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FOREWORD 

This document presents  the resul ts  of work performed by 

Lockheed's Huntsville Research & Engineering Center under 

subcontract t o  Northrop Nortronics (NSL P O  5-09287) for the 

Aero-Astrodynamics Laboratory of Marshall  Space Flight Center,  

Contract NAS8-20082. This task was performed in response to 

the requirement of Appendix B-1, Schedule Order 129, Pa ra .  A, 

and a t  the request of Mr. Keith Henson, S&E-AERO-AD. 
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Section 1 

INTRODUCTION AND SUMMARY 

Command Service Module Reaction Control System (CSM/RCS) of the 

orbital c luster  arrangement scheduled f o r  use in the Apollo Applications 

P r o g r a m  (AAP) contains 16 Reaction Control Motors (RCM) located on the 

Service Module (SM). When one o r  more  of these motors  a r e  f i red t o  effect 

an attitude change, the exhaust plume will impinge on various sur faces  of 

the cluster .  The loadings and moments produced by the plume impingement 

could cause problems that might affect mission effectiveness; they a l s o  r e -  

quire that additional propellant be car r ied  onboard to  counteract the th rus t  

cancellation of the plume impinging on the various surfaces.  

The cur rent  t imelines for the Dry Workshop mission shows the 

Apollo Telescope Mount (ATM) solar  panels being deployed pr ior  to the 

Command Service Module (CSM) docking maneuvers. This requires  the 

ATM solar  panels t o  b e  able to  withstand the resulting CSM-RCS plume 

impingement loading and ther  ma1 environment. 

This document presents  the resul ts  of an  analytical investigation t o  

determine the impingement character is t ics  for  s ix  cases  of an RCS motor 

located on the SM being fired for  attitude control. These impingement 

charac ter i s t ics  represent  the highest loadings to  be  expected when the CSM 

i s  in the docked position. It i s  to  be noted that a n  inifinite number of pos i -  

tions f r o m  which a n  attitude control motor might be fired a r e  described a s  

the envelope of possible docking t rajector ies ,  some of which might possibly 

represent  higher panel loadings than presented. These cases  will be analyzed 

when the envelope of docking maneuvers i s  defined. Other roll attitudes fo r  

the CSM will a l so  be investigated. 



F o r  the cases which were  analyzed in the present study, the LM/ATM 

solar  panels will experience maximum impingement loadings of 17.75 lb 
f 

and 14.70 lbc when motors located on RCS Quads B and C (Fig. 2 ) ,  respec-  
2. 

tively, a r e  fired in such a manner that the exhaust plume i s  directed toward 

the solar  panel. 



Section 2 

PLUME IMPINGEMENT ANALYSIS 

The R C S  on the Command Service Module (CSM) uses  Marquardt R 4 D  

motors  with monomethyldrazine and nitrogen tetroxide propellants for attitude 

control purposes.  When these motors  a r e  fired t o  effect an attitude change, 

the maneuver will resul t  in the exhaust plume impinging on the: (1) CSM; 

(2) Multiple Docking Adapter (MDA); ( 3 )  Apollo Telescope Mount (ATM); 

(4) forward shoulder of the S-IVB stage; and (5) one or  more  of the panels of 

the LM/ATM solar  a r ray .  Calculations were  made to  determine the forces  

and moments resulting f r o m  the exhaust plume(s)  impinging on these surfaces.  

2.1 PROBLEM GEOMETRY 

The geometrical orientation of the cluster  arrangement  i s  presented 

in Fig. 1. Each of the four RCS quads (Fig. 2) i s  located a t  the same point 

on the vehicle axis (Fig. 3 ) ,  with the quads 90 deg apa r t  in the Y-Z plane 

(Fig. 2). They a r e  offset f rom the CSAM coordinate axes Y, Z (Fig. 2) by a 

rotation of 7.25 deg about the longitudinal axis  of the vehicle (X  axis)  with 

the centerline of each engine canted 10 deg to  the local surface tangent. 

Note that the CSM Y- Z axis  i s  rotated 45 deg in a counterclockwise direction 

(Fig. 2) with respect  to  the reference Y - Z plane. The reference coordinate 

sys tem for  the respective forces  and moments has  i ts  origin on the composite 

vehicle ax is  of revolution a t  the J -2  gimbal station (Fig. 3) .  

In the plume impingement analysis,  the various components of the con- 

figuration were  represented by  three  basic  shapes - a flat plate, cylinder or  

a conical frustum. The solar  panels were considered a s  rectangular flat  plates 

with the centerline of each plane offset f rom the reference X axis  by a 45-deg 

rotation about the Z axis. Cylinders were  used to  represent  the Service 



Module (SM) and MDA, and the Command Module (CM) and S-IVB stage 

forward s h ~ u l d e r  a r e  represented by conical frustums. The. ATM was 

represented by a cylindrical body. 

For  this  study, s ix  eases  of a n  RCS motor (Ref. 7 )  being f i red were  

considered. These were  for a n  engine being fired in the vehicle longitudinal 

direction and in the direction of the so lar  panels f r o m  the SM engine quads 

(Fig. 2). 

2.2 DEFINITION O F  THE PLUME IMPINGEMENT CHARACTERISTICS 

The impingement charac ter i s t ics  w e r e  calculated by Lockheed's P lume 

Impingement Computer P r o g r a m  (Ref. 1). Basically, the procedure for  ob- 

taining the impingement charac ter i s t ics  is a s  follows. Each body and the 

par t icu lar  motor a r e  located with respect  to  the reference coordinate s y s t e m  

Bodies represented by flat plates  a r e  divided into a se r i e s  of rectangles ,  and 

conical shaped bodies a r e  divided into a s e r i e s  of rings with each r ing fur ther  

divided into a given number of radial  increments.  Local flow conditions on 

a given body a r e  obtained by locating the centroid of each elemental a r e a  in 

the f ree  plume (Ref. 2 )  f rom a sea rch  of the plume flow field which i s  s tored  

on magnetic tape. The flow proper t ies  thus obtained a r e  assumed to  a c t  uni- 

formly over  the elemental a reas .  

The body local  flow regimes  were  determined by the value of the local 

Knudsen number. In this  analysis ,  continuum flow was assumed t o  exis t  for  

Knudsen numbers  l e s s  than 0.01; t ransi t ional  flow exists for  Knudsen numbers 

between 0.01 and 10.0; and Knudsen numbers  grea ter  than 10.0 defines the 

"free molecular flowtt regime. Character is t ic  lengths used in the Knuds en 

number calculations ( see  Ref. 1 )  were  a representative dimension of the  body 

in question s o  that the elemental a r e a  local flow regime i s  determined by 

comparing the mean f r e e  molecular path of the local plume to the body 

dimension. The analysis  assumed the panels to  be flat plates of an infini- 

tes imally smal l  thickness. The centerline of each panel i s  offset f r o m  the 



reference X axis by a 45-deg rotation about the reference Z axis with 

the panel 270 in. f rom the reference X axis. Each panel was represented 

in the numerical integration scheme by a se r i es  of rectangles each 10.5 in. 

by 10.45 in. (109.72 sq in.) where uniform flow was assumed to exist over 

each elemental area.  The CM and MDA were represented by conical f r u s -  

tums. Each cylinder or  frustum was divided into 10 rings with each ring 

subdivided into 6-deg radial increments. The ATM was represented by a 

cylinder a s  shown in Fig. 3, with the body subdivisions for the respective 

surfaces being 10 rings a t  10-deg radial increments for the cylinders. Uni- 

fo rm flow was assumed to  exist over each elemental a rea  of the respective 

surfaces, with orbital conditions considered to exist on the surfaces not 

exposed to  the engine exhaust plume. Characteristic dimensions used in the 

Knudsen number calculations to  determine the surface local flow regime were  

the panel dimensions and the diameters and lengths of the conical shaped 
- 6 bodies. Also, a representative plume molecular diameter of 0.1 x 10 in. 

was used in the Knudsen number calculations. It should be noted that the 

force integration resul ts  reflect the assumptions used to generate the engine 

exhaust plume (Ref. 2).  

2.3 PLUME IMPINGEMENT FLOW REGIMES 

In the continuum regime, the local impact pressures  were calculated 

from a modified Newtonian impact theory (Ref. 3) as given by 

P. Y 2 2 
2 P ( I  + 7 KMm sin a)  

imp co 

with K given by 



whc re 

01 = local impingement angle of velocity vector with 
respect  to the local body tangent 

= impact pressure  

M~ 
= f ree  s t ream Mach number 

P = local f rees t ream static p ressure  
00 

C p s  
= stagnation pressure  coefficient behind a normal 

shock. 

Fundamental Newtonian theory assumes that the force felt by the body 

i s  due to the time rate  of change of the normal momentum and i s  independent 

of the arrgle of incidence of the body surface so  that there i s  no transfer  of 

the tangential momentum. The parameter  K is  included to account for  the 

higher pressures  noted experimentally (Ref. 3)  for  small-incidence angles 

on flat plates. F o r  this analysis, K ranged f rom 1.8 to 6.0 and was se t  to 

6.0 for  local incidence angles l e ss  than 3 deg. The forces and moments 

were  then obtained by numerically integrating the local impact p ressure  dis- 

t ribution ove r the body. 

The f ree  molecular flow regime i s  characterized by the fact that the 

local properties on the body depend only upon collisions of the gas molecules 

with the body surface. The program of Ref. 1 assumes environmental equi- 

librium s o  that a Maxwellian-type flow exists and the local flow properties 

a r e  calculated f rom kinetic theory and Maxwell' s law of distribution of molec- 

u lar  velocities. The local force on the elemental a r ea  i s  obtained by com- 

puting the forces produced by the incident and reflected molecules and adding 

them. The force is given by 



where 

= density of the molecules 

p = 1/2 RTR 

R = gas constant 

T = incident molecular temperature 
i 

TR = reflected molecular temperature and i s  equal to the 
body temperature for.complete energy accommodation 

S = molecular speed ratio 

S = mass velocity/most probable molecular velocity 
7 

k,  8,'t = direction cosines between the local X, Y, Z axes and 
the force direction 

e, Y , n = direction cosines between the local X ,  Y ,  Z axes and 
the mass  velocity 

erf(Y S) = the e r r o r  function of S. 

The total force in the free molecular regime is obtained by numerically 

. integrating Eq.(3) over the body surface. A detailed development of Eq. (3)  

is given in Ref. 4. 

In the transitional flow regime the local force i s  calculated from the 

following empirical expression (Ref. 8) 



where 

Pf.m. 
= f ree  molecular impact pressure,  d ~ / d ~ ,  Eq.(3) 

Ptran 
= transitional irnpact pressure  

lPcont = continuum impact pressure,  Eq.(l) 

K = local Knudsen number fo r  transitional flow, 0.01 
n < K < 10.0. 

n 

Equation (4) i s  a function of Mach number and Knudsen number and 

yields a smooth transition from the continuum to the free molecular flow 

regime. 



Section 3 

RESULTS O F  THE PLUME IMPINGEMENT ANALYSIS 

Impingement forces  and moments for the four cases  of a control motor 

firing a r e  presented in Figs. 4 through 9. These cases  do not represent  the 

firing sequence, but represent  the highest loadings to  the composite vehicle 

for a respective single engine firing while the CSM is in the docked position. 

(See Section 1.) The highest s t ruc tura l  loadings a r e  obtained when an  engine 

i s  fired in such a manner that the exhaust plume is directed toward an LM/ 

ATM solar  panel (Figs. 4 and 6). The maximum predicted loading (Fig. 6 )  

i s  for a motor located on RCS Quad C (Fig. 2) f ir ing in the direction of the 

panels 1 and 2 (Fig. 3). The panel integrated force is  17.75 lbf acting in 

the direction of the negative Z axis ,  while the vehicle-integrated impinge- 

ment force for this c a s e  represents  a thrust  loss  of 27.1% in the reference 

Z direction. For the case  presented in Fig. 4, the panel-integrated force  i s  

14.90 lbf acting in the negative Z direction with the vehicle-integrated i m -  

pingement force representing a 16% thrust  l o s s  in the reference Z direction. 

The la rge  solar  panel loading resul ts  f r o m  the respective motors firing a lmost  

direct ly  a t  the LM/ATM solar  panels, where the impingement angles of the  

local flow velocity vec tors  ranged f r o m  45 deg to  '34 deg. Panel  impingement 

loadings a r e  somewhat l e s s  than those predicted in Ref. 9. This i s  because 

the panels a r e  c loser  to  the respective motors  by approximately 70 in. The 

local impact p r e s s u r e  distribution i s  higher than that calculated in Ref. 9 ,  

however, because the panels a r e  closer  to the motors  in the Dry Workshop 

resulting in a smal le r  a r e a  of the panel being impinged on by the exhaust 

plume. The net effect of the la rger  impact p r e s s u r e  distributions and the 

smal le r  impinged a r e a  i s  a reduction in the panel integrated force a s  com-  

pared to  the forces  of Ref. 9. 

Figures 8 and 9 present  plume impingement data that result  when a 

reaction coniroi r~iotor  located on Quads A and D (Fig .  2 ) ,  aTe 



f i r ed  for attitude control. These motors  a r e  located on each quad (Fig. 2)  

such that the exhaust plumes a r e  directed toward the LM/ATM solar  panel. 

The presence of the SM was  not considered in the integration of the panel 

impingement forces.  The panel plurne impingement blockage of the SM i s  

estimated to  reduce the integrated panel force (Fig. 8) by =30% and the Y 

component of the center-of-pressure vector will shift ~ 5 %  in the negative 

Y direction. The panel integrated force (Fig. 9)  will be reduced by ~ 4 0 7 0  

due to  SM plume blockage with the center-of-pressure component C P y  

shifted ~ 5 %  in the positive Y direction. These approximate correct ions 

a r e  reflected in the data of Figs. 8 and 9. 

The integrated forces  and moments fo r  the configuration components 

a r e  presented in  tabulated form. The - resultant force vector fo r  a given 

engine(s) fir ing i s  given by 

where 

$, ;, nk a r e  unit vectors  in  the reference X,  Y ,  Z directions,  respectively 

indicates summation of a l l  contributing vector components, i.e., 
SM, MDA, panel, etc., fo r  a l l  engine o r  engine combinations 

~ = 1  considered. 

Similarily,  the resultant moments produced by the resultant impingement 

force  i s  

m m m A 

Mre sultant 
= C  MX ' 2 t C  My j \+C MZ k 

Q=1 Q Q = l  Q Q = l  Q 

where the individual t e r m s  a r e  defined in a fashion s imi l a r  to  Eq.(5). It is 

to be noted that when combining the forces  due to  two o r  more  engines f i r ing 

there  is the possibility that plume interactions might exist. To account f o r  

this,  however, would require  that any three-dimensional effects and shock 

interactions be included which i s  beyond the scope of the cur rent  planned 

effort. 



The impingement calculations assume the flow field to be inviscid. 

Therefore, any boundary layer  effects which produce plume impingement 

outside the calculated plume boundary a r e  disregarded as  i s  any viscous 

(skin) forces between the plume and the respective bodies. 

The assumptions made to generate the plume flow field and the numeri- 

cal integration scheme introduce some inaccuracies into the data. Reference 

4 indicates the overall percentage e r r o r  fo r  the undisturbed flow field to be 

approximately - + 2070 and the numerical integration scheme used to obtain the 

impingement data should introduce a percentage e r r o r  of less  than t 10%. 

The Newtonian pressure  coefficients were obtained from a curve fit of high- 

speed flow impinging on a flat plate and should be accurate to - +570. Three- 

dimensional flow effects introduce additional accuracy bands whose magni- 

tudes depend upon the location of the body in the plume. Three-dimensional 

flow effects on the solar  panel impingement forces a r e  estimated to intro-  

duce an accuracy band of approximately t 2570. The rms  summation of these - 
accuracy bands results in an overall band of approximately + 3570. A more - 
rigorous analysis of the OWS impingement characteristics will require: (1) 

that body shadowing be included in  the impingement calculations; (2 )  that the 
- 

local flow properties reflect any three-dimensional effects due to the engine 

plume attaching to an  expanding around the S-IVB stage; and (3) that local 

skin friction forces be included. 
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NOTES: 

I .  Dimensions a r e  in i n c h e s  

2 .  Roman numerals  I. 11, 111, I V  indicate launch vehic le  a x e s  - Z ,  tY, 
+Z and -Y, respectively 

3 .  Drawing not to sca le  

4 .  R c f c r c ~ l c e  MSFC Dwg.lQM04580 

O W S  S o l a r  

Three Dimensional Persprrtave of 
Force and Moment Rclcrcnce Syetem 

Fig.  3 - Saturn V Dry Workshop CLuster 
A r r m g e m e n t  and Re ference  
Coordinate S y s t e m  f o r  P lume  
Impingement Data 



NOT ES: 

Three D lmtn~soru l  Pcrmpcrtnrr oI 
Forrc and Moment Rclcrrlue hmtrrn 

I I 

Active Engine 

t 
Quad B, 

- 
1. C P  i s  the location of t h e  integrated resultant plume impingement p r e s s u r e  

force  
d 

2. Moments and C P  referenced to  the 5-2 gimbal station 

3.  Roman numerals  I ,  11, 111, IV indicate launch vehicle axes  
- 2 ,  tY, tZ and - Y ,  respectively 

4. Refer  to MSFC Drawing 10M04580 and Ref. 6 

5. Drawing not to  sca le  

6. R4D engine theoret ical  thrust  = 105 lbf (Ref. 2) (vacuum thrust )  

* (1) Angular orientation of resultant f o r c e  is 37.1 7 deg off Posit ion I toward 
Posit ion II 

* (2) Angular orientation of resultant f o r c e  is 9.1 deg off Posit ion I toward 
Posit ion II 
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NOTES: 

Active Engine 
Quad B, Fig .  2 

Three  D ~ m t  netanal Prrsprrtnvr  a1 
F a r c e  and Moment Rclcrrncc  S y e ~ c m  

- 
1. C P  1s the lo<-;tiion of tht .  integr;it~.tl rc.strlt;tllt plume impingement p r e s s u r e  

forr.cL with rc.sp<,~-l  to thc. rc.frrc.11~~. ioorcli11;itc. s y s t c t n  

2. Moments and C P  ;Ire referenc.cd to the J - 2  gimb;il stat ion 

3 .  Roman numerals  I, 11, 111, IV indicate launch vehicle 
axes  -2,  tY, +Z and -Y ,  respectively 

4. Refer to MSFC Drawing 10M04580 o r  Ref. 6 

5. Drawing not to scale  

6. R4D engine theoretical  thrus t  = 105 lbf ,  Ref. 2 (vacuum thrust )  

* (1) Angular orientation of resultant f o r c e  i s  52.25 deg off Posit ion I toward 
Posi t ion I1 

* (2) Angular orientation of resultant force  i s  52.26 deg  off Posi t ion I toward 
Posi t ion ZI 

* (3) Angular orientation of resultant force  i s  45.07 deg off Posit ion I toward 
Posi t ion 11 

* (4) Angular orientation of resultant fo rce  is 52.26 deg off Posi t ion I toward 
Posi t ion I1 

* (5) Angular orientation of resultant force  is 48.05 deg off Posi t ion I toward . . 
posi t ion I1 
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I NOTES: 

d 

1. C P  i s  the location of the integrated resultant plume impingement p r e s s u r e  
force  with respect  to  the reference coordinate sys tem 

4 

2. F o r c e s ,  moments and C P  a r e  referenced to the 5 -2  gimbal station 

3. Roman numerals  I ,  11, 111, IV indicate launch vehicle axes  
- Z ,  tY, tZ and -Y , respectively 

4. Refer to MSFC Drawing 10M04580 o r  Ref. 6 

5. Drawing not to scale  

6. R4D engine theoretical  thrus t  = 105 lb  (Ref. 2) (vacuum thrust )  
f 

* (1) Angular orientation of resultant i s  22.31 deg off Posit ion I toward Posi t ion IV 

* (2) Angular orientation of resultant f o r c e  i s  9.1 deg off Posit ion I toward 
Posi t ion IV 

Active Engine 
Quad C, Fig .  2 
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F i g .  6 - Resulting F o r c e s  and Moments Due 
to a CSM Reaction Control  Motor  
(R4-D) F i r ing  i n  Quadrants  I-IV 
(Quad C, Fig.  2) i n  the Direct ion 
of the ATM Solar  P a n e l  A r r a y  
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O W 5  5 o l ~ r  pane l  
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NOTES: 

- 
1. C P  is the location of the integrated resuli;int plume impingement p r e s s u r e  

fo rce  with respect to the reference coordinate s y s t e m  - 
2 .  Moments and C P  a r c  referenced to the J - 2  glmbal station 

3. Roman numerals  I ,  11, III, IV indicate launch vehicle axes  
- 2 ,  tY, t Z  and - Y ,  respectively 

1-2 Gimbal Stalion 

4. Refer to MSFC Drawing 10M04580 o r  Ref. 6 

5. Drawing not to scale  

6. R4D engine theoret ica l  thrust  = 105 Ib (Ref.  2) (vacuum thrust )  f 

* (1) Angular orientation of resultant fo rce  i s  37.64 deg off Posit ion I toward 
Posit ion IV 

* (2) Angular orientation of resultant fo rce  is 37.04 deg off Posit ion I toward 
Posi t ion IV 

* (3) Angular orientation of resultant fo rce  i s  37.95 deg off Posi t ion I toward 
Posit ion IV 

* (4) Angular orientation of resul tant  force  i s  41.84 deg off Posi t ion I toward 
Posit ion N 

* (5) Angular or ienta t ion of resul tant  fo rce  is 43.12 deg off Posit ion I[ toward 
Posi t ion IV 

Fig.  7 - Resulting F o r c e s  and Moments Due 
t o  a CSM Reaction Control  Motor 
jR4- 9) F i r i n g  in Quadrants I-IV 
(Quad C ,  F ig .  2) i n  the Direct ion 
of the  CSM Longitudinal Axie 



'4 X : 0 J-2 Gimbal Station 
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NOTES: 
4 

1. C P  i s  the location of the integrated resultant plume impingement p r e s s u r e  
force  with respect to the reference coordinate sys tem - 

2. Moments and C P  a r e  referenced to  the J-2 gimbal station 

3. Roman numerals  I ,  11, 111, IV indicate launch vehicle axes  
- 2 ,  tY, tZ and - Y ,  respectivelv 

4. Refer to MSFC Drawing 10M04580 o r  Ref. 6 

5. Drawing not to scale  

6. R4D engine theoretical  th rus t  = 105 lbf (Ref. 2) (vacuum thrust )  

* ( l )  Angular orientation of resultant force i s  22.3 deg off Posi t ion IV toward 
Posi t ion 111 

*(2)  Angular orientation of resultant force is 9.1 deg off Posi t ion IV toward 
Posi t ion 111 
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Fig.  8 - Resulting F o r c e s  and Moments  Due 
t o  a CSM Reaction Control  Motor 
(W4-D) F i r i n g  i n  Quadrants  I - IV 
(Quad D, Fig .  2) i n  the Direct ion of 
the  ATM Solar  P a n e l  A r r a y  



O W 5  Solar p a t e l  

Active Engine 
Quad A, Fig. 2 

Thrcr Ih~m.nsrorul Pcr.pcruvr of 
Force and Uomenl Rctcrrrre Syeccrn 

NOTES: 

d 

1. C P  i s  the location of the integrated resultant plume impingement pressure  
force with respect + to  the reference coordinate system 

2. Moments and CP referenced to the J - 1  gimbal station 

3.  Roman numerals I, LI, HI, FV indicate launch vehicle axes 
-2, +Y, +Z and -Y,  respectively 

4. Refer to  MSFC Drawing 10M04580 or Ref. 6 

5. Drawing not to scale 

6. R4D engine theoretical thrust  = 105 lbf (Ref. 2) (vacuum thrust) 

6 (1) Angular orientation of resultant force i s  22.31 deg off Position I1 toward 
Position III 

* (2) Angular orientation of resultant force i s  9.1 deg off Position LI toward 
Position III 

Fig. 9 - Resul* Forces and Wmenbs 
Due to a CSM &tor 

irn Quadran@ II-IEI 
i fhad A. Fig. 2)  Toward the ATM 
Solar Panel Array 


