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ABSTRACT 

This report contains copies of the material t o  bo pre- 
sented at the Saturn s-IVB Stage Vehicle Dynamics and 

Control Working Group Meeting at the Douglas Aircraft 
Company, Missile and Space Systems Division, Culver City 

fac i l i ty  on m y  14, 1963. 
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Section 1 

5-2 ENGINE SIDE WADS DURING GROUND START 

SUJRl,ARY: 
Ground t e s t s  of t h e  Rocketdyne 52 engine thus far have indicated t rans ien t  

s t a r t i n g  loads of high magnitude. 
runs t o  cause damage t o  t h e  tes t  apparatus. 
data from t h e  f i r i n g s  and has subtracted out induced loads caused by t h e  

fixture-engine dynamics. 
t o  t he  gaseous combustion and expansion dynamics only. 

These loads have been large enough on some 
Rocketdyne has taken the  load 

The resul t ing loads are supposedly the  loads ctue 

The only statement t h a t  can be made with authority t o  date as t o  t h e  nature 

of the forcing function is  the  f ac t  that t h e  loads are caused by sea level  
exit pressures. No t ransient  loads are expected in a zero pressure condi- 
t i o n  (outside earth 's  atmosphere). 
will be a problem on the  Douglas Aircraft Company s t a t i c  f i r i ngs  of t h e  

S-IVB at  Sacramento, 

However, t h e  sea level s ta r t ing  problem 

To determine t h e  dynamic behavior of t h e  52 engine on t h e  S-IVB, the  load 
data supplied by Rocketdyne has been imposed on a mathematical model of t h e  
S-IVB engine and t h r u s t  structure.  

i n  the  mathematical model was arrived a t  by determining t h e  overal l  en&ne 
at tach s t ructure  conpliance f o r  a var ie ty  o f  end conditions. 
t h a t  tw  degrees of frsedoin would be required (deflection and rutation a t  
the  gimbal point)  was modified t o  one degree of freedom (engine ro ta t ion)  by 

t h e  r e su l t s  of the compliance analysis. 

The extent of t he  complexity required 

The assimption 

The procedure and results of t he  t ransient  load analysis and t h e  mathemati- 
c a l  model j u s t i f i ca t ion  a re  contained herein. 
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SYMBOLS: 

Coordinate describing t rans la t ion  at gimbal point - inches 
Coordhat e describing engine rotation - radians 
Coordinate describing longitudinal engine t rans la t ion  - inches 
Ehgine i n e r t i a  about hinge l ine - 1b.in.sec 2 

Damping of a mode - l b ,  in. sec 
Spring of a mode - 1b.in 
Laplace operator - l /sec 

Forcing function frequency - rad/sec 
Natural frequency - rad/sec 

Natural frequency - cps 
Influence co ef f ic ien t  

Nass matrix 
Dynamical matrix 

INTRODUCTION: 
The engine mounted on i t s  thrust  s t ructure  can be completely described by 

six degrees of freedom (assuming the  engine t o  be r i g i d  and thrus t  struc- 
ture mass t o  be negligible),  
offered were then made and are presented without proof: 

Tm assumptions i n  addition t o  t h e  one already 

1. Cross axis coupling i s  small and single plane motion i s  a l l  t h a t  

need be considered. 
shown i n  figure 1. 

The three  renaining degrees of freedom a r e  

2. By the  geometry of t he  engine and actuator, much more r e s t r a in t  

will be afforded by t h e  longitudinal, x, degree of freedom than 
t h e  other t w o  (h & a). V e r y  l i t t l e  dynamic coupling will exist 
between x & h and x &a. 
of freedom w i l l  respond t o  t h e  axial  stepped s t a r t i n g  transient,  
but t h i s  load will not be transmitted t o  t h e  actuator,  

i s  the  weak link in t h e  engine-thrust s t ructure  combination. 
fore ,  t he  longitudinal degree of freedom was neglected (figure 2). 

A compression mode involving the  x degree 

The actuator 

There- 
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DEGREES O F  FREEDOM FOR SINGLE P L A N E  MOTION 

FIGURE 1 

L A T E R A L  TRANSLATION AND ROTATION DEGREES O F  
FREEDOM 

FIGURE 2 

h 
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The two remaining degrees of freedom leave some doubt as t o  t h e i r  r e l a t i v e  

worth. 
t h e  dynamic model. 

must be analyzed t o  determine i ts  ef fec t  on t h e  dynamic coupl-ing between 
h & u. 

The engine rotat ion degree of freedom c e r t a h l y m u s t  be included in 
However, t h e  gimbal point t rans la t ion  degree of freedom 

h 

U 

Beam theory was employed t o  determine t h e  influence coefficients f o r  h & a. 
Thrust s t ructure  and fuselage s t ruc ture  up t o  the  point of tangency of t h e  

a f t  bulkhead (f igure 3 )  was considered. 

t u r e  is shown i n  figure 4. 
gimbal point)  has been given a high E1 value, 

t o  be qui te  r igid,  

The E I  dis t r ibut ion f o r  t h i s  struc- 
Notice t h e  gimbal block ( t h e  section nearest  t h e  

Thus, t h i s  section will appear 

= [4 

Sectional influence coefficients of h and a were computed f o r  each section, 

These values were referred t o  the  beam base ( a f t  dome point of tangency) by 
matrix transformation methods. 
point were then extracted from t h e  resul t ing set of influence coefficients.  
The gimbal point influence coefficients are of t he  form: 

The influence coefficients at  t h e  gimbal 

A mass matrix was writ ten f o r  the  engine: 

The dynamicalmatrix was formed: 

[Fl = 

4 
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The dynamical matrix was i t e r a t ed  t o  f ind  the dominant root : 

where q = eigenvector (mode shape) 
A = eigenvalue ( I/@ ) 

The resul t ing frequency was 29.8 cps. 

The preceding analysis assumed t h e  res t ra in t  around t h e  gimbal point t o  be 

rigid.  

uator attach points and gimbal point will be of such a magnitude t o  result 
i n  an engine natural  frequency of about 8 cps. To account f o r  these l o c a l  
f l e x i b i l i t i e s ,  t he  r e s t r a in t  around the  gimbal was relaxed by several degrees, 

and the  roots  were extracted for  each r e s t r a in t  setting. 

However, preliminary data has indicated the f l e x i b i l i t y  of the  act- 

An approximation t o  the solution was performed by 

of freedom. 

extracted fo r  each r e s t r a in t  sett ing.  

eliminating t h e  h degree 

The roots of the  resul t ing single degree of freedom system were 

The roots by the  approximate method and the rigdrous method were plot ted 

against one another in figure 5. 
parent i n  the  0-10 cps region. 
evaluated by determining the  instantJaneow center of rotat ion from the  

eigenvectors. 

frequency (fig.6). A t  10 cps t h e  center of rotat ion i s  only about 2.5" away. 

The accuracy of t h e  approximation is ap- 

The effect  of h on the system can also be 

This center is plot ted a s  distance removed from the gimbal vs. 

The resul t ing single degree of freedom system i s  depicted in f igpre  7. The 
engine servo adm:ittance has been a p p r o h a t e d  f o r  th3-s analysis by a second 

order function. 

The character is t ic  equation f o r  t h e  system is then: 

(IHz S2 + DS + K )  a(S) = 0 

7 
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APPROXIMATE FREQUENCY {=ONLY) 
VS A C T U A L  FREQUENCY (H AND=) 
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FIGURE 5 
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CENTER OF ROTATION VS A C T U A L  FREQUENCY 

FIGURE 6 

10 I 

ACTUAL FREQUENCY (CPS) 
CONSIDERING H AND CI! 
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M A T H E M A T I C A L  MODEL 

FIGURE 7 
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The force t o  be applied t o  t h i s  model was taken from Rocketdyne t e s t  #82. 
wave form was approximated as a moment of 4.8 x 10 

forcing function frequency of 3 cps. 
4.8 x 10 Q 2  . The system with force imposed is 

The 

(1 - cos st) in lb ,  f o r  a 5 

The Laplace transform of t he  moment i s  

s(s2 + A2 2, 

4.8 x 105Q 

s(s2 + Q2)  
(IKt S2 + DS + K) a ( S )  = 

o r  

a(s) = 4.8 1 0 5 ~  
S(S2 + a2)(I,S2 + DS + K) 

TWI variables ( D  & K )  which a re  used t o  represent t h e  servo dynamics a re  as  

yet undefined in  t h e  S-IVB design, and a single solution of the above was not 

possible. 

of D and K. 
computed in  terms of the  frequency ratio, 
fo r  t equal t o  t h e  r a t i o  of damp- t o  c r i t i c a l  damping. Therefore, t was 

the  var iable  used t o  describe damping. 

Thus, time responses were obtained from the  above f o r  various values 

Since natural  frequency, w , is  a function of spring, the data was 
0 /%2 Damping is  equal t o  2 t 0 IHL 

The maximum load experienced during a one second time interval  of t h e  resul t ing 

time response was assumed t o  be the maximum load the  engine will experience. 
These actuator loads a re  plotted versus frequency r a t i o  for  various damping 

r a t i o s  i n  figure 8.  

For an engine natural  frequency of 8 cps, an actuator load between 70,000 and 
90,OOO pounds resulted. 

( 0 / 9 = 1 ), actuator loads between 10~000 and 390,000 pounds would have re- 
s u l t  ed. 

However, if t h e  engine frequency had been 3 cps 

11 



LOAD ON ACTUATOR VS RATIO OF SYSTEM 
NATURAL FREQUENCY TO FORCING FREQUENCY 

o = FREQUENCY OF THE SYSTEM 
Q -  FREQUENCY OF THE FORCING FUNCTION - ’‘J~!~’ 

\ 

I 

0 .5 1 1.5 2 2.5 
FREQUENCY RATIO u/Q 

FIGURE 8 
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CONCLUSIONS: 

/For t h e  nominal q e c t e d  engine boundary conditions (F n = 8 cps, = 04) .  
t h e  actuator loads exceeded the  design condition of 42,000 pounds. 

t h e  parameters considered in t h i s  study, the  only  one tha t  might be subject t o  
change for  an advantage would be the  forcing function. 

t h e  force decreases, t h e  resul tant  actuator load w i l l  pmportionally decrease. 

The likelihood of t h i s  force lessening i s  not out of the realm of probability. 
The Rocketdyne data thus far has been f m m t h e  Block 1 engine while t h e  Block 2 
is  expected t o  render a quicker start and hence decreased s ta r t ing  loads. 
t h e  assumption t h a t  the  s ta r t ing  load is  independent of engine dynamics might 

be invalid. 
ant  actuator loads would be less with dynamic pressure feedback than the case f o r  

t h e  actuator acting a s  a s t ra ight  mechanical l ink.  
independent w i l l  be proved out i n  subsequent s t a t i c  f i r i ngs  a t  kcketdyne. 

Of all of 

As the  magnitude of 

Also, 

If the s t a r t i ng  load is  a function of engine dynamics, t h e  resul t -  

Whether o r  not the load is 



Section 2 

EFFECTS OF VEHICLE BENULJG, SLUSHING & R I G I D  BODY 

PARAI-IICCEHS ON SERVO ACTUATOR SYSTEX I1EQUl3lXKENTS 

In determining the basic requirements of t h e  Saturn S - T i  a t t i t ude  control 

system f o r  the  hydraulic servo valve, several variables must be considered 

along with the  basic requirements of t he  a t t i tude  control system, 

The following requirements have been used fo r  t h i s  analysis: 

1) The r ig id  body operating frequency should be approximately 0,2 cps 

throughout f l i gh t .  
a range of 0.15 cps t o  0,35 cps is normally used, 

Since vehicle i ne r t i a  var ies  with 'burn time, 

2) The gain margin on the  servo loop must be at l e a s t  12 db a t  low 
frequencies and a t  l ea s t  8 db a t  high frequencies f o r  t h e  servo 

valve combined wi th  t he  r i g i d  body. 

3 )  The phase margin should be at  l ea s t  35' f o r  a l l  burn time and 
preferably larger. 

4 )  The system should be s table  f o r  a l l  frequencies. T h i s  requirement 

cannot be met due t o  an unstable hydrogen sloshing mot .  However, 
t he  time constant of t h i s  i n s t ab i l i t y  i s  very large and the system 

becomes stable at approximately 20% burn time. 

With these requirements as a guide, t o t a l  loop gain and actuator loop con- 
s t an t s  were varied t o  establish an optimum operating area. Although r i g i d  
body requirements were primarily considersd, body bending resonances were 

attenuated as much as  possible in most analyses. A block diagram of the  
system used is shown in f igure 14 . The associated parameters a re  also 
given d t h  the  values used. 
important since they represent t he  adjustment capabili ty f o r  t h i s  study, 
Figures 1 and 2 indicate  t h e  effect  of RPB on r ig id  body operating fre- 
quency and low frequency gain margin f o r  0% and 100% burn times, 

Those l i s t e d  as variable parameters are most 

The 



curves a r e  a lso  shown w i t h  t h e  necessary l ag  which i s  par t  of der ivat ive 

rate feedback. These f ig-  

ures indicate  t h a t  a feedback gain of 30 would r e s u l t  i n  sa t i s fac tory  
r i g i d  body operating character is t ics  throup,hout f l i gh t .  
derivative rate lag reduces r i g i d  body gain margin, it s t ab i l i ze s  t h e  

otherwise unstable bending modes. 

This l ag  corner frequency was held a t  2 cps. 

Although t h i s  

By varying % (att i tude loop gain) along with %B, a set of two loop 

and one loop Nyquist responses were made a t  both burn out and igni t ion.  
A sampling of the  most informative responses m e  plot ted (figures 3 t h r u  

8). 
3 0 p / d e g  i s  optimum i f  no gain change i s  t o  be made. 
d i t i ona l  comments can be made from these Jyquist plots :  

These responses a l so  indicate  t h a t  a servo valve feedback value of 
The following ad- 

1) The r ig id  body operating frequency Will vary from 0.U cps a t  
0% BT t o  0,34 cps a t  100% BT f o r  a $B of 30,u/deg as seen i n  fie;l~resl 

and 3. 

2) The r i g i d  body low frequency gain margin is exceptionally good 

To increase t h i s  margin muld  increase a t  both igni t ion and burn out. 
t h e  magnitude of t h e  bending modes and decrease t h e  high freqiuency gain 

margin which ju s t  meets t he  gain requirement of 8 db. 

3 )  There is no problem on r i g i d  body phase margin when using a YiB 
of 3Op/deg .  
by f igures  3, 11, 5, 6, etc. 

In a l l  cases it is  greater than 35 degrees as evidenced 

4) A notch ne tmrk  will probably be required in order t o  g a i n  and 
phase s t a b i l i z e  t h e  bending which increases t o  unacceptably lnrce values 

toward the end of f l i gh t .  



A s  can be seen from f igure 13, whicn i s  a frequency response f o r  t h e  closed 

servo loop, there  is  over 28 degrees of l a g  a t  1 cps. 

l e s s  than 5% overshoot. 

iowever, there  is 

I n  an effor t  t o  determine t h e  e f fec t  of the tTJo  constants IIo and T on t h e  
autopilot ,  f igures 9, 10, 11, and 12  were plot ted.  
loop Nyquist of t h e  a t t i t ude  control system and represents a reduced value 

of Ho while holding 7" constant. 
of t h e  same system. By comparing f igure 9 w i t h  3 it i s  seen t h a t  there  i s  a 

s l igh t  reduction i n  gain margin and a s l i gh t  increase in crossover frequency 
f o r  the  lower Ho. However, as might be expected, t h e  ma,qnitude in t h e  first 
body bending mode was increased f o r  t he  lower value of t he  pressure feedback 

constant. 

Figure 9 is an open motor 

Figure 10 is  t h e  clased motor loop Nyquist 

A similar study - a s  made on T holding Ho constant. 

loop servo and f igure  12 t h e  closed loop servo Nyquist for  the  a t t i t ude  con- 
trol system. The ef fec t  of T as shown by the  comparison of figures ll and 3 
is  much greater  than tha t  of Hoe A s  T i s  decreased, the  high frequency gain 
margin is markedly decreased. The phase margin is increased and t h e  bending 
modes are mamified. 

Figure 10 is t h e  open 

From t he  above study it i s  seen t h a t  by relaxing frequency response overshoot 

requirements of t h e  servo valve, t h e  overa l l  s t a b i l i t y  margin of t h e  system 
i s  decreased. 
should be minimized. 
for t h e  spring rates for t he  servo valve (see figure l.4 and tab le  I). 

It therefore appears t h a t  the frequency response overshoot 
Also, t h e  above study was made assuming cer ta in  values 

Since sprlng rates such as the  thrust  s t ruc tura l  spring constant may change 
by a fac tor  of 10, t h e  actuator loop constants will be made su f f i c i en t ly  
adjustable to provide optimum performance charac te r i s t ics  when the  actual  

flexural environment i s  known. 

16 



To summarize, the  following parameter values seem t o  be optimum a t  t h i s  time: 

$B = 30 ba/deg o r  283 cis/deg 

% .= 28.8 wa/deg 

? 2 .1 sec 

Ho 'I: .025 cis/psi  

Derivative r a t e  l ag  corner frequency = 2 cps 

Analyses t o  date  have been concentrated on the C-5 vehicle as it is  i n  
general the  most c r i t i ca l .  One exception is  C I B  wi th  t h e  escape tower 

(first 15 seconds of burn time). 
t h i s  area vdth  emphasis on keeping as many gain parameters as possible 

common f o r  both configurations. 
lyzed on a t o t a l  loop basis,  they w i l l  be ref lected in engine actuator 
loop frequency response character is t ics  similar t o  f igure 13 f o r  tes t ing  

purposes. 

S t ab i l i t y  studies a r e  continuing in 

Although the  above parameters a re  ana- 
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T M  Torque Motor 

Amplifier Gain F a  
Fa(.) Amplifier Dynamics - TBD 
k 
la 
A 

D 
Q 

Im 

Km 

Kn 

Ka 

K 
g 

K1 

HO 

Kfb 

T 

Valve Flow Gain - 5.8 in 3 /sec/ma &r/, = &4 in3/sec/h 

Actuator Lever Arm - 0.99 ft. 
Effective Piston Area - 11$ in 
Gimbal Friction Constant - 0 l b s  - sec/in 
bment of Inertia bout ~imbal Point - 12% slug - ft2 
Spring Constant of Engine at Actuator 

2 

6 Attach Point - 1.3 x 10 

Tandem Combination of Hydraulic and Actuator at 
Attach Point - 0.5 x 10 

lb/in 

6 lb/in 

Spring Constant of Structure at Actuator 
6 Attach Point - 1.0 x 10 lb/in 

Spring Constant of Hose Restraint - 0 lb/in 
1 

l/Km + l /KQ 

VARIABLFI PARAMETERS 

Dynamic - Pressure Feedback Gain - .0025 & 0.0125 cis/psi 

Time Constant of Lag in Pressure Feedback Path - 0.10 and 0.05 sec 

Actuator - Position Feedback Gain - See Figures 1 and 2. 
FIGURE 14 TABU 1 - PARAMETERS USED IN ANALYSIS OF ENGINF, SERVO JXOP 
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Normalized Latei- Ceflection of i t h  Bending Iviode Shape a t  
Gimbal Point 

Slope of i t h  Bending Mode Shane a t  Gyro Location 

Modal Mass of t t h  Bending Mode - Slugs 

Structural k s s  of i t h  Bending Mode 

Xesonant Frequency of i t h  Bending Mode - rad/sec 

Sloshing mass of ath mode - slugs 

Location of ath sloshing mass - f t  

Structural  damping ratio or' ath slosshing mass 

Resonant frequency of ath sloshing mode-rad/sec 

Axial acceleration of missile - ft/sec 
Mass of r ig id  Body - slugs 

2 

TAIL-WAGS-DOG PAFAMXE33S INCLUDED IN VEHICI;E DYNAMICS 

Thrust at gimbal point from engines -lb/in 
Distance from CG of rigid body t o  gimbal point ( f t )  

Mass of engine-slugs 
Distance from CG of engine t o  g a a l  point ( f t )  

Moment of i n e r t i a  of r i g id  body (slug - ft2) 
VAFGUBLE ATTITUDE SHAPING DYNAMICS 

FIGURE 14 TABLE 2 PARAIvIETER DESCRLPTIONS 
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TABLE 2 (continued) 

where : 

- Position loop gain - 288 ,p../deg and 8.97p../deg. Ke - 

K i  - - Rate loop gain - 32.2pa/deg and 10 )ka/deg 

c - Leg due t o  d i f fe ren t ia t ion  of Ke t o  K;t (0.0796 sec)  5 

RIGID BODY PARLUETERS 

PARAMETERS O$ Burn Time lOO$ Burn Time 

Rigid Body Mass (slugs) 10,183 3,940 
7.995 2.53 

Rigid Body Center of Gravity ( in )  594 2 95 2 

2 6 Rigid Body Inertia (slugs-ft ) x 10 

BODY BENDING PARAMETERS 

Freq Mass 
Slugs ( cpaj  

(PI 
in ) MODE 

0 percent 
Burn time (1st) 1.0 -0 . 00238 5 -016 1177 

O$ B T (2nd) 1.0 0 . 00402 1'7.25 404 
- 

@ B T (3rd) 1.0 0.003% 21.90 3d7 

lo@ B T (1st) 1.0 - O.OOlb8 6.13 118 

lOO$ B T (2nd) 1.0 0.00141 m.58 236 

TABLE 3 P W T E R  VALUES 
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TABLE 5 (con'ilnued) 

SLOSHING PABAMETm 

At 0 percent burn time onQ 

Lox sloshing frequency - 0,3456 cps 

Lox sloshing mass - rm.7 8 slugs 

Lox mss location - 316.1 in 

LH sloshing freclueccjr - 0.2857 CPS 2 

LH2 sloshing m s s  195.9 SI-MS 

LH2 mss location " 573.8 in 

Note: G i d a l  a t  S t a  200 La. 
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Section 3 

SATURN SEPARATION SEQUENCING - S-IVB STAGE 

INTRODUCTION 
The purpose of this analysis is to define the sequence of events which 
must be followed to obtain a satisfactory separation of the S-IVB stage 
from the booster. 
engine shut-down rsignal of the booster. 
must then ignite the retro-rockets on the booster, initiate the S-IVB ullage 
thrust, separate the two stages, switch control to the S-IVB stage and start 
the S-IVB engine. To achieve a satisfactory separation,each of the events 
in the separation sequence, including those listed above, must be timed so 
that under the mat adverse conditions possible within the established 
design criteria, adequate separation distance is obtained before the S-IVJ3 

engine start procedure is initiated and vehicle attitude deviations during 
the post-separation transient do not exceed the capability of the platform. 
The separation sequence must also be timed so that the weights of the 
retro-rockets and ullage rocket fie1 are minimized. 
which has been established to meet these general requirements and numerical 
values for these parameters will be discussed in this Section. 

The separation sequencing will be initiated by the 
The subsequent sequence of events 

The separation sequence 

The separation analysis was conducted to nieet the following selected re- 
quiremente : 
1. 

2. 

3. 

The separation signal will occur when the booster thrust of the 
stage preceding the S-IVB decays to 10 percent of the nominal 
thrust. 
A clearance of 10 feet between the separation aft interstage and 

the S-IVB engine bell w i l l  be attained before the S-IVB 5-2 engine 
start signal will be given. 
The separation joint will be under compression when the separation 
device is ignited. 



The S-IV33 r o l l  is not c r i t i c a l  immediately a f t e r  separation and hence 

the S-IVB r o l l  control system can be activated a t  a time between To and 
the time the 5-2 s t a r t  tank discharge valve opens, 

the separation signal 
To i s  the t i m e  of 

The signal t o  switch the engine position control from the booster of the 
stage preceeding the S-IVE t o  the  S-NB actuators w i l l  occur a t  the time 
of the J-2 mainstage signal. This w i l l  permit positioning of the S-NB 

engine before the thrust buildup has at ta ined the 90 percent l eve l  and 

w i l l  not deplete the  accumulator gimballing capabili ty before the 5-2 

engine can provide power for  gimballing. 

The S-IB booster will have four inboard H - 1  engines cut off ear ly  t o  

allow t h e i r  thrust contribution t o  become negligible a t  the time the 
four outboard motors are  cut of f .  I n  the  case of the S-I1 booster, the 
center fixed engine i s  shut down ear ly and allowed t o  deplete i t s  t h r u s t , ~ ~ ~ x j , ; ~ . , ~  

<’;‘’ 
P 4  . 

r i  c+-/ 
contribution before t h e  four gimballed engined are cut o f f .  T h i s  pro- 
cedure permits a lower thrust  level a t  separation and allows the retro-  
rocket thrust  t o  be more effect ive fo r  separation of the S-IVB and the 

preceeding stage. 

y:l- 

SEPARATION AND RETIIO-ROCKET SIGN& SPACING 

The signals for  separation and retro-rockets a re  given from an airborne 
computer i n  the form of a seven b i t  binary word which i s  decoded i n  a 

stage switch selector  and relayed f o r  various operations. 
the Saturn Vehicle has a swltch selector which receives simultaneous sig- 
nals from the computer. A stage select  signal determines which selector 
will be operative t o  re lay the  command signal (see figure 1). 

Each stage of 

Due t o  the configuration of the swltch selector,  the minimum t i m e  between 
adjacent required outputs i s  100 milliseconds, thus a .1 second r e s t r i c t ion  
is placed upon the separation sequencing. This r e s t r i c t ion  i s  shown i n  the 

following breakdown of switch selector operating time. 

1. The binary coded signal address t o  the switch selector w i l l  
be 28 VDC. , should not be l e s s  than 25 m.s. aad should be 
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back t o  zero before the readout o r  clock pulse i s  given. 

Th i s  clock pulse enables stage power t o  drive the  addressed 
output. 

2. The clock pulse o r  read cammand should not be less than  25 m.6. 

3 .  The output pulse from the switch selector wlll be a minimum 

of 20 m.8. and a maximum of 50 m.6. depending on the  length 
of the read command pulse. 

Should the necessity arise a t  a l a t e r  date t o  require sim- 
ultaneous signals from the switch selector,  the  capabi l i ty  

i s  available t o  connect another c i r cu i t  i n  pmallel t o  t he  
switch selector output, however only one signal can be 

init iated i n  the switch selector every 100 m.6. 

Information on the  switch selector was taken from a description of the 
Saturn switch selector supplied by the Airborne Systems Integration Section, 
Astrionics Division, Marshall Space Flight Center. Timing  signals for  events 

related t o  separation between the S-IVB and the  preceeding stage are  shown 
i n  figures 2 and 3. 
separation and r e t r o  rockets are the same, but subsequent commands fo r  the 

Saturn I B  are delayed .6 seconds primarily because of differences between 
payloads and thrus t  decay of the  S-I1 and S-IB stages. 

The timing signals of Saturn I B  and Saturn V f o r  ullage, 

S-IB AMD S-IS RETRo-RO(=KETS 

The S-IB and S-I1 retro-rockets w i l l  be Thiokol Recruits TE-29-1B and will 
be mounted i n  the  aft; interstage of S-IVB. 

th rus t  of 35,970#@ 70%., and four of these r e t r o  rockets w i l l  be used 

i n  t he  S-IVB a f t  inters tage fo r  both the Saturn I B  and Saturn V config- 
urations. The nominal burn time of the  retro-rocket is 1.55 seconds, and 
the effect ive retro thrust as mounted i n  the S-IVB aft interstage w i l l  be 

l b , O O C #  with four  r e t ros  and 105,000# with three re t ros .  

capabili ty has been incorporated in to  the separation sequencing. 

Each retro-rocket develops a 

One r e t r o  out  



SEPARATION PLANE 

It i s  desirable from the standpoint of separation sequencing t o  employ 
the l a t e s t  proposal f o r  the separation plane between the S-NB and the 

preceeding stage. This proposal permits the two stages t o  remain in t ac t  

under compression loads a f t e r  the separation explosives sever a tension 
s t rap which is bolted t o  the a f t  interstage and a f t  skirt.  This type of 
separation plane eliminates the  poss ib i l i ty  of co l l i s ion  between stages 

after the cutting is complete and allows the retro-rockets t o  be ignited 
a f t e r  t h e  separation signal. This  separation plane W i l l  a lso  allow t h e  

use of the slower but more re l iab le  pyrogen igni te r  ra ther  than the pyro- 
technic ign i te r  f o r  the retro-rockets. See sketches below f o r  separation 

planes. 

as ullage engines t o  seat t he  S-IVB propellant pr ior  t o  engine start. Each 
of these engines has a nominal th rus t  of 3,3w and a nominal burn t i m e  of 

3.94 seconds. 

The S-IVB of the Saturn V has two 1,750# hypergolic ullage engines which 

seat  the propellant of the S-NB f o r  J-2 s t a r t  and r e s t a r t .  

The signal t o  ign i te  ullage engines on the S-NB will be given .1 seconds 
before the separation signal fo r  both the Saturn I B  and Saturn V. 
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SEPARATION DISTANCE 

A c t u a l  physical separation of the stages occurs when the  acceleration due 

t o  r e t r o  thrus t  plus ullage thrus t  overcomes the acceleration caused by 
booster thrust  decay. Un t i l t h i s  time occurs, the re la t ive  velocity, accel- 

erat ion and distance between the stages i s  zero. 

Figure 4 reveals the relationship between the S-IB booster decay thrust  

and the r e t ro  thrus t .  

excessive, but w i l l  be tentat ively accepted for  seperation sequencing un- 

til e i the r  the thrust  decay curve becomes conclusive or  a new and more 
reliable curve i s  developed. The 5-2 engine s t a r t  signal w i l l  be given 
a t  a time which will insure a separation distance of approximately 330 inches 
with a nominal th rus t  decay and one r e t ro  out. 
S-I1 booster th rus t  decay and t h e  r e t r o  thrust  i s  sham i n  figure 5 .  

The t a i l  off of the S-IB booster appears t o  be 

The relationship between the 

Should the high thrust decay prevail  a t  t h i s  t i m e ,  there w l l l  only be ap- 

proximately 4 foot  clearance between the S-IVB engine bel l  and the separated 
a f t  inters tage when the 5-2 engine s t a r t  signal i s  given. Figures 4 and 5 
show the relationship between time and separation distance between stages. 

A separation distance of approximately 330 inches between the  S-NB engine 

b e l l  and the separated af t  interstage is  suff ic ient  t o  allow an additional 
10 foot clearance after clearance of the engine b e l l .  

5-2 START SE0IENm 

The 5-2 engine start signal initiates a s t a r t  tank discharge delay timer 

which allows .5  seconds f o r  J-2 chi l ldam.  A t  the end of t h i s  t i m e ,  a sig- 

nal from the timer uni t  coupled with a signal from a thermocouple operate 
an "and" gate t o  produce the  mainstage signal af ter  the  augmented spark 

ign i t ion  i s  detected. 
termination of mission should t h e  thermocouple have a malfunction and f a i l  

t o  send the  signal t o  operate t h e  "and" gate. 
allow an additional .5 seconds fo r  fur ther  c h i l l d m  and then supply the  

"add" gate with the required signal t o  produce the  mainstage signal. 

figure below. 

the  start tank discharge valve solenoid i s  energized. The 5-2 engine 

An overlde signal has been proposed t o  prevent 

This overide signal should 

See 
Figure 6 shows the thrus t  buildup of the 5-2 engine af'ter 
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attains the slowest 9 percent thrust leve l  approximately 2.8 seconds 

after the star t  tank discharge valve solenoid i s  energized. 

MOTE: 
on separation component characterist ics,  and t he  timing signals fo r  various 
events w i l l  be subject t o  change should variations i n  thrust  occur. 

The separation sequence analysis is  based upon current information 
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Section 4 

EFFECTS OF 5-2 ENGINE GIMBAL LIMfTS 
ON POST-SEPARATION ATTITUDE TRANSIENT 

INTRODUCTION : 

The effects of 5-2 engine gimbal limits on controllability of the C - l B  after 
S-I/S-IVB separation has been studied in accordance with action item nunber 7 
of the December 6, 1962 meeting of the S-IVB Vehicle Dynamics and Control 
Working Group (reference a.). 
this memorandum together with a recommendation on required platform mechanical 
limitations to accommodate separation transients. 

The results of these studies are presented in 

The effects of engine gimbal limits on system stability in the presence of 
engine deflection rate limiting have been studied previously and reported in 
reference b. This data is included here with an estiroate of the effects of 
the latest control system parameters on these results. 

DISCUSSION: 

Separation Controllability 

The separation controllability studies were made on an analog computer which 
was coded to represent the control system block diagram as shown in figure 1. 
Runs were made to define the maximum attitude deviations of the vehicle during 
post separation transients. Engine gimbal limit was parameterized to deter- 
mine the effects of this limit on the attitude deviations which the platform 
must be capable of handling. In addition, the effects of additional delay in 
thrust build-up was investigated to determine the sensitivity of the attitude 
deviations to increased delays in thrust build-up which might result from 
changes in separation sequence or  engine performance. 

The inltial conditions which were used for the study were those listed in 
enclosure 3 of the referenced MSM: memorandum. 
for completeness. 

They are listed in table 1 

It was found that one ullage engine out had a negligible effect on separation 
controllability so this condition was not used in the studies. 

The vehicle and autopilot data which was used in the study are listed in 
table 11. 
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presence of engine thrust misalignment and vehicle asymetries will require 
the engine to be deflected to a position off the geometrically centered posi- 
tion to achieve a zero net control moment on the vehicle. This will result 
in less than the nominal engine deflection being available for control during 
separation. This 
shows that a maximum of 1 1/2 degrees of effective engine deflection in one 
direction could be lost from these factors. However, the probability of all 
of these tolerances being in the same direction is extremely small. If a 
more probable value is obtained by deriving the root mean square of these 
tolerances, the result would be considerably smaller than 1 1/2 degrees. In 
addition to the reduction in engine deflection from these misalignments, some 
of the engine deflection capability should be reserved for controlling in the 
presence of moments induced by gusts and sloshing which could occur during 
separation. 
tion is allocated fo r  this purpose, the minimum net engine deflection avail- 
able for control of separation transients is 3 degrees less than the nominal 
engine deflection limit. Thus, for a nominal +7 degrees deflection the atti- 
tude deviation during the post-separation tranFient should be based on 4 
degrees of engine deflection. 

Current estimates of these factors are given in table 111. 

If, for these preliminary studies, 1 1/2 degrees of engine deflec- 

These studies have also shown that a one second additional delay in thrust 
initiation results in a large increase in the magnitude of the post-separation 
attitude transient. A similar effect would result from a lower rate of th-rust 
build-up. Because the thrust build-up delay could be increased by changes in 
separation sequencing, or in engine chill down or  performance specifications, 
and because the attitude deviations of the vehicle are so sensitive to this 
delay, it seems prudent to allow ample conservatism in setting the platform 
deflection limits. 

The considerations listed above indicate that for nominal engine deflection 
limits of +7 of degrees, and a thrust initiation delay of 2 seconds, the 
maximum atxitude deviations t o  be expected would be based on gimbal deflection 
limits of 4 degrees and a separation to thrust initiation time delay of 3 
seconds. 
degrees. 

Figure 18 gives the attitude deviation for these conditions as 25 

Because of the ease with which this limit can be set in the platform at this 
early stage in the design, and because of unpredictable changes which inevi- 
tably arise as the design and operation of the vehicle progress, it is recom- 
mended that an additional margin be allowed for these contingencies. 

It is thus recommended that the platform be designed to accept maximum attitude 
deviations of - +35 degyees. 

REFERENCES : 

a. 
b. SM-42083, dated 7-31b62 

MSFC memorandum M-AERO-PS-S-4, dated 12-13-62 
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System S tab i l i t y  

Previous studies have shown t h a t  the  existence of an engine gimballing rate 
l i m i t  is  destabil izing, but t h a t  i n s t ab i l i t y  will not materialize i f  t he  
engine deflection i s  l imi ted .  
deflection a re  shown i n  f igure 19 as a function of control effectiveness Mg 
fo r  several values of m e x i m u 7  engine deflection. Later studies have shown 
t ha t  the l a t e s t  control system parameters w i l l  give a larger  s t a b i l i t y  region 
than shown i n  f igure 9. This ds.ta is  included i n  f igure 19 f o r  one value of 
engine gimbal r a t e .  Also shown i n  f igure 19 i s  the  maxi~own engine deflection 
expected during f l i g h t .  This curve, which is  plot ted as a f’unction o f  M shows 
t h a t  the maxirum expected engine deflection i s  within the s t a b i l i t y  boun2ary. 

The s table  and unstable ranges of engine 

RESULTS : 

The resu l t s  of the study, presented i n  figures 6 through 17, consist of post- 
separation a t t i t ude  t rans ien ts  and engine deflection t ransients .  In these 
resu l t s  three parameters were varied, engine gimbal l i m i t s ,  engine gimbal r a t e s ,  
and the time between separation and thrus t  build-up. 

Figures 6 through 8 show the vehicle a t t i t ude  t ransients  and engine deflection 
h i s to r i e s  fo r  the nominal case of a two second delay i n  th rus t  i n i t i a t i o n  and 
engine gimballing rakes of 8 degrees per second. 
deflection limit i s  parameterized for  values of 4, 5 ,  6 and 7 degrees. 
loaxircum a t t i t ude  deviation of the vehicle during the  post-separation t rans ien t  
varied from 11.6 t o  15.2 degrees fo r  engine deflection l i m i t s  of 7 and 4 de- 
grees respectively. 

In these curves the engine 
The 

Figures 9 through 11 show the a t t i t ude  t ransients  and engine deflection t ran-  
s ien ts  f o r  8 deg/sec gimballing rates wi th  th rus t  i n i t i a t i o n  three seconds 
after separation. 
24.9 degrees f o r  engine deflection limits of 7 and 4 degrees respectively. 
This  i s  nearly a 60 percent increase over the  second delay case for the 4 
degree gimbal limit. 

The m a x i m u m  a t t i t ude  deviation f o r  t h i s  case i s  17.8 and 

Figures 12 through 14 show the a t t i tude  t ransients  f o r  an engine deflection 
rate of 12 deg/sec w i t h  a 3 second delay i n  th rus t  i n i t i a t ion .  These tran- 
s i en t s  show no improvement i n  the maximum at t i tude deviation by increasing 
the engine def lect ion r a t e .  However, the second overshoot i s  decreased. 

Similar t rans ien ts  have been included fo r  I2 deg/sec gimbal ra tes  and 2 second 
thrus t  i n i t i a t i o n -  delay as figures 1 5  through 17. 

These r e su l t s  are summarized on f igure 18 which shows the m a x i m u m  a t t i t ude  
deviation as a fwlction of the engine deflection l i m i t  and the t h e  between 
separation and engine igni t ion.  Only the curves f o r  8 deg/sec gimbal ra tes  
are shown as t h e  change t o  12 deg/sec resul ted in 8 negligible change t o  
these curves. 

Although figure 18 i s  va l id  for the  assumptions used i n  t h i s  study, several  
additional fac tors  must be considered when determining the m a x i m u m  a t t i t ude  
deviation which w i l l  be expected during the post-separation t rans ien t .  The 
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TABLE I 

INITIAL CONDITIONS 

a. Angle of attack 

b. Attitude rate 

c. Pitch a t t i tude  

d. Dynamic pressure 

a = 4 deg 

Q = 1 deg/sec 

@ = 1 deg 

9 = 16 psf - -I- 3 psf 

(80 Q/m2 2 15 a / m 2  
e. One ullage engine out (negligible ) 

f .  Time delay - Separation t = 2 secs 1 
t o  thrus t  i n i t i a t i o n  3 sec also studied 

Thrust build-up curve from 5-2 engine handbook (shown i n  g. 

figure 2 ) .  The minimum ra t e  of build-up curve w a s  used. 



TABU I1 

CI-B. S-I/S-IVB SEP&?ATION DATA 

Symbol 
- 
I 

1 

1 
cg 

CP 

cN 
9 

A 

M 

K1 

T1 

K0 

Kg 

w/2 

5 

K 

M6 

GLIM 

Description 
Payload 

Vzhicle Iner t ia  

Control Level Arm 

Aerodynamic Lever Arm 

Aerodynamic Force Coefficient 

Dynamic Pressure 

Aerodynamic Reference Area 

Vehicle Mass = w/g 

Servo Forward Gain 

Servo Feedback Gain 

Main Ehgine Thrust 

Attitude Feedback Gain 

Attitude Rate Feedback Gain 

Autopilot Natural Frequency 

Autopilot Damping Ratio 

Control Moment Coefficient 

M a x  Engine Deflection 

Max Engine Rate 

Value 
33,740 

21.9 ft 

See f ig .  5 
36.6 ft at a: = o 

See f i g .  3 

See f ig .  4 

360 f t2  

9,457.7 slugs 

13.56 deg/sec/ua 

1.0 ua/deg 

See f ig .  2 

2.3 ua/deg 

2.75 ua/deg/sec 

0.25 CPS 

0.7 

TI /I, see f i g .  2 

0.8 rad/sec /rad max 2 cg 
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TABLE I11 

FACTORS CONTRfBUTING TO A STEADY 

STATE E3lGINE DEFLECTION 

Description 

1. Engine th rus t  n i sa l igmen t  and of fse t  (1/2O 
misalignment and 1/4 inch o f f s e t )  

Resulting Engine 
Deflection 

9/16O 

2. Engine, misalignment a t  i n s t a l l a t ion  including 
actuator tolerances, th rus t  s t ructure  misalignment 
1/32 inch i n  10 inch 

Engine alignment (actuator ins ta l led  = .1 

l eng th  ) 
Gimbal block off set  (1/8 inch ) 

318' 
= .184O 

Actuator t r ave l  tolerance - + 1/32 inch = . 0 7 O  
0 

= .03O - 
' 384 

3. Lateral  displacement of cg 
3 i n  empty X 20 803 = .24 inch 

Z & p O  

118 inch rnax tank eccent r ic i ty  

4. Aerodynamic Asyrrretries 

approximated f o r  l i f t i n g  type payloads 

3/32O 
= 1/16' 

= 1/32' 

1/40 
_I 

1 9/32 
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Section 5 
ANALYTICAL APPROACH TO THE STABILITY LIMITS OF THE N O N - L m R  HYDRAULIC SERVO 

Once the l i nea r  analysis of a servo system has been completed, a question which 

often a r i s e s  I s  the following: 

"What effect  w i l l  the hardware nonlinearit ies have upon the system s t ab i l i t y?"  

The search f o r  an answer t o  t h i s  question has prampted the development of a 

number of analyt ical  techniques, of which the most commonly encountered i s  a 

Describing Function Approximation t o  l i nea r i ty  (DFA). 

a l i t y  has relegated a majority of the answers obtained by t h i s  technique t o  a 

qual i ta t ive rather  than a quantitative solution. 

the DFA, the method presented i n  t h i s  memorandum has sacrificed some generali ty 

i n  order to. insure a quantitative answer. 

An obsession w i t h  gener- 

Although it i s  a l so  baaed on 

The basic objective of t h i s  method i s  t o  determine the s t a b i l i t y  l i m i t ,  i . e , ,  

the magnitude of the input signal a t  which the system's response exhibits a sus- 

tained osci l la t ion,  f o r  a system containing a nonlinearity. 

s t a b i l i t y  l i m i t ,  it i s  necessary t o  place several constraints on the  forni of the 

input signal; these constraints a re  derived i n  d e t a i l  i n  the body of the memo- 

randum. 

To deternine t h i s  

If it i s  assumed t h a t  any system selected f o r  investigation may be represented 

by  the block diagram of figure 1, then a standard mathematical model w i l l  be 

available f o r  t h e  analysis. 

-4. 
Figure 1. CANONICAL FORM 



As it was previously s ta ted t h i s  analysis i s  only concerned with the system when 

a sustained osc i l la t ion  or l i m i t  cycle is present i n  the response. 

a well defined c r i t e r i a  fo r  determining the s t a b i l i t y  l i m i t  of a system the 

assumption of a l i m i t  cycle i s  made necessary by the def ini t ion of the describing 

function. 

i t s  describing f b c t i o n ,  8, which re la tes  the output of the nonlinearity t o  its 

input as shown i n  equation 1. 

i t y  i s  given by equation 2. 

Besides giving 

To make use of the DFA, the nonlinearity i n  the system is replaced by 

The describing function fo r  a saturation nonlinear- 

@,(SI = 9 OJSI (1) 

If the analysis i s  l imited t o  systems with a l inear  gain margin of a t  l e a s t  6 db 

(which is  not too unreasonable) the following approximations can be made. * 

and when these approximations are  substi tuted in to  equation 1 the expression f o r  

y simplifies t o :  

Once the saturation has been replaced by i t s  describing function gain the charac- 

t e r i s t i c  equation of the system i n  figure 1 may be writ ten as: 

* For a system with a l i nea r  gain of 6 db, the real axis crossover i s  a t  -2 a d ,  
therefore, the  magnitude of 9 necessEy t o  make the system l i m i t  cycle i s  1/2. 
If equations 1 and 2 a re  solved for  fand the value of 1/2 i s  used f o r 9  , the  
e r ror  incurred by using equation 3 i n  place of equation 2 w i l l  be only 5.25$. 
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and i I "  both sides of equation 4 are multiplied by D(S) t he  character is t ic  equation 

may be rewritten 88: 

Since both N(S) and D(S) are  polynomials i n  S equation 5 may be written as :  

Now i f  the 8ystem is  t o  contain a limit cycle, the character is t ic  equation, 

A*(S), must contain a pa i r  of conjugate imaginary roots, i n  which case A*(S) 

may be written as: 

Equation 7 may be expanded into: 
d- Z 

It is desirable at  t h i s  time t o  equate the A*(S) of equation 6 t o  tha t  of equation 

8, t o  do t h i s  equation 6 must be manipulated into the fonii of equation 8. 

S ta te  this manixulation a variable a(A) w i l l  be defined as: 

To f a c i l -  



.c;,-3 = Ud-,+ W(P-Cr 2; 3 bd-1 (13) 

Lo-* = ad C T(r- 1)Q bd (14) 

Equation 12 is  actual ly  a set of d-3 equations and, therefore, the t o t a l  number 

of equations represented by eqwtions 10 through 14 is d + 1. Since there a r e  

also d + 1 unknowns (9,  w , eo, X1,. a 

2 ) each of these variables w i l l  be  d-2 

determined uniquely by the syetem parmeters ,  (ai, b : i = 1, 2,. e .d; J = 1, 2, ,n). 3 
'fwo of the solutions of these simulatious equations w i l l  be: 

Where equations 15  and 16 represent known functions of the system parameters. 

Now equationa 3 and 1 5  can be equated. 

and i f  equation 17 i s  solved f o r  %: 

The only chore remaining is the determination of an expression f o r  Z. 

t he  magnitude of the  system's response t o  the driving f'unction, 0dS), the form 

of the  driving function must be known before an expression for  Z can be derived. 

Since Z is 

The two types of driving function that  are most c m o n l y  employed in systems 

analysis are the sinusoidal and polynomial f'unctions of time; therefore, it would 

be desirable t o  calculate the s t a b i l i t y  l imi t  for  both of these. In  choosing a 
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€)At) f o r  the analysis it should be kept in mind that the steady state form of 

8 (t) must be a sinusoid if the DFA is to be used and that it must be a single 

sinusoid only, i.e., not a sum of two or more, since the inclusion of a non- 

linearity in the system precludes any application of the superposition law applied 

so unconsiously in linear systems analysis. 

e,(s) is written as: 

m 

With this in mind the expression for 

using equation 19 and the fact that Qm(S) =- Nl(S) G,(s) 
D, IS) 

or  

In view of the previous discussion a11 of the poles of Qm(S), except the two at 

fju, must be restricted to the left half of the S plane. Unfortunately this 

restriction automatically removes the sinusoid from the realm of investigation, 

f o r  if ebjS) is the transform of a sine wave it will contain a pair of conjugate 

imaginary poles which would violate the restriction set forth previously. A t  

first glance it would appear that a polynomial f'unction of time would also violate 

this restriction, however, further investigation will show that there is a way 

around this seeming road block, 

that its transform gin(S) is': 

Let  Qdt) be a polynomial function of time such 

rO (It should be noted that the term 7 .= r, in equation 22 is the Dirac delta or 
S" 

impulse function of time. ) Now if this 
U 

expression for GAS) is substituted into 

equation 21: 



It i s  now apparent t ha t  the n?tl: order pole a t  the origin brought i n to  the 

equation by 94s )  violates  the r e s t r i c t ion  and must be removed. 

eas ie r  than it seems: 

than it i s  only necessary t o  make cer ta in  that 1716 P t o  eliminate -the mt” order pole 

a t  the  origin, i n  which case equation 23 becomes: 

This task is 

If one of the roots  of D2(S) is  a fac tor  of the form Sp 

Now i f  equation 24 ‘is multiplied and divided by o : 

Since th i s  analysis is only interested i n  the system response after a l l  the t ran-  

s i en t  terms have died out, the  inverse transform of equation 25 may be wri t ten as: 

Where 

Substi tuting t h i s  value of eminto equation 18 the f i n a l  equation is arrived at: 

Equation 28 gives the value of 4, a t  which the system w i l l  l i m i t  cycle as a 

M c t i o n  of the system parameters and the  magnitude of the forcing function. 

The main d i f f i cu l ty  i n  using t h i s  method i s  solving the simultaneous equations 

10  through 14, if an attempt is  made t o  apply t h i s  method t o  a complex model it 

may be necessary t o  resor t  t o  d i g i t a l  computer techniques t o  solve these equations. 

It should be emphasized tha t  w h i l e  t h i s  method was derived f o r  a saturation non- 

l i n e a r i t y  it should not be too d i f f i cu l t  t o  apply it t o  other nonlinearit ies which 

do not contribute any phase lag t o  the system, and it m i g h t  even be possible t o  

extend the  genera3 philosophy t o  any nonlinearity. 
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LIST OF SYMBOLS 

a *b 
i’ 3 

d 

n 

%n 

*e 

em 

eL 

a, 
A* 

4 
C .  

El and % 
Dl *2 

System parameters 

Order of denominator polynumial 

Order of numerator polynomial 

Input signal to the system 

Output of the system 

Error signal 

Input to the saturation 

Output of the saturation 

Value at which the signal saturates 

Characteristic equation 

Describing function gain 

Frequency of the l i m i t  cycle 

Magnitude of the l i m i t  cycle oscillation prior to 
entering the 89 turat ion 

Transfer f’unctions of the system 



SECTION 6 

SGOSHING 80 S2ABILITY ANALYSIS 

The purpose of this study was to determine the sloshing effect of LH2 
and LOX on the time response of the C-5 configuration S-nrS auto- 
pilot. 
was used in conjunction with representative equations of sloshing 
motion. 

The rigidbody autopilot model shown in Figure 1 on page 2 

These sloshing motion equations are reproduced on page 9. 

The above system equations were programmed on a PACE 231 R analog 
computer and cquter runs were made using the following values of LEI2 
and LOX damping coefficients (p andJ2 respectively): 

fl 

0 
o.oO01 
0.001 
0.01 

3 2  

0 
0 001 
*003 
0.01 

The initial conditions used in all runs were: 

6 = 0.5 deg/sec (rate change of pitch) 

8 = 1.0 deg (pitch) 

The results of this investigation axe based on peak to peak oscillation 
values of 6, 0, 0 about a nominal value of zero. Values at 25, 50, 75, 
and LOO seconds burning time are  presented in tables 1 through 4 on 
pages 3 through 6 ,  In addition, a plot of peak to peak values of 6 
versus time for a typical run is shown in figures 2 and 3 on pages 7 
and 8. After the first 10 seconds burning, the oscillations of 6 ,  
0, and 0 folluw similar patterns. 
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Section 7 

GARDFZN BOSE DYNAMIC COUPLING STABILITY ANALYSIS 

SUMMARY: 

The main objective of a control system analysis i s  t o  seek out any adverse 
s t a b i l i t y  effects  t h a t  iaay be present. Quite often coined expressions are 
attached t o  cer ta in  problems which occur more often than others and can be 

categorized by t h e i r  nature. 
engineering vernacular. 
The tex t  of t h i s  presentation deals with still  a th i rd  undesirable dynamic 
affect--garden hose. 
discussed. 

presented. 
f l u t t e r ,  and the mysteries surrounding the exotic name of garden hose a r e  re- 
duced t o  straightforward engineering terms. 

Eventually, these terms make t h e i r  way in to  the 
Classic examples of t h i s  a re  tail-wags-dog and f l u t t e r .  

Impact of t h i s  i n s t ab i l i t y  on the Saturn IB vehicle is 
A mathematical formulation and solution of the garden hose equations 
Finally, a comparison i s  made between garden hose and c la s s i ca l  

IMTRODUCTION : 

Garden hose is an i n s t a b i l i t y  whose basic ingredients a re  one free-free body 
bending mode and one engine rotation mode with thrust .  

of these modes--in t h i s  case, a first body bending mode and an engine rotat ion 

mode, both acting i n  the same plane. The f ac t  is t o  be noted tha t  the system 
i s  made up only of masses, springs and dampere. The only external force re- 
s u l t s  from engine thrust .  No control system i s  included, as the i n s t a b i l i t y  

is not a r e su l t  of the control system. However, an engine servo included i n  
the  system will alter the problem; t h i s  feature w i l l  be discussed l a t e r  in the 
text.  

Figure 1 is a schelcatic 

The easiest explanation of the mechanism of garden hose is accomplished by 
demonstrating the forcing e f fec t  a body bending mode has on an engine ro ta t ion  
mode due t o  mass coupling and the e f fec t  an engine rotation mode ha6 on body 
bending due t o  the thrust forces. 
separately, and the e f fec ts  are then combined t o  demonstrate the overal l  mech- 
ani sm . 

These two interreactions are discussed 

To i l l u s t r a t e  the forcing effect  body bending imparts t o  engine rotation, a two 
degree of freedom system is assumed. This system consists of an engine resil- 
i e n t l y  mounted about i t s  gimbal and a body bending mode which can be ccanmaaded 



SYMBOLS 

S c 

Coordinate describing body bending (inches ) 
Coordinate describing engine rotation (radians ) 
Body bending modal mass (lbosec /inch) 2 

Inertia of engine about hinge line (lb*inch-sec 2 ) 
Product of inertia between body and engine (lb*sec 2 ) 

Modal damping of body (lb.sec/inch) 
Damping of engine (lb inch * sec ) 
M o d a l  spring of body (lb/inch) 
Engine spring (inelb) 
Modal hinge line deflection (non-dimensional) 
Modal hinge line rotation (l/inch) 
Thrust (pounds ) 
Laplace operator (l/sec) 
Aerodynamic force coefficient of airfoil (non-dimensional ) 
Dynamic pressure (PSF) 
Area of airfoil (ft2) 
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SCHEMATIC OF THE SYSTEM 

FIGURE I 
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to move at the engine open loop natural frequency.l The assumed system is 
pictorally represented in figure 2a with initial conditions of a finite count- 
erclockwise engine deflection but no angular engine rate. 
at a zero deflection but possesses a sinusoidal velocity such that the gimbal 
point i s  displacing down with time. Since displacement of the body is zero, 
instantaneous acceleration at the gimbal is zero and no moment is applied to 
the overhanging mass of the engine. Time response plots of engine rotation, 
body deflection and moment on the engine due to gimbal acceleration are pre- 
sented in figure 2b. 

The body is initially 

If the system were allowed to move through a phase angle of goo, the new body 

and engine positions would be as shown in figure 3a. The body has deflected 
such that t h e  gimbal point has translated down. Since the body is moving in 
sinusoidal motion, the acceleration vector at the gimbal will be directed up. 
This acceleration will result in a clockwise mcunent to act on the overhanging 
mass of the engine throughout the 90' of displacement. 
initially to be at a counterclockwise angle with no angular rate. This a88ump- 
tion implies the engine reached its m a x i m u m  excursion and will displace to zero 
angular deflection in sinusoidal motion 90' later. By plotting this Implied 
engine motion and the moment resulting from gimbal acceleration versus time, 
the fact that the moment is leading the engine displacement by 90 
Also, body deflection will lead the engine by 90' since the moment and body 
displacement are in phase. Therefore, the moment has the proper phase to sus- 
tain sinusoidal motion in the engine at the engine natural frequency. 

The engine was assumed 

0 is apparent. 

The argument is pursued f'urther in figures 4, 5 and 6 for progressively increa- 
sing body phase angles of 180°, 270' and 360'. The conclusions reached for the 
first 90' of movement hold up for a l l  of these later periods. 
torial representation is valid for the assumed system. 

Thus, the pic- 

A second system is employed to illustrate engine force on the body. This system 
consists of a body bending mode with no constraints and em engine rotation mode 
that can be commanded to move at the body bending natural frequency. The engine 
will impose a vertical force component on the body which is equal (for small 
angles) to -T X d e 2  

1 A note should be made of the fact such a mechanism cannot exist unless the pro- 

2 The negative sign results because a positive en@= rotation (clockwise) pro- 

This force will drive body bending at its natural frequency 

duct of inertia between body and engine were zero. 

duces a negative force (up) on the body. 
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FIG 5.A 
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and w i l l  lead bending deflection by 90'. 
moved from the ve r t i ca l  thrust  component, the engine w i l l  l ag  the body by 90'. 
This phase relationship is  the same as was realized i n  the first assumed system. 

The resul t ing engine position, body posit ion and ve r t i ca l  thrust  component time 
p lo ts  a r e  presented i n  par t  C of figures 2 through 6. 

Since engine deflection is  180° re- 

Therefore, i n  the first assumed system the body drove the engine i n e r t i a l l y  

and l ed  the engine by 90'. 
bending mode due t o  the ve r t i ca l  component of th rus t  and the body led the engine 

by 90'. 
s t a b i l i t y  i s  suggested. 
modes cannot possess the s m e  frequency. However, two modes can be very close 
together i n  frequency, and produce motion similar t o  tha t  discussed. The f re -  

quency fo r  the  resul t ing in s t ab i l i t y  w i l l  be somewhere between the two na tura l  

frequencies of the natural  free-free system. 

I n  the second assumed system the engine drove body 

Since the  two modes a re  driving each other, the poss ib i l i ty  of an in- 
The assumed systems were f i c t i t i o u s  as two coupled 

If the  engine were t o  be replaced by an a i r f o i l  and t h i s  a i r f o i l  subjected t o  
a f a i r l y  high supersonic flow, a resul t ing f l u t t e r  i n s t ab i l i t y  could be real ized 

which would be very similar i n  nature t o  the garden hose ins tab i l i ty .  If the  
i n e r t i a l  e f f ec t s  of the a i r f o i l  were the same as the engine, the aerodynamic 

force change i n  the ve r t i ca l  direction f o r  a change i n  de l ta  were the same as 
the ve r t i ca l  th rus t  component due t o  a change i n  del ta ,  and the aerodynamic 

center were on the hinge line, the resul t ing equations would be almost exactly 

the same. 
terms which would not be present i n  garden hose. However, the mechanism is  
primarily the same and the method of approach t o  the problem should not be 

foreign t o  one who is  used t o  f l u t t e r  solutions. 

trated i n  figure 7. 

The only way the two would d i f f e r  would l i e  i n  aerodynamic damping 

This s imilar i ty  is  i l l u s -  

For the system of figure 1, the equations of motion a re  presented i n  f igure 8. 
The derivation of these equations i s  contained i n  the appendix t o  t h i s  present- 
ation. The coordinate6 fo r  writing t h e  equations are chosen such t h a t  the sys- 
tem is mass coupled w i t h  no spring coupling. 

Once the  equations of motion have been writ ten and the proper v d u e s  inserted, 

the roots can be extracted and s t a b i l i t y  can be determined on the basis of 
whether the roots l i e  r ight  or left of the  complex plane. However, since 
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GARDEN HOSE/ FLUTTE R SIMILARITY 

BODY /EN GIN E 

GIMBAL = -T6 

VERTICAL FORCE ON 
G l M B A L = - C S q S 6  

FIGURE 7 
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EQUATIONS OF MOTION 

S C  

FIGURE 8 
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an IBM aolution is suggested and the use of I B M  progreme consti tute a consider- 

able time delay between set-up of the problem and the answer, an a l te rna te  

method was used. 

expanded in to  a polynomial, the resul tant  polynomial would be fourth order, 

but with no odd powers (figure 9). 
a solution f o r  8 , and the  resul tant  answer f o r  S 
1/2 power t o  f ind  t h e  root S. 
programed onto the Bendix G-15 computer and the data f o r  the trend study was 
obtained by t h i s  method. Another u s e m  means was employed t o  determine the 

th rus t  that would be required fo r  marginal s t a b i l i t y  o r  the onset of t he  in- 
s t ab i l i t y .  
a l l  of the  coefficients of the S operator are positive, it can be shown that  

the onset of i n s t ab i l i t y  occurs when the term inside the radical  of the  quad- 
r a t i c  solution goes t o  zero. 
programmed t o  solve fo r  the thrus t  required t o  cause an i n s t ab i l i t y  for any 

given set of input conditions. 
and the roots extracted quite rapidly. 

If damping was disregarded and the equations of motion were 

The quadratic formula can be employed as 
2 2 can simply be taken t o  the  

!his re la t ive ly  simple closed form solution w a s  

Since the character is t ic  equation has only even powers of S and 

Making use of t h i s  fact, the G-15 computer was 

By these methods the thrust could then be varied 

The r e su l t s  of the aforementioned trend study appear i n  figures 10 and 11 of 
the presentation. 
rate. 
frequencies. 

coupled engine frequency was set equal t o  be the uncoupled body bending fre- 
quency. This ininimum thrust  required s i tua t ion  corresponds t o  the low point 
of the parabola of each of the three curves. Figure 11 presents the damping 

r a t i o s  versus thrus t  f o r  three conditions of uncoupled engine frequency. 

Figure 10 is  a p lo t  of thrust  required versus engine spring 
Three parametric s e t s  of curves were generated fo r  three body bendiug 

As t o  be expected, the minimum thrus t  was required when the un- 

Three uncoupled body frequencies were the same as used i n  figure 10, viz., 2.70 

cps, 3.82 cps and 5.41 cps. 
correspond t o  the minimum point of each parabola of figure 10. 

Therefore, the boundary conditions of f igure 11 

To determine the damping ra t ios  tha t  would resu l t  i f  damping had been included 
i n  t h e  system, a very good approximation can be made by t ranslat ing the  curves 

in figure 2 down by the value of desired input damping. 
given if the  damping of both systems i s  assumed t o  be equal. 
the  two modes i s  assumed not t o  be equal, the  two damping values would have t o  

be weighed  according t o  the magnitude of the r e s u l t i n g  eigenvectors of the zero 
dampd solution. 

This approximation i s  

If the dmping of 
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SOLUTION OF ZERO INPUT 
DAMP 1 N G EQUATIONS 

s 2 i  TAHL 

I,, S2 I K, 

= a4 S4 + a2 ~2 + a. = o 

FIGURE 9 
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FIGURE 10 

T H R U S T  VS ENGINE R O T A T I O N A L  
SPRING (K,) 



DAMPING RATIO (C/C,) VS THRUST 

EQUAL UNCOUPLED FREQUENCIES 

FOR 

8 - UNCOUPLED ENGINE FREQUENCY 

1 2 3 4 5 

THRUST x (LBS) 

K,(f, 2.7) = 4.42 x lo6 IN LBS/RAD. 

K, (f, 3.82) = 8.89 x lo6 I N  LBS/RAD. 

K, (f, 5.41) = 5.24 z lo7 IN LBS/RAD. 

U ENCY 

FIGURE 11 
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coNcLusIoMs: 
The impact of th i s  analysis on the Saturn IB vehicle will probably be no Inore 

than one of close scrutiny and re-evaluation of the problem when the design 

is  finally fixed. 
This negative damping should be eas i ly  overcome by hydraulic mechaaism f r ic t ion ,  
o r  engine servo damping. However, u n t i l  the engine gimbal f r i c t i o n  and servo 

t ransfer  functions are fu l ly  evaluated, the problem should be kept a l ive.  If 

the problem did happen t o  manifest i t s e l f ,  the consequences could be qui te  

catastrophic. The first bending mode of the Saturn IB vehicle during S-IVB 
powered f l i g h t  i s  predicated upon the s t i f fness  of the escape tower t r u s o .  
Therefore, this truss would be one of the weak links i n  the system and might 
f racture  f i r s t .  

However, the solutions did show an i n s t ab i l i t y  of C/Cc = 0.0186. 

In  conclusion, Douglas plans t o  keep a watchful eye on the garden hose problem 
and make sure all of the proper garden hose terms are included i n  the engine 

body bending t ransfer  functions. 
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Appendix 1 (continued) 

x 
7 p, A; 7- 
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SLVJLAirf: 
Sk,ce t h e  S-SPd vehicle u t i l j z e s  an auxi l iary control system with a separate 

propellant, supply t o  mintair1 r o l l  control during powered f l i g h t ,  any ef fec t  

of  vehicle rlyrmnics on the consmption of t h i s  propellant supply should be 

thoroughly understood. 
of propel la i t  necessary t o  co1:nter t h ?  r o l l  moment generated by propellant 

sloshing. 
very 1i.qhtl.y dm'pcd during the  remainder, it was suggested tha t  t h i s  roll 
moment co-dii  be re la t ive ly  severe. 
indicate  the  propellent necessary t o  counter t h e  worst case w i l l  be 0.6 lb. 
Khen t h i s  E igne  is  compared t o  the  39 lb of fie1 a l l o t t e d  f o r  t he  suppres- 
sion of r o l l  moments o r  t h e  t o t a l  fue l  in each module of 8W lb ,  it cul be 

seen t h a t  the  e f f e c t  of t h i s  r o l l  moment i s  very s m a l l .  

with a 2 degree of freedom vehicle r ig id  body representation (pitch and yaw). 
Consequently, yaw character is t ics  a re  independent of those i n  pi tch and v ice  

versa. This study is presently continuing with r o l l  freedom, the  r o l l  auto- 
p i lo t ,  and Euler transformat ions included. 

-- 

The purpose of t h i s  study i s  t o  determine the  amount 

kinowing theh t h e  l iqu id  hydrogen i s  unstable ear ly  i n  f l i g h t  and 

The resul ts  of t h i s  preliminary analysis 

T h i s  study was made 

--- EXISTING ANKLOG SII4ULATION: 
Figure 1 shows t h e  model used and defines the parameters. 

motion of  t h i s  model are: 

The equations of 



A simplified autopilot  and engine loop were included in order t o  close t h e  

loop. The equation for t he  autopilot  is: 

Since commanded inputs a re  not being considered, equation (5) becomes 

The simplified engine loop may be best presented i n  block diagram form and is 
i l l u s t r a t ed  in sketch 1. 

Sketch 1 
Simplified Engine Loop Model 

Figure 2 shows the  block diagram which resu l t s  when the above equations are 
combined. Two of these block diagrams are used in the  analog simulation to  

represent t he  pi tch and yaw planes. 
i s  generated i s  found from figure 3 t o  be 

The equation by which the r o l l  moment 

It should be noted tha t  the  moment due t o  t h e  damping forces action the  walls 

of the tank has been assumed insignificant and therefore does not appear in 
equation (7). Preliminary runs using initial conditions of 1 and 1 O/sec on 
vehicle a t t i t ude  and vehicle r a t e  respectively and asswning no thrust  buildup 

indicated tha t  the maximum f u e l  consumption occurred Sn t h e  first 4 seconds o f  
f l i gh t .  

arat ion conditions was warranted. 

0 

Therefore, it was decided t h a t  a more r e a l i s t i c  simulation of t h e  sep- 
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Since t h e  slope of the  thrus t  curve is  very steep, it was f e l t  t h a t  t h e  t h r u s t  

as a func t ion  o f  t ix  could be a p p m a a t e d  by a s t ep  at  4 seconds ( the t ime 

a t  which tile actual t h rus t  i s  half of i t s  rnaxbum value). 

s iderat ion in the simulation of t h e  vehicle's condition at separation is  t h e  

i n i t i a l  posit ion of t h e  sloshing masses. 
sloshing masses i s  determined by t h e  moments applied t o  the  vehicle by t h e  sep- 

aration mechanism, but, since t h e  t r u e  nature of these moments i s  unknown, it 
was again necessary t o  resor t  t o  approximation. It was assumed t h a t  any com- 
bination of moments applied t o  t h e  vehicle p r io r  t o  separation which m u l d  re-  

sult i n  a given set of i n i t i a l  conditions would have the  same effect  on t h e  

sloshing masses. For t h i s  reason, a constant momentwas used t o  develop t h e  

various combinations of i n i t i d  conditions used. 

The other major con- 

The ini t ia l  posit ion and rate of t h e  

ANALOG RESULTS: 

Using t h e  following disturbances, a r o U  torque his tory ( f i p e  4 )  was 

obtained. 

Disturbances a t  t (separation) - 2 sec. 
Pitch a t t i t u d e  = o  
Paw I I  = +2O 

2 
= 1/2O/sec for 2 sec 

= -1/20/sec2 f o r  2 sec 
Pi tch acceleration 

Yaw I I  

These disturbances resul ted i n  the  following conditions a t  separation: 

Pitch a t t i t u d e  = lo 

Pitch rate = 1 deg/sec 
Yaw r a t e  = -1 deg/sec 

Yaw It = 10 

The resu l t ing  propellant consumption his tory i s  shown in f igure 5. This curve 

indicated t h a t  90 percent of t h e  propellants are used i n  t h e  first 10 seconds. 
Thus, t h e  t o t a l  amount used is  largely a function of t h e  i n i t i a l  disturbance 
encountered. 
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Section 9 

INTRODUCTION 

I: basic Saturn design requirement i s  the location of cer ta in  systems on the  

external surface of the vehicle. Th i s  i s  necessary i n  many cases fo r  S-M3 

application because the w a l l  of the S-IVB l iquid hydrogen tank including in- 

sulation i s  the skin of the vehicle. 
of external fa i r ings and s t i f feners  are  present t o  a f fec t  the aerodynamic 
flow f ie ld .  These a re  t o t a l l y  or pas t i a l ly  immersed within the thick tur-  
bulent boundary layer, including the external s t r ingers  which are small i n  
comparison t o  the boundary layer thickness. The flow f i e l d  caused by the 
protuberances within the boundary layer does not lend i t s e l f  t o  analysis, 

and the interactions between s t r ingers  and protuberances create a very 

complex situation. 
mine aerodynamic loads and heat flux ra tes  f o r  those cases i n  which these 

e f f ec t sc r i t i ca l ly  a f fec t  the design. 

A number of protuberances i n  the form 

It i s  necessary t o  perfom wind tunnel tests t o  deter- 

There are several e f fec ts  which must be the subject of a.n effective test pro- 

gram t o  ver i fy  vehicle design. These include: 

1. Protuberance Loads and Pressure 

The ef fec ts  of protuberances on vehicle drag and the resul t ing payload 
penalties w i l l  be determined, a lso loca l  s t ruc tura l  and s k i n  thickness re- 
quirements due t o  protuberance loads and induced pressures. 

2. Induced Flow Effects 

Regions of unsteady flow and resul t ing e f fec ts  w i l l  a lso be investigated. 
Wakes, separation regions, shock interactions, and unsteady pressure e f fec ts  
due t o  protuberances w i l l  be investigated. 



3. Heat Transfer 

Aerodynamic heating of protuberances and of regions affected by protuberances 

w i l l  be investigated. 

erances w i l l  be determined. 

Heat t ransfer  coefficients both on and around protub- 

4. Body Shape Effects 

Information regarding the effect  of geometric shape as it ir,fluences the flow 

f i e l d  surrounding the protuberances w i l l  be obtained. 

5 .  Protuberance Combination 

Infcmation on ef fec ts  of pmbuberances on each other w i l l  be obtained. 

ANALYTIC ANALYSIS 

Loads 

The theore t ica l  estimation of loads and pressures on protuberances i s  very 
complex. 
layer. 
e t e r s  m a y  be evaluated. The Saturn V dimensions assumed f o r  the boundary layer 
analysis are shown i n  figure 1. Three solutions were used t o  determine the  
boundary layer  thickness; two of which assumed incompressible flow, the other 
compressible flow. Figure 2 shows the resu l t s  fo r  both incompressible solutions 
as a function of  time f o r  the Saturn V design trajectory.  Figure 3 gives the 

boundary layer  thickness at Moo= 1.6 (approximate maximum dynamic pressure) 
which i s  the  c r i t i c a l  condition fo r  design l~ads .  The Van Driest  compressible 

solution does not vary great ly  from the  Van Driest incompressible solution 

The protuberances are immersed within the thick tu rbu len t  boundary 
The boundary layer must be determined before the various design param- 

The protuberance drag coefficients were estimated assuming tha t  the protuberances 
are  attached t o  an i n f i n i t e  f la t  plate.  The available l i t e r a tu re  w a s  used t o  

se lec t  the  par t icu lar  drag coefficient.  
small aspect r a t i o  wing theory i n  the  presence of the upwash flow of the body. 

All side load analysis assumed 10 degrees angle of attack. 
evaluated from the estimated presssure dis t r ibut ion.  

The side loads were estimated by  applying 

Normal loads were 



Tlie list: of proi~icier*mces, ?.heir location, geometry, and loads i s  being revised 

as soon as new infomiat ion becomes available I Significant changes i n  protuber- 

ances w e  no1 anLicipeted. 

Heat. Transfer 

The analysis of aerodynamic neating i n  the v i c in i ty  of protuberances i s  com- 
plicated by t h e  presence of the thick turbulent boundary layer.  
data shows that w i d e  var ia t ions i n  heat transfer coeff ic ients  are experienced 
and t h a t  s ignif icant  increases i n  the  heat input t o  a vehicle skin i n  the 

v i c in i ty  of a protuberance w i l l  cause loca l  hot spots. 
a method of theore t ica l  prediction of protuberance e f fec ts  on t h e  surrounding 
area would be very complex, and no known analyt ic  method is  available. 

computation of heating of the protuberance itself i s  complicated by the  var i -  
a t ion  of the  boundary layer  veloci ty  along the  height of the  protuberance. 
Present design procedure f o r  Saturn S-IVB application is t o  compute the boun- 
dary layer veloci ty  t h a t  would occur at a cer ta in  protuberance height and 
determine the  aerodynamic heat input at t h i s  height t o  the  shape involved. 
The v a l i d i t y  of t h in  boundary layer  heat transfer theories becomes very question- 
able i n  the  v i c i n i t y  of objects whose dimensions are l e s s  than the  boundary 
layer thickness. 

Available 

The formulation of 

The 

The external  stringers located on the  forward and af t  s k i r t  and aft  f lare  

sect ions have very s m a l l  dimensions i n  comparison with the boundary layer  

thickness. 
vehicle  skin is  therefore uncertain and present design pract ice  i s  t o  assume 
t h a t  t he  heat transfer coefficient i s  twice t h e  f la t  p la te  value i n  the  
v i c i n i t y  of t h e  leading edge of the  s t r ingers .  "he heating t o  the  aft f l a r e  
i s  enough t o  cause consideration t o  be given t o  some type of low temperature 
ablat ive coating. The minimum thermolag thickness tha t  could be attached t o  
the  aft skin is 0.02 inches. 

The a t t i t ude  control rocket f a i r ing  is  large enough t o  be only pa r t ly  within 
t h e  boundary layer.  The functioning of the antenna is influenced by heating 
thus, heat transfer coefficient; data  are desirable on t h i s  protuberance. 

The heat t ransfer  coefficient over a very large portion of t h e  

This would incur a weight penalty of 250 pounds. 



Wind Tunnel Test 

A wind tunnel t e s t  program i s  required t o  validate and adjust the resu l t s  of 

analytic analysis. 
affected by regions o f  complex f l o w  f o r  which no known analytic method is  
available. 
and the vehicle surface i n  the proximity of the protuberances, are  necessary. 

In  addition, the test program would supply data f o r  areas 

Both aerodynamic load and heat t ransfer  data, f o r  the protuberances 

The assumption is made that the wind tunnel f loor  simulates the Saturn vehicle, 
and tha t  the wind tml boundary layer simulates the  vehicle boundary layer. 

Fac i l i t y  

All f a c i l i t i e s  and equipment needed t o  conduct t h i s  program are  currently avail- 
able within the  Douglas Aircraft  Company, Missile and Space Systems Division. 
These include the  engineering f a c i l i t i e s  required f o r  design of the models, 

a model shop capable of fabricating and instrumenting t h e  models and support 
equipment, Is3M 1620 and 7090 computing f a c i l i t i e s  required fo r  data reduction 

and analysis, and the wind tunnel t e s t  f ac i l i t y .  

The Douglas Aerophysics Laboratory Trisonic Four-Foot Tunnel located at 
E l  Segundo, California i s  a blowdown-to-atmosphere f a c i l t i y  operating frcm 
a 525-psia storage reservoir w i t h  running times on the order of 70 t o  60 
seconds. Mach number range is  continuously variable from 0.2 t c  5.0. The 
four foot square t e s t  section provides fo r  the development tes t ing  of large 
models. 

A schematic of the design features of the tunnel i s  shown i n  figure 5. 
addition t o  the tunnel ikself ,  the f a c i l i t y  contains o r  has d i rec t ly  available, 
associated equipment. 
prctect ive and cooling shoe system used fo r  heat t ransfer  tests on s t ing  mounted 
models. 

tunnel center-line. 
into wells i n  the tunnel f loor  and ceiling. The shoes a l so  incorporate a 
l i qu id  nitrogen spray system s o  that  heat t ransfer  models can be cooled exter- 
na l ly  pr ior  t o  a run. In t h e i r  basic conf'iguration when extended, the  shoes 

In 

A unique feature of the tunnel i s  the  existing model 

This system consists of two half-shoes which enclose a model on the 

When data are  t o  be taken the shoes are  retracted quickly 
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enclose a volume consisting approximately_of a 40-degree included angle cone 

with a 1 5  inch diameter cylinder extending 7 inches from the cone base. 

The experience provided by the design and operation of t h i s  shoe system greatly 

enhances t h e  auccessf'ul development of the  proposed protective shoe system f o r  

f loor  mounted models. 

Due t o  problems associated with the cooling shoe ins ta l la t ion  i n  the supersonic 
test  section, it 9 s  proposed tha t  the transonic t e s t  section be used f o r  both 
transonic and supersonic tes t ing.  
section plenum chanber t o  house the cooling shoe i n  the retracted position. 
The personnel at the Laboratory have tes ted  the p i l o t  tunnel i n  a s i m i l a r  con- 

fiugration with excellent resul ts .  The use of t he  transonic t e s t  section would 

require only one model ins ta l la t ion  and allow a much easier  access t o  the model 

mounting f ixtures .  Ease of access t o  the model mountirg fixtures i s  necessary 
t o  f a c i l i t a t e  protuberance changes and yaw angle changes. 
of two (2) hours per model change can be realized by using the  transonic test  
section f o r  a l l  tes t ing.  Preliminary tes t ing will verify the des i r ab i l i t y  of 

t h i s  approach. 

"his would allow suff ic ient  room i n  the t e s t  

Approximately a saving 

Model 

The primary consideration for proper simulation is the relationship between 
the wind tunnel boundary layer and the vehicle boundary layer. 
wind tunnel boundary layer  w i l l  be u t i l i zed  t o  simulate the boundary layer  
o-fer the vehicle, the tunnel boundary layer  w i l l  determine the model scale,  

Figure 6 shows the t o t a l  boudary layer  thickness versus Mach number f o r  the 
&t s k i r t  of the missile and f o r  the wind tunnel test section. A 20 percent 
model would give good simulation at t h i s  point. Figure 7 compares the forward  

skirt boundary layer  t o t a l  thickness t o  the test section thickness. A 30 per- 
cent model gives good simulation i n  t h i s  region. 
wind tunnel boundary layer velocity prof i les  i s  shown i n  figure 8. 

- 

Since the 

A comparison of vehicle and 

A preliminary analysis indicates tha t  shock wave interact ion and tunnel block- 

age are not problems but a limited tunnel ver i f icat ion i s  desired t o  provide 
information on any problem tha t  m a y  exis t .  This preliminary check w i l l  have 



been performed for  t h e  auxi l iary propulsion system test. 

The protuberance models required f o r  force tes t ing  w i l l  be designed f o r  mnuntirq 

on a six component s t r a i n  gauge balance. Since it is not desirable t o  record 
pressure da ta  simultaneously with force data, separate runs f o r  the pressure 

data  w i l l  be required. 
data  can be obtained with a given model during different  runs. 

ances w i l l  be fabricated of aluminum o r  steel. 

w i l l  be measured on th in  walled models instrumented with thermocouples. 

w i l l  be electroformed shel ls .  It does not appear desirable t o  measure pressure 

data  on the  models simultaneously w i t h  the  heat t ransfer  da ta  as the model 
w a l l s  must be made thicker and the pressure tubes const i tute  h e a t  sinks. The 

protuberance modles u t i l i zed  t o  measure pressure data required f o r  t he  heat 

t r ans fe r  tests w i l l  be force models instrumented with pressure taps.  For 

de t a i l s  see fi,wes 9, 10 and 11. 

The same model will be modified so t h a t  both types of 
These protuber- 

Heating rates t o  protuberances 
These 

Test Technique 

The f loo r  mounted model w i l l  be cooled pr ior  t o  the  r u n  with a f i n e  m i s t  of 

l i qu id  nitorgen dispersed from the cooling shoe. When the model has reached 
the  desired temperature (approximately - 8 0 ' ~ )  the tunnel flow w i l l  be  i n i t i  ated. 
After the tunnel f l o w  i s  s tab i l ized  and the temperature of t h e  a i r  flow is  

e s sen t i a l ly  constant, the  cooling shoe w i l l  be re t racted in to  t h e  tunnel ceilinf:. 
Jus t  p r i o r  t o  the  retract ion of the  cooling shoe, the data recordir,g will be>-in. 
The da ta  acquisit ion w i l l  l a s t  for  approximately 10 semnds. When the data 
acquis i t ion i s  complete the tunnel w i l l  be shut dcwn. Pressure data runs  

w i l l  be conducted similarly except the cocling shoes w i l l  not be required. 
Heat t ransfer  data  w i l l  be acquired at Mach numbers from 2.0 t o  5.9. 

I n s t  rumentat ion 

The most accurate and r e l i ab le  method of determining heat t ransfer  coeff ic ients  
i s  with asymptotic calorimeters. These instruments have a rapid response t o  
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4 L- C o p p e r  Wire 

Asympt o t l  c Calorimeter 

The junction of the constantan f o i l  sensing disc  and t h e  copper heat sink forms 

a thermocouple. Another t'nermocouple ;unctic;n i s  formed between the constantan 
f o i l  and the  cmper vire attached t o  the center of 3he sensing surfaces. When 
a heat f lux i s  applied over the sensing surface, the  temperature of the con- 
s tantan f o i l  increases rapidly. The temperature of the  copper heat sink re- 

sponds very slowly t o  heat flux rates. Tne difference i n  the  temperature at 
the two junctions is ,  therefore,  a measure of the heat flux ra te .  The calor- 
imeter is calibrated wi th  a known heat sowce t o  obtain i t s  cal ibrat ion curve. 

Although radiant heat t ransfer  should be very  s m a l l  over the range of temper- 
atures encountered i n  the  proposed wind tunnel tes t ,  the  emissivity of the  

sensing surface i s  known and any corrections necessary will be made. The 

calorimeters w i l l  he cal ibrated over the test  temperature range. 
time of t he  calorimeters f o r  t h i s  application i s  0.3 seconds. 
times occur with higher heat f lux rates.) A thermocouple may be in s t a l l ed  n e a r  

the  surface of the copper heat sink t o  measure heat sink temperature. The heat 
t r ans fe r  coefficient i s  then determined. 

The response 
(Shorter response 

The recovery temperature is  determined by allowing the wind tunnel t o  run long 

enough t o  allow the  temperature of the  model (and calorimeter heat sinks) t o  
reach an equilibrium temperature. 



The l imitat ions fo r  use of the asymptotic calorimeters are the i r  comparatively 

large size, and the necessity t h a t  they have f la t  sensing discs. They would 
d i s to r t  curved model surfaces. 

For the protuberances, since t h e i r  s i z e  and shapes rule  out the use of asymptotic 

calorimeters, the best method currently proven f o r  determining heat transfer 

coefficients i s  making the measurements w i t h  a t h i n  she l l  model (0.030 inches 
thick) instrumented with thermocouples. The w a l l  i s  kept as th in  as possible 

and the  temperature  his tory of the w e l l  measured. 

i s  then determined. The l imitations of t h i s  method are conduction and radiation 
lomes,  and the  d i f f i cu l ty  of formiw n t h i n  she l l  t o  very close tolerances. 

The heat t ransfer  coefficient 

The forces and moments acting on the protuberances w i l l  be measured w i t h  a 

s t r a i n  gauge balance. The en t i re  protuberance w i l l  be supported from the 

balance. 
the protuberance and t he  p l a t e  md str ingers  will be required. 
it v i l l b e  neoessary t o  provide an interference c i r cu i t  that w i l l  indicate 

when any grounding occurs. 
provided for  protuberances tha t  are f lush mounted on the vehicle. 

a bleed and baffle system w i l l  be ut i l ized.  
t o  the force data. 
with pressure measurements. The protuberance induced load dis t r ibut ions on the  
p l a t e  simulating the  vehicle surfaces w i l l  a lso  be determined w i t h  pressure 

measurements . 

A clearance gap large enough t o  allow suff ic ient  clearance between 
I n  addition 

A special  sealing technique w i l l  have t o  be 

Probably 

The pr?ssure data can be applied 
Thebad dis t r ibut ion on the protuberances will be determined 

To measure fluctuating,pressures at select  locations a djfferent pressure 
measuring system w i l l  be ut i l ized.  This pressure measuring system will be 
capable of measuring the pressure variations up t o  a frequency of 100 cps. 

Items t o  be Tested 

The items t o  be tes ted  have been selected on the basis of t h e i r  importance 
t o  the  aerodynamic and thermodynamic design of the  S-NB. The aerodynamic 
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considerations a r e  loads on protuberances themselves and protuberance induced 
pressures on c r i t i c a l  skin areas. 
protuberance heating and protuberance Influenced skin heating. 

considerations it appears t o  be desirable t o  test the following. 
not include the force tes t ing  necessary t o  design the a t t i tude  control rocket 

The thermal enviroqent character is t ics  are 

From these 

(This does 

I afring. ) 

Force 

1. hydrogen feed l i n e  
2. retro-rocket fa i r ing  
3. hydrogen f i l l  l i n e  
4. S-I1 retro-rocket fairing 

5 .  e lec t r i ca l  tunnel 

Pressure Induced on Structure 

1. 

2. 

3. 

inters tage aft of a t t i tude  control rocket fa i r ing  
inters tage around S-I1 retro-rocket fairing 

area under a t t i tude  control rocket fa i r ing  and on underside of the 
f a i r ing  

Heat Transfer (both t o  and around protuberance) 

1. a t t i t ude  control rocket f a i r ing  
2. stringers on af t  flare 

3. 
4. antenna and pad 
5 .  retro-rocket fa i r ing  
6. hydrogen feed l i n e  
7. vent i la t ion  system fa i r ing  

Stringers on forward and aft s k i r t  

Experience has shown t ha t  where heat t ransfer  is  measured w i t h  thermocouples 
it is  desirable 

away from the thermocouple t o  minimize conduction losses. 
necessary t o  have separate pressure and heat t ransfer  models. 

t o  have the thinnest  possible skin and t o  keep heat sinks 
It is, therefore, 

Heat t r ans fe r  
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measurements on the p l a t e  simulating the missile skin w i l l  be m a d e  with 
calorimeters which may be paired with pressure taps. 

meters will be monitored with thermocouples. 
Areas between calor i -  

The number of models w i l l  be: 

Force: Plate  t o  mount force models and f ive  force models of protuberances 
l isted above. 

Pressure and heat t ransfer :  Plate  and plate-f lare  combination t o  which 
s t r inger  w i l l  be attached, instrumented with pressure taps,  calori-  
meters, and thermocouples and models f o r  both pressure and heat 
transfer of these protuberances: 

1. attitude control rocket fa i r ing  

2. antennaandpad 
3. retro-rodket fa i r ing  
4. hydrogen feed l i n e  

5. vent i la t ion system 
The same model w i l l  be used t o  measure forces and pressures, therefore, the 
t o t a l  number is: 

3 mounting p la tes  
8 pressure-force protuberance models 
5 t h in  walled heat t ransfer  models 

Program Organization 

Figure 12  is  the organization chart f o r  the general protuberance wind tunnel 

test  program. 
direct ion and management. In addition, t h i s  s w t i o n  w i l l  determine model 
design and t e s t  requirements. This information is  supplied t o  the Model Tes t  

Group. The Model T e s t  Group is  responsible f o r  coordination of model design 
and fdmicat ion as well  as wind tunnel scheduling and test  conduction. The 
Model Design Group i s  responsible f o r  satisfying the design requirements on 

all of the drawings which are subsequently delivered t o  the Model Shop f o r  
fabrication. 

The S-IVB Aeroballistics Section will provide program technical 

The Aerophysics Laboratory is  responsible fo r  t e s t  conduction and data 
gathering, The data w i l l  be analyzed by the Aeroballistics and Thermodynmics 
Sections. The Aeroballistics Section w i l l  be responsible fo r  preparation of  

the  f i n a l  report. 



Prowram Schedule 

The tentat ive schedule of the program, based on estimates of the Douglas Model 

Test Group and the Aerophysics Laboratory, i s  presented as figure 1-3. This 
schedule w i l l  be revised as be t t e r  estimates becoming available. 

is based on the assumption that authority to  proceed fo r  the  various phases 
w i l l  be available p r io r  t o  the dates shown i n  the schedule. 

The schedule 



E 
I 
E 
V 

.. 
w 

i 

7 
1 
T 5i 

i" 
zc'! 

FIGURE 1 



% %313WVMVd M3NW31Hl M 3 A V l  AMVONlloB 

9 8  a 0 ?- - - F -  
a 2 0 0 0 0 0  

"! 
0 

5 cu 
0 A ;? W 

0 0 
1 

0 N 

0 0 d d 7 s 

7 
\ 

I 

FIGURE 2 

125 



- 
\ 

N 

s 
J 

& c 

FIGURE 3 



LL 
w 
m 

I 

FIGURE 5 



COMPARISON OF FULL SCALE 
S-IVB AND DOUGLAS AEROPHY SICS LABORATORY-TRISONIC 

TUNNEL BOUNDARY 
LAYER THICKNESS 

MACH NO. 

FIGURE 6 

128 



COMPARISON OF F ULL SCALE S-IVB 
AND DAC AEROPHYSICS LABORATORY 

TRISONIC TUNNEL BOUNDARY LAYER THICKNESS 

16 

I4 

c 

v) 

0 

FORWARD SECTION 

BOUNDARY LAYER 

0 
0 1 2 3 4 5 

MACH NO. 

FIGURE 7 
129 



COMPARISON OF FULL SCALE 

TRlSONlC TUNNEL BOUNDARY 
LAYER PROFILES AT MACH 1.6 

S-IVB AND DOUGLAS AEROPHYSICS LABORATORY 

i 
I 

FULL-SCALE VEHICLE 
PROFILE AT STA 60 FT. 

I 
DAL TRlSONlC FOUR-FOOT 

a2 0.4 0.6 0.8 
VELOCITY RATIO u/u, 

0 

FIGURE 8 



0 
I 

’II 

. 

W a 
I- 
a 

r 

0 

0 

e 

t 

I- 
LL 

i 
a 

t; E 
3 

W 

z 

a 

i W 
I- 
U 
A 
L 

I 

_ #  - 

w 
b. 
L 
w aa 
& E  

‘1: 
FIGURE 9 



- - - - - I  

I 1: --+ 
I1 
IL 
/ 

/ 
0 

c .---- 

I 
I 

- 

' I  

c / 

\ 
' \  

\ 
\ 
I 
I 
I 

I 

ROURE 10 



a 

E a 

W c 
W 

0 
U 
0 

1\ l a  

w c 

FIGURE 11 

133 



W 

m > 

CI 

E 
w 
w 

c1 
L 
W 

P 

1 

c 

LL 
0 

FIGURE 12 
2-34 



z 
c 
U 
0 

I n a 

8 
n 

0 
B 
L 

c 

FIGURE 13 



APPENDIX I 

136 



s 
i 

m 
N 

~ 0. 
I 

c 
CI 
c m b 

cp 

W 
m P- 0, cu 

cc 
I W 

5" s 
= a  

-M I -  + & -  
Y 

0" 5 
LL 
v, u o  I 5 

> J ?  
0 4 9  . -  

CL' 
B I 

c* 
c cp I 
s (Y 

ILL! 2 t 

R 
I iii 

3 

c. s r 

c" 
I- 
O 
I- 
ll 

t- 

o 

II = 
W 

e 

E 
U 

v) 

ni N i d  f Icl T 

I- 
L 
0 
LL 
a 

Y 
-J LL 

0 w z z 
=, W 

b e  
I- - a  

m 

137 



E! B 
-l 

0 

N 

0 
I 

c1 

h 
rc h 

h t h 

h - h 

c9 cp 

2 d 
h x 

5 Y 
h' 

E 
m 
h 

h 
W 

h c( 91 r 3  

W 
I 

%I- 
h CI T ;'c1 

I T  

T Y 0 

3 c 
d 
d c 

L 
pr) 
m 

1 - L t  

w 
-1 

I- 
t 

n 

a 
0 

C W  

x 

L n  h 



Ln 
cu 
9 

rr) 
N 

I 

- 
8 8 a - 

= 
Q 8 .n 

rc) 

h 

h 

h 

K 

09 

N 

N 
Q: 

s 
9 

s 
Y 

r! F: 

1 

T 
2 ‘d f 

4: 
L 
z 
W 
I- 
L 
U 

a 
W 
p: 

139 



I 

m I 

140 



Section 10 

AUXILIARY PROPULSION SYSTEM FAIRING WIND TUNNEL TEST 

The Auxiliary Propulsion System (APS)  fa i r ing  is  a protuberance of the  S-IVB 

stage of the Saturn V vehicle and i s  used f o r  a t t i tude  control of the S-IVB 
after separation, f o r  separation th rus t  and f o r  propellant ullage control. 
This fairing covers the  propellant tanks, the rocket engines and the associated 

equipment. 
The re l a t ive  location and s i z e  of the APS, ins ta l led  on the  S-IVB, i s  i l l u s t r a t e d  

i n  figure 1. 
points are  located on the  forward ring. 
The space available f o r  the r ing limits the method of strengthening the  r ing  
t o  widening it instead of deepening it, which would be much more e f f ic ien t ,  
s t ructural ly .  
the ring. 
properly, the  reaction loads on the forward at tach points may be minimized. 
However, any design load established m u s t  be known very accurately. 
t i s m  i n  the load would cause unnecessary weight penalt ies.  

It i s  a closed module attached t o  the stage at four a t tach points. 

Figure 2 details the  attachment scheme. The two forward attach 
This ring absorbs the normal loading. 

Figure 3 premnts  the effect  of normal load upon the weight of 

The weight i s  very sensi t ive t o  the load. By shaping the  fairing 

Conserva- 

The location and r e l a t ive  s i ze  of the fairing results i n  the analytic statement 
of the aerodynamics being extremely complex. The boundary layer i n  that region 
is on the order of 10 t o  1 5  inches which envelopes a large portion of t h e  

fairing. 

and causes turbulent flow over the  af't portion of the fa i r ing .  
i n  cornbinatlon w i t 3  the three-dimensional character of the f lar f ie ld  around 

t he  fairing cause an accurate analyt ical  solution t o  be p rac t i ca l ly  impossible. 

The pressure rise i n  the  region of flare separates the boundary layer 
These e f fec ts  

As a result of these problems, the only feasible method of determining the  loads 
accurately is w i t h  proper simulation of the APS f a i r ing  environment i n  a wind 

tunnel. 
t o  establish wind tunnel conditions. 
and veloci ty  p ro f i l e  i s  presented i n  figure 4 and 5, respectively. 
shows the Reynolds number at t h i s  s t a t ion  as a function of Mach number. 

This approsoh requires a close estimation of the fu l l - sca le  environment 

The ful l -scale  boundary layer  thickness 

Figure 6 

I 

Since the normal load is c r i t i c a l  under the conditions described, an analytical 
invest igat ion of various shapes were conducted i n  an e f fo r t  t o  develop an 



optimum fa i r ing  shape. 

7( j ) .  
6 and 7 were an attempt t o  use the  flow t o  lower the nonncrl load by creating 

a lift on the  nom sect ion by p a r t i a l l y  stagnating the f l o w  beneath the nose. 
Emever, t h i s  region of stegnated f l o w  would create  problems i n  heat input t o  
the  hydrogen tank. 

gation. Coniiguratiom 8 through 10 were attempt8 t o  reduce the  loading by 
reducing frontal area and planfonr area. 
other  load lhltatlonar appeared i n  each configuration. 
eliminated configuration 5 due t o  the  compound curvature of the semi-ogive nose 
fairing. 

The configurations a re  presented i n  f igures  7(a) through 

Configurations The loads based on the  analysis are presented i n  table I. 

For this reason, they were eliminated from fur ther  invest i -  

I 6  6 h m  by t he  loads i n  table I, 
Manufacturing complexity 

The remaining configurations 1, 2, 3, and 4 are recommended as test configurations. 
Configuration 1 is  recommended since it i s  the  current design configuration. 

If it is ea t i s fac tory  i n  rea l i ty ,  t he  design changes could be eliminated. 

f igurat ions 2, 3, ana 4 are recommended as a r e su l t  of t he  preliminary loads 
analysis. 

(e). 
an optimum angle t h a t  would result i n  t h e  lowest reaction loads on the  forward ring. 

Con- 

These three  configurations are a spread of values of the nose inc l ine  angle 
These three values a re  expected t o  span the  range necessary t o  define 

A l l  f a c i l i t i e s  and equipment needed t o  conduct t h i s  program are  current ly  
available within the  Douglas Aircraft  Company, Missile and Space Systems Division. 
These include the engineering f a c i l i t i e s  required f o r  design of t he  models, 
modern model shops which are capable of fabr icat ing and instrumenting t h e  models 

and support equipment, DM 1620 and 7090 computing f a c i l i t i e s  required f o r  data 

reduction and analysis, and the wind tunnel t e s t  f a c i l i t y .  

The Douglas Aerophysics Laboratory Trisonic Four-Foot Tunnel located at E l  Segundo, 
California is  a blowdown-to-atmosphere f a c i l i t y  operating from a 525 p s i a  storage 
reservoir  w i t h  running times on the order of 30 t o  60 seconds. Mach number range 
is continuously var iable  from 0.2 t o  5.0. Tabulated below are several  of the  
per t inent  operational character is t ics .  



Mach Number 

R u n  Time 

Stagnation Pressure 

Stagnation Temperature 

Dynamic Pressure 

Reynolds Number 

Boundary Layer Thickness 

Pwnp-up Time 

Angle-of-Attack Range 

Storage Pressure 

Storage Volume 

Thermal Mass 

Variable from 0.2 t o  5.0 

30 t o  60 seconds 

20 t o  350 psia  depending on Mach Number 

60' t o  90°F at Mach 4.0 and below 

120' t o  X)O°F at Mach 4.5 and above 

1,200 t o  3,500 psf 
6 6 0.5 x 10 t o  2 x 10 per inch 

1.5 t o  4.5 inches 

10 t o  X) minutes 

-15' t o  25' w i t h  s t ra ight  s t ing  

525 psis 

26,250 cubic fee t  

60 tons of galvanized s t e e l  tubing 

A schematic of the  design features of the  tunnel is  shown i n  figure 8. 
addition t o  the tunnel i t s e l f ,  the f a c i l i t y  contains o r  has d i rec t ly  

the  following associated equipment: 

In 
available 

a) A shadowgraph system capable of producing shadowgraphs at 2 
second intervaJ.s. 

A 16-channel d i g i t a l  system capable of recording data every 
0.6 second on IBM punch cards. 

A pressure scanner which uses 16 pressure transducers and 

switches 10 pressures t o  each transducer enabling up t o  160 

pressures t o  be sensed every 8 seconds. 
A Benson-Lehner Electroplotter with a speed of approximately 

1200 points per hour f o r  as-run and summary plots.  

An auxiliary air supply system. 

A I 2  channel Direct Writing Recortler with up t o  8 100 CPS response. 

b) 

c )  

d) 

e) 
f )  

The en t i r e  model assembly will be mounted on the  f loor  of the tunnel t o  simulate 
the  surface of t he  S-IVB locally.  As Shawn i n  figure 9 the model will incorp- 

orate simulation of the  aft interstage flare which Xi11 establish the boundary 

layer effects at subsonic speeds and boundary layer shock-interaction at super- 
soMa ~peeds. 



A preliminary analysis indicate6 t h a t  shock wave in te rac t ion  and tunnel blockage 

a r e  not prob1ems;but a l imited tunnel ver i f ica t ion  i s  desired t o  provide infoma- 

t i o n  r e l a t i v e  t o  the  tunnel f la r  and the  model. 

J 

The primary consideration f o r  proper simulation is the  re lat ionship between the 

wind tunnel  boundary l aye r  and the  vehicle boundary layer, 

boundary 1e;yer w i l l  be u t i l i z e d  t o  simulate the  boundary l ayer  over the  vehicle 

t h e  tunnel  boundary layer  w i l l  determine the model scale.  Figure 4 shows both 

wind tunnel and vehicle boundary layer  thickness as a function of Mach number. 

It can be readi ly  seen that  the wind tunnel boundary layer i s  20 percent of the  

vehic le  boundary layer ,  A comparison of vehicle and wind tunnel boundary layer 
p r o f i l e s  i s  shown i n  f igure  5. At supersonic ve loc i t i e s  t he  tunnel and vehicle 

boundary l aye r  ve loc i ty  p r o f i l e s  are assumed t o  follow t h e  turbulent power-law 

p r o f i l e s  of the  form 

Since the wind tunnel 
’ 

where n increases *om 6.8 at lower Mach numbers t o  8.0 at higher Mach nurmbers 

for  t h e  tunnel and where n l a  7.0 f o r  t he  vehicle. 

t r i p  may be used t o  create  a l a rge r  boundary 1.ayer. 

33’ required, .a boundary layer 

The model w i l l  only be t e s t e d  at zero angle of a t tack  and up t o  10 degrees i n  

yaw. 
summary is  presented i n  table 11. 

The Mach numbers t e s t ed  w i l l  include 0.80, 1.2, 1.6 and 2,O. A t e s t  run 

Since pressure da ta  are required f o r  the  vehicle ourface a dummy tunnel f l o o r  

w i l l  be required. 

and provide attachment f i t t i n g  f o r  the s t r ingers .  

would a lso  have provisions f o r  varylng the  angle of yaw. 

is required t o  simulate the in te rs tage  section ( f o r  de ta i l s ,  see figure 9). 
The APS fairing w i l l  be designed f o r  mounting on a six component strain gauge 

balance, 

This f la t  p l a t e  w0ul.d house pressure Instrumentation pick-ups 

m e  d m y  f l o o r  o r  p l a t e ‘  

An addi t ional  p l a t e  

Since it is  not desirable’ to  record pressure data simultaneously with 



force data due t o  the interference problems cmd since dis t r ibuted loads on the  

fa i r ing  w i l l  be provided by subsequent tests pressures w i l l  be measured on the 

p l a t e  only. The three-dimensional e f fec ts  result ing from the  f i n i t e  radius of 
the surface adjacent t o  the fa i r ing  and f l a r e  immediately behind the f a i r i n g  

are expected t o  be small. The data produced by t h i s  t e s t  w i l l  be d i rec t ly  
applicable t o  the full scale vehicle. Only i n  thc high Mach number range, above 

3.0, w i l l  there be any problem i n  simulation; and t h i s  discrepancy w i l l  be 

s m a l l .  

Aerodynamic forces and moments on the  APS fa i r ing  w i l l  be measured w i t h  a 
s ix  component balance and the data reduced t o  coefficient form. To establish 
the loads at the  attachment points, the normal force, the axial force, the  
s ide force and the center of pressure must be established. The reference radius 

used f o r  reduction of the force data w i l l  be the base radius 'of a Saturn V of 
the  appropriate scale. In the case of the 20 percent model t h i s  radius would 
be 39.6 inches. 

Around the  APS f a i r ing  pressures are measured on the p l a t e  t o  es tabl ish the 
e f fec t  of the f a l r ing  on the loca l  flow f ie ld .  

presented i n  figure 9. 
probes as i s  i l l u s t r a t ed  i n  figure 9. The pressures measured beneath and 
behind the  f a i r ing  will enable the assignment of the changes i n  loads t o  the 

proper cause. They aid the  evaluation of the flow sealing,or blocking, d i rec t ly  

below the  nose fairing. This blocking i s  an attempt t o  eliminate large areas 

of stagnated flow t o  avoid heat influx t o  the cryogenic propellants. 

The locations of the taps are 
Pressures i n  the  base region w i l l  be measured with 

The preliminary test, t o  determine if  blockage problems ex i s t  and the s ize  and 
qual i ty  of boundary layer  on the  tunnel f loor,  i s  t o  be conducted previous t o  
any firm decision of s c d e .  The larger  the model the more severe w i l l  be the 
blockage problem. 
t o  simulate f'ull-scale effects .  The effectiveness of tr ipping the boundary layer  
and varying Reynolds number t o  produce controlled thickness w i l l  a lso be studied. 
The boundary layer  w i l l  be measured by one probe located on the p l a t e  as shown i n  
f igure 9. 

The smaller the  boundary layer  the smaller the scale must be 

The Soundary layer  tr lp is also i l l u s t r a t ed  i n  9. 

3.45 



TABU I 

COKFIGURATION 

ATllITUDE CONTROL SYSTEM FAIRING CONFIGURATION 
LOAD COMPARISON 

AXIAL FORCE 
(POUNDS) 

SIDE FORCE 
(POUNDS) 

1 

2 

3 
4 
5 
6 

7 
8 

9 
10 

6,800 

7,050 
6,350 
6,200 

4,250 
5,650 
6,950 

10,700 

6,100 

7,650 

7,300 
8,400 

8, OOo 

7,700 
7,800 
8,500 
7,500 
8,400 

16, ooo 
7,100 

NORMAL FORCE 
(POUNDS) 

7,780 
3,550 
6,000 

7,150 
4,000 

7,100 

7,450 
14,000 

4, 500 

5,860 



TABLE 11 

TUNNEL TIME BREAKDOWN 

Configurations - 4 
Test Mach Nmbers - 0.80, 1.2, 1.6, 2.0, 3.0 
Yaw Angles - 0, 5, 10' 
Fifteen (15) Runs per Configuration (5 Maoh Numbers, 3 Angles) 

Ten (10) Boundary Layers Runs f o r  Two Configurations, 0' Angle of Yaw 
Total Number of Runs - 70 Runs = ( 4  Configurations x 15 Runs/Configuration + 

10 Boundary Layer Runs) 
Available Testing Time - 40  Hours 
Ins ta l la t ion  Time - 8 Hours 
Useful Testing Time - 32 Hours 
Average Runs Per  Hour - 2 1/2 

Available Runs - 80 
Runs Alloted fo r  Data Repeatibility and Further Boundary Layer Studies - 10 Runs = 

(80 Availehle Runs - 70 Total Scheduled Runs) 
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HYDROGEN 7 
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COMPARISON OF F U L L - S C A L E  S-IVB AND ~~~ ~ DOUGLAS ~ AEROPHYSIC LABORATORY 

FIGURE 4 



COMPARISON OF FULL-SCALE S-IVB AND DOUGLAS AEROPHYSICS LABORATORY ~ ~- 

FOUR=FOOT TUNNEL BOUNDARY 
LAYER PROFILES AT MACH - 1.6 
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Section 11 

SATURN-IB PROPELUWT RESERVE mQUIREMENT FOR 
A 105 NAUTICAL ~ r n  CIRCULAR omrr MISSION 

A study has been conducted t o  determine the  propellant reserves required f o r  

t h e  Saturn-IB vehicle, assuming a 72 degree launch azimuth from AMR t o  a lo5 
naut ical  m i l e  circular orbi t .  The analysis was performed by s t a t i s t i c a l l y  
analyzing the magnitudes of th ree  sigma variat ions of the  nominal Saturn-IB 

stage and engine parameters and t h e i r  e f fec t  on propellant requirements. 
Saturn-IB consists of the S-IB as the boost stage, the S-IVB as the second 

stage, and t h e  payload. 

The 

The m a h u m  weight i n  orb i t  was determined f o r  the Saturn-IB, assuming nominal 
weight and performance character is t ics .  Included i n  the  gross weight i n  o rb i t  

i s  the  payload, S-IVB structure,  guidance equipment, and 2,973 pounds of contin- 
gency. Three sigma perturbations of the nominal character is t ics  were independ- 
en t ly  applied t o  determine t h e i r  e f fec t  on propellant required t o  achleve o r b i t  

conditions. 

The S-M3 stage i s  designed such that  the guidance commands engine shutdow! 
>men velocity, a l t i tude,  and f l i g h t  path direction, corresponding t o  the  

desired orb i t ,  are achieved. This command occurs only i f  there is sufficient,  
propellant available t o  reach these conditions. For a nominal vehicle, a small 

percentage of the  propellant (reserves) i s  not used at engine shutdown. It is  

recognized, however, t h a t  on asly actual  vehicle the  performance parameters w i l l  

differ from t h e i r  nominal values. 
i n  t he  quant i ty  of propellant required t o  achieve a set of shutdown t ra jec tory  
conditions. It i s  possible f o r  these var ia t ions t o  be of suff ic ient  magnitude 

t o  cause propellant depletion before the  required o r b i t a l  conditions are reached. 

If the vehicle is required t o  achieve near maximum performance, such t h a t  the 

nominal propellant required approaches the  amount of propellant loaded f o r  com- 
bustion, the poss ib i l i t y  of command shutdown not occurring becomes a s ignif icant  
design consideration. 
nominal values occur randomly, therefore,  the amount of propellant required t o  

These parameter deviations produce variations 

Deviations of the performance parameters about t h e i r  
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achieve the mission must be s t a t i s t i c a l l y  analyzed. 
applied t o  both stages t o  determine the S-IVB propellant reserve requirement;. 

The equations used were developed by a s t a t i s t i c a l  analysis of propellant u t i l i -  
zation required ( r a t i o  of propellant weight required t o  propellant weight loaded. ) 
The stage and engine three sigma deviations and t h e i r  magnitudes affecting pro- 
pellant reserves required are  shown in  table  I. 

from past experience and manufacturing tolerances and are believed t o  be reasonable 

estimates. 

Such an analysis has been 

The values shown w e  derived 

167 



The necessary condition f o r  command shutdown t o  occur is: 

where 

Wp = Propellant available fo r  combustion 

Wp = Propellant required t o  achieve vehicle 
a 

r shutdown conditions 

"he incremental propellant reserve required is defined: 

- wP ) mP r = ("load used 

The propellant reserve required, is given by the following three sigma 
expression: 



where 

NP r 

U 

F1 

I 
sP1 

wpl 
D 
P.U., 

&a 

a 

EQl 

1 Ep 

F2 
I 
“P2 

w% 

wp2 
E.M.R. 

P.U., 
2 

Propellant Reserves Required 

Standard Deviation 
s-IB Thrust 

S-IB Specific Impulse 

S-IB Stage Weight 

S- IB Propellant Loaded 

Total  Vehicle Drag 
S- IB 

S- E3 

S-  IB 

S- IB 

S- IB 

Propellant Uti l izat ion Residual 

Pi tch Program Error 

Yaw G y r o  Drift 

Pitch G y r o  D r i f t  

Roll G y r o  D r i f t  

s-IVB Thrust 

S-IVB Specific Impulse 

S-IVB Stage Weight 

S- NB Propellant Loaded 

S-IVB Engine Mixture Ratio 
S-IVB Propellant Util ization Residual 

All  the quantit ies are expressed i n  percent of the nominal value. 

Table I1 presents the change i n  propellant required fo r  each three sigma 
var ia t ion of t h e  stage and engine parameters, and the percentage of the nominal 
propellant burned. 
deviation of propellant reserves required. 
percent, which is equivalent t o  1,964 pounds of propellant reserves required. 
The value of propellant reserves required is within t h a t  available (2,973 pounds 
of contingency) f o r  the nominal vehicle orb i t  weight, 

Obtaining the root-sum-square determinesthe three sigma 
The three sigma deviation i s  0 . 9 0  



TABLE I 

ERROR SOURCES AFFECITmG S-IYB PROPELLANT KESERVES FJ3QUIRED 

THREE STP;NDARD DEVIATION 

S-IB Stage 

Thrust, Fl 
Specific Impulse, I 
Stage Weight, WE 
Propellant Loadeh Weight, Wp 0.55 
Vehicle Drag, D 
Propellant Ut i l iza t ion  Residual, P.U. 

l.?$/Engine . , . . 0.53% 

2.5k 

10. oQ 

s*l 

1 

5,000 lbs .  
1 

Pi tch  Program Error, Ql 

Yaw Gyro Drif t ,  E 

Pitch Gyro D r i f t ,  

Roll Gyro D r i f t ,  Ep 

RI 

1 

S-IVB Stage 

Thrust, F2 

Specific Impulse, 1 
sp2 

Stage Weight, W 
E2 

Propellant baded Weight, I$ 
2 

Engine MMure Ratio, E.M.R. (5.0:l) 
Propellant Utilization Residual, P. U. 

r2 

2.&/Engine . , . . 0.7065 

3.0% 
15O/hr. 

2.5% 

0.5% 

2.0% 
0.25% 
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'EFFECTS ON PROPEUANT FLESERW I Z E & U m D  

SOURCE (x) 

S I B  STAGE 

Thrust 

Specific lhpulse 

219 lb/3";2. 

298 lb/3uX 

Stage Weight 250 lb/3ux 

Propellant Ioaded Weight 125 lb/30x 

Vehicle Drag 295 lb/3ux 

Propellant Utilization Residual 722 1b/3ox ~w 

Pitch Program Bror 48 l b h X  

Yaw Gyro Drift 18 lb/3ax 

Pitch G y r o  Drift  

Roll Gyro Drift 

S-IVB STAGE 

Thrust 

Specific &pulse 

36 lb/% X 

18 lb/3ux 

Stage Weight 539 lb/3ux 

Propellant Loaded Weight 

Engine Mixture Ratio 336 lb/3ux 

Propellant Utilization 545 lb/3ax 

1093 lb/3a X 9'- 

Residual 

<%> (PERTURBED EFFECT 1 
W 
'nomina 

(%I 

0.10038% 

0.13659% 

O.lU59% 

0.05729% 

00135P% 

0.33093% 

0.02200% 

O.OOSZI$ 

0.01650% 

0.00825% 

0.29793%' 

0.38685% 

0.24705% 

0.50099% 

0.15401% 

0.24981% 

3a AWp - 0.900% = 1964 pounds of propellant 
r resemre required 



Section I2 

VENT CYCLE PERTURBATIONS TO EARTH WAITING O R B I T  FOR APOLLO MISSION 

SUMMARY 

The e r ro r  i n  the  100 nautical  mile w a i t i n g  o rb i t  which gives maximum t rans-  

lunar t r a j ec to ry  e r rors  are 9.1 ft/second i n  velocity, 1.2 n.mi. i n  
a l t i tude ,  and -0.04 degrees i n  f l i g h t  path angle. 
a 1,825 naut ical  m i l e  closest  approach t o  the moon f o r  a nominal 100 

naut ical  m i l e  c losest  approach transfer traJectory.  
approach is  t o  be corrected +.a 100 nautical  m i l e s ,  at l ea s t  one m i d -  

course veloci ty  correction w i l l  be required. If the venting pertur- 

bations are not known o r  are not relayed t o  the guidance computer, 
34.4 ft/sec. of veloci ty  w i l l  be required f o r  the  correction. But, 
since most of the  perturbations t o  the  w a i t i n g  o rb i t  w i l l  be  known, and 

i f  they are relayed t o  the  guidance computer, t h e  maximum corrective 

veloci ty  is  of t h e  order of 4 f t /sec.  

These w i l l  result i n  

If the closest  

.I 

It i s  possible t o  have no change i n  the waiting orb i t  velocity,  a l t i tude ,  

and f l i g h t  path angle i f  venting occurs perpendicular t o  the  ark'!: plane. 
This can change the incl inat ion C.05 degree and w i l l  require no m i d -  

course correction due t o  venting. The maximum auxiliary propellant re- 

quired t o  or ien ta te  t h e  vehicle i s  of the  order of 100 pounds. If t h e  

Apollo vehicle i s  yawed on ly  twice (entrance and ex i t  from t h e  w a i t i n g  

o rb i t ) ,  20 pounds of auxi l iary propellant would be required. But, since 
land sightings and star f ixes  are required, t h i s  constant a t t i tude  may 
not be feasible. 

1 0 INTRODUCTION 

The basic  lunar mission f o r  the  Apollo Saturn V configuration w i l l .  u t i l i z e  
a preliminary low a l t i tude  e a r t h  waiting o rb i t  p r io r  to inject ion onto the  

translunar t ra jectory.  
c i rcu lar  at 100 naut ical  miles, offering a reasonable compromise between 

A t  present, the  w a i t i n g  o rb i t  has  been fixed as 
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payload considerations (which indicate :he use of t h e  lowest possible o rb i t )  
and o rb i t  perturbations resulti.ng from atmospheric drag. 
three complete orbi ts ,  o r  approximately 4.5 hours, is  presently conceived. 

A wai t ing  period of 

P a r t i a l  burning of the  S-M3 stage propellants w i l l  place t h i s  stage and i t s  

Apollo-LEM payload in to  che circular  parking orb i t .  
t he  S-IVB stage w i l l  experience external aerodynamic heating, and also,  while 

in the w a i t i n g  orbi t ,  the  stage will be heated by radiation from the earth-sun 
heat sources. Because the resulzing pressure wi-t;hin the fue l  tank w i l l  exceed 

the design load l imitations,  it w i l l  be necessary t o  re l ieve t.he tanks at 
several  times during the  waiting orbi ts .  
t o  t h e  circular o rb i t  veloci ty  and possible errors  i n  t h e  translunar t ransfer  

t ra jectory.  
veloci ty  vector. 
i n  the guidance computer, no errnr i n  the  t ra jec tory  will result due t o  venting. 

A t  the  present, the acceleration l eve l  (0,001 g) associated with the venting 
veloci ty  i s  too small t o  be determined by the  present guidance system. 

an ephemeris i s  continuously computed and i s  relayed t o  the computer, no t ra jec tory  
e r ro r  w i l l  r esu l t  due t o  venting. Currently, the  astronauts i n  the  Apollo vehicle 
will take two observations per orb i t ;  consequently, many of the venting pertur- 
bations w i l l  be known. 

During the boost ex i t ,  

This w i l l .  r esu l t  i n  velocity additions 

The errors i n  t he  transfer t ra jec tory  result i n  not knowing the vent 
If the  veloci ty  addition is  known and results i n  a correction 

But if 

It i s  the purpose of t h i s  study t o  determine the effects upon the translunar 
t ransfer  t ra jec tory  due t o  venting i n  the waiting orb i t .  
serving the  closest  approach o f t h e  Apollo vehicle. 
study i s  an investigation in to  the mid-course correction required fo r  a 100 

naut ical  mile c losest  approach. 

This resu l t s  i n  ob- 

Also considered i n  t h i s  

2.0 DISCUSSION 

2.1 Fuel Tank Venting 

The amount of f i e 1  vented overboard i n  order t o  reduce the pressure within 
the  fuel tank i s  dependent not only upon the therm& load transferred t o  the 
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fuel but a lso  upon the u t i l i za t ion  of the bulk heat capacity of l iquid hydrogen. 

For t h i s  study the  vehicle 's  longitudinal axis w a s  assumed t o  be pa ra l l e l  t o  
the veloci ty  vector during the  orbi t .  

812,000 BTU. 
upon the leve l  of agitation of the l iquid hydrogen within the  fue l  tank. 
rockets producing approximately 0.001 g w i l l  be used t o  s e t t l e  the propellants 
p r io r  t o  each pressure r e l i e f  venting cycle. 

l eve l  of agi ta t ion throughout the venting cycle (because of lack of information 
regarding propellant behavior i n  a zero g environment) resu l t s  i n  u t i l i za t ion  
of heat somewhere between complete agi ta t ion and complete stagnation. 
purpose of t h i s  analysis, the e f fec ts  of both the complete stagnation and the 
t o t a l  agi ta t ion cases w i l l  be investigated. 

This resulted i n  a thermal load of 

The bulk heat capacity of t h i s  f l u i d  medium is i n  turn dependent 
Ullage 

? 
I 

However, the uncertainty of the 

For the 

I n  order t o  realize a performance u t i l i za t ion  from the vented propellant the 

venting or i f ices  are designed t o  give a t o t a l  average thrust  of 220 pounds 
( for  the vent relief valve pressure) oriented i n  the pi tch plane p a r d l e l  t o  the \ 
vehicle longitudinal axis. 
a re  necessary t o  assure a reasonable leve l  of propellant s e t t l i ng  during the 
venting process. 

The accelerations produced by the venting nozzles 

Uti l iz ing the heat input of approximately 812,000 BTU and a vent pressure cycle 
of 31-23 psia, indicates that 3 vents w i l l  be necessary f o r  the case of complete 
agi ta t ion within the f u e l  tank, and 15 vents w i l l  be necessary t o  maintain the 

sane pressure cycle when complete stagnation of i s  assumed. The pro- 
p e l l m t  lpsses due t o  venting are approximately fo r  the former case, - - 

5 ktJJ\,kW tcu? 
and 3,808 i n  the latter case. The 

@--+I '. cycles is 3 minutes at a frequency 
duration f o r  the 15-vent .cycles is 

2.2 Orbit Perturbations 

average vent duration fo r  the three-vent 
of approximately 88 minutes, 
6 t r  

0 .  

2 , ' ~  nf  a minute at  a 

Although somewhat unrea l i s t ic  because the pressure within the f'uel tanks is  
dropping during the vent cycle, producing a varying thrus t  history throughout 
the  cycle, an average thrust  of 110 pounds f o r  each of the  venting nozzles was 



assumed and veloci ty  increases due t o  venting computed on an impulse basis. 

The velocity increase a f t e r  each of the three vents is  approximately 4.81 
f ee t  per second and 1.1 fee t  per second after each of the 15 vents. A 30 
second period of ullage fo r  propellant s e t t l i n g  p r io r  t o  each vent provides 
an additional impulsive velocity of approximately 1 . l ' f e e t  per second, The 
t o t a l  impulsive ve*e.y gain a f t e r  each of the three vents i s  approximately 

5.91 fee t  per second and 2. 

s +- 
Y,, i i:) t!o 

f ee t  per second after each of the 1 5  vents. 
R $t 4 4 I 

-2 

A two-body analysis was made t o  determine the o rb i t a l  elements result ing from 
the  venting cycle perturbations. 
was assumed: 

For t h i s  purpose, the following mission prof i le  

a. S-IC, S-11, and S-NB t o  boost approximately 282,000 pounds 

in to  a 100 nautical  mile parking orb i t  

b. S-IVB, ApoUo, and LEM remain i n  waiting orb i t  fo r  a period 

of 4.5 hours (3 orb i t  passes) 

C. S-IVB reignited t o  in jec t  Apollo and LEX onto 72 hour cis-  

lunar t ra jectory w i t h  a 100 nautical  mile closest approach 
a l t i t ude  at the moon. 

The o rb i t  p r io r  t o  the venting perturbations was assumed t o  be circular  a t  
100 nautical  miles. The effects  of the veloci ty  additions at t r ibuted t o  each 

venting cycle were investigated i n  f ive  vehicle orientations. 
assumed a vehicle orientation tangential  t o  the,!&rface of 'the earth, one i n  the 
d i rec t ion  cn? 
motion. 
the  cent ra l  force f i e l d  t o  the vehicle, one producing veloci t ies  outward from the 
center and the other toward the center of at t ract ion.  A f i f t h  consideration was  

given t o  the vehicle oriented normal t o  the  orb i t  plane of motion. 

The first two 

t h e  vehicle motion, and the other i n  apposition t o  the vehicle 
Two additional cases oriented the vehicle along the radius vector from 

The var ia t ions Prom the nominal 100 nautical  m i l e  c i rcular  orb i t  parameters are  
presented i n  figures 1 through 4 as changes i n  the  semi-major axies, h, changes 
i n  apogee al t i tudes,  Aha, and eccentricity,  e, of the perturbed orbi t .  



Changes i n  the  i n i t i a l  conditions of alt i tude,  velocity, and f l i g h t  path angle 

a t  i n i t i a t i o n  of the  next venting cycle are presented i n  tables I through I11 
as var ia t ion above (+) and below (-) the  nominal 100 nautical  mile c i rcu lar  

o rb i t  conditions. 

The change i n  the elements of the waiting orb i t  w i l l  probably be known up t o  
a cer ta in  number of vents. This will then decrease the e r ror  i n  the unknown 

velocity, f l i gh t  path angle,and el t i tude.  
o rb i t  inclination at those launch dates when the lunar orb i t  inclination is  
less than 28.5 degrees by venting normal t o  the parking orb i t  plane. 
vehicle i s  yawed so that it is peqendicular t o  the plane at entrance in to  the 
waiting o rb i t  and yawed back at ex i t  from the orbi t ,  no midcourse velocity 
correction w i l l  be required due t o  venting. 
f o r  the yaw maneuver is 20 pounds fo r  the 3 and 1 5  vent cycles. 
obvious tha t  t h i s  method of reducing the effect  of the venting perturbation i s  
near optimum. 
many more maneuvers t o  accomplish navigation operations. 
t o  the vehicle may be near maximum i n  the position. 

It is possible t o  reduce the parking 

If the 

The amount of propellant required 
It is  not 

Keeping the vehicle perpendicualr t o  the waiting orb i t  may require 
Also, t h e  heat input 

2.3 Ermrs i n  Injection Parameters on Translunar Trajectory 

To be able t o  determine the e f fec t  upon the translunar t ra jec tory  due t o  venting, 

a nominal t ra jectorymust  be generated. 
dimensional, 72 hour cislunar t ra jec tory  w i t h  a closest  approach distance a t  the 

moon of 100 nautical  miles w a s  generated For a launch on January 12, 1967, at; 
18.11 GMT. 

For t h i s  purpose a nominal, three- 

This resulted i n  the  following inject ion parameters: 

Velocity 35,981.94 f t /sec.  

Altitude 600,000.0 f t  . 
Flight Path Angle 7.98772 deg. 
Azimuth 118.3 deg. 
Latitude -5.7 derz. 

Longitude 169.7 deg. E 



Perturbation t ra jec tor ies  at the injectiun point using the parameters definin;. 

the  i n i t i a l  inject ion conditions were generated t o  indicate the i r  e f fec ts  upon 

the  distance of closest  approach a t  the moon. The perturbative e f fec ts  of errors 
i n  the  parameters upon the a l t i tude  of closest approach a t  the moon are presented 

i n  figures 5 through 11. 
100 nautical  miles from t h e  surface of the moon instead of the e f fec t  of distance 

It may be bes t  t o  determine the e f fec ts  of velocity a t  

i tself ,  since maneuvers near the moon will depend mainly upon the velocity.  

Although the Apollo vehicle w i l l  make up t o  three midcourse correLtions on the 

translunar t ra jectory,  t h j  ::: study considered only one correction. A 

time of 2 hours a f t e r  inJection w&s chosen t o  apply the midcourse correction 
i n  order t o  place the vehicle on a t ra jectory with a closest  approach a l t i tude  
at the  moon of 100 nautical  miles. 
parameters at  2 hours a f t e r  injection on the nominal t ra jectory were investi-  

gated t o  yield t h e i r  p a r t i a l  e f fec ts  on errors i n  closest approach a l t i tude .  
The propagation of errors from the  dpmnical and posit ion parameter pertur- 

bations at inject ion were determined f o r  the 2 hour point on the perturbed 

t ra jec tor ies .  
su l t ing  from perturbations i n  the inject ion parameters were determined from the  

t r a j ec to r i e s  u t i l i zed  t o  generate the errors  i n  lunar a l t i tude  due t o  the 
individual inject ion errors.  
not the t o t a l  e r ror  from a circular  waiting orb i t .  

Perturbations t o  the dynamical and position 

The perturbations from the nominal conditions a t  2 hours re- 

These inject ion errors  are the unknown errors  and 

The par t ia l  e f fec t  of an error  i n  velocity on the nominal t ra jec tory  at 2 hours 
was used with the t o t a l  e r ror  i n  a l t i tude  result ing from the e r ror  i n  an in -  
ject ion parameter t o  determine an approximate correction (colinear t o  t h e  

veloci ty  vector) t o  the velocity a t  the 2 hour point on the perturbed t ra jectory.  
A hunting procedure in te rna l  t o  the 3-D t ra jectory program w a s  used t o  determine 
the actual  velocity correction (colinear) required fo r  a closest  approach alti- 

tude of 100 nautical  miles at t h e  moon. 

The e f fec t  of changing the f l i g h t  path angle at 2 hours a f t e r  injection t o  
correct perturbations from the nominal t ra jectory at  the 2 hour pcint result ing 
from er rors  i n  the various injection parameters was investigated for  purposes 
of comparison with the midcourse colinear velocity corrections. The magnitude 
of t he  perturbed velocity at 2 hours was  not changed while a change i n  the 



f l i g h t  path angle only w a s  effected by the  veloci ty  change. 
a saving i n  veloci ty  occurred f o r  colinear veloci ty  additions. 
of perturbations i n  in jec t ion  conditions, an e r ro r  i n  the a r r iva l  time at  the  

closest  approach point t o  the  moon will be experienced. 

a t ions i n  the  closest  approach a l t i t ude  due t o  in jec t ion  parameter errors  

can be eliminated with veloci ty  corrections i n  the  plane of motion at some 
midcourse point, some er rors  w i l l  s t i l l  ex is t  i n  t h e  time of a r r iva l .  

It w a s  found t h a t  
As a re su l t  

Although the var i -  

.O RESULTS 

If 
there  i s  no knowledge of the waiting o rb i t  errors .  t he  largest  perturbations 
i n  the  translunar t r a j ec to ry  are observed fop i n i t i a i  e r rors  ( table  I fo r  
t a n g e n t i d  veloolty per tu rba t iod  

i n  velocity, - + 1.2 nautc ia l  miles i n  altitude, and i 0.04 degree i n  f l i g h t  

path angle. Assuming that these errors  are preserved throughout the burn phase 
of in jec t ion  onto the  translunar trajectory,  an e r ro r  of c losest  approach alti- 
tude of approximately - + 1,725 nautical  miles will resu l t .  
corrections f o r  veloci ty  perturbations i n  the  sane direct ion as the perturbed 
ve loc i ty  at the  2 hour point i n  the translunar t r a j ec to ry  the  necessary m i d -  

course correction w i l l  be approximately 34 f e e t  per second. 
cycle perturbation f o r  a tangent ia l  vehicle or ientat ion results i n  an er ror  
from the  100 naut ical  mile closest  approach a l t i t ude  of approximately 1,660 
naut ical  miles from the  desired a l t i tude .  A midcourse correction (colinear 
ve loc i ty  addition) at 2 hours of approximately 27 f e e t  per second i s  required 
t o  correct t he  perturbed t ra jec tory  fo r  the  e r rors  presented i n  tab le  111. 

eject ion from the  parking o rb i t  occurs at  4.5 hours a f t e r  inject ion and f 

axe approximately - + 9.1 f e e t  per second 

Again using the 

The 1 5  vent 

If the  errors  i n  the  waiting o rb i t  elements are known, and are relayed t o  
the  guidance computer, a reduction i n  midcourse veloci ty  will result. A t  

t h e  present, t he  astronauts i n  the  Apollo capsule w i l l  m a k e  two ephemerides 
per  o rb i t  revolution. 
tude, and f l i g h t  path angle. 
next t o  the  last vent are not known, the maximum veloci ty  required fo r  m i d -  

course correction (colinear veloci ty  addition) is of the order of 4 ft/second. 

This w i l l  reduce the unknown er ror  i n  velocity, alti- 

If the perturbations due t o  the last and the 



If the  vehicle i s  oriented so tha t  ullage and venting thrust  i s  normal t o  the 
waiting orbi t ,  essent ia l ly  no change i n  waiting orb i t  velocity, a l t i tude ,  and 

f l i g h t  path angle w i l l  exis t .  
conditions fo r  the translunar t ransfer  trajectory.  The inclination of the  

waiting orb i t  can be decreased by 0.005 degree, but approximately 100 pounds 

of propellant would be required. 
and ex i t  from the waiting orb i t )  only 20 pounds of propellant would be required. 
This would result i n  no change in inclination; but since land sightings and star 

f ixes  are required, t h i s  constant a t t i tude  m a y  not be feasible.  

This will result i n  zero error  i n  the i n i t i a l  

If the vehicle i s  yawed only twice (entrance 

The t ransfer  time i s  changed due t o  e r rors  i n  the waiting orbi t .  
maximum perturbation i n  the waiting orbi t ,  the t ransfer  time i s  increased 

But f o r  t he  

approximately 6 hours. 
and lunar landing, but the e r ror  can be decreased by using more than one m i d -  

course correction. 

This may resu l t  i n  some serious problems i n  communication 
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Section 13 

~ImIG-m-m-PING OF THE S- IVB/S- I1 INTERSTAGE 
~ ~~ ~ 

IM'I'RODUCTION 

A t  the  Mechanical Design Integration Working Group Splinter Meeting, 27 March 1963, 
the  interstage venting design c r i t e r i a  w a s  established. 
have 160 square inches of vent area and w i l l  be located as far aft  as prac t ica l  
on the S-IVB interstage.  The maximum allowable leak area on the S-IVB aft s k i r t  

and S-I1 forward s k i r t  w i l l  be 1 5  and 30 square inches respectively. The S-TdB 

19t s k i r t  and inters tage w i l - 1  be designed t o  withstand an internal  pressure 
of f r ee  stream ambient. S&ID agreed t o  improve the strength of the  S-I1 for-  

ward s k i r t  t o  allow a 5 ps i  presssure d i f fe ren t ia l ,  in ternal  greater than ex- 
ternal .  

The vent system will 

DISCUSSION 

Interstage in te rna l  pressures are being established using a mathematical model. 
computed upon an IBM 7090 computer. 
approach and includes the following effects:  heat t ransfer ,  multiple mass 
outlets,  multiple m a s s  inputs, variation of discharge coefficient with pressure 

ra t io ,  varying gas mixtures and a check valve system. 

The analysis i s  based on an energy balance 

A recapitulation of the data presented at the Mechanical Design Integration 
Working Group Spl inter  Meeting, 27 March 1963, is  presented i n  figures 1 

through 4. 
the interstage skin t o  the internal  gas mixture. 
considered were: a design vent area at  point 3 (see figure 1) plus leak areas 

a t  points 2 and 4 singularly and i n  various combinations. 
conditions have been established as follows: 

The only heat t ransfer  effect  considered was heat transfer from 

The multiple mass out le t s  

Nominal l i f t o f f  

Ini t ia l .  Temperature 400°R - 520°R 

Initid Pressure ( m a )  14.9 ps i  
Volume 3 14,100 f t 3  - 14,500 f t  

I n i t i a l  Mass Fraction of Helium 
I n i t i a l  mass Fraction of Nitroger! 

0.05708 

0.94292 
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The i n i t i a l  conditions were combined t o  give maximum and minimum pressure during 

boost. The lower temperature and higher volume results i n  a maximum pressure 
i n  the in t e r s twe ,  while the combination of high temperature and low volume 

retxlts i n  minimum in te rna l  presssure. 

The design point, difference tetween ambient pressure and maximum value at 

point 2, w a s  established by figure 2 t o  be approximately 70 seconds. 
presents the e f fec ts  of leak area and i n i t i a l  conditions upon the in te rna l  
pressure at the  design point. The ordinate i s  the pressure increase above 

point 4. 
condition combination tha t  results i n  a minimum internal  pressure while  the 

da ta  f o r  leak area at point 2 are f o r  the maximum internal  pressure combination. 

Figure 3 

The data presented f o r  leak area at point 4 include the i n i t i a l  

Maximum leak areas at point 2 and 4 were established at 15 square inches and 

30 square inches, respectively. 
presssure for  the design vent area of 160 square inches. 
i n  figure 4 represents the region bounded by the maximum and minimum i n t e r m 1  

Pressure time his tor ies  due t o  variations i n  i n i t i a l  conditions and external 
pressure variazions due t o  angle of attack. 

Figure 4 presents time h is tor ies  of internal  
The shaded region 

GONCLUS IGNS 

A t  the present time the computer program is being revised t o  f‘aci l i ta te  i t s  

operation and use. The mass out le t  capacity of  the program is being expanded 

from three mass outlets t o  f ive  mass outlets .  

The present progrm does not consider the effect  of external cross-flow ve loc i ty  

on the o r i f i c e  dischuge coefficient.  This effect  may be appreciable fo r  eondi- 

t3.ons of h igh  external velocity and pressure ra t ios  close t o  1.0, external 
pressure ‘co in te rna l  pressure. 
coefficient w i l l  be included i n  the revised program. 

The effect  of external cross-flow on discharge 



The external pressure history i s  a l s o  being revised and will be included i n  t h e  

revised program. 

a later section. 
A discussion cf the  external pressure history is given i n  
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Section 14 

E3cTERNAL PRESSURE TIME HISTORIES 

Ekternal pressure time h is tor ies  presented i n  figure 2 were calculated for  

three points as shown In  figure 1, the points are as follows: 

Point 2 - on the  front  of the conical frustrum interstage.  
Point 3 - i n  f ront  of the corner of the f r u s t m  and the S-I1 forward s k i r t .  

Point 4 - on the  S-I1 forward s k i r t  immediately following the corner of the 

i n t  erst age. 

A combination of analyt ical  and wind tunnel test  data (reference 1 and 2) were 
used i n  the  analysis i n  conjunction with the necessary parameters taken from 

t ra jec tory  H (reference 3). 

The angle of attack time his tory i s  presented i n  f igure 3. This time his tory 
i s  taken from data presented t o  DAC as design angles-of-attack (reference h ) .  

The subsonic portion of the curve was omitted, therefore, it was necessary t o  

fair the curve from 0 t o  60 seconds. 
of attack due t o  the 75 f t /sec.  ground wind. 

The curve w a s  fa i red t o  90 degrees angle 

Analytical data were obtained from three sources. The Neumann Potential  
Theory (subsonic), Van Dyke second order Potential  Theory (low supersonic), 
and second order Shock Expansion Method (high supersonic), were employed. 

The wind tunnel data show tha t  the peak values predicted from inviscid. I heory 

a re  not r ea l i s t i c .  This i s  due t o  boundary layer separation a t  +hese ? g i n t s .  

From boundary layers computed f o r  the Saturn V (reference 5 ) ,  an npyroxj.mate 

pressure rise f o r  incipient separation indicated tha t  on the  f u l l  sca! e yehi cl-e 
these peak values might be higher than manifested i n  the  wind tunnel t e s t s .  

"he values presented i n  figure 2 for point 2 are based on t h i s  analysis. 
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1) C-5 Wind Tunnel Pressure Test No. P-43, Boeing Document No. D5-11230, 

D. Lagler, dated 12/11/62 
Preliminary Data Release, Wind Tunnel Test P-41, P a r t s  1, 2, and 3, 
Aero-H-053, 061, 078 
MSFC Branch Working Paper 62/3, dated July 15, 1962 
Rigid Body Control Data f o r  the Saturn C-5 LOR Vehicle, M-AERO-DE-11, 

dated 12/12/62 
Boundary Layer Thickness on the S-IVB/C-5 Vehicle, A2-860-S-IVB-K3X)-M-9, 
dated 2/1/63 

2) 

3) 
4) 

5) 
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SECTION 15 

SERVO ACTUATOR~RESPONSE !I% LOAD INPUTS 

INTRODUCTION 

On 2-27-63 representative of IVKA, Xocketayne, S & I. D. and DACo m e t  at  NASA 
Huntsville t o  discuss the  aynmics aspects of the J-2 tbngine side loads experi- 
enced during sea leve l  tes t ing.  A s  a result of t h e  d m x s s i o n  EACo vas c i r -  
ected t o  invest igate  the response of the  S-IV B-esine posikia&-n&.sg~?vy sys- 

- tern t o  step, impulse and sinusoidai external load perturbations. - -u.-7=-#A-,. 

RE33RENCX DOCUPlENTS 

a. Rocketdyne Preliminary 5-2 Engine Test Report, datea 3-LU-63 (Conf ident ia )  

b . Memo: M-P&VE-VJ-57-63-Section N (Confioential) 

DISCUSSION 

The mathematical model used i n  t h i s  analysis was tha t  shown i n  f igure I. Fig- 
ure I1 defines the  terms used. The m&el was based upon the foliowing assump- 
t ions  

1. 

2. 

3. 

4. 

D i g i t a l  

The load aisturbance or driving force was assumed t o  be une.ffected 
by s m a l l  engine deflectionE. 

For simplicity, the system dis t r ibuted mass and compliance e f f ec t s  
were t rea ted  as equivslent lumped parameters. 

The d i s t u r b a c e  load was assumed t o  be d i rec t ly  coupled with the 
lumped mass. 

Servo valve flow gain was assumed t o  be essent ia l ly  independent of 
load e f fec ts .  

computer programs were wri t ten based on the mathematical model of 
figure I, t o  f a c i l i t a t e  evaluating the e f f ec t s  of changes i n  E.P.S.S. vari-  
ables. Using the  presently planned.. E.P.S.S., f igures  111, IV, and V shov 
the  predicted amplitude r a t i o  of the induced actuator force t o  sinusoidal, 
s t ep  and impulse engine load disturbances, respectively. 
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The phantom curve of figure I11 shows tha t  fur ther  reduction of 
dynamically generated loads could be achieved by the introduction of 
supplemental negctive load acceleration feedback and/or piston posit ion 
feedback. 
during s t a t i c  f i r i n g  and even then would have t o  be removed (probably 
through e l e c t r i c a l  switching) after subsidance of starting transients ,  t o  
permit evaluation of n o m 1  system character is t ics .  

Naturally any supplemental feedback would be used only 

While the purpose of this analysis w a s  t o  investigate only dynamic aspects 
of the engine side load problem, it seems appropriate here t o  note t ha t  
the force disturbance h is tor ies  associated with several  of the  5-2 engine 
f i r i n g s  (notably tests 316-098A and 316-061.~) reveal essent ia l ly  s t a t i c  
load disturbances which i n  themselves exceed the maximum allowable actuator 
loads . 
If it is found that SN B engines (Block 111) exhibit excessive steady 
state load disturbances such as those observed i n  tests 316-098~ and 
3l6-O61A, then the side load problem will not be amenable t o  solution 
through the use of dynamic compensation i n  the E.P.S.S. I f ,  however, the  
essent ia l ly  steady state component of the engine side loads can be kept 
t o  an acceptable minimm, it appears t h a t  the residual dynamic side loads 
should be susceptible t o  reduction through the use of the presently 
planned SIV B E.P.S.S. dynamic compensation with possible fur ther  load 
reduction through t h e  use of augmentative negative load acceleration feed- 
back and/or posit ive piston position feedback. 
approach natural ly  is dependent upon the actual  wave-form of the load 
disturbing force (to be determined by Rocketdyne). 

The effectiveness of t h i s  

The preceding conclusions are predkatedupon the va l id i ty  of the 
assumptions previously stated.However atthis t i m e  it appeam desirable 
t o  question the va l id i ty  of the assumption t h a t  the load distrubance o r  
driving force i s  necessarily independent of engine deflection; f o r  i f  it 
should be found that the load disturbance force can be predictably and 
s igni f icant ly  reduced through controlled movement of the engine chamber, 
then it may be possible t o  use load force feedback t o  reduce s t a t i c  as 
w e l l  as dynamic engine side loads. 

It is recommended that Rocketdyne investigate whether a s ignif icant  
reduction i n  the load driving force can be predictably achieved through 
movement of the engine chamber. This might possibly be accomplished by 
holding the engine at the main f u e l  manifold outrigger a t tach points 
using posit ion feedback actuators incorporating e l e c t r i c a l  feedback of a 
s igna l  proportional t o  the output of an actuator load sensing device such 
as a load c e l l  o r  actuator cylinder d i f f e ren t i a l  pressure transducer. 
Gains of the posit ion feedback and load feedback loops would need t o  
be adjustable remotely t o  permit optimization of compensation during 
engine firing. 



Should th is  approach prove feasible, the compensation could be incorporated 
through switching during starting and shut-dm transients and eliminated 
during the interim t o  permit hot gimballing with the normal engine 
positioning servo system configuration. 

REFERENCE: SM-43671 
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FIGURE I1 

DEFINITION OF TEZMS 

A 

F 

f 

Ke 

K 
P 

KS 

Kv2 

wa 

we 

wi 
W 
P 

2 Actuator piston area - i n  

mternal load disturbance force referred t o  plane of actuation - # 
Resultant force exerted on actuator a t tach points - # 
N e t  load spring rate - in/# 

Piston posit ion feedback gain - in-#/in 

Pressure feedback gain - c.i.s./p.s.i. 

N e t  s t ruc tu ra l  spring r a t e  - #/in 
Valve second stage gain - c.i.s./in 
Acceleration loop break frequency 

Natural frequency of mass and net load spring system - RAD/SEC 

Break frequency of pressure feedback i so la t ion  network - RAD/SEC 

Break frequency of actuator position loop - W / S E  
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FIGURE V 
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Section 16 

STATUS RETORT OF ACTUATION SYSTEM 

INTRODUCTION 

In  discussion between NASA and DACo i n  November of 1962, it w a s  decided 
that Saturn S-IVB E.P.S.S.* design requirements were s igni f icant ly  aiffer-" 
en t  from those 00 the  SI1 E.P.S.S.,  making the use of exis t ing SI1 actuators 
on S - I V  un&esirable, 
12-12-62 t o  generate specification control drawing number 1A66248 f o r  
procurement of the requis i te  S-IVB actuators. 
of the various steps involved i n  establishing the dynamics-related design 
charac te r i s t ics  ref lected i n  t h a t  specification control drawing. 

DACo was therefore, authorized by C.C.N.  #6, dated 

The following is  a discussion 

PROCEDURE 

I. 

NASA specified t h a t  the thegre t ica l  closed loop E.P.S.S. phase lag should 
not be allowed t o  exceed 20 at  1 C.P.S. 
control system phase and gain margins. A t  frequencies s ignif icant ly  belov 
engine load resonance the following approximate relationship obtains 
between E.P.S.S. closed loop phase lag "@" and actuator posit ion loop break 
frequency Wp" . 

Establishment of Position Loop Break Frequency IIWp" 

t o  insure adequate vehicle a l t i t ude  

1. ~ p z  w (ref.) v 
Substitution of 1 C . P . S .  f o r  "W (ref.)" and 20' f o r  
corresponding value of (Wp' i s  17.3 radians/sec. 
(159 higher) was selected t o  allow f o r  tolerance variations and minor additional 
low frequency phase la-; a t t r ibu ted  t o  a r t i f i c i a l  engine load damping. 

i n  1 above,the 
A nominal value of t?p = 20 

It should be emphasized t h a t  the above selected value of 'Wp' can be expected 
t o  s a t i s f y  the low frequency closed loop phase requirement for conrmand signals 
of s ignif icant  amplitude but that the phase Jag can be expected t o  increase 
catastrophically as the s ignal  amplitude becomes very small. 
discussed i n  more d e t a i l  i n  reference a. 

This is  

11. 

In  an E.P.S.S. such as that of SIV B the engine mass is  coupled t o  the vehicle 
s t ructure  through several  compliant members (including the s t ructure  i t se l f )  . 

Establishment of A r t i f i c i a l  Engine Load Damping Cr i t e r i a  

*Engine Position Servo System 
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The resul t ing spring-mass system contains almost no natural  damping and 
if  no a r t i f i c i a l  damping were provided the E.P.S.S. would be instable  for 
t he  value of 'Wp' selected. As a result of previous discussions with 
NASA it w a s  decided tha t  mechanical ra ther  than e l e c t r i c a l  a r t i f i c i a l  
damping should be specified. 
load acceleration feedback was selected as a logical,  proven approach. 

Ar t i f i c i a l  damping resul t ing from mechanical 

A study w a s  made t o  determine whether a "high pass'! f i l t e r  should be 
incorporated i n  the load acceleration feedback path (D.P.Q.) or whether 
unfi l tered load acceleration feedback would be acceptable (P.Q.) 
two primary disadvantages of the P.Q. approach are  l isted below, 

The 

1. 
bi-directional loads would be much greater with a P.Q. valve than with 
a D.P.Q. valve. 

E.P.S.S. n u l l  s h i f t  and dead band resul t ing from uni-directional and 

2. 
gain t o  insure f u l l  engine deflection capabili ty under load. 

A "P.Q." valve would necessitate using lower piston position feedback 

It w a s ,  therefore, decided t o  specify the use of the 'D.P.Q.' approach. 

Optimization of the  D.P.Q. acceleration loop break frequency 'Waf and 
high pass i so la t ion  network break frequency ' W i t  was accomplished by 
computer analysis as described i n  Figures and 111. 

111. 

DACo was directed verbally and by copy of in t e rna l  memorandum NA~507/62 t o  
u t i l i z e  mechanical ra ther  than the more conventional e l ec t r i ca l  actuator 
piston posit ion feedback. 
on the pecul ia r i t i es  of mechanical feedback. 

Incorporation of Mechanical Piston Position Feedback 

DACo therefore s e t  out t o  become be t t e r  informed 

I n  December of 1962 an analyt ical  study of the advantages and disadvantages 
of actuator mechanical piston position feedback was i n i t i a t ed .  
January of 1963 sitnilax analyses, obtained from several  valve-actuator 
manufacturers were collated. 

Throughout 

I n  raid January NASA, S & I.D. and DACo representatives met with personnel of 
the Martin Company a t  their  f a c i l i t y  i n  Denver, Colorado and were briefed 
on Martin's experiences t o  date, with mechanical piston position feedback 
actuators on the Titan rdssile. 

I n  February of 1963 a typ ica l  mechanical feedback actuator was obtained from 
the Moog Manufacturing Company. The actuator was subjected t o  extensive 
s t a t i c  and dynamic tes t ing  i n  an attempt t o  bring t o  l i g h t  any s ignif icant  
inherent mechanical feedback pecul iar i t ies .  
resu l t s  of tha t  study. 

Reference'.' documents the 

The following discussion i s  based on the information obtained from the  above 
described ac t iv i t i e s .  

Figure I A  shows the block diagram of a typical  engine positioning servo system 
with actuator piston posit ion feedback accorrapl'khed e lec t r ica l ly .  (For c l a r i t y  



no other dynamic compensation o r  load ef fec ts  are shown.) 
t he  block diagram of an equivalent engine positioning servo system with 
actuator piston position feedback accomplished mechanically. 
f igures  demonstrate tha t  the basic difference in using mechanical ra ther  
than e l e c t r i c a l  piston position feedback is that the valve first stage or  
torque motor and the vehicle amplifier are  outside of the piston position 
loop. 
result i n  corresponding un-diminished non-linearit ies i n  the E.P.S.S. 
closed loop character is t ics .  

Figure I B  shows 

The two 

Thus, any non l i n e a r i t i e s  i n  Vne torque motor and amplifier will 

The relationship between piston position "Xp" and input current "IC" f o r  
Figure I A  i s  seen t o  be: 

Kact 0 

l + s  
1. 2 = 

I C  - 
Kact = 1 - 

Vm, 

For Figure IB:  

I n  order t h a t  the e l e c t r i c a l  and 
ident ical ly ,  it is  apparent that 
obtain: 

3. Kact = Kact.' 

4. wp = Wp' 

Kact' = K v t '  
Kf 'b '  
- 

mechanical feedback sys tem respond 
the following two relationships must 

Thus, specification of "Kact" and "Wp" can be used t o  completely delineate 
t h e  E.P.S.S. Linear response character is t ics  a t r ibutable  t o  piston posit ion 
feedback. 

Substi tution of equivalent mechanical feedback parameters i n  3. and 4. yields:  

6.  K v 2 '  Kfb' =WpA 

By combining equations 5.  and 6. it can be shown that specification of servo 
valve s t a t i c  flow gain "Kv" i n  l i e u  of "Wp" i n  a system employing mechanical 
piston position feedback, would serve equally w e l l  i n  delineating l inear  
response character is t ics  . 
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Thus : 

7. Kv = Wp'A Kact Where: Kv A Kvt'Kv2' 

As the piston area "A" i s  sized on the basis of load factors  and the  
actuator s t a t i c  gain Kact is specified as one of the two independent 
variables determining piston position loop character is t ics ,  it is  seen 
that the value of Kv w i l l  determine lWp'. 

- - 

I n  s iz ing the Saturn SIV-B E.P.S.S. the value f o r  'Kact' was not c r i t i c a l  
because of the  f l e x i b i l i t y  of other  parameters i n  the vehicle a t t i tude  
control system. It was therefore, possible t o  minimize 'Kact' t o  
minimize non-linearit ies i n  the mechanical feedback mechanism. The 
minimum prac t i ca l  value fo r  Kact i s  limited by the  f a c t  that the feed- 
back torque at maxFmuum piston stroke m u s t  not exceed rated torque motor 
output; otherwise it would be impossible f o r  the actuator t o  be extended 
f u l l y .  This l imitation ca,n be expressed as: 

8. Kactz  ((Max) 
rated) 

Substi tution of actual S I V  B valves i n  equation 8. yields: 

Selecting a value s l igh t ly  greater than the above t o  ensure maximum stroke 
capabili ty,  we used: 

h c t  = .031 in/ma 

The actual  value of Wp used f o r  SIV-B was 20 radians/sec. so  that the 
corresponding value of "Kv" (from equation 7) was :  

2 Kv = 20 x 11.5 in .  x .O3l in. 
sec . mi3 

KV = 7.2 cis/ma 

IV 

The SIV-B Actuator Load Analysis (reference c) established a piston area of 
11.5 i n a 2  and a c r i t i c a l  valve flow requirement corresponding Lo 8o/sec. 
engine deflection rate with a valve d i f f e ren t i a l  pressure of 643 psi .  Thus 
the minimum acceptable servo valve no load flow with 3OOO psi  supply pressure 
is given by: 

Establishing Valve Minimum and Maximum Flow Requirements 

1. QV (min.) = &(in.) = 10.7 gpm 
Kd 

The actuatog load analysis also specif ies  a maximum allowable engine deflection 
rate of 
during actuator piston bottoming. 
valve no-load flow is: 

31 /sec. based upon maximum allowable acceleration loads encountered 
The corresponding meximum allowable servo 

Q v ( m a ~ . ) =  & A = 19.2 gpm 
Kd 
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It-waa therefore specified that the servo valve must be designed to l i m i t  
ho-load flow to 12 - + 2 gpm.  
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A :  
IC : 
Ka: 
KVt: 
KV2: 
8v : 
s :  
l e g  : 
T M :  
xp :: 

Figure IB 
2 Actuator Piston Area ( in  ) 

Command Signal (ma) 
Amplifier S t a t i c  Gain (ma/-) 
Valve Torque Motor Gain ( in-r /M> 
Valve Second Stage Gain (c.i.s./in-#) 
Flow of ideal f l u i d  from valve t o  cylinder (c .i .S ) 
Iaplace Operator 
Mechanical Piston Position Feedback Torque (in- #) 
Torque Motor Output ( in - #) 
Piston Position (inches) 



r - - I - -  

I I  
I 

II II II II II II II II II I1 I1 

220 



I___ 

+ 



M I S S I L E  & SPACE SYSTEMS DIVISION 

DOUGLAS AIRCRAFT COMPANY. I N C .  

SANTA MONICA. CALI F O R  N IA 
DQU 


