raw Data

The‘three panels used as collectors were apéfoximately «1m x
Im (Panel C), .32m x 3.16m (Panel B), and lm x 10m (Panel A).
‘They were suspended vertically in the center of the chamber.

The external magnetic field was supplied by coils surrounding
Chamber A. Data was takea with three different values of
magnetic field; ambient and with currents. of 210 amp and 612 amp.
This resultgd in field magnitﬁdes of .29 Gauss (small), .73 Gauss

(médium), and 1.59 Gauss (laEQe). These values were deduced from



currenf—field'calibration experiments 5y A. Konradi utilizing an
-RF diScharge technique. Using these magnitudes, the results of a
magnetometer survey by J. McCoy, and the assumption that the only
appreciable component of field produced by the external coils 1is
axial, it was determineﬁ that the magnetic field is directed an
 ang1es of 27° (small field), 11° (medium field),Aand 59 (large
field) with respect to the Qértical.

Electron density determinations were made via a cylindrical
Langmuir probe (suspended vertically near the center of the
Chémber) for each I-V data run. l

The computed electron densities for each run, indicating the
attendent conditions, are given in Fiqure 1. A general
observation is that the resulting density, for given thruster
parameters, varied‘sighificantly with respect to the magnetic
field present.

Additionally, instances occurred whereby spontaneous arcing
5r discharge limited the maximum applied bias potential. For any
of the three poséible magnetic fieldsAthis breakdown occurred at
lower potentials for greater densities. This effect Qas more
pronounced for the largest panel (A). -This'occufred as low as
580v for panél A with the large field. However‘it always
happened for other panels and fields wheq at least 2400V was
appliéd.

It was also observed that panel current waé not linearly
proportional to N, and depended on bias potential and magnetic
field. This facet complicated attempted comparisons of only one

parameter at a time.



Density Scaling and Data Comparisons

In order to make panel, magnetic field, and bias potential
'éomparisons it was neéessary~to‘soméhow scale the data to some
common électron density. From Figure 1 it can be seen that the
overlapping region is about 3.5 (105) to 5(10°) cm’3, ergo 4.2
(lﬂs) cm-3 was éhosen_as the‘refgrénce:yalue.

The first attempt involved a Simple linear extrapolation to
find a multiplicative factor to scale fhe panel current at each
bias potential from the I-V run “nearest® in density. However,
in most of the caseé’this resulted in values of paﬁel current
much smaller that was realized. This followed basically because
this form of extrapolation assumes that the panel current goes to
zero as n, approaches zero. ‘This is clearly not true for the
range of densities exhibited‘by this data.

The second atﬁempt involved examining the paﬁel current at
bias potentials sufficiently-low sé‘that non-linearities could be
'avqided. Since the average plasma potential was about -2V, bias
potential of this value was chosen. The panel éurfents at
negatiVe 2V bias for each run are plotted vs. né is Figs. 2.1,
2.2, and 2.3 for small, medium and large fields respectively.
Superimposed on these figures are the linear least square fits.
At this point an‘éttempt is also made to account for the non-
uniformity of the density over the extent of the panels., Scaling
according to a Gaussian Distnibut@on over the c¢chamber, the rétio
of average densities of the panelskis;-.kC

B* kA =1 : .94: .86. These straight line functions were then
3

s k

evaluated at 4.2 (l.ﬂs)/ki cm ~ (i = A, B, or C), yielding the



scaled pan;l currents at negative 2V bias. These interceéts are
indicated by the arrows on Figs. 2.1, 2.2, and 2.3. The ratio of
this current to the actual panel cugrent (at -2V bias) of the run
"nearest" 4.2 (lﬁs) cm™ 3 yielded the scale factor g. Such a
scale factor was obtained for each panel-field combination and

are listed in Table 1.

Table 1 Scale factors for each panel-field combination:
Panels A, B, and C and small (S), medium (M) and
large (L) fields, :

Panel Field Scale Factor g
A L 1.20
B L 1.28
C L .97
A M 1.29
B M 1.14
C M 1.099
A S 1.00
B S 1.06
c S 1.00

The adjuéted current for a given panel-field run is then
obtained by multiplying ‘the measured current of the "nearest" run
by the corresponding scale factor. Plots of the adjusted current
vs. bias potential for each pénei field combination are given .by
Fig. 3a (1nI vs V), Figqg. 3b.(I'vs. V), and Fig. 3c (1hI vs. 1nVv).

Iﬁ order‘to>asséss the relative rate of ‘increase of thé |

éurves, the ratio of the adjusted'current to its value at



negative 1V bias (Reference cufrent) was computed for each
combination, This ratio is plotted vs. bias potential for each
panel on Figs., 4.1, 4.2, and 4.3 for.small, medium, and 1arge
fields respectively.

In order to more readily perceive the effect of magnetic
field on a given panel, this tatioA(adjustéd~current/refefence
current) is plotted vs. biaé‘potential for each field on Figs.
5.1, 5.2 and 5.3 for panel C, panel B, and Panel A respectively.

The computations required to generate the adjusted cufrent
and the ratios of adjusted currenﬁ Eo reference current was
facilitated by a FORTRAN program FILENT, a }isting of which is
provided in the apgendix. |

A general characterization being that the ratio increases
more slowly for larger fields and'larger panels, but that the
refe:ence current is larger for these cases, resulting in larger
currents for larger"fields and larger panels.

' Further comparisons of the I-V run characteristics.are made
by examining the ratios of adjusted currents bétween panels for
the same field and those values from the same panel for different
fields. The cqmputations required to generate these ratios af
each bias potential for each run was facilitated by the FORTRAN
program IVDMAS kI—v Data Massagé),'a 1isting of which- is given in
the Appendix.

‘Plots of thé ratios of adjustéd currents between- -panels vs.
bias pbtential are given in Figs..6.l, 6.2, and 6.3 for small,
medium, and iatge fielés respectively. In all cases, the ratios

‘decrease with increasing bias. However this follows from the



fa¢t that_fhe current from the smaller panels increases faster
with increasing bias.

Pl&ts of fhe ratios of.tﬁe adjusged currents between
different fields vs. bias potential are given in Figs. 7.1, 7.2,
and 7.3 for panel C, panel B, and pénel A respectively. It can
be noted that for panel A, this raﬁfo increases sharply as the
breakdown or afping.condition is. approached. This is consistent
with panel A current increasing at a greater rate.

Interpretation and Discussion

One possible additional phenomenon which is not capable of
direct observation in this experiment is that of secondary
electron emission. Those electrons which escapéd through the
sheath would simulate collected ions. Subsequent experiments (as
yet not analyzed) observing identical gold and stainless steel
collectors should provide considerable insight into tbis aspect.

The fact that the angle between the magnetié field and the
gxis of the panels varied with the magnitude of the field
presents an additional complication which cannot be clarified
from the data. It is to.be expected’that this orientation -would
be releVent-in the sheath formation for these asymmetrical
collectors.

Unéertginty also existé in the interpretation of the orbit-
limited "regime" of Langmuir Probe theofy in a magnetosheath.
Theoretical investigations were undertaken by Szuszczewicz and
Takacs® in order to account for Langmuir Probe data from a
spinning'scientific;rocket payload. They observed that fhe

electron density (through its control of sheath size) is



important in determining the effect of magnetic fields on
electron~-current collection. 'fhey chose the ratio of sheath
thickness to the characteristic Debye length as a measure of the
relevence of magnetic effects. They designated three
characteristic regions: strong-magnetosheath (ratio <<1),
transition-magnetosheath (ratio order of 1) ané weak
mggnetosheath (fatio'>>1j. Because the sheaﬁh expands and
contracts as blasma densities fall and rise, the ratio of
gyroradius-to-sheath thickness varies and modifies the probe
response in a non-linear.way. They conclude that weak-
magnetosheath conditions must be guaranteed before assuming I, =
(constant).*_ne at_c§nstant bias.“By monitoring the angular
dependence of the probe response with the field, they observed a
sharp decrease in the current at a fixed bias as the angle
between the axis of the probe and the field decreased, causing a
dgnsity dependent modulation. AQuoting from Szuszczewicz and
fakacslz

"We note the modulation increases with decreasing n_,

a parametric -dependence not shown in current theoriés

involving thick sheath conditions.” i
That reasonablenlevels of measurement integrity can still
be méintained inhweak'magnetoélasmas-Has been indicted by
_Millerz-and Laffamboise and Rubinstein3. Their works
indicate that accuracy is impfoved in'cylindrical probe
measurements when the angle between the probe and the
magnetic field is large (>= Gﬂo)._l |

The analysis of the data from these rectangular plates

seems to imply that sheath thickness variation and its



effect on I~V éharaéteriétiqs'with'fespéct to bias -
potential and density variations are present here in a
manner analogous to that encounterera by.ézuszc2ewi¢z and
Takacsl. The uncertainty with the relevence of the angle
between the axis of symmetry of the collector and_the
magnetic field could be circumvented by-ﬁéing spheres.
Aspects concerning the dependence of sheath growth on
collector shape could be assessed by using other shabes
(esg., cylinders). Both of these aspecté should be
clarified when analysis of later experiments which did use
multisized spheres and cylinders of diffefent materia}s
are concluded.

The qualitative trends exhibited by the scaled I-V
characteristics presented in’thiS'report should provide
references or guidelines for evaluation of the'validity of
computer-aided simulations of sheath structure and growth
Eeing cérried out by Parker’.
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APPENDIX

1. Indicated densities for each I-V run, grouped .
according to panel size (A-large, B-medium, and C-small)
and magnetic field.

2.1 Current at 2V bias vs. density for small field w1th
linear least square fit,

2.2 Current at 2V bias vs. density for medium fleld with
linear least square fit. .

- 2.3 Current at 2V bias vs. density for large field with

linear least square fit.

3a. Adjusted current vs. bias potential for all panels
and fields (ln (I) vs. V).

"3b. Adjusted current vs. bias potential for all panels

and fields (I vs. V).

3c. Adjusted current vs. bias potential for all panels
and fields (1n (I) vs. 1In(V) ).

4.1 Ratio of adjusted current to reference current at
small field for all panels.

4.2 RAtio of adjucated current to reference current at

medium field for all panels.

4.3 Ratio of adjusted current to reference current at
large field for all panels.

5.1 Ratio of adjusted current to reference current for
panel C at all fields. ) '

5.2 Ratio of adjusted current to reference current: for
panel B at a11 fields.

5.3 Ratio of adjusted current to reference current for
. panel A at all fields..

6.1 Ratios of adjusted currents between panels vs. bias
potential for small field.

6.2 Ratios.of ad]usted currents between panels vs. bias
potential for medium field.

6.3 Ratios of adjusted currrents between panels vs. bias
potential for large field.



7.1 Ratios of
potential for

7.2 Ratios of
potential for

7.3 Ratios of
potential for

adjusted currents from panel C vs. bias
all fields.

adjusted currents from panel B vs. bias
all fields.

adjusted currents from panel A vs. bias
all fields.

Program FILENT, listing and sample output.

Program IVDMAS, listing and sample output,

11



ORIGINAL PAGE IS |
.OF POOR QUALITY.

o..oﬁ-_~~—s~-— ~~~~~ O--0 A Lt

O — — =~ = .—'—O—,-—-—--—--.--O""“'"‘;-o .Sf::’g:J

O O-0-~——z---0-—__0 ¢| Fiek
Q.'-——Q- —— e - -9—-—*-@ A meéium

0-@--—-——_@g--0 '

' g— —@--—--00 Al la rge e
‘ "9““""@9‘ . s
0-0-00 e Field
L_Q!I}'l}llllll!,lllll'tqlilllLl
- & {0 s 20 _
O--0--ooo PN
OO _ O-—-0 7
®——90-—__go

~O-—O—-—---7---‘---
0—--—0——---@@ - -
o-e--po o Ts
Fige 1 Indicated densities for each I

A -Y run, grouped according to
panel sfize (A-large‘,’B-medfum, and C-small) and magnetic field,




Lg

Ne/i0® (cm3)

Fig..z.i' Current at 2V bias vs. den'sity for small field with 1inear least square fit,

ORIGINAL PAGE 1S o /o y
OF POOR QUALITY,
14
IX
I2
) {ol _
Panel A ht Scale 1
o Fanel , ng cale .
.28f o Panel B} Left Scale
A Panel C .
/\.2’- L
v
£ o
/
N.zb-
n
? -
4] , .
s.ll.- |
N
® o
nll" .
-+
2 .
U = -
) ' %
s .08
s 4
QO o
242
o‘.l e 8 lb l:i’. l"I 'I‘b. 1'8 2.’0 : _9:2 2.'4 z‘e T



" ORIGINAL PAGE IS " 130 -

OF POOR QUALITY]
o Pamel A, Right Seale hio
‘2 gd‘”et CB‘, } Left Scale "
W32 . ane { , oo
ez e
,28— .?Oq
-
2 adr S0
n
V]
g v”— ‘70-
[ud)
>
N ‘le" .‘o—a
43
o ._
+ o
5 A2t 'SD":
A
> 4
3
U ,@"_ "{0‘4
004- - » 036“:
b 1 1 1 i 1 4 . i ’ | 3 1 | R | ek i 1 "
_ i 2 3 4 5 6 7 8 9 1o il 2 13 14 |§ b

) —ng//.b's- CC Yn")’ |
Fig. 2.2 Current at 2V bias vs. density for medium field with Tinear least square fit,



ORIGINAL W‘a\zt IS
OF POOR QUALITY

4430
o Pane(. A, R4 ht o dt.20
R Parnel B Leﬁ:
A Panmel ¢
J1.t0
032"
4 /1.00
L8F
o
§ 4 .90
v 24t
“
g .80
m 02-0'
N
~ Jd.70
W6t
o
v
o .
= 1.60
O J2H
b
3.
0 -W‘ ‘.fo
1.40
1.30
A
T

Ne //o" Cem=3)

Fig. 2 3 cUrrent at 2V bias vs. density for Iarge field with hnear-“1east square fit



ORIGINAL PAGE IS
' OF POOR QUALITY

I}
£
./
4
|
QL
&
)
J
-
&
o
"
K
) A Small Freld
= L/ —— — MediumFeld
/ ————=—-Large Field
/5: ; L 1 1 1 . 1 . l v 1 1

‘(2 3 4 5§ & 71 8 2 1e TR S B
Bias Potential (velts/ioo)

Fig. 3a. Adjusted current vs, bias potential for a1]‘panels and fields,



ORIGINAL PASE IS
OF POOR QUALITY

B 15 e 17 I8

12

10

9 i
Bias Potentral (volts/ieo)

Swall Field
Medium Field
Large Eietd

S oo— —

1 1
3

_"“ 12 ] o
(ewt) Fuas4m?) pa3sripy

vFig. 3b. Adju_sied current vs, bias po'téntié‘l for all ‘panels and fields,



ORIGIHAL PRGE IS

/ ol . - OF POOR QUALITY

~~

<

X

J

<.

g

4

N

3

A/

N

v

K : :

3 - Small Field

-'\\'. —— e e M&Jium~Fi€LJ

S S . L.urj’& Field
/53‘ L 1 zxn:ln' i |'|11p|||- L 1 1111.‘.! A

ieo

B :';.s P-otcv\ ’cA ral ¢ vdu_:é)

{000

_ ‘MFig.méc;. Adjustea‘current vS.-bias potential for all pane1s and fields,



ORIGINAL PRGE IS
OF POOR QUALITY

oy
130f |
of Small Field
Lo} ¥—3%-X  Panel A
O-00 Panel B
too- &4 Panel C /’

Ratie of A"Zl‘“‘f“{&w&ﬂf ts Reference Current

o* -
Bias Potential (vslts)

Fig.‘ ‘4‘.1 'Rafio of adjustedrcu'rr.ent to r_:eferencé current étrsmaln'l field for all panels.



OR‘GBW?‘L PAGE iS
QF POOR QL ‘QUTY

13ef Mediuwm Field

120} %% Panel A
OG0 Panel B
LAd Pamel C

o

Ratio of Adjusted Current t Reference Current

108

Bias Potentla L (Volts)

F'lg. 4 2 Ratio of adgusted current to reference current at medium field for all panels



ORIGINAL PAGE IS
OF POOR QUALITY,

- lHor
Large Fie \J

%—%x Panel A
o000 Panel B
L-D—A Pane.L C

T e W e
oy & oo © by
(S | S
F—p—p— 7

e~
L™}
1

P&
-

»
S 3

Ratlé 0; Acﬁus{‘écl Cu.rr'en‘t .ta Ref&remcc errent

| to‘. ' = (OF
- Bias Potential (Volts)

Fig. 4.3 Ratio of adjusted current to reference current at large field for all panels.



Ratio of AJJ.a‘sfeJ Carrent to Reference Current

| . _,\:..-..
y w § ¥ ¥ 39 ¥ § § F £ 3

-
Q
|

AL PAGE 1S
ORIGINAL PAGE

Panel C

o000 Small Field
¥—%¥X Medium Field
D-D-D;Larae' Field

¥
! 1 .,a'lnll. 1 i l»ll'Jll‘

lo

T et 53
B l_a’-S Potential ,(VoLtS)

!

Fige 5.1 ' Ratio of adjusted current to reference current for panel C at all fields,



. ORIGINAL PAGE 1S
OF POOR-QUALITY

5 or

s |

3 M Panel B

N 120k o0—o0-0 Small Field
3 | %X Medium Field
S ot otHl Large Field
5,\ B

3 ‘oo

%.

*3 o+

“ N

s &

)

S f

- ¥

I |

w 2Sor

21

< %

S =

o

» ¥

o . -
s S %}/

i ] S S B I I  | a’911~|'1111 3 i
°lo T | 10°

Bias Potential (volts) |

’) Fig. 5.2 Ratio of adjusted current to reference current for panel B at"all fields,



Panel A
000 Swmall Field

| ¥3¢X Mediuw Field
lor agQog Lara&_ Fireld

~ & S
—3 53

Ratio of AJstfeJ Current t» Reference Cuwrrent
Ly

40-
3o
2r /,)
?
IO‘ : -
,nﬂ’)&
1 1 1 P W | Jq i 1 L ] .1 [ ll 1
IO‘ ‘o?. ‘ : |03

Bias Poten'tm.l. (\/.oL#S)

”Fig. 5.3 ‘Ra.tio of adjustremd -’é'urr-'en't to reference turééht fof pa-ﬁe1 A at all fields,



ORIGINAL PABE I8~ "™ -
OF POOR QUALITY

o) Q L)
go. 9 !?. > o r?; o~ 9
I v -1 r 1T T 1T T 1T *v 1T 7°
3
i ~
v
& v -
Ny 4
U
~ ¥ -
MR N
¥~ -
o Qv -
<< ?
u\\-h
: @ 9 -
| 9 o 8
° 333 ’
wo= == —c
~ -
m —
W -
1
o
~{2
,/
o i
%
L}
\
1
' °
6 ! ! - ; . 2 2 3 4 o
= 2 o ® o~ K w T m N -
Spuavamy prisnlpy jo oyey
Fig. 6.1 Ratios of adju’stegi currents between panels vs hias potential for small fiel«




I v 1 U { I [ I L I T | T
ORIGINAL PAGE IS |
- ) OF POOR QUALITY
Vs .
s Y o
9\ ; K::
“ ? e BN
<z o d -
Q;ﬂd 'o N
d ~— 0 -
~p O 1
" *3“ ) ’:?
84 »
q:(t!) 4 4
Q
s Lo
aiEEE | 2
v ‘93.0 .
- Lo 3=
) ™ I
2dd %3
' 7 1))
—-— - Q
e ] B
Q
> 1w
)]
1T
—Io
/’d -
’/
- : °
o~ 1 1 5 1 1 [} i i ]

|0

e Q- ® N~ Y T ™ N -
SjuauamT) pysnipy fo oljey

Fig. 6.2 Ratios of adjusted currents between panels vs, bias potential for medium fiel<d.



e S P 3 o« b
AL L L L
v
v 3
o Y [
3w ER
- & ;
- v i
ol )
N
oY ? 1 v
3 . ot d . :3
.<<m ,' )
<=3 s‘ {3
9 e '
v 2 o0 / P
= 5 4o 2
L e I+
“ 1 =
d @
%)
&- _ Q
~ 0.
J w
d «
. )
'—_‘2
/7
V 4
,I ) .
.L; { ,g . { 1 } 1 .QQ
T ° ¢ - =& W ¥ ™M o - -

s;yﬁ,;.;‘ﬁy Fa_,(svfpy fe alan

Fig.. _6.3 Ratios of adjusted currents between panels vs, bias botential for '!argé field,



Amﬁo>v qm.~#£myoa mfm
ﬂQ\ +9/

—-4\1-4 L] ¥ ) —-‘.- J v ' |

p12i4 7€ S o wwmpay fo o13ey UHOJ
P12t wmipaw 93 2buvy fo 30y vy
P121§ 1P 0 omydq jo oney OO0

D 77Uy

a3 3 Y
s2U2 /4D paysnlpy fo o13vY

Ratios -of adjusted currents from panel C vs, bias potential ‘for all fields,

1
\2
o

dow

Fig. 7.1



td

tum to Small feld

qe to Smatll fie
¢ Larqe to Medium field

]

(>
P
[0®
Bras Potential (Volts)

0-0-0 Ratio of Lar
-0 Ratio of Me

LD Ralio o

Panel B

10°

§
~

lo

Sj_uaJJ‘w? P;;shffy jo ovg_Q'a

_Fig. 7.2 Ratios of'adjusted currents from panel B vs. bias poténtia? for all fje]ds.”



nmﬁ;u JeIqUualoqd Seig

ﬂQ\ ﬂQ\

@l

1] ,—«-q.- ¥ ¥  § ﬂu-uu— H H

(AL PAGE 13
'OR‘G‘NS; 2% A‘:‘ﬂ' ‘

Of PO

pratf mewes o wmpry fo @2y HIO
3@&,, N1 po Wt o3 2bue Jo ey v-vv
P25 News a3 3baeq §o aey 0-0-0

v 1°%%d

—uqqua

1

SR 4

=,
spuaidmy) papsnlpy so oney

gs 7.3 Ratios of adjusted currents from panel A vs, bias potert® °

4

2
-~



ORIGINAL PAGE 18

e to Small freld
e to medium freld

3
atio of Large to m
OO0 Ralw of Medium to Small freld

0-0-0 Ratis of Lar
L-A-4 Ratw of L2

Panel A

1 1 1 1
<L ' Q . : -
> :q_‘ S < 3," e 2

g;z’ua.l;l‘no' paysnlpy fo onrey

“"Fig. 7.3 Ratios of adjusted currents from panel A vs. bia= =~




L I B A 2 B )

ermemanraaSTARKE TeV NATA FTFTR*%¥%% D N MTLLER THLY 1981

IV

DIMENSTAN A¢725) , VI28) FANAME(RY  HID2N)

1 FARVAT('DDINGRAM FTIFNT=MTLLFR 1LY 10R11)
. TYPF :
%g@;nn nn 2 T=1,6
) - FNAMRE(TY=0 :
? CONTTNNE ORIGINAL PAGE i3
na 17 1=1.,20 OF POOR QUALITY
. HEYry=0
17 CONTTINIE
, TYPE Y o
3 . FNRMATEYQETI R MAUED ¢
.o ACCFPT A (FNAMFCT) . T=1.68) -
4 FARMAT(AAL)
B FNAME(RY=N,
e . e e s
:------------Tvon* INFARMATTAN AND DATA FROAYM KFYRNAPNemeccccecemamease
TYDF S - _ _ o ) .
5 FORMAT(Y FNTFR # NF FLFMENTS AN SCALF FACTNR!)
) ACCFPT % N.G
TYPF & ' ‘ -
"6 FARMAT(Y ENTFR vannrr_rnpwaT DATRS'/Y
ACCFPT % (V(r\ ACTY.T=1 .0
e e a7 oT=1. :
. ] n(71=ar11*c
7 COMTIMNE
TYDF 1A
‘wsﬁ FAPMAT( ! ENTFP HFAPFR FNAR PRTNT AT
ACCFDRT 8, (H(TY.T=1,20) :
R FARMAT(2N2a4)
: . H(?2n)y=n .

PececmemneeeeMAKE HARNCAPY NF RATA AND- UEANFRGeencacreeae=

-
PRYITF(A.OY (FMAMECT)  T=1.RY. M 2. CHITY, T=1.,.2M)
WRTTF(R,.10Y L . . o

9 FARMAT(1LHY TFTIENAME ' (ARAY . 5X . T2, FLEMENTSY §Y,'SCALF FACTNR

LY FSL2./7.1X. (2084 /Y ) .

10 FARMAT(AX ,"ATAS(VY' ,IX, 'CHRRENT (WA ' /)

, WRTTFCA.11Y (VITY.ACTY,. T=1 M)

”~

........ -~ D I « . e s

"'------_-----qrnpr nATﬂ n” A rTf,F-------'-----A---.-‘-—-----

”
APER(IINTT=1  NAME=TUAVE, TYDE=INEUY _FRR=10AN0Y
N WRYTF (1 %) N, G (VETI ACTY, T=1,%)
114 pnpubT(?Y Eq n_ 7Y, F7 R
CTARE(NMTT=1  NTSPNSF='SAVF ')
g RFF=A(1)Y
;;;;;;;-;--;J----ﬂnvourp MARMATL.T7FN PHOQENT ANN [ TSTececmcce=
- ’ | :
nn 12 T-’
(& ) - u(n-un/prr
19 coMTINIE
) WRTTF(A,13) _ o . ,
13 FADUMATC//AY,'RTASCYYI ! (Y, 'MAPMALTZEN ~HROFNMT Y
) MRTITF(A.14) (VITY,207)1.T=1 1)
14 FORMAT(DY FR.N,AX,.FT.7)

TYVDE (%



NMAX:HAX{\‘(\)!1‘.N(.)\‘N{“"

Trf‘”"ﬂy F'f) M{?‘) YE =9

TEONMAY (ROl M(3)) wF=3 Lo : e -
. WRTTF(A.13) tveur, T)’p('}71°pr7°7’-pf7;11.h&1;T\,Afo,r).
1 ﬁ(? TV, T=1%, ‘JVH‘()

13 FORMAT(3X,Fh-N,3IX.F7.9,3X.F7.7. W.FI 93, P13, xR A IX_F7. N
: TYPF-17
17 TFORMAT(Y DN YN WANT TO DRACFSS MARF FILES(YES NR NEAYD Y

ACCFPT f #F .
TE(F .F’()_ !ypgq‘ cATA 100 -
STNP o o

~
Lot

1000 STAP 1NPFY FRRAR'
2000 STAP rILNSF FRRNRY
: FND - '

ORIGINAL PAGE 5
OF POOR QUALITY



ORIGINAL PAGE IS
' OF POOR QUALITY

PRACRAM TYNMASKEXN D MILIER«.THLY 1981 .
SROVP 4 CNAMPARISNM: PANFL, A.ALI, FTFLDSEK 1STENATEAL ,2NND=DATFAM _ IRN=NATFAS

RTAS(V, 1ST/3RD 2MD/38N. 18T/IND - gST Y2 1)) arn

1. 72.32 1.55 1.50 n,R96 n.4a4 n,3n0

2. 1.405 1.729 1.51 0,770 n,477 n.370

3. 1.81 1.73 1,47 n.744 0,503 n.410

4. 1.83 k! 1.49 “N_TRR 0.516 n,.4720

5. 1.R4 1 23 1.50 0,792 n.57q n,430

7. 1.R4 1. 70 1.53 n.29%R 0.547 n,.450
10, 1.90 1. 1,51 n.R76 n.S8N n_460
20, 2.N6 1. 27 1.51 1 ni D.AR4 n.s0n
in. 2.09 | 1.41 1.49 157 n,774 0,550
an, 72.14 ' 1.44 1.18 1 Tokn n.AG1 0,590
50. 2.17 t.sn 1.45 1.344 0,929 n_6720
M. - 2.23 .47 1.51 1,560 1.039 n,7nn
100, 2.25 1 4a 1.52 1,800 1.187 n,R1N0
20n, 2.40 1. 1.55 2.520 1.625 t.080
300, 2.45 1. Sh 1.57 3.7240 2.064 1.320
ann, 2.63 1. 1.74 4,080 7.348 1.550
500. 2.95 1.47 ?2.00 S.1R0 ?2.5R0 1.750
6N0, 0.00 1 qx 0.00 n.onn 1.004 2.0580
700, - n0.00 1.43 0.00 0,000 3.354 ?2.3580
Ron Nn.nn 1.41 n.no n..nnn .74 '),qun
1000, n.0o 1.46 n.n0 n.0an 4,815 1,100
1200, n.n0 1.43 n.nn 0.n0n 5.789 3.700
1400, - n.no 1.42 n.no Nn.nNno £.25h 4,400
1600, 0.n0 n.0n 0.nn 0.0n0 n.0nn S.0n0

1800, N.00 N ,00 0,00 0.000 n.000 5.700



S

Yot

~~ REANCT &) MeT) LGOIV CVCT. TY. ACT.TY . T=1.8¢ 1))
4
r
ﬂ
~

)

ol

: NTV.F'MRYHM Df‘ 7R\ C(?\ MY, YORDY

NTMFNMSTAN A(3,.25). V(3 28), CNAME(RY, He2MY

o~ PDATA X/' 1ST! ¢ 7Mn',' RNt/
0 LTYRFE 9 . N
1 FARMAT(!' PRNAGCRANM TUNMAS==uT[I.FR MLy 19Rt ')

PN 14 T=1,3
NN 15 1=1.725

R(T, Ty=0

AfT, 1¥=D
¥ - ver.=n ORIGINAL PAGE IS
15 SONTTINIE OF P00
14 COANTINIE b R QUALITY
o nn 2 T=1.20 B . :

i H{TY=n

? CONTTNMUE

a3 TR
FNAMF(RYZN

3 CANTIMIFE

2o e |
fememcessemcec==c=ASK FAR ,AFT, AND STIRF THRFF FIIFSorenmanas
& }

N 4 =13

TYPF 5.Y( 1) oL .
S FORMAT(' FMTFR ' _A4° ' FETLFE NAUE 1)
o ACCEDY A (FNAME(TY.T=1,R)

6 FnP"ATfﬁhdl

FHNAMF(RY=N -
NPEN(INTT=1 ,HAUF=FNAME TYPR=1 10T Fpn_10001

Ll PLHQP(HNTT_1.DTSDQSFz'SﬂVP'.FDQ=70041
CANTINNE

P e e e e w e e m e e e e eeer eoa s -

----------nRTnTu HF ANFR an ppr‘Tn"T-------------

TYPF T

FARMAT(!' ENTFR HFADFR FNARP PRTMTMIT!)
ACCFPT R, (H(TY,T=1.720)

F‘nn"&7‘-(7ﬂb41

HCP201=n

e Xt &
1
)
’
.
.
)
.

NMTM-MTNntmrnw NE3Y)
NN 9 T=t MNMTA
PO1.TYISAC1.TI/BC3,T)
9 coNTIMIE .
MM TN=UTNOACNLDY NC 3
TR G FS IS &
. RE2.TIZA(2.7)174(3, T
to CANTTINHE
MMTMZMTHALNC1Y M (2))
PN o1y T=1,wATN .
RO, TISACYI . TYI/A(2.T)

-{1 éhNTrnnr~

-
........ - PR

”~
PRTTE(A.12) (H(TY.T=1.20)
12 FNRVAT(1HY ,'PRAGRAY TUNMASKX$N N urrrrn-xnrv 1arqy Y,
1 1X.208100//)
WRITF(A,1R)




IF(F el rye
. srap YES!Y anvn o0
1nan STNP 'ERRNARY
FMD '

ORIGINAL PAGE IS
OF POOR QUAL‘TY



~

FITLENAME DATFRM

PANET, 'RY, MENTIIM FTRLD

RIASCV)

50,
70.
100,
200.
300,
a0n,
500,
600,

S 700,

RON,

000,

’ﬂ\

1200,
1400,
1600,
1800.

BIAS(V)
1.

-
D~ N BWN

CURPENT(MA)

- n.na3
n_ns5g
n.0613
0.070
n.072?
n.0RD
0.na1
n.120
n.14?
0.160
Nn.182
0.211
n.28%
n.3RR
n.524
0.6R4
N.R3?
1.026
1.197
1.368
1.767
2.280
?2.793
-3.304
3.R19

MORMALIZFPN CURRFMT
1.00
1.26
1.45%
1.61
1.66
1.R4

25 FLEMFNTS SCALF FACTAR

ORIGINAL PAGE IS
OF POOR QUALITY

1L1a



ORIGINAL PAGE IS T N82 2 312 G

OF POOR QUALITY.

An Analytic Solution to the Classical
Two-Body Problem with Drag

Don Mittleman*
&

Don Jezewski**

. Abstract:

An analytic soiution to the two-body problem with‘a specific
drag model is obtained. The model treats drag as a force pro-
portional to the vector velocity and inversely proportional to
the distance to the center of attraction. The'golution is expressed
in terms of known functions and is of a simple and compact form.

-

The time-of-flight is expressed as a quadrature in the "true anomaly".

*Department of Mathematics, Oberlin College,Oberlin, Ohio 44074

**Mission Planning and Analysis Division, NASA Johnson Space Center,
Hlouston, Texas 77058
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Introduction: There are few solutions, either analytic or in closed-form,

‘to the classical two-body problem with drag. Brouwer and Hori [11 developed
a closed-form solution in canonical ;ariables‘of the‘motion of an art~
ifical satellite i; the gravifational field of an oblate earth iIncluding
first—-order corrections due to a spherical atmosphere and a velocity
-square law in drag acceleration.

.Danby, [2] proposed an alternative drag model in which the resistance
is proportional to the vector velocity and inversely proportional to
‘the square of the distance to the center of .the attracting mass. This

- model leads to a scalar inhomogeneous 2nd-~order linear differential
equation. He uses a perturbation technique to obtain the solution to

- the differential equation assuming that the constant of proportionality
in the resisting force is small and that terms involving powers of this
-constant greater than one may be neglected;

-Initially, we start with a general linear 2nd-order vector differential

- ~equation with arbitrary scalar coefficients. We then dévelop a énd—

> ~order vector differential equation in which the dépéﬁdent variable ‘is.a

it vécto: in, the di;ectionvof the radius,and-the independent variable
.is-theftrue anomély? We .show that this differential equation includes
-as special cases the classical Kepler solution and Danby's model.

-By-analyzing the coefficients in this vector differential equation,

e éte»able to.obtain an analytic solution to the model originally

M‘proposed by Danby. Our solution is shown to inc;ude his when the resistive

-fc;;fficient goes to zero.

‘Using this analytic solution, the vector differential equation for
this drag model reduces to the differential equati;n for the vector har-
~monic oscillator. The general solution to the broblem is then expressed

in a simple compact form. - .

We were not able to integrate the time-of-flight equation, the analogue
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-0f Kepler's equation, in a finite number of terms of .known functionsf;

‘The time-of flight, however, is readily expressed in-terms of a quadrature, .

Details of the computational procedure and characteristics of the

functions used in the solution are included in appendices. Graphs

111lustrating the general characteristic of these functions and the

.

solutions are also included.
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Statement of the Problem

The two-body problem may be expressed by the vector differential

equation

R + (3(\2,1'2)1'2 + ¥ R=0
¢

where R is the radius vector from the center of mass of the attracting
quy to the particle, ?(ﬁ,é) and ¥(R) are arbitary scalar coefficients
and dots denote differentiation with respect tojthel independent wvariable,
time. To retain as much generality as possible, we refrain from spec-
ifying F and b»at: this time,

| We first transform equation (1) by introducing a polar angle, o ,

which we shall refer to as the true anomaly, as the independent variable,

R=R"6 R=R"6"+R'8

)

where the prime, denotes differentation with respect the angle 0.

Equation (1) then becomes

CR"6T +1R' 6 + (s’R'é +« ¥R=o
- ' 2)

Classically, it has been found useful to introduce the unit

vector’?: % . With this definition,

‘equation (2) becomes:

L] M *”» . ’ ll » b
ve £ ¢ (av'etavée ‘sro)f + (v"e +v'd4pve “’r)f:-o '
' “ (3
Paralleling the classical procedure, we let
- /.- - u, u ’I u » )-
Y= &L’ Y= = e - - £ a(u)

?
- 3
and equation (3) becomes: « «

114

” o ’ / Q)= uwat gu’ w Y _
e (e e




" and recalling that u = 1
r

-
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Equation (4) may simplified if we let
Y= e 2u’
% +'§7' w (5)
" ; o’ " y~ o
g*y{*( yu. = -é;)gcp )

Particular Solution

We are motivated at this point by the solution to the classical
Keplerian problem, F: -] and.‘)‘= -’-;:, and wherg /u. is t.he gravitational
constant. For these values of [5 and V* , the conservation of angular
momentum impliesV= O . Ve refrain from so specifying P and & , but do
explc.:re the possiblity that V:é . ‘Equation (5) becomes:

(%) + 247 = o
s
d(v8) & pr“J& =0
: 7
(Note, if P;_O, the Keplerian angular momentum “‘é = constant.) Equation
(7) readily admits another integral if (5 e .%’-_ where o¢ is

a constant. This integral is

Y6 + woxh,
®

~hy is a constant of integration.

With V=0, equation (6) reduces to:
* ,/ r u " s
F'r(=x-&- F=o0
In retrospect, it is clear that & is equal to zero in at least two cases,

(1) when no drag is present and (2) when the drag is proportional to 1/ rz.
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It should t;e noted that any.perturbation having an effect directed
along the position vector can be réflected in our choice of Y .
Thus, ¥ 2 0 removes any coupling between the unit vectoré in the
direction of R and its derivative with respect to é .

The simplist problem we can solve that includes a drag term is
to choose J”‘s“/u u.s. For this choice, equation (9) becomes, using

equation (8) to eliminate &,

f-e”., .(“1’/.,;‘:0)"‘. "'-E:':")_F:o

(10)
Classically, when & = 0 , i.e. no drag present, thé coefficient
of f',- when set equal to 1, produces the differential equation for
the Keplerian conics. With drag present, i.e. ot #0 » setting the
coefficient of g equal t6 1, produces the differential equations

9{”* F-—: o

'

(11a)

and

W'+ W= ’u; 3
| 2 6) sy

Equation (11b) is given by Danby, page 231.

-

Solution of equation (11b)

Danby, chapter 11, studied this equation with et ?l_— O . His method
6 g
of solution assumes that i—— is small compared to unity; he
. v
expands the right-hand side of (11b) in powers of e and neglects all

but first order terms in «{ . The solution o this problem, however, for

arbitrary eo{ can be obtained in terms of known functions.
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‘Knowing the solution of the homogenep.us-equation, u ”-/-“— 0O,
a particular solution can be obtained using the method of variation of
parameters. We chose, however, to use the inverse Laplace transform
Bl. Aside from simplifying the algebraic ma;xipﬁlatidns, this method
demonstrates an alternate procedure for solving_ a class of differential
equations. For convenience of notation, we temporarily change the
independent variable by letting z = _‘_‘; -

Equation (11b) is now rewritten as:

2
dz A" 2

1
(12)

If (L is the Laplace transferm of U » then taking the inverse Laplace
transform of equation (12), we obtain
U+ U = £5 |
(13)
so that,

T
Al
U";Z'i 7o+

The Laplace transform of this equation is

jco e % J
= ”
“uee) T i

Using the standard notation {5 . chapter 5 ]
T te# .
2) = AL
3¢ 2241 14)
D .
For details concerning this function, see appendix (A).
The general solution for & {6) ‘is:
u(ery= €, cost6-6,) + L= g_(;?
' A (15)
-.where @oand 90 are constants of integration. Hence, the equation

for radius, r, is

r= e cole- 90)"'( ) ( (16)
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where & = .412,{5. and P': .._/é:-—

It 'can be shown (see Appendix A) that .-
Lo’ [i?) J(«"a) =/
and this jig recognized as the solution to the classic Keplerian two-
body problem, }
The solution fo;' tﬁe position vector R, as function of e ,’is
obtained from equation (1la),
R= v(Ame + B coo8)
@17)
where A and B are arbitrary vector constants agd Vis given by equation
16). |
Looking at the solution as given by equations (16) and (17),

these are nine constants of intergration, ho’ e, 90, and the vectors

A and B. Since the original problem calls for the solution of a second

{

order vector differential equation, only six of these constants are

independent. The relationship between them is developed in Appendix C.

The Time-of~Flight Equation

.The only relationship involving time occurs in equation (8), which
indicates how the magnitude of the- angular momentutﬁ changes. Since Y
.is expressible as function of 6 by eqhatioﬁ (16), the time-of-=flight
between two values 8= O, and 6= 91 is given 'by the quadrature
- az ’ .
(N
+:= (Y‘w)) J 6
A= o —
5, (-9

Since we are dealing with a perturbed Keplerian problem, the standard

transformation from true anomaly to eccentric anomaly does not yield an



integrand that is integrable.in terms of elementray functions. Any
standard quadrature formula, e.g. Romberg integration [41 , may be used
to evalute the integral.

a
Graphical Illustrations

Figures (la) and (1b) illustrate the effect of drag, ©( , on equation
(16). The values of the constants ho and/ﬂ4.were chosen equal to 1 and the
constant e was taken as 0.0l. Comparing the two figures, it is apparent
that the drag effect is more pronounced as o goes from 0,005 to 0.05.

Figures (2a) and (2b) are similar to (la) and (1b) except-that the

constant e was increased to 0.5.

Conclusion

We have obtained a ciosed-form, analytic solution to the two-body
problem including drag that generalized the classical Keplerian two-body
problem and subsumes the Damby perturbation method.

Two gerendipitous results are: 1) the development of a vector diff-
erential equation that permits the analysis of an infinite numbers of grav-
itational and drag models, aﬁd 2) the obtaining of the solution of a linear
differential equation using the_inverée, rather than the direct method of

Laplace transforms,

v rmcbem i mopen s

a o L] » '
We gratefully acknowledge the assistance of Eleta Malowitz and Jerry Yglesias

of Barrios Technology Inc., for their aid in obtaining the graphical data.
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Appendix A

< The Function 'g(z)
The following is an amplification of material taken from [SI

A) In equation (14), the function g(z) was given as

had -2
T e J?
3(?) = -

T4
e ) (A1)

This function may also be expressed in terms of sine and cosine

integrals. 1If we denote

oD
AL(2) = - f am®
. T
and

z
. : T
Coenr - -r ff.?._, Jdz
Y

then,

&t!)s - Cc'(;; Los () —. AL () pim (B) w2

For 0«32+, the sine and cosine integrals may be expressed in

terms of the following expansionms.
? n4)

. ' (-1)
a2y =z - I B
-2 .,‘{:., (2ner) (2n+1) ]

M

0 ; n
Cu?) ?’+,@n2+ Z Co_2

]
P (any (2 ),

1;" is the Euler constant: 1: =0.8772 IS 66 901853 2606 ..

Clearly the two infinite series coverage rapidly for JZ21 ¢}

For | ¢ 3 ¢#0 , an asymptotic expansion is available.

<2 )

.

g(;')N-éLl(l--—s—': +.._{:{.-c-o)
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Also for this domain of z, rational approximation have

been determined; e.g. 1<2<
S ®

68 4 2
sr=5 (Gt i)
[e()1<3X 1077
o= 42242855 b= 48.196927
a,=302.757865  b,= 482.485984
- 4;=352.018498  b,=1114.978885
a= 21.821899 b= 449.690326

The graph of g(z) is given in Fig ( ).

It has been shown that g(z) satisfies the differential equation:
” /
(7> + 8(3) = =t
J et } z?—
I1f we define
<o
-z
Jt?)= ea ‘/;é
, 2+
/)
then, £(z) satisfies the differential equation
" ’
$62) ¢+ Fo = 3
Also,

g__’(a) £ - -é— + Feo)

fi2): - g®

Corresponding to (A2), ’

¥

$¢2) = c“(i‘) B (F) = BL(F) Ao ()
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An asymptotic formula for 'f(z) is:

/ - ¥ ...

For | £ 2 <00 , rational approximation to f(z) is given by:
1<z
s0=L G e i)
le(z)] <5X1077
" g= 38027264 b= 40.021433
6,=265.187033  5,=322.624911
0,=335.677320  by;=570.236280

a.= 38.102495 b,=157.105423
The graph of f(z) is given in Fig. ( ).

C) We asserted in the text that the

Lo, (%) s (%-6)=

-70

From the asymptbtic expansion for g(z),

ks e 3 R
=0z —— - L
() G m

where R6 is bounded for small o . 'Thus,

(«)3("9) 'jAmA- (4 _ 3 (":c:): + (‘é")',RL

al—>o

20’ (g‘.-er (;;_‘g’ 8)* (2'6)"

-
-
. .
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Appendix B

Computation of the constant o .

We prépose three basic methods for computing o . 1In all
cases, we assume that there exists a drag model given by
¢€RR,R)R where;ﬁki,R) is a scalar function of the vectors R and R.

1) The constant o may be computed from the initial conditions,

'O (R 'k)‘
R“?o, 12: R

2) The second method uses an averaging technique.

é ] ‘
e L DR R)de
. 6.6

where R, and R are the position and velocity vectors determined from
the Keplerian orbit having the same initial conditions.

3) A variation of (2) for longer flights would.be an iteration
on the trajectory.- The first step is to calculate an ;g., assuming

a Keplerian orbit., Using of in the drag model, a drag orbit is

’
determined. The values of R and R on this orbit are then used to
calculate eof, . The process is repeated.

4) A third possibility is to segment the total trajectory and

_compute an o for each segment using any of the above methods.

-
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Appendix C

Computational sequence.

Given initial position and ?elocity vectors R1 and Vl = Rl
at a given tl and a resistive constant eo¢ , what steps are
necessary to compute R2 and V2 at a time t2?

The initial value of the magnitude of the angular momentum is
\‘R‘x \,’ l . Thus, we may calculate (f,‘é’) = \‘12‘ x\/,‘
The angle E% is computed from the inital position and

velocity vectors using the Keplerian transformation to orbital

elements. The constant hd is then determined. from
z. .
l‘ =Y, 6+ &6,
o | ]
(C1)

From‘equations (16) and its time derivative we may write:

»

8/1— ) 4 ) ’ Ao
-;:;’ pm (0-65) = 6 "'—}':{"3»(';"9)

%mle-&) - -;'-_f:,}'(f_;-e)

Be squaring and adding we get

R [CRRTP R

(C2)
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a5
By dividing,

b & (s
am(8-6) g T v é (=-¢
C”(O"ao) - __I__ /}_ ‘o

S (c3)
. R.-R
-where Y < --—;"""'

From equations (C2) and (C3), evaluated at R, and R,, the constant

1 1
- e and 60 s 0O< eo < 2T are determined.

-~

~From equations (17) and its time derivative, we determine the

rs

wector-constants A and B.

?' ?)ﬂ - ﬂé,

ﬂ ‘ ( p‘L 6.‘ !
| (R - VR | |
‘B = o | t ) 1 + ?-L .

T\ W, |t Tt eed

- It may readily be shown that A and B are orthogonal unit vectors.
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A Fast Variable Step Size Inteqration Algorithm

Suitable For Computer Simulations Of Physiological Systems

Due to physiolngical homeostasis, the mainténance of a constant or stable
internal environment, mathematica] models of physiological control systems are
typicélly characterized by stébility matrices. The matriva is said to bhe a
stability matrix if, and onl& if, each eigenvalue of A has a negativeyrea]
part. Since éhysi01oqical control 15 often complex, with some variables
subject to control by more than one mechanism, mathematical models of physio-
logical control usually result fn,stiff systems of differential equations. A
system of differeniia] equatibns is séid to he stiff if the absolufe values of
its eigenvalues diffef‘by orders -of magnitude. Mathematical models in physio-
logy frequentiy result in non-linear systems of differential equations, due in
part to.the complex interaction between various control systems, Thus, the
mathematical modeling of comp]exlphysiplogical control often leads to a stiff
system of non-Tinear differential equations chératterized by a stability
. matrix. A

Because it is usua]]y very difficult to so]ve non-linear systens of
differentiaf anquations by analytic technigues, mathematical models of -complex
physio]bqical control systems are usually solved using numprital integration
techniques and high speed computers. The numerical solution of a stiff dif-
ferential systém'noses an internstinq‘dilomwa. How dnos- gne achieve hoth
accuracy and computational offic{encv whren snTyinq gtiff differontial systems
using numerical 1nteqrati6n techniques? ﬂhaﬂniﬁp and Gear [1] discuss the

Ll : |
problem at length. They point out that explicit numerical methods fail on
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stiff probléms-because'of the éeveréTy restricted step size. When vory smai]
step sizes are used throuﬁhout a computer simuTation, efficienpy:suffers due
to the larqe-number-of computatioﬁs required and accuracy may' be limited due
td roundoff'error resulting from many computations. Implicit numerical
methods permit larger step sizes, but usually require many computations per
step to either invert a matrix or to iterate in order to find a suitable
solution at each step. Aqain,'effiéiency and aCcuracy may be sacrificed.

In the mndeling of many physiological control systems, high order
accuracy is not required since the values of many’ of thé pdrameteré are not
known with great precisibn. It is, therefore, desirable tolhave an efficient
nuﬁerica] integration method for .use in’physioloqica]‘simulations. The order
of accuracy of the method is .not of primary importance.- The method should bhe
easy to implement in a computer simulation; hence, a subroufine to do the
numerical integration is desirable. The method should be capable of recog-
nizing and following rapidly changing transients wherever théy occur and
should be capable of using a large step size when the system is at, or very
. ‘near steady state. Efficiency precludes iteration and/or matrix inversion at
each'step. |

A simple variable step size method based upon Eu]er»integration which
possesses all of the above tra%ts has been devised for use in a larqge class of
simulations of physiéToqica1.control. This method is developed in the

remainder of this raport.
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where A is a stability matrix. The case where elements of A vary with timel

is nqt excluded in this con$ideration.

Let A=A -'dl + dI.Where d is-a scalar. Then v = (A - H] + dI)-Q,
Define a hybrid Euler methéa which has both_exp1i€it and implicit parts hy
Vo, Yot h(ﬁ - dl)y + hdlyn+1

n+1

The implicit part is confined to the main diagonal. Since d is a scalar,

iteration is not necessary to solve for Yne1®

(1 - hdl) y

n+l (1 + hA - hdl) Yn
Vpep = (14 (1700 - hd}) i)y,
Yor1 = Vn +‘(1/(]'4 h&))'hQn (1)
Lot r = ‘/{] - hedd ﬁqlvﬁnq)quattnw 1) for ;; ao ontain

= (g - V)MV = Y/
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If r ='9n+1/&n’ then (1) becomes the implicit Fuler method which permits large
step sizes, but is not very accurate during transients. We seek to improve

upon this choice of r. .

Consider a single variable y for a.moment, rather than a large system.
Let us say that y 1is approaching stab#}ity when the graph of y is either
decreésinq and concave up or fncreésinq and concave down, Similarly, say that
y is apprgachinq 1n$tabi]1ty when the qgranh of y 1s increasing and concave
up or decreasing and concave down. If y s approaching stabi]ity,_then r
must be between 0 and 1 qu accuracy. IF' y is approaching instability, then
r must bhe greater than 1 for accuracy. When y is not changinq, r
shou]d'be 1. The diagrams ﬁn the next baqe'ﬁl1ustrate hbw r should be

chosen. Llet r = (zyn + (1 - z)in41)/&n 4(0 £z 5;.5) Then

Yne1 = ¥ +h(zy, + (1 - 2)y ) (2)

At any point in time,-Q can be expressed as a linear function of v. That is,
y = athy, (3)

whrre a and o mght vary with time chut 2 s indenendant of oy,

IS : a4
S0 v )= o *+ hHy_ and .
ni ¢ n Yn 1+1

should not change with time, Thus (7)) hacomes

A+ hy Aosteedy Srato, La an
r Do

+1 =

y

el T Yot ZNe Y byp) + (1 - z)h(a + bYns1)
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y(t) -approaching instability

y(t) approaching étability
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Solving for Vsl ‘ |

Yoep = (v, + hla + 20y ))/(1 = (1 - z)hb) (4)
which becomes our integrator equation. It is interesting to note that when
z=0, (4) reduces to y, ; = y, + (1/(1 = nb))hy,

So d in equation (1) fs the sane as h “in equation (3) when z = 0,

If 2 = .5, the nmathad 15‘thé familiar trapezoidal rule. 1f z = 0, the
methdd_is the implicit Euler method. It seems that we have traded the problem
of selecting r for the problem of selecfinq z. The fact that z remains
unknown should. be viewed as 6ur opportunity rather than a problem. 4Ye should
cﬁoose 'z in ordér to'optihize‘accuracy during transients and efficiency at
or near.steady state. That is, z should be .5 when y 1is changing rapidly
and z should he zero neér steady state to permit large step sizes. Thus, z
depends on h, which depends on thé magnitude’of y. If z = .5exp(kh) for
_"some k < 0, then z behaves_as desired. We must now select k.

If oné examines a typical solution equation in a stiff system, one finds
that it is usually comnosed of two or more terns, one of which soon ceases to

contribute to the overall solution. Bui (?) provides the followina simple

eXamp]e.
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Let y =Ay with y(0) = [2,0, - 17 where

w4

F21 19  -20

40  -40  -40

with analytic solution

vl(t) 2 éxp(—?t)‘+ exp(-49t) « {cosdNt + sindut)
yz(t) = exp(-2t) - exp(-40t) * (cosd0t + sin40t)
yalt) = - exp(-40t) - (cosAOt - sin40t)

Note that exp_(-4ﬂt) is a8 factor in a term in at least oﬁe of the solution
equations. This is typical of stiff d1fferenti51»sysfems. After t has
. increased sufficientﬁy, exp(-40t) is nég]iqible, yet the presence of that term
continues to restrict the step»siié in explicit methods. When a step of size
h s taken startina éf t = tn’ then Pxnk-4ﬂ(tn.+h}) = exo(-ﬁﬂtn)~pxn(—4ﬂh).
Near steady state, h .should be larde'and exn (-4Q(tn + hj) shoyld be
iero. If k s chosen to he equal'to the most negative real nart of any
eigenvalue of thp svstem._fhe inteqrator gquation defined in (4} with

{ PO AT S T
-

7 = b e ey e plte, fordhopoars ) 3t 0. anty o neacre eyt

astinials the) [0St 7o iative elaenvalue, CTLs cxeo® vals qs ast oroeguin .
‘I .
suhroutine TSTEP has heen written to determineg h  at »2ach sten., The size nf

" h is_inveréely proportional to the maximum magnitude of the derivatives at

each step. SUBROUTINE INTGRL and SUBROUTINE TSTEP appear in the énpendix of
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this report. Also in the appendii, the proper calling sequence in a simu-
lation is illustrated as is thé proper arrangement of arquments for SUBROUTINE
INTGRL. SUBROUTINE lNTGﬁL hés three érquments, a,‘h, and y, where y 1is the
fvariaﬁle to be integrated, a is that portion-of Q which is contributed by

off-diaqonai elements of the matrix A which defines } = Ay, and b is the
diagonal element of A which represents the coefficient of y in the
calculation of .
There is a pitfall to he avoided when usin_ojfhis hybrid Euler me*thod,
Hith

Ype1 = (v, + hla + zby ))/(1 - (1 - z)hh), 0 <z < .5, and h > 0,

there {s a-possibility for division'hv-zero if b is positive.. If the
" diagonal elements of the matrix A. are all negative, there is no problem with
division by zero. If one or_mpre»of the diaqgnonal efements of A a}e non-nega-
tive, the step size h is limited. Some stability matrices possess non-
negative diagoné1 elements. 1If .a non-negativejelement appears on the main
~vdiagonal of matrix’ﬂ, one shoufd first seék to interchange equations to ohtaih
only negative dfaqona] elements. This is not a]wéys'possib1e. Work continues

to find a suifahle method of solving this nrdhlem.
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A_SPRCTROSCOPIC EXPERIMEHTAL AND COMPUTER-ASSISTED EMPIRICAL

MODFEI, FOR THE PRODUCTION AND ENERGETICS OF EXCITED OXYGEN MOL-

ECULES FORMED BY ATOM RECOMBINATION ON SHUTTLE TILE SURFACES

David Allen Owen, Ph. D.
Murray State Uni&ersity
1981 NASA-ASEE Suﬁmer Faculty Fellow
Supervisor:
Carl D. Scott, Ph. D. ES3 -
Aerothermodynamics Section
Thermal Technology Branch
Structures & Mechenics Division
Abstract:
A vizible emission spectroscopic method has been developed ir
which the amounts of excited singlet and triplet oxygen molé—
cules produced by recombinastion on the NASA Space Shuttle Or-
biter thermal prétective tiles at elevated temperatures have
been determined. Rate constants and energetics of the extreme~
1y exotheraie reactioﬁ have then been evaluated in terms of a
chemical and mathematical model, and conclusions and impli-
catjong for thgir potentiai ccentribution to Shuttle surface

recnly heating fluxes have been drawn.,

* NATIONAL AERONAUTICAL AND SPACE ADMINISTRATION
LYNDON B. JCENSON SPACE CENTER
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The mode of generation:aﬁd thé }ate of the energy released in oxygen-atom re-
combination rcactions are of crucial importance in the operation of NASA's JSC-
Houston's arc-jet tunnel facility, and are of paramount concern in the continuing,
nission-by-mission performance of the Spgce Shuttle Orbiter during its upper atmo-
sphere reentry.l Oxygen atoms generated by hiéﬁ frequency shock wave vibration
behind bow shock of the Orbiter recombine on the reaction cured glass (RCG) surface
of the low-density, 96% silica, 4% boron silicide-coated thermal protective tiles,
whose surface atoms catalyze, in an apparent first Brder reaction, the recombination
of these atoms into diétomic molecules. In so doing, these "eritical" tiles absorb
a fraction of the recombination energy, resulting in extreme Orbiter tile surface
heating, with témperatures of about 2500°F and heat fluxes of 2-10 BTU/ft2 on cer-
tain key areun of the spacecraft underside. Although these temperatures and heat
fluxes have been npapped, simulated and predicted by complex, state~of-the-art en-
rineering and camputer-solved models or "codes", which now include contributions
from energy loat through grey-body radiative emission, substantial arc-jet tunnel
data and recent limited actual flight data suggest that the heat flux to the tiles
still falls short of the amount predicted by the current heat flux models.2’3’h
The resulting lower accomodation of energy observed for these Tile TPS species may
be more adeqnalcly explained by the release of a significant portion of the pro-
duct moleculc: in the form of electrbnically excited species or "excitions", which,
for oxygen; include 3£u~02’ 1Ag O2 and lZg 02' These excitons are all higher lying
energetic formn of molecular oxygen, capable, in theory,'of carrying away 20% or

5,6

more of the Ll al recombination energy. Some of their characteristics are enu-
_merated in Table I, Furthermore, at the low pressures(.1-10 torr) and high tem-
peratures(lSOdnh) cencountered by the tile surfaces during the reentry stage, one

f these specien, 1A8 02 or singlet delta oxygen, has a considerable radiative
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lifetime of around a second. - That oxygen atoms recombine on siliceous and other

surfaces to produce excited‘species has already been established, both 3

T

Zu 02 and

lAg O2 have been generated in this fashion.' .These species, among others, have -
been identified in upper-atmosphere phenomena such as aurora and nightglows, which

are found in the regions that the Orbiter has been found to experience its greatest
8,9

-

thermal stress during reentry. Apparently, emission from these excitons and those
of nitrogen has actually been observed by STS-1 Shuttle pilots beginning at 63 Km.
altitude.lo Reccntly,.32u 02, one of the most energetic excitons, has been identi-
fied in glows in the upper atmosphere and also found to be a 4% recombination

produét of (3P) axygen atoms. 't *

In this report, I propose a mechanism and model for the surface-catalyzed
oxygen-atom tecoﬁbinatiop reaction sequence which is consistent with data obtainea
through computer-assisted, band-specific emission spectroscopy of excited oxygen
molecules and pressure-differential analysis of oxygen-atom concentration, at a

ariety of temperatures (25-300°C) and pressures. (.1-2.3 torr), conditions similar
-to those experlenced by the Shuttle during its crucial reentry phase. The mechanism
proposed includes analysis of kineties, energetics, reaction orders and recombina-
tion or deexcitation coefficients for each of the three important surface-assisted
phenomena, including atom adsorption and recombination leading to desorpfion of
oxygen molecules of all types, atom recombination and desorption leading to the
major excited spccles produced, lAg 62, and the surface catalyzeﬁ deexcitation of

lAg O, and 32“ Q.. Since 128 02 is formed in a steady state, energy pooling reac-

2
tion from lAS 0,, its characteristics could not be determined at this time.12 In
addition, we prezeut a reevaluated picture of the surface-adsorbate profile, and
from it, and previous arc-jet tunnel data, have attempted to more closely quantify

the energies and entropies of activation for oxygen atom recombination and lAg 0

3£u O2 deactivation on the tile surface.2’3’112

2

d In addition, we have deter-



mined what we believe are only the second set of lAg molecule-deexcitation coeffi-

cients, y; and y, , for this particular exciton.13 The numbers obtained both exper-

’
t.
imentally and through interpretation offer conclusions about the oxygen-~reconbination

and deexcitation phenomena on RCG-coated tile surfaces, and has allowed us to for-

’

mulate initial idcas sbaut the analogous atom and exciton pehnomena involving

nitrogen, which we hope to be able to study.

II. Model Assumptions and Reaction Mechanism:

~

Previous data published on oxygen-atom recombination reactions in tile-like,
%

siliceous surfaces, are all consistent with the model assumptions that we have
adopted and enumerated below.

1) Oxygen-atom recombination reactions are apparently first order in oxygen
concentration at low pressures, but develop & second order component at higher gas
pressures. or flow velocities, indicative of a marked change in surface site popu-
lations. We have observed this effect in certain of our experiments.l

2) Oxygen atoms recombine on siliceous surfaces to form a predominance of
ground stgti molecules, but a fraction of excited species have been produced as
e11.11515,16

3) Oxygen-atom recombination is very rapid when compared with surface cata-
lyzed exciton dcexcitation, leading to the expected result that a significant amount
of recombination cnergy may be carried away in the form of excited species.

) Oxygen atum recombination is extremely fast when compared with oxygen-
exchange with glass surface B-0O or Si-0 units.

5) Calculated low energies of activation indicate that no strong bonds are
broken in the rate determining reaction steps, but the rather large and negative
calculated entropies of activation indicate that surface orientation is important
in the rate-determining steps.2,17

6) The surface modelled is a uniform, typical, silicate-like medium with
1015 to 101% s3.0-si "sites"/cm2, and is rather sparsely occupied by adsorbate
atoms and molecules under the conditions of low pressure and high te?perature
characteristic of Shuttle reentry. No multilayer adsorption exists. 1

7) The RCG sites are behaving in the Polyani sense as a repulsive surface,
- i.e., ground state and excited state O, molecules are leaving with high recoil
energy, and hence, imparts the RCG surface material with a relatively low value
of the energy acconciation coefficient, g.1

ORIGINAL PACE ‘zs
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The following reaction mgchaniéﬁ is consistent with all previous oxygen atom
reconbination data and with our initial excited species determination data.2s3
We hope to supplement it with microcalorimetric recombination data in the near

future.

/

I. Atom Adsorption: .

In a rapid, equilibrium-controlled adsorption step; oxygen atoms are weakly
chemisorbed (8K = 6-10 Kcal/mol.) onto surface sites, which‘are éxygen atoms in
Si-~0-Si linkages, and electron-rich. At lower temperatures, and hence at slower
recombination rates, an appreciable fraction of all possible surface sités are
so occupied, or are occupied by other product molecules. This condition is also

met under conditions of higher gas pressures:

k
S =
o(g) + s (s) ‘ﬁ-le -0 (s) Ko =k /k,
In such & process, since Ang = -1, and AH_, = (-), we would expect a moderate and

negative entrory contribution to the reaction kinetics.

During shuttle reentry conditions, as well as under early flow conditions in
our experimental ayparatus, and especially at the lower temperatures where surface
coverages are higher and effective recombination rates are lower, atom recombination

can be appreciably slowed by competitive site occupancy by product molecule species:

= (s-0] = [8-0]
Keq = \1/%1 = TS, T (0,1 I8, J-[5-07TT0 1> *2em [0) »>> [5,)-

As such, Keq(early) = k"/[OO], or the reaction rate is held up or depends on 1/[00],
and the reaction has a second order component. At later flow conditions in our
experimental appnrgtus, or at very high temperatures and/ér low pressures, when
[Oo] <<< [SO], there are more free sites than occupied ones, and the&?ate is not

_controlled or held up by site occupancy. The experiments of Scott and Myerson

are consistent with this behavior.2’13

__[s-0) _ . . . |
ad Keq “T§;TTTE§JTJEEIHJ' At thfé point the rate of reaction ceases to depend on

When [So] >> [OO], then.[SO] =[(S°]—[S—0]],

l/[OO], but followe the typical first order, logarithmic behavior. Certain of our
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data is consistent.with this apparent order change with covérage change, for as a

oxygeh exciton concentration as measured by intensity of emission drops, the second
order dependence on concentration is replaced, at a surface-glutted transition pSint,
by a first order dependence. We beliéve that the apparent low recombination and
deexcitation coefficients observed for oxygen on siliceous surfaces are consistent
with an inability of the "glutted" surface to rapidly catalyze recombination of
atoms, and hence, an inability to accept a relatively large portion of the potential
recombination energy carried to it by oxygen atoms and excitons.

. . : t
II(a). Direct, Rate-determining Reaction of Gas-phase Atoms with Surface-fixed

Adsoprbate Atoms:

In a slower, rate-determining reaction, it is possible that gas—phase oxygen
atoms next strike the afom—occupied surface sites, and recombination occurs immed-
" iately with formation of surface-bound adsorbed ground state molecules and excitons;

depending on the surface site distribution:

0(g) + s-0 (s) ka or knt §-0, (s), etc.
In such a process, since An8 = -1, and AH = (-), we would expect a large and negative

entropy contribdution. This process would also be favored under tile conditions of
high temperature and low pressure, where recombination rates would be high and
surface occupancy by adsorbed products and other molecules would be small. A suitable
rate'expressi¢n for this reaction is: .
rate = d[0]/at = th[ox][s-o]

At high [0] concentrations, or under our apparatus conditions, at early reaction,

e i _ 2 ¢ wra 12
since [S-0] « xcqlool[[sol-[s-o]], the rate thKeg‘tO;] [Lsol-[s-O]] or [ox] .
. But, at lowexr [0] concentrations, since [S-0] = Keq[So][[Oxﬂ—[S-O]], the rate exp-
#ession becames kr Keq[ox][So][[Ox]"[S'O]]’ or c[0]1. Our experimental results

T
are in accord with the order change predicted for a surface of varying occupancy.
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I1(b). Rate Determining Surface Migration of Adsorbate O—Atoms:

Another reasonsable recombination step involves on-surface recombination

of oxygen atoms by migration:

s-0(s) + 8-0(s) kns s(s) + -0, (s), ete.
w——

-

In such & procean, since An8 = 0 and M = (-),ibut less negative, since half of
the adsorption energy is lost, the entropy chahge would be expected to be relatively
modest, or even positi&e, since there has been.ho decrease in the number of moles
of gas nor no incresse in surface ordering. Since [S-0] = Keq[So][[Oolr[S-O]], tﬂe“
rate of the process might be expected to follow the 1law: .
rate = Ky [8-01° = xp 15, 1%, ) (L0, )-[5-01)°
and hence, would be independent of [0] concentration. Since our data does not,
at this time, support this rate phenomena, and the data of Scott and Myerson is
also not consistent with it, we tentatively propose that step II(b) is much
less important than the gas surface alternative II(a). Migration of atoms bonded
to metallic surfaces has been reported, but involved rather large activation ener-

. s.19’20’21

gie Yuch processes were followed using field ion microscope measurements.

Energetic for such surface-adsorbate atom Jumps are on the order of 3-22 Kcal/mole,
comparable wilh {he oxygen atom energies of activation found by Scott.2 It is
possible that both surface-surface and surface-gas recombination phenomena are

ocecurring simultancously.

III. Rapid, Fauilibriwm-controlled Desorption of Recombined Molecules:

In the rinal step, product ground state and excited molecules are desorbed in
an equilibrium reaction from the surface., At higher temperatures and low gas
.concentrations..this process should approach an equilibriuﬁ, and should not
control the rate of Tformation of products in any fashion:

-0, () :3a s(s) + o, (g) x3 = k3/k__3 '
-3 -

[ g
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In ouf experimenta, vwhere 1A8 02 and'3i:g 02(ground state) are approximately con-

N

étant at any tube position, and lZg 02 is generated in -steady-state fashion, we

can estimate values of K3 for each of these species, as:

K = [02][[80]_[8-02]-[8_0]],’ /
3 [s-0,1 »

At early apparatus conditions, or under the conditions 6f low temperature and/or

high gas pressure, the.k_3 reverse reaction will tend to impede éhe forward recom-
bination reaction, but at late apparatus conditions, or under typical Shuttle flight‘
conditions of low oxygen concentration, high temperature, and lower prsséure, there
will be no rate retardation, and recombination should follow typical first order
kinetics. Our work is consistent with this model, and Scott's data on arc-jet
recombination can be interﬁreted in this fashion. Following this behavior, Scott,
Melin and Madix, noted thsat Yo values increase with an increase in temperature,
consistent with more rapid desorption rates for product oxygen molecules, leaving
gore surface arca available for recombination at higher temperatures and hence a

2,15

larger expectcd recombination efficiency and energy accomodation. The reaction

path vs. energy profile pictured in Figure 1. is consistent with the observed ener-

getics and entropics and our proposed mechanism. With a rate-determining step like
II(a) above ‘nvolved, it is likely that the surface can accept up to one-half of the
available recombinntion energy, resulting in a B-value of less than, or at most equal
to, 0.5. This jrcmise is based on similar conclusions drawn by Melin & Madix in

15

their studies of oxygen-atom recombination on metal surfaces. We have not, as of

August 1981, quantified the energy accomodation by the surface for excitons,

but in a continuing series of calorimetric experiments, due for completion this

- coming yesr, will Jdctermine a g-value for the energy accomodation for deexcitation
1

of 'Ag 02.



III. ‘Surface Model, Adsorpti'oh Phenomena, and Energy and Entropy Considerations

For Oxygen Recombination and Deexcitation:

One of the mnjor problems for & person in developing & mechanism for atom
recombination on Shuttle TPS RCG tile matgrials involves the nonuniform, irre-
producible nature of the tiie sﬁrface itself. The species; surface has been
heretofore assumed to have many of the characteristics of quartz and other sil-
iceous materials, as extrapolated from its physical probertiés and from its 96%
silica, 4% boron silicide composition, although, contrary to quartz and many
other glasses, it has been shown by electron diffraction and scanning ‘elec,tron

b
micrography that the tile surface undergoes alteration(through appasrent oxidation),
when exposed to oxygen at elevated temperatures for extended periods of time.

To suggest thet it is a uniformly catlytic substance over all regions is more than

a8 gross assumption, but one that we were forced to meke. From previous calculations,
we can be sure there are, on the average, about 10%° to 1016 surface active "sites"
peT cna,, and the nurface, in general, resembles other silicates .‘23 Interaction of
O-atoms with quartz and other silicate surfaces such as RCG are presumed to occur
through ratker weskly chemisorption interactions, or the order of 6-20 Kcal/mole,
vhile adscrption of ground state oxygen or its higher-lying excitons are presumed

to ocecur through ¢ven weasker, rhysisorption interactions, on the order of the en-
thalp:lv of adsorption, of 2—6.Kca1/mole. These result in widely spaced adsorbate

2 to 10-h of the potential site

area is covered at any time, with available mole site spacings of T = 10-1‘J to

interactions. 1I¢ hss been estimated that only 10~

10_9 moles/c:m:e':&5 In any case, exchange of adsér‘bed O-atoms or 02 molecules with
oxygen bound in nurface Si-0-Si units proceeds prohibitively slowly vwhen compared
with atom recomlination or exciton deexcitation. That recombination or deéxcitation
t&es Place at only a fraction of the possible or potential surface sites aids in
exvleining the-low values observed for v, 7', and B for these systems. These low

reaction and energy recombination end energy accomodation coefffctents contrast

N
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strongly with those previously determined for platinum; silver, copper, nickel,

.4 the other trarsition metals.ls’ls

There it is assumed that nearly all of the
surface atoms may serve as & template for recombination or for exciton-specific
deexcitation, with concomiténtly higher y,v', and B values;13’1h’15 These metal
surfaces have also been shown to be readily poisoned or deactivated catalytically
by introduction of foreign etom layers, which usually adopt well-ordered surface
positions atop the regular metal lattice, and as such, can be rather precisely
located usirg low energy electron diffraction techniques{LEED Spectroécopy?.27’28
One might a priori expect that introduction of the boron silicide Blzsi3iéubgroups
into the RCG surface region to cause the surface to have a considerably lower
catalytic reconbination coefficient than quartz or other siliceous materials, but
in fact, the reverse has been shown to be true. 2

It was beyond the capebilities of our research team to closely define, elucidate,
rr even approximate the average nature of the RCG surface. Thué; any deexcitation
or recombination data must be discussed in terms of an imaginary average surface
with approximate kinetic, energetic, and entropic parameters. In theory, when a
reaction such 8s recombination tekes place on a nonuniform surface, in which there
is a variation in site-types, both the resultant site adsorbate populations and
their energies of activation for a particular reaction are different.17 It is even
conceivable that the sites differ in enough respects that different products may be
preferred from them. Assuming that all of the different site types are more or less

equelly but spsrsely(1072 to 1o'h) occupied, then the kinetics and energetics may be

averaged, and the reaction rate expressed as:

ICHE-T(e‘EaI/RT.cl + e-EPZ/RT-c + e_EaB/RT-c S
rate = I b 2 3
T
r p ~Ea, /RT
or rate = Okt igoci e 1
T, b

T
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In our flow apparatus experiments, we m;de the very simplistic assumption that there
v ~e only two types of sites, y* OF Dyrex, and g °F RCG tile. Our later geexcitation
values showed that the tile sites are nearly chemically indistiguisheble from the

gless sites, In the fiow experiments; with th tiles absent, ¢y = c, = 1.0, and when

=¢ = ,663 and ¢, = ¢, = .337. We analyzed each of these

1w 2 t
arbitrary site types as uniform, with the full understanding that they could each be

the tiles were present, ¢

further subdivided, and with the knowledge that the RCG tile sites, at least, were

constantly being modified by oxygen atoms at the elevated temperatures of our ex-

periments. , v

¥

PPN

Adsorption Times end Equilibria:

r

For the firstAnnd last steps of the proposed recombination process, we assume
that these reactions are governed by typical, physisorption phenomena. If there were
no asttractive forces at all between oxygen stoms or molecules to surface sites, the

residence time t would be expected to be on the order of a single molecular vibration,

w..ch, for O,, vould be T, = 10712
0,

accomodation coefficient B would both be essentially zero for this "hot" atom and

seconds. The interaction energy Q and energy

cold surface and the particle wouid strike the "cold" surface and rebound with all
of its energy, with none transférréd to the surface, and no chemical reaction there
would have time to cccur. However, since cculombiec or electrcstatic or electroniec
attractive forces are present, & nonzero energy of interaction results. This value
of Q is on the order of the enthalpy -of adsorption, and results in a measurable

accomodation coefflcient' B, since more chemical energy is thus transferred to the

surface. The time of surface residence is expressed as:

W ° ter/RT T = “Kelvin, R = .001987 Kcal/mole

As expected, the residence time of adsorption decreases with an increase in tem-

p~—ature. As adsorlate species gain the needed activation energy (EaI or EaIII in
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Figure 1.), they are able to escape their surface sites and free them for other
speéies.. It is safe to assume that wgen Tx is as large as se&eral vibrational
eriods, that rather strong chemisorption has occurred, and a considersble amount
of energy is accamodated by the surface. In our study of deexcitation of delta
oxygen by surface sites, it has bee; calculated that only sbout 1 of 40,000 sur-

face-exciton collisions possesses & long enough r;éidence time for deexcitation

15,38

to occur.
Langmuir developed relatioships that comnect the process of chemisorption
to ordinary kinetic parareters, expressing the rates of adsorption and desorption

%
in terms of moleculer properties. The rate constent for desorption, important

in steps I end III of our mechanism, is related to the adsortion time 1y as:28

x .(0-atoms) = 1/t - e_g /RT and k_(0, molecules) = 1/t * e'Qo /RT

-1 o 3'°2 02 2

Assuming % and 10 to be'10-12 sec, and Qo to be 10 Kcal/mole and Qo to be 6 Kcal/role,
e 2

k-l and k3 may be cbtained, sssuming a temperature of 300°K. These results sare:

k—l = 52 x loh/sec =1.9 x 10-5 sec -
=4,3x 106/sec r =2.35x 10—7sec )

The rate constants for adsorption, or the reverse reaction, may be expressed as a

%o
X

-

function of the number of perticles striking the catalyst surface, which is considered

to be a 2-dimensional box of site are LR which follows the relationship:28

)1/2

k, = KOO/(ZnMRT , in cm?/mole-sec

Solving this expressior at 300°K and assuming values of oo = 1015 sites/cm? for O-
16

etoms and S5 x 10 sites/cm? for 02 molecules, gives rise to the adsorption cons-
tants, assuring 1 torr total pressure, 27% O atoms, 73% 0, molcules:

- 18 atoms-sec _ 13
. K, (0-stoms) = 3.3 x 107 ~ewr_5— K, = 6.1 x 10

2
eq atoms - sec

cm
k;3(02 molecules = 3.2 x 1,018 molecules-sec K; = 7.4 x 10™ molecules: sec?
cm em?

should be strongly fointed out that changes in ao area, by occupancy of the limited
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numbér of surface uifes, can strongly élter the values of Keq and K3, and
¢ turb the equilidbria in these steps. Such predictions find support in our early-
reaction tube, high-pressure, low temperature second order effects noted for

both deexcitation rcactions.

Energy and Fntropy of Activation, Oxygen Recombination:

Previous work by Scott2 and Melin and Madix;s showed that oxygen atom and
nitrogen atom recombdination cbefficients at elevated temperatures exhibitedvtemper-
ature aependencica indicative of small energies of activation for the rec?mbination
processes. In addition, each term conteined a small preexponential term‘which could
be factored into a temperature dependent coliision frequency parameter and an entropy
of ectivation, Sa, or surface orientation parameter. In general, the various con-

17

tributors to a given reaction kinetic expression are:
o - -
X =¢ ena/R e Ea/RT _ Eg.eSa/R e Es /RT
W h
?
S¢ .t s data fit the recombinstion expression:2

' =16 e-lOQTl/T o
Y 0 s Where the value of Tw was about 1525 K.

From the well-known expression relating the forward reaction wveloeity to 7'0:

kw = (kT/2m) 1 /CY ‘0 = (kT/2m)1/2°16 e--10271/',1‘w

Now, using the value of kw assumed by Scott, 1040 cm/sec for Shuttle flight reentry,
and essuming that the enthalpic term has unity coefficient, Ea = +20.4 Kcal/mole and
Sa = -k1.} callok At 1525°K. Working from a different direction, assuming no specific
value for kw’ by equating the two expressions for kw’ and then substituting into the
well known expresaion for y'o, wvith constant Ea at 1525°K, Sa values of sbout -45.3
cal/oK are obtningd. These large and negative values for Sa are sll consistent with the
proposed surface-catalyzed mechanism, with a rate-determining step in which there is

e: er a decline in the number of moles of gas, and/or in which a gaseous species is
adsorbed on the surface on limited sites. Table III summarizes energies and entropies

of activation for yecoaxbination and deexcitation reactions for oxygen and nitrogen.
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IV. Apparatus & Procedures:

Detefmination of the identities of, concentrations of, rates of formation of,

3 1

and rates of decxcitation or quenching of Zu‘O I O,, and 1A 0, excitons in

2> "g 2 g 2

the presence of one another and in the presence of ground state oxygen and 3P oxy-
gen atoms, over a temperature range of 25° to SSOOC and a pressure range of 0.1
to 2.28 torr, is a ticklish procedure, and required construction and constant

modification of a complex apparatus.7’12’29’30’3l

Through generous support of NASA,
under contract #NAS-9-16254, and through Murray State University's Committee on
-Institutional Studies & Research, under grant #CISR-TTT, along with othér needed
equipment and microcomputer hardware end software furnished by our Collegisate

Dean abd Vice President for University Services, we fabricated and/or assembled

the components of the discharge-flow, band-specific emission spectroscopie, com-
puter assisted reactor-detector apparatus for excited oxygen species, pictured

in Figure 3. DPure, ground state oxygen was first precooled to remove conden-

sible impurities such as water vapor, which were known to "quench" or deexcite

11,32,33 The gas was then pressure pumped'and vacuum pulled

oxygen excitons.
through & gas-~flowmeter into the discharge region, at pressures of 0.1 to 3.0

torr, and using flow rates of 2 to 20 cmg}sec (at STP). The gas stream so

developed had average forward velocities of 100 to 600 cm/sec. Some of the

typical gas flow parameters are listed in Table II. In the 12 mm quartz discharge
tube region, the oxfsen flow stream was excited and partially dissociated into

atoms. Conversions were in the 15-40% range, although 26-27% dissociation , as
determined by pressure drop messurements, were common. Dissociation was accomplished
using 2450 MH: mlicrowave radistion from a Raytheon power source and microwave gen-

- erator, operating at power ratios of'TO to 120 watts.29f3l

The radiation was’
carefullj tuned using an air-cooled teflon tuning bar, was monitored with a

Jsackmeter, and ashielded from operating personnel in an aluminum'housing.
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After passage through the discharge‘system, the gas stream was passed through a
series of light traps to cut down any visible light frém the discharge region
from reaching the detectors The gas-stream could be partislly saturated with
mercury vapor, vhich could cause recombination of oxygen atoms when their
presence in the detector was unwanted. In order to remove the products of this
reaction, a condensor was also placed in the line, iﬁ which mercﬁric oxide, HgO,

occasionally formed:

Hg (g) + 0 (g) ﬁlpﬁgo (s)

The gas stream was then passed by a stopcock that led to @& nitrogen dioxide
gas reservoir, whose contents could be used to "titrate":'the amount of atomic

oxygen present in the mixture, by the reactibh:zh’as

*
20 (3r) (g) + NO, (g) =——— 0 (328, G.S.)  + NO, , emits

2
The pressure was monitored at this point, and at several other convenient places,
by use of a Varjan vacuum gauge, as an alternate measure of O-atom concentration.
The gas stream was then passed into a 4.6l cm i.d. pyrex reactor/detector tube

set firmly in an insulated, circulating oven, of which a 1 cm viewing slit was open
to the photomult.iplier detection system. The photomultiplier tube was powered

by a varisble high-voltage power source operating at typical voltage; of 1400 to
1800 volts. It was necessary to use narrow band filters with each photodetector,
in order that the radiation detected by in a felatively narrow range, of about

100 angstro=s. In this way it was possible to detect the presence of a particular
exciton by =edzuring the intensity of its most intense radiative band. We used

the 6340 angstrowm cmission for lAg 0,, and the 2800-4000 complex for 3£u 0

2 2°
Although 128 Q, ¢ould be detected using & neer infrared photodetector at 7619 an
stroms, since it was constantly being replenished in the gas phase from lAg 02

&
in an energy pooling reaction, it was not measured, for it was generated in steady state.
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The complete visidble emission spectrum for diatomic oxygen is presented in Figure
k. The photomultiplier tubes were mounted on a Year" driven by & gear chain and
a stepping motor, and could be driven in either direc£ion along the 43" or 109.2
cm of the viewing slot of the detector tube so that a radistion profile with &
distance parameter, in cm., could be obtained. (By multiplying the distance pa-
rameter by the gas flow rate, a reaction time vs. tube position could be obtained.
Assumptions made in this extrapolation included lamiﬁar flow by‘the gas, canstant

tube" diameter, and an average gas flow rate calculated by the expression:

— t

u= V/.S'TR2 or u = .12V, in cm/sec

where U was the average gas flow velocity corrected for temperature and pressure,
V. was the average gas flow volume, corrected for temperature and pressure, and R
was the constant radius of the tube, 2.305 cm. The flow profile was assumed to
follow the laminar pattern pictured in Figure Sa.3h The detector could be driven
either manually or by a computer. Typicallscan rates used .Sé cm/step and 250
steps/minute. Chart speed variation a;loved spreading or attenuating abspectrum
or any part of one, in order to obtain more accurate slaopes for analysis. As
data was taken at cach point, it was also plotted on a cathod ray screen through
operation with our 48K Apple IT Plus microcomputer and peripherals. A modified
Applabe plotting progrean was utilized. Gas pressure and temperature were moni-
tored at three points within the reactor profile, at 0, 25 and T5 cm,~and another
pressure reading was available after the gas passed ocut of the reactor tube.
After detedticn and nearly total recomﬁination and/or deexcitation, the often
hot gas stream was pumped through a flbw-limiting final stopcock. Experience
showed us that the oxygen released from the reactor had to be cooled before it
was passed into the Duoseal filled vacuum pump. A Dewar flask filled with dry

ice/acetone was uscd for this purpose. One of the major early problems encountered



1n;the project was getting the number of molecules or mass of oxygen passed through

n order to get good visible emission from thes excited species. This was finally

accomplished by using a pump of 500 liters/minute pumping capacity, and constantly

changing the oil in the puxhp. One ofAthe easiest measurements to obtain was the

gas flow volume per unit time, for during & run, é.ll exit gases pumped from the

reactor could be collected by displacement at a given temperature, énd using the

ideal gas relationship, the amount of material could be very accurgately determined.
‘Runs ﬁere obtained at different pressures and temperatures, with og'without

tiles present in the apparatus. It was found that eight 1.6" x 6" til;s, cut to

& hemicylindrical shape, could be placed contiguously in the chamber, in such

a fashion that they filled slightly less than one-half of the tube and had an

effective surface fraction in the tube of 0.337. The modified D-shape of the

tube was then normalized to a slightly smaller cylinder, and the gas flow average

velocities were calculated from the relationship u = .179V,cﬁjsec. Particular

excitons could be attenuated by the use of Co or Ag metal coils, and mercury

vapor could be used to remove oxygen atoms, although it tended to reduce ﬁhe amount

of 32u 02 as well. These different experiments allowed collection of enough data

to obtain rather good kinetie parameters for two of the exciton species, as well

as a temperaturc dependence of rate constants for deexcitation, and calculation of

enérgies of activation. In addition, we found that, at late tube conditions, reac-—

tion rates were proportional to gas velocity as well. Estimates of deexcitation

coefficients, 7;, were also obtained.

ORIGINAL PAGE IS
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The filtered radiation d?tected .by the photomultiplier tube was expressed in
terms of a current, and was measured at each tube position(x, cm) and recorded.
It was assumed that thg radiation intensipy was exactly proportional to the number
of atoms undergoing radietive decey, and that the decay process was at least 103

times slower(gucsses of 10h have been mde16’38

) than the, wall or tile deactivation
process., The further assumption made was that the relationship between intensity

and particle number wes everywhere lineexr, and followed Beer's Law in the fashion:

. | 11 [l ol
= . 8 =
I =1 A8 02]:( » Where & was a proportionality constant =5 2 o2

In order that intensity always reflect a given nmumber of delta particleg, %h§
photomultiplier shutter opening and the photc;multiplier voltege were kept constant
throughout a series of runs, aversging Smm and 1600 volts for the 6340 angstrom
1 Ag 02 determinations and 5 mm and 1400 volts for the 321.1 "green glow" determina-
tions, respectively. All spectra were recorded over the entire 43" or 109.2 cm
tube opening distance. It was assumed that tire-distance steady-~state reaction
conditiéns were in force scon after the emission had begun.

Typical decny profiles of intensity vs. tube position, cm., are shown in
Figures 6 and 7. More dats of this type are available upon request, since over

L0 runs have been rade to date (August 17, 1981). The results indicated that
1l

Ag 02 is deactivated or quenched on pyrex or tile surfaces only asbout 1/5 as
quickly as 32\1 02. Plotting the intensity data on semilogarithmic peper indicated,

that at tube pesitions of 50 em or greater, in & "downstream" sense, that good
first order kinetic plots were cbtained for the decay of each exciton. EXamples of
these are given in Figures 8 and 9. These plots were corrected for reproducible
:"equipment varistions”, such as the enhanced(vs. apparent decay) tube regions
shown in Figuree © and 7 at sbout 35-50 cm. The regions where the discrepancies

occurred coincigded vith entry ports used for pressure measurements and other oper-

»
ations. The plote of distance vs. loglo intensity were anslyzed in typical fashion
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to give first order position rate constants, x, /cm. _These were temperature and
—elocity dependent, but more or less independent of pressure.' They were reminlscent
of the types of rate constants determined by Winer and Bayes by a different, chemicel,
assay methcd.38 Values for lAg 0, were .poh to .008/cm, while values for the more
reactive 328 02 were 017 to .0k2., It was found that each position rate comstant x
could be multiplied by the average gas velocity_;; in cm/sec, to'give & more univer-
selly useful time-dependent rate constant, k, /em. The rate constants obtained by
this method for both excitons are enumerated in Tables V. and VI.

Eaech plot had an interesting region in which the reaction rate law Was rapidly

1.4

5« » &nd the "early" part of

changing. It averaged out to an order of about [I]
the tube regime for each exciton displayed a region in which a second order reaction
was occurring. This region was in the first 25 cm of the tube. The next 25 cm
wag one of mixed rate, and by the time 50 cm had been reached, the regular, first
order rate lav was observed. Figure 10 shows & plot of early tube position vs l/[I]x'
.e second order behavior was clear. These "early" tube effects were consistent
with several possible causes:
(1) Larinar flow had not yet fully developed, so that surface-normal velocities
vere rapidly clhanging and eddying caused by entrance effects was enhancing the
rate. That an exact seccnd order effect should result was puzzling.
(2) There were significent gas-gas deactivation reactions occurring in this
regime of the flow epparatus, where the species density was higher and enhance
‘ment of a two-body reaction was expected, as might be a second order behavior
for it. ’
(3) In tkis region of higher concentrations of undeexcited excitons, there was

a8 preponderance of stom- or exciton-filled surface sites, leading to surface
"glutting", and causing an expected 1/[I]x rate dependence, as discussed on pp.

This second order effect could be attenuated and even apparently removed by three
techniques:

(1) vy fccreasing the tenperature of the gas stream

(2) by decrensing the gas flow rate to near or below 100 cmslmin(STP)

(3) by a coxbination of (1)+and (2)
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The .second order efféct was more or less independent of pressure. This effect
3 mentioned by Beyes and Winer38, who evaluated it in terms of gas-gas phase
recombination. In order to test their hypothesis, we performed a series of
experiments, First, in ordér to determine if any special entry effects were
responsible for the behavior, we decided to see if the "early part" of the
apparatus was in any flow-sense unique. We calculated at what length 1,

surface or eddying effects should have been minimized, that is, when the

boundary layer position for laminaer flow had reached the midpoint of the

. %
reaction tube. Since our Reynolds diameter numbers for different flows were

in the range of 20 to 300, there was no doubt that a rather ea.rly leminar

flow would be obtained. We used the formuls for boundery thickness, as
determined by Blasius and Schlichtingah:

8 (boundary leyer thickzess, ft.) = 5(vi/u)1/2

re u was the average velceity and v was the kinematic viscosity. It vas assumed
that the viscosity of the exzitass was similar to that of ground state 02. The

length of tube 1, that cyv-orespords to the midpoint, was set at the tube inner

radivs R = 2.305 en, and thi equation wes partially solved and rearranged to give:

2 - —
1=(2.305)" u .000028Tup
25 ~(30.58)% O —

By changing the pressure{Giemity)and flov rate, a series of values of 1 were obtained.

These are displeyed in Tablee IV. The results indicated that while there was & small
prelaminar regime in vhich the dbcundary layer was less than the tube radius, the
values obteined for ) were much smaller than the break point of 25-50 cm., being
rore on the order of 0.2 to 2.55 cm. Laminar effects were essentially constant
throughout the tube regime.

Since the second order or "early tube" effect was diminished by both an increase
+u temperature and a decrease in flow rate, we essumed that it was due to a site-

£111ing or adsorption change in that region. Melin and Madix have discussed site
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coverage as an explanation for low encrgy accomodetion éuring recombination and

a.cxcitation of oxygen, and their explanation is applicable here .15 Ogryz1016

38 39

and Elias, and Winer and Bayes™ , and Vallance-Jones and Harrison™ have all shown

gas-gas deactivation to be much too slow at exciton concentrations much below

3x 1015 3

molecules/cm”, and we were operating on the edge of this concentration
regime,

Ephancement Effect s

Vhen mercury vapor was not present in the system, and O-atoms were allowed
S

to pass into the detector tube, enhanced and non-first(or second) order intensity

1l 3

was observed for both As 02 and tu O2 emission. The rate of appeasrance of ad-

ditional intensity showed a poor first order factor, and gave an approximate

velue of kw of about 0.1k. However, no adequate curve fitting expression could
a

arrive at a rrofile similer to the intensity pattern observed, since much of

» change was taking plece in the "early" part of the zﬂeaction_ apperatus. In any
case, the rate of conversion of O-atoms to excitons was at least five times faster
then the 3}:u 02 deactivation and 25 times faster than the lAg O2 deactivation. We
are continuing to study this O-atom enhancement effect.

t
Calculation of Reaction Deactivation Coefficients, 1: and Y. :
&

Following the snalysis of Winer and Bayes, we calculated YA and Yz velues for
the two excitons on glass surfaces, Since the reaction rates for tile surfaces were
usually sbout 90% of those cf the pyrex system, they were essumed to give similar
deactivation coefficients. .Each showed a temperature dependence similar to that dis-
played by O-stom recozbirstion coefficients on glass and metal surfaces(Figure 2.)

_The results sre disprleyed, when plotted as 10510 Y' vs. 1/T, in Figures 11 end 12, and
were calculsted from tke tice-dependent first order rate constants, k, /sec, 'by\
r ~gverting these into the reaction rate velocity by multiplying them times a tube-

cteracteristic ¢icensicn, C, characteristic of the tube dimension unit area:
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Since k, (cm/sec) = (xT/2m)1/2-v', and k, (em/sec) = k /sec* C(cm2/cm), then :

k C k;C

YA' Gﬁ and 72' =vﬁ
onm 2m

These recombination values, were, as expected, sbout 10 times larger tha.n the energy
accomodation and deexcitation values reported by Winer and Bayes.38 We must await
refinement of our technique and determination of B, the accomodation coefficient,
from outr soon to be yerformed microcalorimetry measurements. These independent measured
values of B. will allow us to predict, with confidence, the vy, catalytic e‘n;argr deex- -
citation coefficients for each of the two excitons, and hence be able to predict their
contributions to tile(and shuttle) heating. Values of the two reaction deexcitation
coefficients, are given in Tebles V. and VI., and plotted with 1/T °K x 10> in Figures

11l and 12.

Veriation of n\: Kvy K., and k. with Temperature:

As might bte expected from their great difference in electronic energy and struc-
ture, tﬁe two excitens gave quite different temperature rate constant behavior.
When. the temperature of the lAg 02 stream was increassed, only a smell rate enhancemert
A /sec

ascribed te an incresse in gas velocity. The small change in activation energy was

was cobserved for KA. /cm, and a small, but larger, as expected increase for k

calculated over ‘a rather wide temperature range, 25 to 280 QC, and was calculated using

the Arrhenius l.awt

k,2 Ea, (1000)(T_-T.) -
log,, 4 = A 21 Ea, _ (b.57)(T,)-(Ty).20g (k,2/k, 1)

lOOO(Ta-TIT
The result waa a very low energy for lbg 02 deactivation of 0.34 to 1.1 Kcal/mole,
vhich indicates that the rezction mechenism is not enhamced by kinetic energy, but

is probably dominated by an electronic perameter in the spin-forbidden reaction:

. S
0, (108) (g) —» 02(3}:8) (g) AJ(8pin) = +P; AH{Kcal/mole) =-22.7

]
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Evidently the surface is not sable to i;rovide spin crossing for the system.

As expected for the spin-allowed conversion of 3£u02 to ground state, 3}:3 02, we

noted & much greater temperature dependence for this process, with an energy of

activation in the 6.7 to 8.6 Kcal/mole range. The reaction was so facile that the

3£g 02 intensity would fall to near zero at very short tube position when the temp-

erature is raised only 100°C. In this deactivation process, which proceeds without
spin change, the tile or pyrex surface need not interact electronically with the

exciton, which can release its energy in a quite exothermic and spin-gllowed reaction:

.
0, (3zu) (6) —> 0, (328) (g) AT = 0, AH = -103.2 Kesl/mole

We predict that when energy accomodation coefficients for each exciton are obtained,

3

that the ]‘As 02 state will have a very low value vwhen coxpered with tu 02. Plots

of log, .(deactivation position-dependent or time-dependent rate constants) for the
10

3

two excitons with change in terperature as 1/T °K x 10” are displayed in Figures

13, 14, 15 and 16, and the data is arranged in Tsbles V and vI.

Atterpted Fymluation of Oxysgen Atom Recorbination Rates by Pressure Difference:

It was noted carly on that the totel éas pressure, when measured at the pump
end of the reaction tudbe, or at a port 75 cm or sabout 3/k of the_wa.y down the tube,
was about 13-15% lover than the value measured prior to gas entry into the reaction
tube. It was suspected that this pressure drop was not a flow property, dealing
with. surface shear, and calculations showed that this shear could amourit to no more
than 1% of the cbaerved pressure drop. The pressure drop was then believed to be
derived from recomdination of oxygen ators into excitons end/or ground state 02
over the distance of the t‘u‘bé. As expected, when C-ators were "scavenged" by the
use of mercury vapor; no detectsble pressure change was cbserved in the entire tube
z"egime. The drop in pressure, then was due to the loss of one mole of gas by the
reaction(s):

2 o (), (g) --—-?—b 10, (excitons & ground state) (g) Ang = -1
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The following pressure differential method and attendant rate law was worked out

to test on the pressure drop data:

Let the change in pressure of the recambined oxygen at pos. x = -2px, where

Py is the difference in pressure between the oxygen estoms before recombination and

their products, which are all 02 molecules, ground state or excitonms. Poo - Py = POx (1)

P P
At tube position 0, let the pressure of oxygen atoms be oo, at position x, Ox’

and at the end of the tube, wvhen all recombination has occured, POQ =.0,

Let P'l‘

pressure; P‘l‘z, the pressure at any tube distance x, cm; and PTQ, the pressure

%
= the total pressure at any time or positionj; P'Ll‘m, initial total measured

measured at the end of the tube after all oxygen recombination has occurred.

For a second-order recombination reaction: kR = recorbination rate constant

.

P .
Px = kR - x or k, = X (2)
P R P \,P

o )("0-2p ) x("o )("0_-2p )

Since all production of recombination from O-atoms results in a drop of pressure equal

P
to 1/2 0,:

PT = PT

(3) - o = 2(PT° - Fp) (L)
@ o

P
- 1/2 ()O o or o

4

Substituting (1) into (2):

P

= =kg (5)  orkx = Px (6)
P P I I PP PP
x(2(T - T ) (2T -2 T -2p,) bx("r -7, )T~ T -p,)
Now, substituting p_ = PTO -PTx into (6) effcrds the final expression:
(PTO-PTX) -
P P b b , X7
bx(Cr - T )T -TT)

It is clear that the pressure need only be measured at three positions to give & value
far kR' at the tude entrance, exit, and at some measured point x. The curve generated

from the various values which kR may assume is asymptotic with the vertical axis. Although
]

ve do not have ¢ good value for kR et this time, we belleve we can obtain one soon.
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VIf Model Predictions:g Conélusions:

The RCG thermal protective tile system coatingé catalyze oxygen atom recom-
vination through equilibrium, fast formation of a chemisorbed, site-specific, non-
contiguous atom ¢cating, with gas surface energies in the range of 6-20 Kcal/mole.,
and an activation energy for recombination of about 20 kcal/mole at typical shuttle
conditions, low jressures and about 1500%K. The entropics of activation for the
process are large and negative, indicative of a-strongly adsorbed surface-catalyzed
;ecombination rcactioﬁ.. Product molecules are released in an equilibrium control-
led process, independent of the reaction rate, and give rise to gro;ndistate oxygen
as the major product. At least one experimehh.was consistent with the formation of -
3£u 02, on the tile-glass surface, and the intensity measurements indicated that
a growth of 4% of the concentration of this exciton was consistent with at least
12% conversion of O-atoms to it. This particular exciton, 32u 02, was found to
rather rapidly dcexcite on tile surfaces, with a first-order rate constant of
“bout ,937-.042 /cem at gas velocities in the 300-400 cm/sec range. The eheegy of
activation for this process was found to be about 7T-8Kcal/mole. The ofher
exciton, lbg~03‘ wvas not deexcited as rapidly by the tiles, with a first-order
rate decay conctant of about .006 /cm at gas velocities in the 1 00-600 cm/sec
range at nesy ruwa temperature. There was only & small activation energy for the
process, of ahuat 0.3k to 1.0 Kcal/mole, indicating that the.glass or surface tile
deexcitation »uenctioa does not involve strong ordering or bond formation. That lA
02 is only slowly deactivated on the tiles is consistent with the fact that any

3

reaction involving a change in spin, as from lA8 02 to zé 0,

must transfer spin to a third body. Evidently the tile—}qé 02 interaction is one

, in the ground state,

in which such a spin transfer does not teke place Teadily.
The most iAteresting result obtained was the change in order for each of the

deexcitation reactions, from second order to first order. Since the process was

. o} . s
df s
R AV A
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found to be diminished at low pressure, higher temperature, and lower flow rate,

1t. was assumed to be due to a site-coverage effect discussed in the mechanism.
But other postulates, including non-laminar flow in the early reactor tube, gas-
gas recombination or deexcitation, and an unusual tube regime in the first or
early part of the tube coﬁld also explain this result. ’

It is yet to early to predict what fraction §f the deexcitation energy or
recombination energy leading to excitons is acfua.lly accepted by the tile sur-
face and results in heating. These evaluations must await our soon-to-be-performed
calorimetric studies. But, following Ogryzlo's observation that ox&geﬁ atoms
recombine to produce sbout L4-12% ?tu 0, and a comparable amount of ]Ag 0,, obviously
only a small fraction of the total recombination energy is converted into exciton
electronic encrgy. However, with thé low deexcitation rates on glass and the RCG
tile surface, coupled with the very modest rate enhancements expected for processes
of such low encrgy of activation, there is good evidence, that énce formed, oxygen
excitons can carry a fraction of recombination energy away from the tile surface.
In addition, at the higher temperatures characteristic of Shuttle reentry condi-
tions, it is expected that the higher lying electronic states might be initially
be more highly populated, and will also include significant contributions from
vibrationsl and rutstional states. One intriguing possibility remaining to be
explored is the possibility of defining the populeiions of higher lying vibrationally,
rotationelly, and electronically excited oxygen states. Even more importantly,
a study of the encergy pertition of excited species produced from nitrogen, the
major corponcnt of the atmosphere, and with the larger share of the recombination
energy to be accumodated, could give fruitful results. Nitrogen excitons in
higher lying ¢lectronic and vibrationally excited states have been detected, énd
.have been found to have significant radiative lifetimes.35’36’37 We had proposed
future experinments addressing these problems in an unsolicited proposal to NASA,

and hope %o be able to study them. These new experiments, coupléd with our on-
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going excited oxygen work, including our upcoming calorimentric studies, will
expand our growing recoﬂbin&tion_moﬁéi, and will allow us to more closely define
the heat flux impact of excited species, which are produced by or deexcited by

surface reactions on the Orbiter TPS tile materials.
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Nomenclature:

c area-dependent proportionality constant
Ea energy of activation, Kcal/mole

h Planck's constant

AH enthalpy of reaction, Kcal/mole

I enission intensity, arbitrary units

Boltzmann's constant

first order reaction rate-constant

" W J#

equilibrium constant, surface adsorption-desorption

An change in number of moles

(o)

oXygen atoms
P Pressure, atm.

Energy difference between ground state and e:xciton state, Kcal/ mole
B radius of reaction tube, cm.

-

RCG reaction cured glass

ORiGitz:, Pas

Re Renolds number, diameter
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Nomencalture: (cont.)

S

<<;¢|§»ag:

Subscripts:

silicate surface site -~

entropy of activation, cal./deg.

Temperature, %k

Thermal Proteétive System

bulk-average linear gas flow rate, c;/sec

root mean square gas molecular velocity, cm/sec
gas volume flow rate, cm>/sec

concentration, m.oles/cm3
energy accomodation coefficient
recombination coefficient

molar site surface coverage, moles/cm?
delta oxygen electronic state

first order rate constant, /sec
kinemutic viscosity, Ibm/ft~sec

density, g/cm3

adsorption "sticking" time, sec

1,2,3.... chauracteristic of reaction 1,2,3....

b

D

eq

0O O O m

"oy

adsorption

Boltzmann

dcactivatiqn

equilibrium

gas otate

zere (initial) tube position

oxygeh atom

’ oxygen molecule

recoabination
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Subscripts:{cont.) .
. =&
s surface species s S
T total ta
t tile(reaction cured glass coated)
w wall(pyrex tube)
x . tube position, cm.
R ]

® end{infinity) tube position

Figure 1. Reaction Profile vs. Energy Consistent with Observed Energetics for
Oxygen Atom Recombination.

# [transition complex], S—-~0---0, lower B (a)

or 8-—0---0---5, greater B8 (b)

20+ S
or

Energy b o+ 25

- AH(recomb) = D

Step 1. Step II.{a or b) Step III.
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Figure 2. Variation in the Recombination Coefficient, y, of Oxygen Atoms 2,14,15
on (a), silica; (b), HRSI; (c), silver metal; and (d) copper metal.
Note the similarity in form to Figure 12.
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. Figure 3. Lepgend.

Oxygen Cylinder 20. Pressure/Vacuum Cauge

1.

2. Oxygen Regulator 21l. Dewar Flask

3. Precooling Bath 22, Post-cooling Trap

k. Flow Stopcock 23. Vacuum Pump of Capacity 500 llters/mln.
5. Gas Flowmcter 24, Photomultiplier Tube Car or Carriage
6. SJ Clamps 25. Photomultiplier Tube Power Supply

7. Utility Rack .26.- Oven for Reactor/Detector

8. Microwave Discharge Region 27. Oven Circulating Fan Motor

9. Microwave Tuning Cavity 28. Photomultiplier Tubes & Filters
10. Quartz Discharge Tube 29. Stepped Chain Track

11. Microwave Backmeter 30. Stepping Motor

12, Coaxial Cable o 31. Stepping Motor Control Box

13. Microwave Power Source 32, Stripchart Recorder

1k, Light Traps 33. Apple II Plus 48K Microcomputer

15. NO, Reservoir 34. Disk Drive & Diskette '

16. InZline Condenser .35. CRT (color)

17. Oven Power Control. 36. Printer -

18. Reactor/Detector Tube 37. Digital Thermal Analyzer

19. Pressure/Detector Ports 38. Oven Thermoregulator

'y

Figure 4. Complete Assiéned Visible and Near-visible Oxygen Emission Spectrum,
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Figure 5. Laminar Flow Profile Assu;n';:d for Empty Reaction Tuibe(a); Tile-.
. Filled Tube(b); and Normalized Tile Filled Tube(c).

or u, cm/sec z
A2V 2

)\
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1449 | v = x8%/2, R = 2.305
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(a) -
=0
x U
wu O cylindrical flow path

cm. (cm3/sec)

(b)
—
\‘ hemicylindrical
MDA e ™™
= k.
Dk \/
it
(e)
(\q&rc -(- gbgl)t o, Ay m cylindrical
e < = flow path.
e R e Fcas e B
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‘jgure 6. Typical Double Tube Scan at 6340 Angstroms, for 1 o
Tube Position, x.
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Figure 13. Variation in x, /cm, lbg-oz,(pink glow), with 1/T, “Kelvin..
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ABSTRACT - A mathematical model is formulated and a computer
program developed which describes the transient priming
characteristics of a dual passage heat pipe. In addition,
an experimental test package is described for flight in
the KC-135 Zero-g Aircraft, to be used to verify the
modeling predictions.
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1. INTRODUCTION

At present the primary means for rejecting heat from orbiting spacecraft
is through a space radiator system composed of fluid loops which circulate
fluid through radiator panels fejecting heat to the space environment. The
current system uses a mechanically pumped coolant circuit to transfer heat
throughout the radiating surface. This results in a system whose long
mission reliability is low and which is vulnerable to complete failure due
to penetration by a single meteoroid. Reliability can be increased through
the use of redundant plumbing, pumping, and valving hardware. However, this
causes a large increase in system weight. There is a need for significant
technical improvements in the development of a long life heat-rejection system,
suitable for long duration high power missions, that can be constructed and
deployed on orbit.

One solution to this problem is the development of a large modular
radiator system that can be assembled on orbit from a number of standard
components. This space-constructable radiator system would fulfill the needs
and demands of large long-lived heat rejection systems and would allow
systems to be built up to any desired heat load capability.

The key component of this concept is an innovative, high-capacity,
dual-passage heat pipe design. This heat pipe with radiator fins attached
would be "plugged in" to contact heat exchangers providing heat removal
from a centralized heat transport loop. This type of system would be
insensitive to complete failure due to micrometeoroid puncture, with the
puncture of any single‘heat pipe resulting in only the loss of that module's
2-kilowatt capacity. The d&maged segments could be removed by the Orbiter

and replaced or repaired as necessary.



The basic design of this improved high-performance dual-passage, ﬁeatl
pipe consists of two large ;xiéi channels, one for vapd} flow and another
for liquid flow (see figure 1). These two channels are separated by a small
"monogroove" slot which creates a high capillary pressure difference and
causes liquid to be pumped from the 1iq6fd channel to the circumferential
grooves in the vapor channel. This configuration permits the axial transport
and radial heat-transfer phases to be handled independently resulting in
high axial heat-transport capability.

The initial effort in the development of this heat pipe has been concen-
trated on a feasibility demonstration of the dual-passage concept. Presently,
a limited amount of investigation is being done on the priming capabilities
and behavibral characteristics of the liquid-vapor intérface configuration
during subjection fo a zero-g environment. Knowledge of the static and
dynamic behavior of this liquid vapor interface is necessary to answer ques-
tions involving time to prime both initially and after dryout and the effects

of sudden accelerations on fluid configuration and liquid vapor interfaces.

FLAT FOR RADIATOR
FIN ATTACHMENT OR
INTESRAL FLanGE

——————
-
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2. OBJECTIVES

The specific objectives of the Summer Research Program as discussed at

the outset were:

1. Determine if the Grummén monogroove heat pipe design would in fact
prime as required for propér operation in a zero-g environment
regardless of its initial orientation with the gravitational field
encountered prior to entrance into zero-g.

2. Develop a mathematical model to determine the time necessary for
priming in zero-g.

3. Design an experiment to demonstrate proper priming in a zero-g
environment.

These objectives are fairly independent and as such are addressed

individually in the following text.



3. ANALYSIS
3.1 Background

The capillary head in a saturated heat pipe wick arises as a dynamic
phenomenon. It is due to the éxistence of a pressure difference across a
curved liquid-vapor interface. |

Capillary pressure can be defined as
(3.1) P =P, - Py |

or from the Laplace and Young equation
(3.2) Pc =0 -;T +

where Ry and Ry are the principle radii of curvature of the meniscus
and o is the surface tension of the liquid.

This pressure difference, which for concave menisci results in a
depression of the 1iquid pressure with respect to the vapor, exists all
along the heat pipe wick. In order to obtain a net capillary head, it is
necessary for it to be greater at the evaporator than at the condenser. In
a heat pipe under load, this is exactly what occurs due to changes in the
interface curvatures. Vaporization of the liquid in the evaporator causes
the menisci to recede into the wick resulting in a decrease in radii of
curvature while condensation in the condenser has the opposite effect.
Therefore, the capillary pressure is not constant. Capillary pumping is
a passive phenomenon which automatically adjusts to meet the flow
requirements.

For a hemispherical surface the forces acting around the surface

Fc = 2:Re must balance the pressure acting across the surface Fg = 7R2AP.

This _yie]ds 2:Ro



4

For capillary rise in a tube of circular cross-section (see figure 2).

aP¢ = Pgh = Zocoso +

or in a zero-g environment

for a single cylinder of radius r with surface tension ¢

) 1
(3.3) AP¢ = 20c0S0 -

Figure 2



3.2 Minimization of Free Surface Energy

Investigations of capillary and zero-g behavior have suggested that
the solid-liquid-vapor system will tend‘to assume a condition of minimum
free surface energy when removéd from a gravitational field. Experiments
involving drop tower zero-g simulations have attempted to confirm this.
In a1l cases the liquid-vapor surface tended toward a configuration in which
the total energy of the system was at a minimum. If the Grumman monogroove
heat pipe is analyzed by minimizing the free surface ehergy in the liquid and
vapor channels we can arrive at the theoretical geometric configuration

that the liquid-vapor interface would assume in a zero-g environment.

Figure 3

The free surface energy can be equated as

AS = (Force) (aDistance)
or
.(3.4) AS = 2 cos® ';7%73; {2n) (r + ar) (L) (ar) .

Since an increase in As results in a decrease in AS

(27) (R + aR) (L) (aR)

. ] :
(35) AS = -2 cosO R+ AR



Equating av = AV yields

(3.6) r2 - (r +ar)2 = (R +aR)2 - R2
or

r + AR

(3.7) AR = R

Adding equations (3.4) and (3.5) and substituting (3.7)

~4orlcoso{ar-

(3.8)  as + aS 5%95—)

(3.9) or

As + AS = -4orlcose(1-r/R)
where As and AS represent the free surface energ& of the liquid and

vapor channels respectively.

The premise that the liquid-vapor system will seek a configuration
of minimum total surface energy requires that the sum of the energy changes
As + AS, be negative or zero. This condition will be met with the above
equation (3.9) if the product of (L, o, cos® and (1-r/R) is positive. Thus,
for a wetting fluid (coso is positive) the liquid will move into the liquid
channel if r < R and move out of the channel when r > R. When r = R the

fluid will be at an equilibrium state.



3.3 Ca1cu1ation of Priming Time

Presented herein are two mathematical models which describe the
priming phenomenon of the Grumman monogroove heat pipe design. Both
methods are accompanied by a computer run, comparing the height of the
fluid in both the liquid and vapor passages vs. time.

The first method is a simplified approach which equates the system with
two parallel capillary tubes of different diameters drawing fluid from a
common reservoir. The second method presented, which is similar to work
done by Grumman, is a more complex approach and reflects the decreasing
cross-sectional area in the monogroove through which the fluid passes
from the vapor to the liquid passage.

Although the two methods differ in some ways they both assume fully

developed flow and the principle of minimization of free surface energy.

Vapor passage
Liquid passage

— A

/|
4y

Figure 4



'3.3.1 Method I
Initially, the fluid levels are not the same but vary directly

with the diameter (see figure 4).

in one-g
= - 1 - _ 1
APy = Cghy = Zocose;; APy = eghy = ZOCOSQFT

and the net capillary height difference

. 22 1 _1
(1) she =y - hy =22 (-7

in_zero-g
= 1 _ 1
APy = chose;; APy = ZocoseFf

and the net capillary pressure difference
- __ 1
(2) APc = 20c0s6 (7 -'Pv)

Calculation of Initial Charge
“Initial charge = (Liquid in Liquid Channel) + (Liquid in Monogroove)

+ (Liquid to Fill Wall
Groove)

Mic = At ht + Ap ht + Ay (# Threads per inch) hg

Rearranging and taking into account % charge

(3)  Mpc = C he(Ay + Ag + (Ayg)(TPI)(2rry))
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r‘v+6+r]

Figure 5

Comput;tion.of initial height of liquid in both the liquid and vapor
channel.

Ah = funct. (angle the longitudinal axis makes with the
gravitational field (a); and difference in
capillary height ahg)

Ah due to tilt

(2) (h'l - hV)tﬂt = (Y‘v +6 + r]) tana

Ahe due to capillary head

20 Jd__ 1
from (1) (hy - hy). = : (r] Fv)
Bhiotal = 8hyiyq + She
= . 20 41 1.
(5) Ahyopaq = (rv # 64 17) tana + 5 (FT - Pv)
= 2 1
(5a) or hy = hy - (ry + 64 rp) tan + ST (- i)

(6) M = (m(ary2) + hy(ary?))

combining (5) and (6) and rearranging



1
+ dhtotal rVZ) r]z + rvz

M
(7) hy (——I—E-

(8)  he=hy-My

Assuming viscous flow pressure drop and fully developed flow in the
liquid channel.

From the Poiseville equation for pipe flow

dh _rZ ap
From (2) v & 8 h

L 1 _1
(9) V=gt Bk 20c0s0 ("'I - "v)

rearranging and integrating

. /Buhdh =/r]2 20cos0 (:_—]- - :'_v) dt

2 1 1
(10) _"_;11'15_ = 20050 (1= - y) ¢

or
()t _%1*_2_— L

ri1% cose (F'f - E)
(11a) t = 2uhr? vy

ry ccose(ry - ry)

ORIGINAL PAGE IS
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3.3.2  Method II
The 1iquid must flow from the vapor passage to the liquid passage

through the monogroove slot at a rate

-]
dm = ve
dt :
—
- 2 =2
0 AP Lev v J? jCﬁ;
dm _ 2 .
T - fw / & /Pry(h) - Prp(h)
Assume fully developed flow in the liquid channel
@ Pyhy) - Pn) = § () ez (b - h) A
from the Laplace and Young equation
= o (- L
AP = ¢ (V"I - "v)
(3) ' Py (hy) - P N
]v( v) P]](h'l) 20 (r] ry

combining (3) - (2)

(@) Py (hy) - Prylhy) =2 0 (‘F]- ) -3 ) Az (- h) @

if the pressure difference between the 1iquid and vapor passages varies

linearly from 0 to h,
(5)  Piy(h) = Pyyh) = [Pry(hy) - Pry(he)] ()
integrate [1] over 0 < h < hy

(6 ®=%n € w /-f—_ [Pry(R) = Pyy(h)

or
(7) Py (hy) - Pyylhy) =

e

% ¢ w2(hy)2

Now equating (7) and (4) and rearranging



(8)

(9)

(10)

(1)

(12)

(13)

(14)

O 2 <]
0= +gx (M) uls v2hy-hy) - 320 w2 (%T" %;9 (h,)2

V”__#\J

Z2b c

Eq (8) can be regarded as a quadratic equation in m (with instantaneous
quasi-steady flow) and -

m=-b+/b2c

In a fully charged pipe with C = % overcharge and approximating full
charge as that amount needed to fill the 1iquid channel.

CH = Ajhy C = Ajhy + Ayhy

which rearranges to

hy = Chi-(hi-hy) where At = Ay + A,
At/
since
o dhp
m=-PLA, __°
e Ay I
m =, AvAy d(h]-h ) = dg
¢ A v § =k
At dt dt
where
g= NtAl . ¢ AAL g
ht At
then hea
hy = haid | (c-8)
At
hy - hy = heg

3
b -[§n (MR w2 1871 g(e-g2 - anlf-)?
At '

¢ =03 oo (MEALE (L -1 (cp)2 - elc-92



Equation (9) becomes

98 = agC-p)2 + [a2@(C-p)"+e(C-6)2]%
(15) ¥ ds e B)2+(C- B) [ 2 (C- B)2+(3) T

with an overcharge of zero or C =1

48 L pas g~ 1

dt



Computer programs for both Method I and Method II have been ﬁeveloped.
Program listings are shown in Appendix B and Appendix C, respectively. These
programs compute the time to prime and plot the 1iquid height in both the
Tiquid and vapor passages vs. the time.

Test runs of both models were made using the following input parameters:

Length of Pipe 60"

Diameter of Vapor Passage 0.5270"

Diametér of Liquid Passage 0.3050"

Width of Monogroove 0.0100"

Depth of Monogroove .0.0500"

Initial Charge 120%.

Angle with Respect to Gravity 0.0 degrees

Surface Tension 1.43 X 10-3 1b/ft
Density 1.1810 s1/ft3
Viscosity 2.87 X 106 s1/ft-s.

A five-foot test length was selected since that is the length

originally selected for fhe zero-g flight test described in Section 4.

Figure 6 shows a comparison of heights of the liquid and the vapor
passages at various times as calculated by the two methods. These values
show a close correlation for total priming time but vary significantly at
intermediate points. This discrepancy can be attributed to the difference
in the two methods. The second method considers the decrease in cross
sectional flow area between the liquid and vapor passages. Naturally as
the fluid level in the vapor passage falls this area or liquid interface
decreases causing an increésed flow velocity through a decreasing area.
The first method does not consider this but takes into account the positive
pressure rise in the vapor channel and monogroove which decreases the overall

pressure rise in the 1iquid channel.
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The anticipated results of the actual flight test are discussed in

Section 4.4.

Briefly however, it is anticipated that the models are accu-

rate in their overall time to prime prediction with the intermediate times

occurring at some point within the region resulting from the Tack of coinci-

dence of the paths plotted by the two methods (see figure 6). Tables 1

and 2 1ist the intermediate values of hy and Hv.

O ————— e i — - — — - — ——
,/’//’/ / g
0 — 4 ] ,
i
LIQUID PASSAGE / e :
”
o ] P .
,//, . /,’/ )
///’/// b/’ E
g 1
J -
0 /// ,—’ﬂ/
}/ -1 — — —KemHdo 1
e - — METHOD 11 i
/ -
] ] T .
("/ :
"= f
o T e L — !
\\‘ T — VAPOR PASSAGE ->
\ \\\~_\\ A‘
s - — .
—-~_~___‘§‘JL TS~ i
] ~
— >
~
0.0 1.00 2.00 3.00 4.00 5.00 6.00 7.00 8.00 9.00 i0.0 1

TIME (SEC)

Figure 6 - Comparative Results of
Method I and Method II
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TEST PROGRAM

Test Objectives

I. Demonstrate that priming will occur in a zero-g environment.
a) Determine the effect of various initial liquid orientations
on priming capabflity.
b) Confirm expectations of proper priming of the liquid passage.

II. Provide data for correlation of the mathematical model.



4.2 Test Description

Three heat pipe elements will be tested in a zero-g environment
representative of that experienced in low earth orbit. Various initial
test positions will be evaluated to determine the effect of liquid loca-
tion in the heat pipe upon entry to a zero-g environment. In addition,
data on the reprime characteristics in the event localized dryout does
occur can be obtained. ’

The basic heat pipe design dimensions are a fﬁnction of the type
of fluid and amount of heat to be transported. In this particular test
since the primary investigation involves capillary pumping and priming
actions both static and dynamic, there are no plans for any data involving
heat transport or heat rejection capabilities.

4.3 Test Setup

Three separate test articles will be prepared; Test Article #1 and
Test Article #2 will both be two-foot sections of the Grumman monogroove
heat pipe design. TAl will be machined lengthwise (see figure 7) main-
taining the monogroove width of 0.0100". ’

TA2 will also be machined lengthwise but in this case only enough
material will be removed so that a gap approximately 1/2" in width and running
the full length of the test article vapor passage will be achieved (see
figure 8). The machined surfaces on both TA1l and TA2 will be covered with
a plexiglass sheet which will enclose the 1iquid and vapor channels. The pipes
should then be charged and capped. |

TA3 will consist of a fwo inch long section of the Grumman mono-
groove heat pipe charged and capped on both ends with plexiglass. It
may prove necessary to use a coloring agent on the fluid in the heat pipes

in order that the fluid will be more easily distinguished from the vapor

space.
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PLEXIGLASS

PLEXIGLASS

Figure 8 - Test Article #2 (TAZ)
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Figure 9 - Test Article # 3 (TA3)

Figure 11 shows the method for providing a seal between the heat
pipes and the plexiglass covers for all three test articles. It should
be noted that the groove in which the heat pipes rest should be%: 005"
less than the heat pipe itself in order to provide a positive seal. A
brief stress analysis was run using the configuration shown and a deflection
of approximately 0.008" will occur in the vicinity of the monogroove. This
small additional width of the monogroove should prove insignificant when
determining the priming tendency but may affect tﬁe time to prime

characteristics.
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APPENDIX A

NOMENCLATURE
SYMBOLS SUBSCRIPTS
A AREA ¢ CAPILLARY
C % OF CHARGE 1c  INITIAL CHARGE
F FORCE 1 LIQUID
g ACCELERATION OF GRAVITY m  MONOGROOVE
h HEIGHT r  RISE
m MASS FLOW RATE t  TOTAL
M MASS OF CHARGE v VAPOR
P PRESSURE
Q HEAT TRANSFER
r RADIUS
R~ RADIUS OF CURVATURE
v VELOCITY
a ANGLE BETWEEN LONGITUDINAL AXIS AND GRAVITY FIELD
DEPTH OF MONOGROOVE
w WIDTH OF MONOGROOVE
~ DENSITY
o SURFACE TENSION
u VISCOSITY

e WETTING ANGLE
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NS D=denth né manngroove W=width nf monogroove
Azalnnha tANGLE W/i 1) g) C=charge,
Hi=datl Htotal I4’=del fic Hi=del Htilt
Ha4=i4r H>=11 &=l
im =t . I O=1max Mi=Mic
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KO WM e HETGHMY 1% VAR (MAX V)

£33 FSRUII =501 ) - GO AL ERSITTANCA Y4 (&S (IRG ) )& ( 1/!{:'—-1/!«(1)
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270 FERINT f PRINT *1GUI0 R LTRSS 2%

240 INPUT CWRUREACT TENSLION (L1QID VAR Y, S

2B ANPUL SVIBUSIIVY M

eed) INPLH TRDENSITYY R

G0 GUEak B0 T REM ----- S1ARY COMPLN AT IUNS

e WEM e s GG Ok HCAFLL ARY

P PhIz (e S/ (RBEI IR /RS /IRT I PIC

W00 KN e cCumPLnls Dl HTILY

AU R ORIADIRSINTAN A Y &

S R e e QULINPUAE DEL. HTUIAL
S L= e

A0 [P e MASR AW tNlTlN. CHARGE.

A00 M1 ZCRRTHON (A A AUTT IFERPRRY T 17144

6L REM —- = e HETENO W= _J0UTO (mMIn +1L)
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PROGRAM DESCRIPTION

The Reduced Gravity Program, operated by the National Aeronautics and
Space Administration (NASA) Lyndon B. Johnson Space Center (JSC) in
Houston, Texas, provides a "weightless" environment similar to the
environment of spaceflight for test and training purposes on a cost
reimbursable basis. The program will operate in accordance with

NASA's established safety procedures (NASA Safety Series 1700.1, Volumes
1 and 3, JSC Safety Manudal, 1700B), including the requirements of this
document, to assure safe and efficient flight test operations.

SIMULATION DESCRIPTION

The reduced gravity environment is obtained with a specially modified
KC-135A jet transport flown over a parabolic arc to produce short periods
of less than one "g" acceleration force. This parabolic maneuver is
initiated and terminated with a pull-up and-pull-out of 1.8 to 2.0 g's
(figure 1). The length of these reduced-gravity periods depends on the
g level required for the specific test. Below are listed typical lengths

-of various maneuvers:

Negative g ' (-.1 g) 15 seconds
Zero g (0 g) (::::g?f;;;EEEE::)
Lunar g (176 g) 30 seconds
ﬁartian g (1/3 g) 40 seconds

These maneuvers may be flown consecutively, roller-coaster fashion, or
separated by enough time to alter the test setup. A normal mission is as
follows:

a. 2 to 3 hours' duration.
b. 30 to 40 maneuvers.

c. Flights originate and terminate at E1lington Air Force Base,
Houston, Texas.

Changes to the normal mission can be made to insure more efficient testing
operations.

FACILITIES PROVIDED

The KC-135A aircraft is equipped to provide electrical power, breathing
air or nitrogen sources, communications equipment (intercom), overboard
vent system, and photo lights. (See section 6 for detailed description
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4.1

4.2

" Test Request Procedure

of the aircraft.) NASA/JSC will provide photographers, 16 mm movie, 35 mm .
slides, and prints, as required for test documentation purposes. Work
space is available on the ground for buildup and checkout of test equipment
to insure its operation before installation in the a1rp1ane Test
Directors from the Reduced Grav1ty Office will supervise testing opera-
tions in flight and will review the test documentation submitted by the
using organization to insure the inherent safety of the hardware and test
procedures. All necessary rigging and moving equ1pment for heavy or

large equipment is available.

USER REQUIREMENTS

1

Requests for reduced gravity test support must be submitted in writing to:

NASA Johnson Space Center
CA/Director of Flight Operations
Houston, Texas 77058. -.

The request should be submitted no less than 6 months prior to the desired
flight date for incorporation into the long-range aircraft flight schedule.
The flight schedule is determined at the Reduced Gravity Semiannual Users'
Conference, normally held each May and October. This conference allows the
users to meet and discuss past testing experiences with the other users,
enhancing the development of testing techniques, and to discuss future
flight requirements.

The initial test request should contain general information describing the
following:

0 Test objecfives.

0 Desired schedule (Exact flight dates will be determined later.)
0 Brief description of the test and associated-test equipment.

0 Number of test pérsonne] required for flight. .

0 Special support or constraints.

0  Identifiable hazards.

0 Names, addresses; and phone'numbers of contacts.

Contact will be established by the Reduced Gravity Office with the request-
ing organization to formalize the test program.

Test Equipment Fabrication Réquirements

It is important for the users to design and construct their test equipment
in accordance with the following guidelines.
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4.2.1 Structural - All test equipment provided by the using organization must
be stressed for the ultimate gravity forces given below:

0 Forward - 9 g's (eyeballs out)
0 Aft - 2 g's (eyeballs in)
0 Lateral - 3 g's
0 Up-2g's (eyeballs up)
O Down - 6 g'sy(eyebal]s down)
These forces should be calculated for the test equipment in its take-off and

landing configuration. The in-flight test configuration should be designed
for a possible 2.5-g force at maneuver entry and exit.

4.2.2 Floor Loading - The following maximum floor loadings should be considered
in the design of test hardware:

0 Concentrated floor load of 25 pounds per square inch.
0 Contact pressure 1oad of 200 pounds per square foot.

0 Loads above these 1imits must have shoring underneath {e.g.,
plywood sheets) to spread the loading.

0 Rigid test fixtures Tonger than 10 feet must be designed so as
- to not interfere with the normal flexure of the aircraft.

;;¢’4i2.3 Electrical Power and Interfaces - The f011owing electrical power is avail-

i able in the test section of the aircraft:
28 volt DC | 80 amps
110 volt AC, 400 Hz, single phase © 50 amps
110 volt AC, 400 Hz, three phase 50 amps
110 volt, AC, 60 Hz ) | 20 amps.

Electrical wiring and interconnect cabling with the aircraft must be fabri-
cated and installed with good workmanship standards. Each piece of test
equipment should be self-protected with an incorporated circuit breaker or
other current-1imiting device to protect against electrical shorts. Normal
aircraft vibration, high humidity, handling rates, and higher-than-1-g
loads should be considered in connector and wiring selection.
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-The aircraft electrical test power is distributed to five power distribu-

tion panels evenly spaced along the lower side.wall of the. test section.

- ‘Moveable power boxes connected to the power distribution panels contain

circuit-protected terminals mounted on bus bars. A1l power and ground

leads from test equipment should be 20 feet long with #8 (.163 inch diameter)
-spade lugs at the end. The exception to this is the 60 Hz AC power leads,
which will utilize the standard three-prong plug.

Equipment Mounting - A1l test equipment should be mounted on baseplates
with 3/4-inch holes drilled to match the 20-inch centered grid pattern of
nutplates in the floor of the airplane (see figure 2). Aircraft type bolts,

-supplied by JSC, are used to secure the baseplates to the floor of the air-

plane. Suitable handles and holes are needed around the baseplates for

- forklift arms or J-bars. '

1

Free-Float Packages - Perturbations of the airplane can cause small g forces

--during a zero-g maneuver (+.02 g). If a precise zero ¢ is required, the

-test package can be free-floated inside the cabin, preventing contact with
the wa]!s, ceiling, or floor of the aircraft. To provide the maximum free-
-f]oa§ time, the package to be floated should be as 1ight and compact as
~possible. If an umbilical is used between the floating package and tied-

'_doyn gupport equipment, it should be at least 30 feet long to allow for
“rdr]ft1ng of the f]oatjng package. Handles the length of the longitudinal
. axis of the package (in its floating configuration) should be mounted using

-3/4-inch tubing approximately 18 inches above the package floorline .

Hazardqus Mqteria]s - Avoid hazardous 1iquids and gases where possible,
including high pressure, toxic, corrosive, or explosive materials. If such

--materials are required for a test, the proper container must be used (e.g.,

- high pressure gases are stored in certified K bottles). If such materials

=are approved for use at the JSC safety review, provisions for dumping- and

~rpurging in flight will be required.

-4.2.7 Miscellaneous Guidelines -

-0 ngvoid.sharp corners on all test equipment.
=0 - -Avoid electrolyte type batteries (dry cells are permitted). -
0 Avoid flammable materials
0 - Consider equipment or procedural failures. Provide backups or
-aorkarounds to prevent such conditions from resulting in hazards
-to personnel or aircraft. ‘

- 0 Consider the activities required during the 2-g and zero-g
- -portions of the flight. '
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4.3 -Test Equipment Data Package

-Four weeks prior to the first test flight, the appropriate"documentation must
- be submitted for review and approval. This documentation, the test equip- :
--ment data package, includes the test plan, engineering drawings and schematics

structural analysis, electrical load analysis, and an analysis of any
..identifiable hazards. The test.plan contains the following:

0 Test objectives.

Test descriptiqn.

In-flight test procedures.

Parabola requirements, number, and sequencing.

Test support.requirements, ground and flight.
~--Data acquisition system.

-Test operating limits or restrictions.

o © &6 © © o ©

~Test personnel requirements.
=0 . -Photographic requirements.

4.4 Test Personnel

= A1T1 flight personnel must provide certification of a current flight physical
~ < {Air Force Class III or FAA Class II) and physiological training. The number
.--0f .personnel will be held to the minimum required for the safe and efficient
conduct of the test. Upon receipt of certification of the physical and
~physiological training, the Reduced Gravity Office will obtain the required-
“invitational boarding orders for each individual. Approximately 2 weeks is
- needed to obtain these boarding orders.

-4.4.1 Physical and Physiological Training =

~ _Both physicals and physiological training are available at JSC, although
" - nonlocal personnel may find it easier to obtain them elsewhere. The physical
is conducted in two parts; i.e., laboratory and doctor's examination, with
an approximate 2-week interval between the visits. The physiological train- ©
ing is a day and a half class and altitude chamber run. The physicals can
be obtained from any Federal Aviation Administration (FAA) flight surgeon,
and physiological tra1n1ng classes are offered at several Air Force ‘and
Navy 1nsta11at1ons.

°4.4.2 Familiarization Flight - Depending on the nature of the tests and duties
p]anned for the test personnel, a familiarization flight for people inexperi-
enced in reduced gravity f]1ohts may be required. Therefore, when the actual
flight test of their equipment occurs, the test personnel will be aware of R
the sensations, body responses, in-flight.test procedures, etc. -

-5
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Shippin

The test eduipment should be received at least one week prior to the first
flight. The address to use for equipment shipment is:

~ NASA Johnson Space Center
Transportation Office, B]dg 420
Houston, TX 77058 -
Attn: Zero Gravity Office

- Ellington Air Force Base, Hangar 990

Preflight

~The buildup and checkout of test equipment is solely the responsibility of
- -the using organization. Al1 tools and checkout equipment must also be
provided by the user. A JSC safety review will be held prior to installa-

tion of equipment into the aircraft to determine if all necessary requirements
have been met. A simulated ground run may be required during this review
-whereby the test personnel will demonstrate normal and contingency in-flight

- procedures. An emergency egress briefing will be given to all flight
-~personnel who have not previously flown on the aircraft. A1l flight
- personnel will attend the preflight briefing where that day's flight test

plan will be discussed. A1l flight personnel will wear approved f11ght
-suits and boots, which can be provided on loan from JSC.

Flight Phase

-A11 personnel on board the aircraft will be under the direction of the air-
craft flight crew and Test Director, both for normal and emergency conditions

- =and for test operations. Strict adherence to ‘the authority of these
-personnel will be rigidly enforced. Any deviation from the flight test
- plan must be discussed with the Test Director before implementing.

Post Flight
A post-flight debriefing will be held immediately after landing to review

- any probiems that occurred during the flight and to discuss possible altera-

tions to the test. Upon completion of the test phase, the equipment will
be downloaded and prepared for shipment by the user. Two copies of the

- finalized test report shall be sent to the Reduced Gravity Office. This
-data will be maintained in a reduced gravity reference library for use by
-.other interested parties.

AIRCRAFT DESCRIPTION AND PROVISIONS

Environment

Cabin pressure is controlled between sea level (14.7 psia) and 11,000 feet
(9.7 psia) during the parabolic maneuvers. Loss of cabin pressure would
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==presult in a pressure as low as 2.7 psia, which must be considered in the
:design of test equipment. Cabin temperature varies from 50° to 80°F in
3 Fflight normally. The temperature in the cabin is not controlled while the
-.-airplane sits on the ground. If necessary, a portable ground air conditioner
. is available during preflight operations.

5.2  Dimensions {See figures 3 to 5).

-~ Approximately 60 feet of the compartment length is available for test
. -purposes and stowage of a limited amount of aircraft equipment. Typical
-=2€ross sections at three locations are shown in figures 3 to 5. The cargo
- hatch, through which the equipment is loaded, is 75 inches high by 118 inches
“~ wide. Eighteen inches of width near the top is unusab]e because of the
. -=door actuat1ng mechan1sm.

5.3. =.Crew Provisions

-There are 24 seats provided aft of the test section for test personnel.

~Parachutes, emergency oxygen, smoke masks, life preservers, life rafts,

. first-aid equipment, and other emergency equipment are provided on board
Aw“the a1rcraft

iThe interior walls of the cargo compartment are covered with foam padding
for the protection of personnel and equipment.

.5.4 3Test Provisions

--.a. ‘Interphone - An interpho