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LMSC-HREC TR D563000

FOREWORD

This document is the final report for Contract NAS8-31440, '"Space
Shuttle Contamination Due to Backflow from Control Motor Exhaust,!" The
contract was initiated on 10 April 1975 as a 10 -month effcrt to develop ana-
lytical techniques for predicting the back-scattering of out ge.s contamination
due to outgassing from an orbiting spacecraft, The contract was later ex- .
tended an additional eight months to perform analytical studies of molecular.
scattering due to the vernier and flash evaporator plumes impinging on the
Space Shuttle Orbiter wings.

The results of the first 10-month effort were documented in an Interim
Report.* The results of the remaining 8 -month effort are documented-in.—
this final report,

The study was performed by personnel of the Lockheed Missiles &
Space Company, Inc,, Huntsville Research & Engineering Center, for the
Space Sciences Laboratory of NASA-Marshall Space Flight Center. The
NASA Technical Monitor is Dr. R, J. Naumann. The interest of Dr, Naumann
in these studies has been greatly appreciated,

*Robertson, S. J., "Space Self-Contamination Due to Back-Scattering of
Outgas Products," LMSC-HREC TR D496676, Lockheed Missiles & Space
Company, Inc., Huntsville, Ala,, January 1976,
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1. INTRODUCTION AND SUMMARY

The studies reported in this document are concerned with aspects of
the overall problem generally referred to as spacecraft contamination, The
Space Shuttle orbiter and accompanying Spacelab payloads are the particular
spacecraft with which these studies are concerned, The following two specific
problems were addres.ed, The first concerned the scattering of molecules
from the vernier engines and flash evaporator nozzle after inpingement on
the orbiter wing surfaces, The scattered molecules may pass ‘before the
field of view of optical instruments, thus possibly obscuring observations,
This problem was considered in a previous study reported in Ref, 1, This
previous study, however, was somewhat simplified in that collisions between
the scattered moleculés and the plume flow field were not considered, The

~ purpose of the present study was to specifically consider the effect of these

collisions. The results of the study show that the effect of the collisions is
to reduce the predicted column densities due to vernier engine firings by
up to 90% depending on the location and orientation of the vernier engine and

direction of the line of sight (LOS).

The second problem dealt with in these studies concerned the backflow
of molecules out of the flash evaporator nozzle plume flow field due to
intermolecular collisions in the plume, A method was formulated for dealing
with this problem and results were obtained which compared surprisingly
well with experiment data, More reliable testing is needed to judge the accu-

racy of the theoretical results.

Detailed results of these studies are given in the following sections,

1-1
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2, MOLECULAR SCATTERING FROM ORBITER WING

The analytical method employed in this study is based on. the.BGK model
first described by Bhatnagar et al (Ref, 1), The application in the present
analysis is similar to a -previous application described in Ref, 2, The BGK
model kinetic equation for this application_ is

af ; .
Vot =M1 (2.1)
or

where fl is the distribution function for. the molecules flowing from the jet
under consideration, We assume that the molecules flow from the jet loca-
tion to the orbiter wing surface where it reflects according te a Lambertian
(cosine law) directional distribution, Some of the reflected molecules then
travel from the surface to the LOS for which column densities are being
computed, Enroute from the wing surface to the LOS, collisions ocecur with
the jet plume flow field and the.ambient atmosphere, The collision processes
are such that the molecules are either overwhelmingly scattered in the direc-
tion of the jet flow or the ambient flow, depending on whether the collisions
are with the jet flow field or the ambient atmosphere, The collided molecules
are thus primarily deflected away from the LOS and may be regarded as lost,
The quantity M in Eq, (2,1), which accounts for the further travels of these
deflected molecules, may therefore be set to zero, The quantity V is the
total collision frequency which includes both collisions with the jet plume

and the ambient atmosphere, The total collision frequency ¥ may be ex-
pressed as the sum of the two separate collision rates:

u:vll+ Y2 (2.2)

2-1
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whore- U1 is the collision rate with tho jot plume, and “a is tho collision

rate-with theambient atmospliere,  These collision rates are piven by
(Ref, 2),

.

o
and

where r;'al is the jet plume mass flow rate per unit area at a point in the flow
field, m, is the molecular mass of the molecules in the jet plume, 011 is the .
cross section for collisions between jet molecules reflected. from the wing

and molecules in the plume—flow field, n, is the number density of molecules
in the ambient atmosphere, u, is the ambient flow velocity and oz is the
cross section for collisions hetween jet molecules reflected from the wing

and molecules in the ambient atmosphere,

Integrating Eq, (2,1) for the distribution function at a point in the L.OS
yields

T

°f, W, T =f W, T,)exp| - — f V(') |d?'| (2.5)
v ¥ %
w

where ?w is a point on the wing surface and fl (:;, ';'w) is the distribution
function of the reflected molecules at the wing surface, The function of

f1 ('\?, ?w) is known from the flux rate incident on the surface and the cosine
law reflectior pattern:

2.2
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where :w is a unit voctor normal to the Xi.ng surface, ?j-w is a-unit vector '
in the direction from the jet to the point ry on the wing surface, k is g
Boltzmann's constant and Tw is the temperature of the wing surface, The
local number density, n, is found by integrating Eq, (2,5) over all velocities
b and directions from the wing surface to the point on the LOS, After the velo-

N cities are integrated out, the remaining expression is:

- seliincan

' t . = - N - A K
P > 1 m(r.) l Tw ' ej--w”rw ®rew !
i n(r) = ———————— > .
: ; VB T mk '1‘W _2a r
l : m, , . ]
. E ; s exp - iﬂk—,T:-” /V (r )dr dA (2.7) !
; ;

wo where 'é: w is a unit vector in the direction from the point T on the LOS to
oL - S
SR A t the point ?w on the wing surface, T is the distance from T to.r  and A is

wing surface area, Equation (2.7) is integrated numerically,

, | The column density N is obtained by numerically integrating the num-
y ber density n along the LOS from the prime measuring point (PMP) out to
' a point where the density has diminished to small values,

. The orbiter geometry is represented in this analysis as a triangular

: shaped wing defined by the location of the three vertex points, In all the
results presented in this document, the three vertices are: (760, 110, 376),
(1500, 110, 296) and (1500, 480, 296) where (x,y,2) are the coordinates of the
three points in inches according to the Shuttle orbiter vehicle coordinate
system, In the numerical analysis, the wing is divided into elementary

2-3 )
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triangles of the same shape and the integration carried outover the individual-
elements by assuming a linear variation of the integrand, The location of the
PMP was taken to be (1107, 0, 507), The locationhs of both the Nos, 4 and 6
vernicr cngines were taken to be (1565, 134, 459), with the No, 4 Jirected in
the -7 dircction and the No, 6 directed in the +Y direction, The temperature
of the wing surface T was assumed to be 300K, The flash evaperator nozzle
was takon to be located at (1504, 126, 291), which is slightly below and to the
rear of the wing trailing edge, and directed in the +Y direction,

Number densities and column densities were computed along LOS.s
from the PMP in the +Z direction and in a direction 60 deg from the +Z axis
and 30 deg from the +Y axis in the YZ plane, In the vehicle coordinate.system,
the +X axis points in the aft direction, the +Y axis points in the starboard di=
rection and the +Z axis points directly overhead, Results were obtained for

the Nos, 4 and 6 vernier engines and the latest considered location of the flash
evaporator,

Shown in Figs. 2-1 through 2-8 are computed number densities along a
LOS in the +Z direction during firing of the No, 6 vernier engine at an orbit
altitude of 400 km, The results shown in Fig, 2-1 are the total density, n,
the contribution due to direct flow from the jet, n & and the contribution due
to scattering from the wing, n. These results include attenuation effects
due to collisions with both the jet plume flow field and the ambient atmosphers,
The direct flow portion ny is secen.to be the primary contribution over the
bulk of the LOS. Recall that this portion is attenuated only by collisions with
the ambient atmosphere, The scattered portion n, on the other hand, is
attenuated by collisions with both the jet plume and the ambient atmosphere,
thus resulting in a relatively rapid decrease in density along the LOS. The
same results are shown again in Fig, 2-1a with the additional shadowing of the
cargo bay doors and fuselage, The contribution due to direct flow from the
jet, ny» is not reduced while the contribution due to the scattering off the
wing, n,, is greatly reduced, especially for the portion of the LOS near the

2-4
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Fig, 2-1 - Computed Number Densities Along a Line-of-Slight Considering
Collisions with the Jet Plume Flow Ficld and the Ambient
Atmosphere
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PMP, The result is a reduced number dennity, At thedocation near the
PMP the shadowing of the cargo bay doors and fuselage roduces the number
donaity te loas thaw-one-third of tho original value,

The name results are shown in Fig, 2-2 but without including any atton-
wation oifectn (the Mo! Aubacript donoton sero molocular collirions), Tha
divoct flow contribution, N, 18 acen to not bo changed approciably, but tho
seattored contribution s incroanod substantially, Yguro 2-2a shows tho
same rosules but ineluding tho shadowing offoctu of shuttle goometry, Tho
scattered contribution is scon to bo reduced drastically within 10 m  of
the PMP, |

The same rosults are again shown in Fig, 2-3 but this time considering
collisions orly with the jet plume flow ficld (the "na' subscript denotes no
atmospheric collisions), Comparing these results with Fig, 2-1 shows that
atmospheric collisions at.an orbit altitude of 400 km are not significant com -
pared to collisions with the jet plume flow field, Figurce 2-3a shows the

additional offects of shading, The scattered amount is reduced by more than
an order of magnitude,

The relative effects of considering collisions are also illustrated in
Fig, 2-4 in which the portion scattered from the wing is shown without
collisions (nso), with collisions with the jet plume flow ficld only (nsna) and
with collisions with both the jet plume flow field and ambient atimosphere (ng),
Apgain, collisions with the ambient atmosphere are shown to not be significant
at 400 km altitude, but collisions with the Jet plume flow ficld are shown to
greatly reduce the computed densities, Pigure 2.4a shows the effects of

shading, The reduction of number densitics is most drastic in the-region
within 20 meters of the BMP,

The effect of altitude on densitics along the LOS is shown in Fig, 2-5,
The densities in this figurc arc the total number densities including dircct
flow and scattered from the wing with collisions with both the jet plume flow

2-7
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Scattered Off the Wing
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field and awibient atinosphere, The ambieat atmoapliere {8 seen to-hecome
a significant factor at altitudes below 300 ki, . The effects ofshading are
shown i Fig, Z-5a, Ifis sten that the numbot detisities are reduced.to
approximatbly hali.of their.original values in the tegion within 20m of

the PMP, The number densitics are-not affected much By the shading in
the rcgion farther away from the PMP,

Additional.res..iis are shown in Fig, 2-6 for the No, 6 vernier éngine
along a LOS in the YZ plane.60 deg from the +Z axis and.these results include
collisions with the jet plume and ambient atmosphere 30 deg from the +Y axis,
In this case the density increases along‘the 1,08 out to about 15 m before
diminishing, The increase is-due to penetration of the LOS into the denser
regions-of the plume, Figure 2-6a shows the effects of shading, The
scattered-part is again seen to be cut down within 10 m of the PMP,

Results for the No, 4 vernier engine are shown in Figs, 2-7, 2-7a, 2-8
and 2-8a for the two LOSs. The scattered contribution was.seen in Fig.2-4
to increase along the LOS for about the first 5 m before diminishing,

When the shading of the orbiter geometry is considered, as shown in Figs,
2-7a and 2-8a, the scattered amount ig cut down for the first 10 m of

the LOS. The number densities along the LOSs are dominated by the contri-
bution due to direct flow for the first 10 m of the LOS. Doininance is
then gradually taken over by the scattered flow off the wing,

Results for the flash evaporator are shown in Fig, 2-9 for both LOSs,
Only the total density is shown in Fig, 2-9 because the jet is located below
the wing such that there is no scattered contribution along the LOSs beisig
considered, As noted in Fig, 2-9, the molecular flow to portions of the LOS
near the spacecraft body are shadowed by the wing, The additional shadings
of the fuselage and cargo bay doors completely eliminate the number densities
on the LOS in the +7Z direction, However, the shadings have no effect on the
number densities on the LOS in the +60 deg direction,

2-15.
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Fig., 2-9 - Computed Number Densities (Total) for the Flash Evaporator
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- The computed column.densities are shown in Table 2-1 for all cases
' considered, Three values are shown for each case: (1) N includes effects
of collisions with both the jet plume and ambient atmosphere, (2) N, 5 includes
effects of collisions with the jet plume only, and (3) No includes no collision. .

effects, The numbers in parentheses are the column densities of each-case _
- when the shading of orbiter geometry is not.considered, In all cases, when ;
oo ‘ the shading is not considered, the collision effects resulted in substantially

o lower computed column densities, as much as 90% lower for the No, 4.vernier

engine and LOS in the +Z direction, A reduction of 75% is noted for the No, 6

vernier engine with LOS in the +Z direction, At this altitude (400 km),

collision effects with the ambient atmosphere are seen to be relatively

2 a et

unimportant,

The reduction of number densities due to geometry shading effects.
1 ‘ is apparent in all vernier cases, The shadings of the cargo bay doors, fuse-
{' lage and engine pods reduced substantially the contribution from the scattered
flow to the vicinity within 10 m of the PMP, where the number density is
) highest without the shading., For the flash evaporator the number densities
along the LOS are from the direct flow of the plume, The LOS in the +Z
direction is completely shaded by the orbiter geometry and consequently the
column density is zero, The LOS in the 60 deg direction is not affected by
the additional shading,.
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COMPUTED COLUMN DENSITIES FOR THE NOS, 4 AND 6
VERNIER ENGINES AND THE FLASH EVAPORATOR

2
Column Densities {molecules/cm”)

Jet and L.OS N N N
na (o]
No. 6 Vernier 3,35 x 1013 3,51 x 1013 1.37 x 1044
LOS +Z Direction 5.14x10'3) .41 x10'3) (199 x 10t
No. 6 Vernier 3.12 x 1014 3.38 x 1014 5.23 x 1014
LOS 60 leg from .25 x101%)  @s1x10'h) (564 x 1014
+Z Direction
No. 4 Vert'er 2.43 x 1013 2.56 x 1013 1.57 x 1014
LOS +Z Direction (4.96 x 1013) (5.18 x 10 3) (4.17 x 1019
No. 4 Vernier 5,95 x 1013 6.20 x 1013 3,82 x 1014
LOS 60 deg from (7.81 x 1013y (8.10 x 1013 (4.90 x 1014
+Z Direction
Flash Evaporator 0.0 0.0 0.0
LOS +Z Direction 6.29 x 1012 (7.94 x 101%) (7.94 x 1012y
Flash Evaporator 5,11 x 1013 6.90 x 1013 6.90 x 1013
LOS 60 deg from (5.11 x 101 3) (6,90 x 1013 (6.90 x 1013)
+Z Direction
N includes molecular scattering from both plume and ambient
atmosphere,
Nna includes molecular scattering from plume only,

N does not include molecular scattering,

o

400 km altitude. Integrated from PMP to 100 m (NR = 10),

The numbers in parentheses are the column densities without the effects
of cargo bay doors, fuselage and engine pod interference,
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3., BACKSCATTER FROM THE FLASH EVAPORATOR PLUME

' The mags flow ratem in the flash evaporator plume flow field has been

determined experimentally and is described approximately by the following
empirical equation (Refs. 3 and 4).

2,19 72

rh = == (0086)6.2

r

(3.1)

where m is in gr/cmz/sec and r is in cm. This empirical formula is
applicable only for direct flow from the nozzle in the forward direction,
There will be some backscattering out of the plume in the rear direction as
a result of intermolecular collisions that this formula does not account for,
The study described in this gection is an attempt to formulate a physically
meaningful analytical technique for estimating the magnitude of this back-

scatter flux,
We start with the BGK kinetic model equation (Ref. i)
== =V (M - ) (3.2)

- N
where Vv is molecular velocity, r is the position vector, f is the velocity
distribution function, v is the local collision frequency, and M is a local

equilibrium distribution function based on an elipsoidal model (Ref, 5):

m m 1/2 mvj m 2
M=n \z7xT, )\Z7kT, ) % -7wT TR, oV )

3-1
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wheee n is the local number density, m is the molecular mass, k is the
. . Boltzmann constant, V is the local mmean velocity, Vg and v, are molecular
velocity components along and normal to the strecamline, and '1"3 and Tn are
temperatures corresponding respectively to the streamline and normal di-
: ( rections, Only two temperature components are considered because orifice
: flow into a vacuum is very similar to spherical source flow expansions (Ref,
1 6). The values of the temperature components serve as an indication of the
' directness of the local velocity distribution function, In spherical source
flow into a vacuum, it has been shown (Ref, 6) that 'I‘n tends toward zero.as
the distance from the source increases, and 'I‘s tends toward a non-zero
asymptotic value, Physically this means that there is some spread in veloci-

ties at great distances from the source, but the variations are primarily in

the streamline direction,

fn s < e AT RIS - X

The plume temperatures were formed by first taking moments on the
P BGK cequation up through the second moment, This results in four differential g
: equations in terms of the hydrodynamic quantities: density p, velocity V

and the pressures Py and P :

i

1

v%-l;)f+3psg-l8’+zpssv=-§-(P-Ps) (3.6) 4

V%I-Dsi‘-+pn§-g+4-Ps—n‘-/=%(P-Pn) (3.7)
where P = (P + ZPn)/3, n is viscosity and s is distance from the source,

By manipulating these four differential equations, the following energy

equation is derived:

3-2
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3P. +2p -
*—~27%vZ = constant (3.8)

Defining 13"s =Rp 'I‘s and Pn = Ran, all of the above equations are reduced to
two differential equations in terms of Ts and Tn' This.pair of differential
equations wasg numerically integrated using the Runge-Kutta technique and the
results curve-fitted to yield:

For ¢ <1
4 4
T T - -
8 _ n _ 8 8
T = w2 = 0.283 (D) 1 +0.0943 (D) (3.9)
o] o]
For { >1
T 0.000800
= = 0.000152 4 0:000800
T 2
o)
Th  0.0003123 0.0003584
= + = (3.10)
o s ¢

where TO is the source temperature and

¢ = " = (3.11)
0.03088(0.75)" Re"D

where K is the exponent in the temperature variation of viscosity (1.07 for
water vapor, Ref, 7), Re” is the throat Reynolds number of the orifice and

D is the orifice diameter. The temperatures given by Eqs. (3.9) and (3.10)
are used in the local distribution function given by Eq. (3.3). In deriving Eq.
(3.9), the flow is assumed to be isentropic, while Eq.(3.10) is obtained assume

ing flow is non-isentropic far away from the orifice,

The mass flux m at a point ?, which is a far distance away from the
flash evaporator nozzle, is found by operating on the kinetic equation;

3-3

LOCKHEED . HUNTSVILLE RESEARCH & ENGINEERING CENTFR




k5

ew ¥

L

IMSC-TIREC TR DAL8O0ON

h = fp 9] 1@ P a7 (3.12)
where
Y !
- ) 1 rz Py | — ..\' 1 2 PN ] - 1 -1
£, T) = — vE )M, 1) exp| - — v(r )lar IfldTr (3.13)
v -1 v -dt
r1 r

RS -t Y
The integration path r to r, is across the plume in the direction out to r,

The end points are chosen arbitrarily to cover the significantly dense portion
of the plume,

The integrations in Eqs, (3.12) and (3.13) combine to yield a volumetric
integral over the significantly dense portion of the plume flow field:

-t
0

r

=l /p &) v @Y f EME D) exp '%’fz vy laT | dvav  (3.14)
r -v- (o) Ju |

The assumption here is that the distance r is large compared to the dimen-
sions of the significantly dense region of the plume, The frequency v (?') is
the local collision frequency for the production of scattered molecules, and

the frequency ¥ (?“) in the exponential is the collision frequency for the

attenuation of the scattered beam, Accordingly, the former is given by:

v(e') = KL (r,,)({f)(r ) (3.15)

where T =1/3 (T_+ ZTn) is the local slatic temperature, and the latter is
given by:

- kT B ]
v(F") = __..o;’_?.,f(;r)_.) (3.16)
3.4
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wheze T o is the source, or stagnation, temperature. The stagnation temp-
orature is uscd heve because it is indicative of the anorgy of the flowfield
molecules with which the scattered heain collides,

The local density p in Eq, (3.14) is found by dividing the mass flux in
(Eq. (3.1)) by the local mean velocity V, assuming the velocity has reached
its thermodynamic limit given by:

2y kT o
y v.\/;--—_1 tlo (3.16) |

where v is the ratio of specific heats (v = 4/3 for water vapor),

With the above described considerations and after all of the integrations LY

i are carried out, Eq. (3.14) reduces to the following expression:

e m= F(¢) (3.17)
r

where M is the orifice flow rate and F is a dimensionless function of the

angle ¢ formed with the jet axis, The velocity integration was evaluated ' 1

numerically using the trapezoidal rules, and the volumetric integration was

‘ performed using finite elements (Ref. 8), It was found that the significantly

, ‘. dense region of the plume for our purposes is contained within 50 cm of the

‘ orifice location, This permits the representation of the nozzle as a point
P source at distances comparable to the Space Shuttle Orbiter dimensions,

{ o The results of the integration are given in Fig, 3-1. The only experimental

| Cd : data to compare this with was obtained in tests in a thermal/vacuum environ-
“ Lo :‘ mental chamber (Ref, 9). Multiplying their supersonic nozzle data at ¢ = 90°
‘ 4 by a factor of three to yield orifice data (Ref. 9, p. 16), we obtain the experi-

P mental data points shown in Fig. 3-1. The experimental data are higher but
within an order of magnitude of the theoretical curve, Considering the con- !

version of supersonic nozzle data to orifice data, and the unknown contri-

bution of scattering off test chamber surfaces, the comparison is surprisingly

good, i
3-5

{ OCKHEED - HUNTSVILLE RESEARCH & ENGINEERING CENTER ! ‘




Factor F (¢)

10

10

—
o

10

-2 -

]
£S

I.MSC-HREC TR D568000
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Fig.3-1 - Predicted Far Field Backscaltering for the Flash Evaporator
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Basced on the results obtained by the pPresent model, an empirical
formula for the far ficld backscattoring of the flanh evaporator can bhe con-
structed, This empirical formula was found to be

180!(/)-70}

c0s8
F(#) = 0.0002 x 101+ 110 (3.18)

with computed results shown in Fig.3-2. Also shown in the figure are

results from the empirical equation for the flash evaporator plume f(low
field (¢ < 90°) as used in Refs. 3 and 4.
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4, CONCLUSIONS

The two studios doseribad in this report resulted in tho daevoelopment of
practical analytical tachniques for vstimating the contamination onvironment
duc to molecular flow from the vernier engines and fla sh ovaporator plumes,
! It was found that molecular collisions are an important factor and should be
; considered in calculations of scattering off the Orbiter wing surfaces, The
' ’ computed column densitics were shown to be reduced by as much as 909,
P depending on the jet location and LOS dircction, by considering attentuation
of the scattered beam due to collisions with the plume flow field,

T

An apparently usable analytical technique was developed for estimating
backscattering out of the flagh evaporator plume flow field, Although the
available cxperimental data tended to at least partially support the theoretical
results, more reliable data are needed for comparison,

Thesc studies were based on steady state conditions, The actual pulse-
like character of the vernier firings and flash ¢vaporator venting will tend
to reduce the densities from the steady state values, :

e aa

4.1 o
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