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ABSTRACT

Apollo Teiescope Mount {A'TM) experiments arve threatened by
the scattering, absorption, and deposition effectys caused by o clond
of particles cjected from the ATM space complex, Thig report congiders
the necessary descriptions of such a contamination clond and the con-

tribution of rcaction control system thrusters to the debris cloud,
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1LIST Ol 5YMBOLS

Arca

Speed of sound

Discharye coclficient

Thrust cocfficient

Characteristic velocity

Specific heat at constant pressure

Diameter

Field of view

Force

Acceleration of gravity

Enthalpy

Length

Mach number

Mean molccular weight
" Mass flow per unit time
Particle nuimnber density
Pressurc
Quantity of heat

Radial coordinate

Characteristic radius of debris cloud
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LIST OF SYMBOLS - Continned

Radius of space vehicle

Fintropy

Temperature

Time

Velocity, x-component of velocity
Initial ejection velocity
Acceleration

Velocity, y-component of velocily
z~component of velocity

Lircar coordinate

Rectangular coordinate
Rectangular coordinate

Plume boundary angle

Ratio of specific heats

Small positive cxponent

Arca expansion ratio

Contraction half angle

Nozzle half angle .
Prandtl-Meyer expansion angle
Density

Nendimensional radijal coordinate

Thrust
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(IS0 OF SYMBPOLS - Conchuled

T Lifetime
& Azimuthal angle with respect to nozzle axis
Q Solid angle

fubycripts

a Ainbient

B Boundary

c Chamber

c Fixit planc

m Point of maximum plume diamcter
n Point on plume boundary

t Throat

T Total

0 Stagnatinn state
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ST OF ABDREYIATIONS

AKLC Arnold Fngincering Developrent Cenler

ATTM Apollo Telescopns Mount

BHBRC Dall Drothers Rescarch Carporation

CM Comimand Module '
KCS Favivonmental Control System

IM Lunar Maodule

MMH Monoracthylhydrazine

RCS Reaction Control System

SM Service Module

UDHMH Unsymmctrical dimethylhydrazine

WMS Waste Management System '
50/50 Fuel mi<ture of 50-percent UDMH and 50-percent

hydreazine
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SO ARY

The deseription of hnoh-al el conkot o boanst nhanes is
discussea, Metnod-of-charactoricticrs salntio o for the Servics MMorlale-

Plumes

reaction control s'yxl(-x;x (P CS) and the Tamsr Mol RCS shace
are presented, An indicotion of shock waves formeod Ly the TN/
itructure and its solor nancls 15 also preqented,  The maioe thee s of
RCS contamination are the contribution to a debrys clovd and the depnsi-
tion of tnaterial oot critical surfices, Mo dircct impingemoat cifects
seerm indicatod, but the interference of and bousdary Iayer formed by
the LM/ATM structure provide mechanisins for possible contimination
partictes to reach the intevior of the ATM cuperiment rack, Deposition
on sensitive clements nay be siranlated by test racket firings, but
more retiable criteria will e developed by space flight c<peritnents,

Available study aof the possibility of contanination indicates the adyis-

ability of using a cover for the cxperiment tobe,

Approximate retno ls of glume description, the Latvala method,
the circular-arc method, and th> picudo-nozzle scheme are described
for possible future use. A genecal descrintion of particles ermanaling
from the spacecraft, eapecially gascous leaks, should be similar to

the approximate mcethod discussed.

An assumption of spherical symmmetry of debris clond is not
justificd, The impossibility of describing individnal particle trajectories
and resulting cloud absorplion and cxtinction leads to plans for the calenla-
tion of Rayleigh and Mic sc:utt(:ring' and an cstitnate of the large particle

-

cffects,




INTRODUCTION

Apollo Telescope Mount (ATAN) experiments are threatened by
contamination imrticles cianating from the space vehicle cluster. One
of the principal sources of such material is the reaction control systemn
attitude control thrusters,  Mxhaust products not only provide material
for the formation of a debris cloud but also for depositica ontd sensitive

clements of the experimencal package and spacecraft scnsors,

The possibility of contamination of ATM experiments by rcaction
control system exha ot gasces may be examined on the basis of two

factors
9 The amout of the inaterial contributed to the debris cloud
o The amount of such material deposited on functional surfaces,

These factors will be analyzed through the use of the known geometry of
space plumi s produced by specific ATM and cluster rocket engines and
time sequences of ATM aclivities. The space plumes of SM- and LM-

RCS cngines are discussed in this report.

The exhaust jet pluine at high altitudes is discussed and described,
Results of spgcific calculations for SM-RCS and I.M- RCS space plume
flow ficlds are also presented. A discussion of mmechanisms for the
transfer of exhausted material into the vicinity of the ATM tube indicates
the nced for an aperturce cover, conirollable by the crew, for the experi-
ment tube.  Approximate methods of makirg further calculaticns of
plume boundarics and {low ficlds .‘..rc discussed. DPrevious assumptions
of spherical symmietry in the debris cloud are found to he unacceptable.
The general theorcacal approach {which, unfortunately, is impractical)
can be approached by describing the cffecls of a debris cloud in terms
of reasonable ranges of cloud parameters. These considerations are

discussed. Future plans ave also discussced in this scction. There are
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four appendices in this veport. The theory of the ideal rocket is
presented in Appendix A, This provides a basis of comparison with
more sophisticated approaches and some isentropic flow-ficld descrip-
tions for use with the approsimation given in this report. Collected
characteristics and nozzle geometrics are presented in Appendix B,

A correction of previous estimates of RCS particle lifetime in the

vicinity of the ATM is found in Appendix C,
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SPACE PLUME FLOW FIELDS FOR RCS ENGINES

The structure of the exhaust plume produced by rocket engines,
cyecling into a highly ravefied atmosphere, is basically as illustrated
in Fignre 1. The more important features of a typical exhaust plume
consist of the leading characteristic line, intcevnal shock, jet boundary,
and normal shock. The normal shock is also refevred to as a Ricmann-

wave or Mach disk.

The leading chavacteristic or Mach line, 15 determined from
the nozzle exit Mach number, is a straight line for the contoured nozzle
and forms the familiar Mach cone. All flow conditions along this Mach
line and within the Mach cone arc onc-dimensional for the simplest
casc. For the conical nozsle, the leading characteristic line is curved;
and the flow within the curved cone is radial and axisymmetric, For
both nozzles, operating above the design pressure ratio, the leading
characteristic scrves as a dividing line between two different flow
regions. The internal region consists of a zone of zero external
influence in which flow propertics are determined strictly from nozzle
properties. The flow characteristics of the region external to this line )
and bordered by the jet boundary arc controlled by the ratio of stagnation |

pressurc to ambicnt pressure.

The iseulropic expansion process in the region bounded by the
leading characteristic line, the axjial center line, the normal shock,
and the internal shock is iniliated by the corncer cxpansion fan, origi-
nating at the nozzle lip. Mach numbers within this region increase con-

tinuously both with distance downslream of the nozzle exit and also in a

dircction perpendicular to the axis out to the position of the internal shock.

In addition, the intecrnal shock, which is formed by the coalescence of
infinitesimatly wcak compression waves reflected from the jet boundary,

starts ncar the nozzle lip and increases in strength in the downstream

DRl A e i ot Al S ae i
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divection, For large pressure ratios, the internal shock system forms
the faniling shoek diamond pattern, A, the ratio of stagnation to ambicnt
pressure increases greatly in the orbital environment, a normal shock
replaces the intcrsection of the X-type shocks; and the internal shock
approaches the jet boundary. 'The jet boundary defines the external
shape of the exhaust plume and is the sepavation line between ambicnt

conditions and flow from the exhaust nozzle,

To simplify calculation procedures, cquilibrium in the nlume is
assumed. The angle through which the flow turns at the nozzle lip
corresponds to a Prandil-Mecyer expansion from the nozzle exit Mach
number to the boundary Mach number, The boundary Mach number
depends on the ambient pressure at any particular altitude. The flow
dircction, after the expansion, is determined by adding the slope of the
nozzle wall at the exit to the armount of Prandtl-Mcyer (P-M) turn. The
boundary angle a that the tangent to the plume at the nozzle Jip makes

with the axis of the nozzle is the sum of three component angles

a = vy - v + ON (l)
where s
i
a - nct boundary angle sought :
vi - maximum expansion angle given by the P-M cquation
for expansion from M = 1 at the throat to Mp at the
boundary or ainbient pressure .
v - expansion angle from the P-M ecquation for cxpansion .
from M = I to M, at the nozule lip ?
i
ON - nozzle half angle.
The cquation for the P-M wave expansion angle is the integral ;
of the differential cquation : K

dv = (MZ - 1)% (—‘%i) (2) !

e
Ei




which is the basis of the mcethod-of-charvacteristics solution,  The

integration of Fquation 2 is

1 1
2 2 L 1
= (i—%) tan”! '(}‘{(ﬁ}i) (M‘ - 1)‘ - tan”! (.\«.‘ - l)‘ . (3

L[]
A graph of turning angle as a function of exit Mach nunmber for a y of

1.25 is shown in Figure 2.

Before a prediction can bhe made of the effeets of an impinging
plume on a surface or material complex, the external exhaust flow ficld
must be established.  In addition to the jet boundary angle, thermody-
namic properties and the flow ficld at the nozzle exit plane must be known.
The conditions at the nozzle exit plane inay be found (rom manufacturer's
engine-performance data and theoretical one-dimensional performance
calculations. Such a scheme assumes onc-dimensional nozzle flow with
shifting cquilibriuwmn to the throat and frozen flow thereafter. The specific
impulse ratio of specific heats, pressure ratio, and temperature are
obtained from manufacturcr's specifications, if possible, for the engine

operating at a normal mixture ratio,

An analysis of an ideal rocket is presented in Appendix A,
Specific characteristics of the RCS engines of primary concern are given
in Appendix B. The iscutropic formulas and manufacturer's specifica-
tions discussed in these appendices provide information cquivalent to the
input data of a method-of-characteristic program which would usually be
restricted to constant exit planc properties. A space exhaust flow ficld ;
calculated for an SM-RCS engine is presented in Figure 3, The spzce
boundary in the illustration was calculated by mceans of the P-M expan-
sion, The term X is a coordinate alonyg the axis; R is a coordinate

radial to the axis; R is the nozzle exit ratio; and € is the nozzle expan- i

sion ratio. The curves of constant Mach number within the plume may
also be considered to be cuntours of constant density or temperature if

flow is assumeacd to be iscentropic.
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LM-RCS PLUME LOV CI1.DS

A more realistic description of the space plume due to an RCS
engine thruster, in this case the SM-RCS or ILM/ATM-RCS cngine, has
been generated because of the necessitly of examining the structural and

performance integrity of the solar pancls attached to the ATM rack.

To avoid heating and thrust degreadation, Loc’ weed (Ref. 2) has
recommended the use of a small deflector shicld for those RCS thrusters
whose phune irnpin;;c;" upon the ATM solar pancls. Whether such an
addition has been made is not known., The pro-ently proposcd config-
uration of the I.M and the ATM experiment rack are shown in Figure 4.
The unfortunate positioning of the LM Scryvice Module RCS is a result
of prior design-requirements of docking capability and solar panel
deployient spacing. The thrusters in the minus X direction will
producc plinmes which impinge dircctly upon the rack solar panels in
both their stored and deployed positions.  This plune impingement
creates a scvere heating environment for both the solar pancls and the
instruments on the rack structure. In addition, much actual thrust is
lost because of this mass npingement on the panels. The interference
of exhaust plumes with the structurc of the LM/ATM and rack will
produce a systera of standing shocks ncar various surfaces. It is
expected that boundary layers will form over all impinged surfaces

providing a mechanisin for mass flow in to the rack interior.

A rcal-gas cquilibrium analysis was used to calculate the flow
propertics ot the ecxhaust plume as produced by the LM-RCS rocket
engine. This engine burns 50/50 and N2O,{. The nozzle contour is
shown in Iligure 5. This plume is slightly more scvere (lower Mach
numbers at greater distances from the exit planc) than the perfect gas
solutions (Ref. 3 and 4); it is represented in Féigure 6, which shows

the Mach number contours of the LLM-RCS plume.
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FIGURE 5.

H0Z71LE DULEENISIONS

€ 0.0 in

R, 2.720 in.
LT 6.984 in.
i 3.3°

HOZZLE COOMDENIATES

L (in.) R (in.)
0.000 0.43%
0.273 0.513
0.474 0.635
0.8i2 0.832
1.339 1.106
1.256 1.349
2.393 1.855
2.920 1.752
3.447 1.232
3.974 2.1
4,501 2.245
5.023 2.372
5.555 2.435
6.032 2.583
6.609 2.671
6.4904 2.730

Li1-PCS HOZILE COUTOUR (FPOM REF. 2)

P P

s,

o b s s o b A M 5 et A b

Faspire

|



(PeU) ENYTd LINT WOhZ EDNVISIC IYINY

02

Ct

A S ———— ——— i e A i 7 A e e s

AN HIY

F073 SSYW 786

SY9 wAINGITIND3

SET1 = A SVD W30

14 C00°0CO = Z0NLILY

LEZI0N

oot

JUTILSIg WIeH

-
-

(-uel 3uT43LNIT 320 36U

13

.



s asamm e

Calculations for the TAL-RCS nozzle equilibueium flow ficld using
the nozzle contour (Ref, 2 were made for an equilihrinm reacting
gas. A sccond flow ficld was also gencrated for an ideal gas, Both
flow ficlds were obtained using the method-of-cha ractetistics program
described in Reference 5. The Nlow fictds are compared by consideriag
the parameters associated with the same 3 ometrical location in cach
field. In general, the plume for the ideal-g.s assumption gives higher

Mach nuinbers for a given asial and radial position,

The discrepancy between the real-gas and ideal-gas {low ficlds
results from basic differences in theory fur the {wo problems, For the
ideal-gas assumption, the molecular weight does uot change. The
spuecific heats are asswned to be constant, and enthalpy is a function
of temperature only, These assumptions result in a greatly simplified

system of cquations, describing the pluine flow ficld,

For the cquilibrium-recacting gas case, the conservation of the

various swnecics of «

1
1 L4

ascous componcuts must be considered as well as
the chemical kinetics of the problem. The molecular weight and isen-
tropic exponent of the mixture are not constant in the plume, thus
complicating the cquatiens desceribing the flow ficld, In general, the
flow paramcters are no longetr simple functions of tetmperature or
velocity but depend on the local velocity and entropy. 'Illcsc-co'mpli—
cations affect the method-of-characteristic sclution and the shock
relations and result in values of the flow-ficld parameters which are
different from those generated using ideal-gas thcory, Specific
diffcrences in an ideal-gas solution and an cquilibrivm-reacting 3as

solution would depend on the gas propertics specified in cach case.

The LM-RCS thruster exhaust gases are actually composcd
of a reacting-gas misture in which the molecular weight and iscntropic

exponent are not constant. The use of the ideal-gas assumption would

14 . ) . H



result ina rough approsimation of the flow ficlds at best, Since the
gas mixture can be considered {o be in lecal cquilibrivia at ¢ ny instant,
the plume flow licld is calculated by the real-gas method. The most
important real-gas cffect on the plume is the reduction o’ the Mach
nuiber of the gases at any point in the near plume. This reduction

in Mach number results in the predicted impingement heating rates
being conservative. The heating rates are predicted based on ideal-

gas analysis.

The line which contains 95 percent of the mass flow (Figure 6)

may be considered to define the "core'" of the space plume,

Firing of the LM-RCS thruster may occur while the panels are
cither stored or deployed. Lockheced (Ref. 6) reports that serious
heating and thrust degradation occur with the pancl in either position
Figurc 7 shows the stored panels and the thruster plume interaction
shocks over the pancls in this position. The oblique shocks were
calculated by the method-of-characteristics program, with a two-
dimensional assumption being used to approximate the flow ficld over
the configuration (Ref. 5). Thesce shocks arisc from the top of the
pancls and {romn the structural members of the rack and will create a
hot stagnation region in the interior portion of the rack as well as high
heat rates to the top side of the stored panels. Also, the impingcment
of the rarcfied upper portion of the plume onto the upper structure,
and gascous radiation from the plume to this upper structurc will

create additional heating of the rack structure.

When the solar panels are deployed, a large normnal shock forms
over the flat expanse of the inner pancls (Figurce 8). Because of the
substantial amount of the mass flow which impinges on the pancls, the

cffective thrust of the I.M-RCS engine is nullified.

15
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If the solar pancls ave to be deployed during the thrusting opera-
tion, a portion of the pancls should be removed in the arca where 95
percent of the plume fmpinges on the panels (Ref.. 2). The shock arising
from the deflector ('igure 9) and the diverted mass flow of the plume
aft of the bottom lip of the shicld create a plune that is swaller at the
planc of the deplayed panels than the plumes without deflectors. This
would indicate that perhaps still less of the panel acea neced be removed

if a shicld shape were optimized for this situation,

This method of deflecting the flow ficld with an Inconel steel
deflector (0. 1-inch thick) shows the most promise of the several designs
investigated in this study. No major thruster rcoricntation is nccessary,
and the capability of the Inconel to withstand the incurred heating rates
has becn found to be adequate. The scoop-like configuration is shown
in Figure ¢ along with the results of a two-dimensional analysis of the

plume and consequent shock interaction with the shield.

DISCUSSION OF SPACE PLUME EFFECTS

The effccts of rocket exhaust gas plumes in the space ervironment
have gencrally been discussed as divect effects, principally heating of
spacccraft clen.ents, thrust degradation duc to interfering surfaces,
or impulsive damage to structural members produced by jinpingement.
Scveral analyses have becen made concerning the problems, particularly
for the Lunar Module aad Apollo spacecraft (Refs. 2 and 3). Possible
confusion of infrared sensors becausce of plume radiation has also been
considercd (Refs. 7 and 8). Somec i.nformation pertinent to the threat
of contamination or of information degradation of ATM cexperiments has
been obtained from such sources. The main purpose of those studies
differs, however, from that of the present effort. The important

questions which must be answered concerning the degradation and

contamination of space scicnce experiments ave
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o) How nmuch material is previded for the formation of a
debiis cloud by rocket firings in the space environment?

o How much material is deposited onto sensitive arcas with
significant effects because of rocket firings?

The answers lo these questions will be built on the known geometry of
space plumes produced by specific ATM and cluster rocket engines and
time scquences of planned ATM activities., Kvent description of and
scquencing of steps in rendezvous, docking, observing, orhital change,
astronaut departure, and station kceping are not yet elcarly defined.
Fach of these phases could involve extraordinavy rocket firing, The

ATM experiment package should be protected during these activities,

The contribution of RCS exhaust products will be more fully
discussed when propellant consumption and debris cloud behavior are
belter understood. Soume estimates of "worst case' cloud absorptions
were presented in Reference 8. The deposition of matter from the
plume, interaction of reducing chemicals in the plume with sensitive '
functional surfaces, and the presence of large (2100 pt) particles in
the flow ficld (from fucel contaminants, eungine crosion products, or
charred bits resulting from ablation cooling) may significantly harm
components such as optical transmission clements, solar cell panels,

and thermal control coatings,

The expanding plumc strikes the exterior of the ATM cxperi-
‘ment rack, but ho dircct impingement of rocket exhaust gases from
the RCS thrusters is cxpected on the contents of the interior. The
space core from certain thrusters 'passcs over the open top of the rack,
Drift and turbulence may be expected to move material from the plume
into the experiment rack, The formation of a boundary layer and
subscquent crecp of material along the exterior of the rack is to be

cxpected and is the most likely mechanism for mass flow into the

ATM tube.
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The interaction of a rocket plume with any surface should
produce standing shock waves at some distance {from the obstructing
surface. This facilitates concentration of material at the shock lines

and provides for mass flow over the surface,

The naturc of the plume tlow field changes when the surface of
a space vehicle is cncountered, The nature of the change and boundary
layer activity cannot be well predicted., A region of turbulence should
spread from the first impact arca on a vertical wall toward the enlrance
to the rack. At the lip of the rack, the edge provides another source
of disturbance to complicate the flow. Without doubt, mechsnisms
exist for supplying material to the interior of the tnbe, Cre:ping in
the boundary layer and streamline deflections at the rack's edge aid
inass flow towards the experiment package. Fxhaust gas comtamination
of intcrnal surfaces may also occur when several thrusters ave firving.
Recirculation of exhaust gases (similar to that in the base rogion of a
launch vechicle) in the region of the rack aperture could cause migration

of exhaust products into the interior, where deposits could accumulate.

Laboratory tests may possibly be able to gauge the extent of
information degradation by a debris cloud near the observing instru-
ments, Test chamber firings of rockets or scale-model rockets may
provide estimates of deposition and the deposition rate as a funciion of
firing time. Morc suitable mcasurcinents of the amount anc. composi-
tion of particles, in addition to gascous componcents, due to rocket

exhausts will be available (rom planned space experiments,

In previous investigations (Ref. 9), recommendaiion:; were
made that an aperture cover be provided for the ATM cxper ment rack
for use during launch, cnvironmental coatrol system and waste manage-
ment system dumps, and RCS firing. Present investigations also
indicate the need for an ATM cover during these and other phases of a
particular mission, such as rdocking, major orbital changes, and astro-
naut departure. As a general rule, the aperture should be ¢losed

whenever the ATM is not being used for observation.
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APPROXIMATE METHODS OF SFACE FLUMVE PREDICTIONS

Extensive calculations arve required for the mnecthod-of-
characteristics’ program solutions describing space plumes. These
yield preofiles for only O'nc time and one aititude, [t is expected that
for rapid consideration of plume boundarics and flow ficlds appeosimate
methods (simpler in scope and citercise than the method-of

characteristics) should be examined.

A number of approximations have been daveloped for the
prediction of jet exhausts as a function of altilude and nozzle preperties.
St.ch schemes alimost invariably consider a jet exhausting into a still
atmosphere. The most widely used approximation, duc to Latvala
{(Ref. 10), assumes isentropic flow and uses the Equation 1 Prandil-

Meyer timing angle as a starting point,

THE TLATVAIA APPROXIMATION

Latvala prescnted a very detailed and convenient description of
his analytical method for predicting the boundary of jets at hizh attitude.
The sketches in Figure 10 illustrate the gecometry involved in his

analysis.

When radial, axisymmetric, isentropic flow of a perfect gas is

o

assumed, the equations for continuity and conservation of cnergy between

any two points, n and n + 1, may be written for a free jet as

PnAnVn = Pn+t18nt1 Vas (4)
Vzn vzn +1
CPT“+T = cpTn + L e {5)
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The first equatior is solved for Vi, 1 and substituted into the

second cqnuation,

Anta o _Pn_ |Z2¢pTn podnta) (6)
.An PN . \"An .rn . D

Since the flow is iscentropic,

1
=1
%t— - [1 +%(y . 1)1\.12‘ ‘ (7)
T
% = 1+‘E(Y-l) M2, (8)

Equations 7 and 8 may be combined with Fquation 6, with the definitions

of thc Mach number, to give
M = VZ/YRT (9)

and the specific heat at constant pressure

cp = yR/y - 1) (16)
to yield 1
-
1 2 y -1
An 11 ~ 1+2—\Y'1)Mn+l
A - 1
1 +— 2
! - Mg
-z
r.l MG 41 o MAy
3 + 1 {11)
M 1 1) M2
L l'*'z‘(' ‘ln-i-l

The arca of the spherical cap cut by a cone with its apex at the

center of the sphere is
Ag = [ 2nR*sin ¢ dd = 2R (] - cos an), (12)
[1] ~

and the planc-arca corresponding to the base of this cone is

Ap = wR? sincy. (13)
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Conscquently, the eolations 2 between the plane and the apterical arees

Ay = Agllbens ay) (L)
2

Since the piane aren .'\p s praoportional te the sguare of the

2

radius v, Fquation {1 and 14 may be combinad to yicld an sxpress<ion

for the ratio of the cadii at the points nand v + 1,

L3
Tat = ﬁ“)z -
An

The teem ennthe right in Fquation 11 can be simplificd considerably by

wdeniifying it as the iscateopic vratio, (A/AT), ¢+ (/(A/AY); where

A (2 v-r ) 7({7+-:‘)
AT (T—r) (‘ i M‘)l (13
Equation !l may now be writtan as
fﬁ_i-:_; I Fcos an 1 HA/AT + 1 : . (16)

o (1 + cos ay) (A/A%),

Latvala provides the following relation for the jet boundavy:
dX/dr = cota. (17)

This cquation cannot be solved explicitly, but it can be solvad casily
if the method of finite differences is used. When AX, Ar, and Ae are

restricted to small values, Equation 17 is

AX ) A
Borod-h. A, et 1
Ac cot (rzn > ) (18)
since Ar = rpn+ 4§ - Tn»
. Cn + AW
ax 5 370 1 )eot wp - 22, (19)
n Tn 2
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The tundamental Equations, 16 and 19, fur describing jet plnme boundaries
may be written in dimensionless form by dividing by the exit radius of

the nozzle,

. - -l-
rnd fre  [{L+cosan+ 1)(A/A), 4 ] @ (29)
rn/re | (1 4 cos ay) (AJA), i
AX/re 'yt /re Aa
= (LT ) cot [ay -2E). 21
rn/re rn/re P\t T2 (21)

The initial expression of the axisymmetric undere <panded jet is deter-

mined from the P-M cquarion for turning angle,

Each spherical surface in the flow strcam has associated with it
an average Mach number, P-M angle. and isentropic arca ratio, If
it is assumed that the average turning angle of the jet flow stream is the
same as the change in the P-M angle between two closely spaced surfaces,

the entire boundary may be calculated in a sequential manner.

Since v is known, M; and A; /A¥ may be calculated or found in
tables of iscutropic flow [unctions for different values of y. Choosing
a Aa and adding it to v, will then give a value for v,. Corresponding
to this second P-M angle, there will be a Mach number M, and arca ratio
A, /A%, This information, uscd in liquations 20 and 21, is sufficient
to calculate r,-:/rC and AX/re (since @, =ay - A«). A point, n =3,
might now be deterimined by adding Aa to v, Lo oblain v; and coatinuing
the step-by-step approach until an adequate portion of the boundary has

becn calculated.

TLlatvala suggests that, for highly underexpanded jets, @ may be
variced in increments of approximately 5 degrees for the first few
points and then in increments of about 1 degree for the remainder of
the calculations with very good results, DBoundarics computed by the

method of characteristics as presented by J.ove (Ref. 11) have been
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compared with the results of Latvala (Ref. 10) and compare quite

favorably with the more exact results,

THE CIRCUTAR-ARC APPROXTMATION.

During an experimental investigation at the Avnold Engineoering
Development Center (Ref. 12), i+ was found that the initiil portion of the
jet boundary from the nozzle lip to (L point of maximum jet diameter
could be approximated by a circular arc. For a particular Mach number
and specific heat ratio, the radii of the bor.adaries are practically in-
variant with the ratio of chamber pi~ssure to ainbicnt pressurc. A
plot of jet boundary radius ratio R/rg as a function of Mach number for
y = 1.4 measurced {froin a large number of Schlicren photographs 1s
given in Figure 11, To usc Figure Il for apareximating je boundarics,
the initial inclination angle must be determined., This can be fovnd from
Equation 1. With the initial angle krown, a line is drawn normal to
the tangent of @ at the nozzle lip, the radius R is located on this line,

and the boundary can be drawn witl. a compass.

The radius ratio varies approximately as a*/Vc. If a similar
variation of R/ry as a function of Mg is asswmed for any other specific
heat ratio, Figure 11 and the following cquation can he used to obtain

[ZE
the radius ratio for other values of the specific heat ratio,

1
(3_) ; (3_) ACIASONN (B) |l M2) |2
fe fe/air (Vc/ai) air e/ air 12 (l i —Y—g'_—l- Mé)

The subscript "air" refers to values of R/rc fory = 1.4 taken from
Figure 11, Jet boundaries for y = 5/3 calculated by the micthod of
characteristics are plotted in Figure 12. Circular-arc approximations
using Equations 1 and 22 and Figure 11 are also shown, At higher pres-
surc ratios circular-arc approximation fits the method-of-

1aractervistics solutio ite well, mparisons with experimental
characteristics solution quit 1, Compa tl perimental

results arc also favorable,
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FIGURE 11,  PADIUS PATIO OF JET BOUIDARY FOR y = 1.4 (FROM
REF. 10)

28




r/re

9.0

8.0

7.0

6.0

5.0

4.0

3.0

2.0

1.0F

0.0

NOTES::
1. pe/pa = 1,618, oy = 60.7°
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3. pe/pa = 59,92, o = 48,1
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FIGURE 12. CIRCULAR-ARC APPROXIMATION COIPARED WITH

KETHOD-OF~-CHARACTERISTICS SOLUTIOit (FROM

REF. 10)
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Latvala (Ref. 10) comments that it is somewbhat surprising that
the simple physical model used in the derivation of the method fits the
experimental and theoretical vesults as well as it does. The jet flow
is, of course, highly irrceversible and contains a complicated multi-
dimensional shock structure, although the isentropic assumption is
implicitly used in the devivation. Nevertheless, the cmpirical nature
of the mecthod does not detract from its value as a convenient method of

quickly estimating the inilial portion of jet boundavices.

For all of the approximations discussed here, the gas composition
at the cxit plane and beyond is fixed, The isentropic flow relations
arc also assumed to be valid in the interior of the plume. Static vese
sure and temperature can be expressed as functions of the local plume
Mach number and the nozzle exit conditions

T {1 +{ly - V/2]1M¢)
{t+ [ty - 1)/2]M¢}

/'re)’TH

T =-

P = P(T

Mach number distributions would be of more general use if they were
available in analytical form, TFrench (Ref, 8) has reported an analytical
approximation to the method-of-charvacteristics computer solution.which

represents the Mach nuinber distribulion fairly well. The expression is

’

2
M{o, X) = 13-(9—)(—'——1-2- + DX + E

where ¢ = r/re and X = x/re. The nature of discrepancices caused by

using this approximation may be found in the paper by French (Ref. 8).

THE PSEUDO-NQZZLE APPROXIMATION

Luce and Jarvinen (Ref, 13) have sugyested an approximate

mcthod of describing the underexpanded flow from a nozzle into still air,
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Two assumptions form the basis for theiv treatment, The following

funclion is chosea to represe * the contacl surface in parametric

form:
5.

1/~ \¢
-5 % (23)
ln\ n\ J m
Application of conservation of momantum at the nozzle exit and the point
of maximum diameter in the lateral and axial directions provides coua-
tions relating ¥y and ryye This procedure considers force cequatl o the
difference in thrusts of ideal nozsles of exit arcas Ag and Ajn. The

maximum radial coordinate may be found from the followinyg cquation:

(Pa/pc) (Ain/A*) = Cp - Cry (21)
where Cp iy 15 the thrust cocfiicient at the point {ryy,, x;,,). Since
Apn = w rZ,, onc coordinate is immaediately known,
Hill and Maber (Ref. 14) have discussed the approximation,
CFm = CFmax (25)

and state that it provides an error of less than 1 percent for altitudes

above 1090 kilomcters,

The approximation is of considerable value since Cy, . is a

function only of the ratio of specific heats of the exhaust product mixture,
l
ZY‘ 4 Y = &
CFI]I&X = (Yz ) [)‘l‘ vy +1 (26) ’

The vacuum thrust cocfficient at the nozzle exit is also available from

[OOSR

isentropic flow relations,

yt1 x-=11)%
{22 -1 | (pey ¥ Ae Po
Cre = y-1\y+ l)‘ ! (Pc F A e (21 .

iy o b o 4
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An approximate yet very divect way of obtaining x,, may be

"

deduced from the conclucions of Tuce and Jarvinen {(Ref. 13). ‘t'he data
they considered secmed to indicate that x;/r¥ is essentially independent
of y and € and is only a function of pe/pa. A straight line applicable for

this relation )'i(‘!(ls

Y p
lortrs (1_m = 0.55 logy, (_l_’__c;) - 0.1, (28)

v

The vse of such an empirical expression should not be judged for physical
meaning. It i3 expected to provide reasonable results for ratios of

(ri/c%) and (pe/pa) greater than ten,

An actual definition of the space cone of a jet plume at high
altitudes may be hased on the percentage of mass flow within a given
conical region, The far [icld of a jet is essentially radial flow, with
straight streamlines appearing Lo oviginate from a conunon source,
The stream density gV varies along cach streamline as 1/v?. The

{low may he described by specifying the mass flux per unit solid angle
din/dQ = pVi?

28 a function of the angle o between a given streamline and the axis of a
jet. The rapid decay of din/dQ away from the axis (sce I'igures 3 and 6)

g : roxi : »mbears of the one-pars i
may be approximated by memb ftl parameter family

(dn\/dQ)¢ X ,
dm/d) . o wxp [-N¥ (1 - cos $)?). (29)

The value of N has been determined by Hill and Draper (Ref. 15) to be
1
5 -1
A= [0 - CF/CCRma] (30)

Specification of y and A/A* fixes Cp'/Cipax (refer to Equations 26-
and 27). The valuc of X then varies from one conslant-property to the

next because of the variation in the Ciocco number, C = V/Vi,.
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COMMENTS

The approximations discussed in the previous section arc only a
few of the many proposed schemes, These have been selected to itlus-
trate muethods that arve difficult, in the sense of being time consuming,
and easy in the sonse of being verey rapid, The circular-arce and pscudo-

nozzle appreximations are in the easy category.

It is possible that the space plumes itlustrated in Figures 3
and 6 will prove to be sufficient for the information nceded on space
plumea boundarics and flow-ficld properties. If this should prove not
to be so, [furthcr approximate descriptions may be generated. There
is some application of the methods discussed to the general problem of
particles ¢jected from a space vehicle, In many ways such a stream

can be considered as the exhaust of a jet and described as flow from a

point source.
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PARTICLE FIELD INTERACTiON

As part of our studies in particle field interactions, a report
has been published on spacceceraft-ionosphere interactions {Ref, 19),
Efforts to improve the analysis by Newkirk (Ref. 16) of debris cloud
formation have indicated some shortcomings in his assumptions.,
Planned efforts in predicting the dogradation of radiation received by

ATM experiments arve discussed ana described in this scction,

DWESI-TIME AND PARTICI.F DISTRIBUTION

Particle lifetime has been defined by Newkirk (Ref. 16) as the
time required for acrodynamic drag to stop (relative to a space vehicle}
the particte which had been initially e¢jected in the forward direction,
The lifctime is uscd to calculate the radius of the debris cloud by taking
the sum of the radius of the sp:\cccraff and the product of the ejection

velocity and the lifetime,

RMm = Rgtupr (31)
\lec.:rc
Rpyg -  the radius of the debris cloud
Rg - the radius (or characteristic length) of the space vehicle
g - the e¢jection velocity

T =  yp/u is the lifetime, where U is the deceleration.
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Within the cloud, the dis!ribution of particles is taken to be

n{r) = =9
where
n(r) - the number of particles per unit volume
r - the radial coordinate measured fiom the spacecraft
center
[ - 2 small positive number (=3).

This estimation is bascd on considerations of distribulions found in

natural acrosols and in droplets produced by atomizers.

The validy of brightness estimates of the debris cloud resulting

«

from the above assumptions is not immediately suitable for testing sinc
all of these assumptions are far from being realistic, Refinements of
lifetimes, however, for RCS cjected particles are presented in Appendix
E. For example, the only usc of lifetime is to calculate the radius of
the cloud; but there is a question, however, as to whether the cloud
rcally has a radius. The shape of the cloud and the distribution of
particles within the cloud depend completely on the direction as well

as magnitude of cjeclion velocity of each particle and the position on

the spacecraft from which the particle emanates. If the viewing dircction

and direction of motion of the orbital complex is as shown in Figure 13,
particles ejected from certain regions with velocity less than that of

the cluster will, in general, have no way to reach a position near the
observing port. Rocket exhaust plumes, however, with very high
particle velocities, may rcach back to produce threcatening material

in the vicinity of the experiments. The optical viewing direction may

be more susceptible to particulate contamination from ceriain directions
than would be expected from a spherically symuinetric cloud, Much more

dangerous sample source regions are also indicated in Figure 13,
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To cvaluate optical contaunination effects due to a cloud of
U

o

cjected particles, the vse of Lfotime as suggested by Noeirk is vot
of much value. [ustead in a coordinate system f{ixed at a centeal point

of the space vehicle of principal interest, ore should kiow:
o The positicn of the opticil ~quipment; x,, v, 2y
o The position at which a particle is cjected: ¥, v 24
o  The velozity with which a particle is cjected; uj, vir wi

o An optical range, F = a sct of (x, v, #), which is the
{icld of view of the optictl equipment.,

Any velocity is represented as o= {u, v. w) in the chosen coordinate
system, These paramcters, illustrated in Fisure 14, are all necessary
te determine the distribation, [ tlese arce Fnown, one covld, in
principle, determine the particle distribution within wie optical range
I according to a given rate of ejection of the particles of a specified
type (X Yi» zis ui, vi, wj). This, of cotrse, is beyond the range of

present practicality hecause of the number of particles tnvolved.

As aa example of tie different points of view, consider an oil-
burning car which gives out black amoke while running. The optical
effccts as obscrved by a man scated in the car can be investigated only

when the following arce known:
o The location of the opening of the cxhausting pipe (xi» ¥j» 2i)

o  The location >f the eycs, of the observer or whatever equip-
ment used (xg, 7¢» %o)

o The rate at which the black smoke is cjected,

o The ficld of view of the cbserver {F)

.0 The particle velocity {uj, vi. wi)
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The optical effect is determined by caleulating the disteibution of smoke
particles within R, Using Newhivk's treatmnent, without the above infor-
mation, involves treating the car as a sphere and predicting that the
smoke surromnding the ¢ar will form a spherical cloud,

OPTICAL INTERIERENGE BY DEDBRIS CLOUD

Y

An alternative maethod of evaluating the threat of aptical con-
tamination to an ATM mission by particles ejected from the cluster

3 Lo calculate the offects of a collection of particles located in front

——e

of and near the observing equipment, A comparison between the amount
of material in such a cloud which causes degradation and the posgible
sonirces and transport schemes of such cjecta to the sensitive regions

should demonstrate the magnitude of the contamination threat,

A project has been started to ealeulate the optical effects of a
debris cloud in the vicinity of the A'TM experiment using avaitable

theory,

Assorted materialy are known to emanate from space vehicles,
These include gascous components and liquid and solid particles, Water .
is expected to be the most abundant maierial, in the form of Jdroplets
or crystals, The particle size which may cause the most interfercence

with optical experiments is in the range of 0.1 to 100 microns,

Theve are two basic effecels of the debris cloud particles on
optical obscrvations, The first cffect may be eatled "hackground
radiation,” When cloud particles are illuminated by a radiation gource
ot'h«:r than the object source, part of the radiation will b scattered into

the aptical detecting equipment, thus coatributing 2 backyround radiation
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suparimposed on thait from the object souven,  The second offect is that
of absorption and/or extinction which may be called attenuation,  Radia-
tion feom an object source will be attenuated by partictes interposed
between the source and the detectors,  The veceived radiation at the
A'U'M will he composed (.)f source and hackground radiation veduaced by

the cloud attenuation,

LrUTURE PLANS

Since there is not yet sufficient information on the particle density
and veiocity distributions of the A'UM debris cloud, the clond will be
described by a set of free parameters, For example, the particle con-
centration or dimaenasions of the cloud may be allowed to vary aver a

proper and reasonable range, Calculations will be made for:

o Rayleiph scaltering, applicable Lo gaseous components

o Mie scattering, applicable to parvticulate matter in the
infraved range

(/] Geometlric optics, applicable to particulate matter in the
vigible, ultraviolet, and X-ray regions,

The ultimate purpose is to oblain functions describing bhackground
radiation and attenuated radiation in terms of parameters characterizing

the debris cloud,
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-'-.--;--" APPENDIX A, ANALYSIS OF AN IDEAL ROCKET

. Chemical rockets consint of 4 geeat vaviety of simple and complex
propellant supply and feced systems, o combustion chamber, and an
exhaust nozzle, PFor the analysis of an ideal rocket engine, the following

agsumptions are made:
o The working luid is a perfect gas of constant composition,

o Tho chamical reaction is equivalent to a constant-pressure
heating process,

Q The expansion process is steady, one-dimoensional, and

isentropie,

The thrust chamber may now be described qualitatively with the
add of a temperature as a function of entropy (' as a function of ) dia-
gram as shown in Figure A-l, Propellant ericrs at State 1, A quantity
of heat Qp (the heating value of the propeltlant combination per unit
mass) is added at constant presaure, and the propallant reaches the
nozzle inlet at State 2, The propellant expands isentvopleally from
State 2 through the throat, where the Mach number is unity, to the
exhaust where the velocily i My, Consorvvation of encrgy apnltied to

the heating proceass ylelds
7 afhy, - hg) = ﬁ\cp('l‘oz - Tor) (A-1)

or

'1‘0‘ = 'ro‘ k Ql‘/f’p (/\-2)

-
SRR P

whaore
M - the propsllant mags flow rato

c - . the specific heat at constant presasuro
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o

h - antlalpy
0 - refers to stagnation conditions,

Under the assamption of adiabatic nosale expansion, the cnerepy equation

requires constant stagnation enthalpy in the nozzle:
hoz = hoo (A-1)
or
vh /2 = g, -y = Cp“‘oz - Ty (A-1)

Il the expansion ig tsentreopie, then the theorvy of steady one-dimenzional
flow of & porfoct gas provides a ugeful servica of velations, ‘The exit

velocity ia
o -t "
z ?.t:p o2 'l w Apaloz) v My '3 (A-5)

whore n ia the preasure and 4 i3 the ratio of apecific heat at constant
pressure to apacific heat at constant volume., Fxpressing Cp in tarms of
Yy the universal gasg constant R and tha propellant molecular weipght M,

the axit velocity may bo written as

_ 2y & pey (y - 1)/ 1 '
n, = {(Y :XHM "oy [4 T)-‘;3) Y \l (A-0)

Thao propoellant mass flow rato i la also derived from izentrople
flow equations and {a given In tevims of the propertios of the combustion-

chamber fluld and the nozzle throat arca A% by:

h = _.’.‘_.J_o- l (v . 1)“ LYY - )J i

(R, (A-7)

whors R = R/M, é

For fsontrople flow, anothar quantity of interent, the exhaust "

prasaure p, iy ba fornd in tovmag of the expansion ratio € = Ag/AN,
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The thrast of a simple chemical vocket engine may bhe wrilten as
T omug b pay - pa) Ae (A-8)
where p, is amhient pressarve,

Substituting from equations for ug and iy, we obtain the following

expression:

Yy AR

NN VAN R
Aopp Y STV T, “\p,)

" (l’t‘ l’.\) (A-9)

whera py = pyg I8 the stagnation presauce of the combustion chamber,

The ideal rocket provides & basis (or comparison of ceoal and -~
tdeal rockets,  To desceribe the porformance of each compoanent of the
theast chiumber, two coefficionts ave defined,  Foe the combuation

chamber the characteristic veloaity o¥ ta defined as

P
o o AR (A-10)
n

This can bo weltton ag, uaing Rq\mlhm A- ‘).

1
a
oY) l Y1 ‘) Y RTO] . (A-11)
For tha nozzle, the theust coefficient s defined aa
Cis 71 —o=
BT AN, (A-12)

I'romy Fquation A-9, Cp is glven by

) Y- 1]):
. 2yl Y- m) Y Pe - Pa
IR R O - === ¢ (A-
Cp = Y - l(\' - l) (l’o Po (A-13)




.

The combination of equations yiclds
| R Rt SR (A-11)

Comparison of ¢® and Cpe caleulated from Fguations A-10 and A-12 with
ideal vatues from Fquations A-1L and A-13 indicate how well cach come-

ponent iz performing,

The ideal nozzle flow ean be refined stightly to account, in the
case of conical nozales, for the effect of nonaxial exhaust velocities,
For the flow illustrated in Figure A-2, it is assuwmed that the streaime.
lines in the expanding paet of the noszte ave straight tines which all
interscect at the Point 0. A control sueface is indicated, passing
through the sphervical segnent (of radius R) over which the exhaust
propuertics are constant, ‘T'he reaction to the theust s shown as tho
vector T, The application of the conscrvation of taomentuim to this

control valume yiclda
}: By = U4 (pa - po)Ae = fp(u- n) ugdA {A-15)

for components of force in the axiat (x) divection, Herve F is fovee, p is
donsgity, nis a unit noenial vector, and A,, the plane exhaust arcea,
equals rr?, No mass croases the control surface except over tl

squals . hE > : ace except over the

apherical exhaust segment where
dA = 2x R sin ¢ R, (A-16)

In addition
- -~
We n = 1, and g cos b, (A-17)

Thoe angle & Is deflned in Piguvo A-2, The equation may be wreitien for

. the thrust,

= f“p(uu) g cos O i R sin O dd Fpe - pa)Ag. (A-18)
e
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The integration yields

o= 2 Ré P “c: 'l"‘:““:*:ig F{pe - pa) :\'c. (A-19)

Since the arvea of the spherical exbhaust segraent At is 2 RE(1 - ces a),
the propellant flow rate is

m = pug o+ i R (1 - cosa). (A-20)

The thrust may then be approximated as

1 + co: .
r = ._..éfl‘_‘.“’.‘_". Mg ! (pe - pa) Ae (A-21)

wheve AQ has been veplaced by Ag. This result shows that the thrust of
an ideal conteal rocket of half angle a is reduced by a factor\

[

\ = ,‘_t_;‘_‘ziﬂ (A-22)

over that of an axial-outlet rockoat with the same exhaust conditions,
The performance of a real nozzle is further reduced by (rictional
cffects, This may be vepresented by an cmpirical discharge cocflicient

Cq such that

CF(act\x:\l) = CaN Cp(ideal)s (A-23)
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AFFENDIX 8. REACTION CONTROL SYSTEM
ENGINE ChARACH.RISTICS

The characteristios of two RCS engines ace presented in Table B.1,
The fuels ased ave cither monomethylhydrazine (MMH) or & mixturee of
50-percent unsynunetrical dimethylthydeazice (UDMIY) and 50-percent
hydrazine (N2H), The claracteristic velocity is denoted by ¢¥,  Sub-
scripts ¢ and ¢ are used to indicate chamber and exit plane conditions,
respectively,  The mean molecular weight of the fucl-oxidizer misture
is M. Throai diameter and nozzle exit diameter ave Dy and D, respece-
tivery. The angle 0¢ is the contraction half angle. The nozzle expansion
. half angle is ON.  Exit Mach numbers are caleulated using the following
formula,
My = ISE ?.ic‘
(Y R T)-". .
where g, the acceleration of gravity, is a conversion factor, The
primary mcethod of cooling nozzle walls is also given in Table B-1,
thords are also used to some extent,

Exhaust compusitions for the three RCS engines are given i
Tables B-2 and B-3, Thoe values are required to caleulate the inter-
ference of a debris cloud with incoming radiation, The ergine dimen-

sions, particularcly illustrating nozzle sizes, are shown inFigure B-1,

.
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JACLE B-1, CHARACTHERISTICS QF T'0 RCS THRUSTER ITHOINFS

RCS Characteristics.

Tten . SH-LH
Thrust, 1b 100 100
Fuel 104/ ®,04/50-50
Thrust cocfficient 1.81 1.7%
Specific impulse, sec 286 289
Characteristic velocity (C*), ft/secc 5,100 5,149
Flow rates, 1b/sec
204 0.219 0.239
Fuel 0.137 0.118
Chamber pressure, psy 126 97
Chawber exit plane, psi 0.19 0.162
Chamber tuiperature, °K 2,520 2,800
Exit plane temperature, °K
Chawbar moan wolecular weight 20.93 23.13
Exit nlane mean molecular weight 20.62 23.33
Chamber ratio of specific heats .21 1.153
Exit plane ratio of specific heats 1.337 1.287
Throat diameter, in. - 0.755 0.868 :
Throat arca, in2 ' 0.443 0.592 P
Exit plane diameter, in. 4.78 5.46 g;
~ Exit plane area, in2 17.92 23.41 j
' *Arca expansion ratio 40 40 E
t .ntraction half angle, deg 45 53 f%
Nozzle half angle, deg 17 8 fi
Exit plane Mach nunber 4.69 4.31 *
Cooling . abl:-tion radiation _ ?j
' g
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TACLE B-1. CHARACTURISTICS QF THO RCS THRUSTER EUGINES

Item
Thrust, 1b
Fuel
Thrust coefficient
Specific impulse, sec
Characteristic velocity (C*), ft/sec
Flow rates, 1b/scc
N204
Fuel
Charmber pressure, psi
Chamber exit plane, psi
Chambor temperature, °K
Exit plane temperature, °K
Chamber mean molecular weight
Exit plane wean rolecular weight
Chamber ratio of specific heats
Exit plane ratio of specific heats
Throat dicmeter, in.
Throat area, in?
Exit plane diameter, in.
_Exit plane area, in?
"Qrea expansion ratio
( .atraction half angle, deg
Nozzle half angle, deg
Exit plane Mach number

Cooling .

FCS Characteristics

e
100
Ho0a/40
1.81

226
5,100

0.219
0.137
126
0.1§
2,540

20.53
20.62
.2n
1.337
0.755
0.448
4.78
17.92
40
45
17
4.59
abi:tion

<,
et

100
n204/50-59
1.7%

289

5,149

0.239
0.118
97

0.162
2,800

23.13
23.33
1.1583
1.287
0.268
0.592
5.46
23.41
40
53

8
4.31

radiation
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ALY 8.2, 1XAUST COiiPosiHLaps, CI-RES 1on e

 Conposition (uodn )

Camponent, Chanber, Txit
120 33.6 13.5
Hp 30.9 31.0
ty 17.6 18.0
€0 13.1 12.9
€07 4.0 1.3
OH 0.2 Lirace*
i" 0.4 0.002
NO Lrace
0, Lrace

* A trace is less Uhan 0.0006 percent,

TABLE B-3.  EAQIAUST COGPOSTTIONS, Li/SM-RES GIGINE

_Lomposition (mole %) _

Component zhamber JLxit
H,0 43.62 441,38
N2 35.04 35.42
02 7.117 7.76
co 5.54 5.06
i1 4.95% A4.55
on 1.82 1.1¢
i 0.708 0.484
07 0.57 0.32
NO 0.42 0.25
0 0.16 0.070
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APPEMBEC €. RCS PARTECHE LI TEME

Newkivk (Ref, 16) detines the Hifetime of a paetiche in the

vicinily of @ spaceceaft ag
T o7 oy /n
wherve ny ia the nitial pavticle velocity when leaving the spaceceaft,
and 1 ig the acceleri tion of particles away from the spaceceadl,
The velocity of a typieal particle in the exit plane of an RCS
thruster nozzle may he estimaded ag fotlows,

Mowtonts law tnay be writlon

dm
f o= uy ——
LT

with 22 100 Ibf = 4,4 X107 dyne, Vor the CM -RCS a Ltypieal firing
timae {g about 100 millisceondy at o nominal flow rate of O, 357 1b/eee,

The initial particle ejection velucity i then
uy = 4.4 X 107 dynes/1.62 X 10} pm/ace
Sotg = 2.7 %10% c/sece,

Newkivk ¢ongiders that the modt important acceleration (e deceleration)
wechanism is accvollynunic deag, This ia certalnly Lrue for & nominal
A'YM orbit of 200 kilometers, Mor paviicles with a velocity component
wwith respect to the gpacecraf!, which i moving thvough a resisting
meditm of denasily oy with veloeity v, Newklvk congiders the dynamie

pressure to be ’

pa = pa (v +u)

where u iy congidered parallel to v, Since v is about 100 titnes greater

than u, the acceleration of a particle of density p may be written

2
o = —pa¥l
ipr

“

;
}
.?
{
¢
4
2
i
]
i3

b Mt mra o e ok sans

- oeer = mm—n



:’\ppru\ nte values ape

pa t LoD pn/feny?

and

v 2 7,45 X1 e/ sec

for a 200-kilometsracivailae carbit, The specitic density of exhanet

miderial i 2\)\]7\'“3\"\\\\"\(\3‘)‘ L, For a pavticle of vadivg o= 3y
o 1,39 <10 cm/an‘! .

For a paclicle of radius ¢ = 100y,

w o= 4,07 emifnoc?,

The maximum time ¢ roguired for the deagp force 1o slop an ejectod
prrticle is # 50 seconds for a Sp-particle and ~ 6, 400 seconds for a
1OCp-preticle, Thore estimates differ feom those given by Mewkirk,
gince differeat fiving tines andd mass (ow rates ave used hove, Mow-
kirk congsiders 200 prams exhaugted every A0 minutes in arveiving at
eslitnates of lifetimes of 1, 000 sccondy and <40, 000 seconde far 3 and
100 particles, respectively, released from the orvientation jels of an
Apollo spacecreaft in a 320-Kilomeler orbit, The caleulations made here
ave based on a shorter duration mass ejection period (in addition to
gsomewhat diffcrent contigizational agswinptions) and provide shorter

residence timey {or the ejected material,

It should be noted that this caleulation tllustrates only the
regidence time per particle, as defined by Newkivk and docs not con-

sider the mmounts of matevial prenent,
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