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PREFACE 

Maneuvering c o n t r o l  of r c c k e t  powered v e h i c l e s  can be e f f i c i e n t l y  
achieved through angular  d e f l e c t i o n  of t h e  t h r u s t  vec to r .  These de- 
f l e c t i o n s  can be obtained e i t h e r  by mechanical means ( d e f l e c t i n g  t h e  
engine o r  nozzle)  o r  by secondary i n j e c t i o n .  I n  t h e  secondary in- 
j e c t i o n  system, t h e  nozzle  i s  held  f ixed  whi le  t h e  t h r u s t  v e c t o r  is 
d e f l e c t e d  by i n j e c t i n g  a  secondary flow of l i q u i d  o r  gas  through t h e  
nozzle  wa l l .  Although l i q u i d  secondary i n j e c t i o n  systems a r e  i n  
common use  on s e v e r a l  v e h i c l e s ,  gaseous i n j e c t i o n  systems a r e  t h e o r e t i -  
c a l l y  more e f f i c i e n t ,  e s p e c i a l l y  i n  c a s e s  where t h e  g a s  is  bled d i r e c t l y  
from t h e  main t h r u s t  chamber. Recent p rogress  i n  t h e  developrcent of 
hot gas  va lves  and d u c t s  toge ther  wi th  anuiy~is ard Lost data on che 
f o r c e s  generated by i n t e r s e c t i n g  f lows i n d i c a t e s  t h a t  a chamber bleed 
gaseous secondary i n j e c t i o n  t h r u s t  v e c t o r  c o n t r o l  system is  f e a s i b l e .  

The o b j e c t i v e s  of Contract  NAS8-28651, "Warm Gas TVC System 
Design Study" were t o  opt imize  t h e  i n j e c t i o n  geometry f o r  a  s p e c i f i c  
engine conf igura t ion  and t o  des ign  a n  i n j e c t i o n  v a l v e  capable  of 
meeting t h e  b a s e l i n e  requirements.  Tc  opt imize  i n j e c t i o n  geometry, 
s t u d i e s  were made t o  determine t h e  performance e f f e c t s  of varying 
i n j e c t i o n  l o c a t i o n ,  ang le ,  p o r t  s i z e ,  and p o r t  conf igura t ion .  Having 
minimized t h e  i n j e c t i o n  flow r a t e  requ i red  through t h i s  s tudy,  a warm 
gas v a l v e  was designed t o  handle  t h e  requ i red  flow, 

An a d d i t i o n a l  o b j e c t i v e  was t o  analyze and des ign  a  d i r e c t  
d r i v e  hydrau l ic  servovalve capable  of opera t ing  wi th  h igh ly  contaminated 
hydrau l ic  f l u i d .  The va lve  i s  s ized  t o  f low 15 gpm a t  3000 p s i a  
and t h e  d i r e c t  d r i v e  f e a t u r e  is  capable  of applying a  spool  f o r c e  of 
200 pounds. 

The b a s e l i n e  requirements a r e  t h e  development of 6" of t h r u s t  
vec to r  c o n t r o l  u t i l i z i n g  2000°F ( t o t a l  temperature) gas  f o r  180 seconds 
on a  1.37 m i l l i o n  pound t h r u s t  engine burning LOX and RP-1 a t  a chamber 
p ressure  of 250 p s i a  wi th  a  155 inch long c o n i c a l  nozz le  having a  
68 inch diameter t h r o a t  and a 153 inch  diameter e x i t .  

v i i  



1.0 SUMMARY 

1.1 Thrust Vector Control Valve 

For developing 6" of t h r u s t  vector  con t ro l  by i n j ec t i ng  2000°F 
gas,  the  i n j ec t i on  geometry was optimized through an a n a l y t i c a l  study 
r e s u l t i n g  i n  s e l ec t i on  o t  an i n j ec t i on  p o i - ~ t  a t  60% of t he  d i s tance  
from the  noe i lz  t h roa t  t o  t he  nozzle e x i t  (X/L = . 6 ) ,  an  i n j e c t i o n  Mach 
number of 1..5 and an i n j e c t i o n  angle  of 50" upstream from the  nozzle 
wal l  using multi-point i n j ec t i on  of 3 p o r t s  per  quadrant. The ana lys i s  
showed tha t  a flow r a t e  of 6.9% of t he  main engine flow would be 
required. Accordingly, fo r  the  1.37 mi l l i on  pound t h r u s t  engine 
burning LOX and RP-1 a t  a chamber pressure of 250 ps ia ,  a s e t  of 3 
i n j ec t i on  valves  capable of flowing 425 pouads per second per quadrant 
was designed t o  operate  f o r  the 180 secona i l i g h t  time. The va lve  is  
a ro t a ry  b u t t e r f l y  type, each valve having a 12.19 inch diameter i n l e t ,  
a plenum i n  which the gas is  turned through 127'40t, a b u t t e r f l y  valve 
forming the sonic  t h roa t ,  and an e x i t  of 11.140 inch diameter. The 
mater ia l  se lec tcd  was Haynes 25 (L-605) a l l o y  i n t e r n a l l y  l i ned  with 
rubber modified s i l i c a  phenolic. The valve was s p e c i f i c a l l y  designed 
t o  be at tached t o  t he  155 inch long conica l  nozzle having a 68 inch 
diameter t h roa t  and a 153 inch diameter e x i t .  D e t a i l  drawings were 
made s u i t a b l e  fo r  f ab r i ca t i on  of prototype va lves  f o r  use i n  demon- 
s t r a t i o n  t e s t s .  

1.2 Direct  Drive Hydraulic Servovalve 

A d i r e c t  d r i v e  hydraul ic  servovalve s ized f o r  a flow r a t e  of 15 
ga l lons  per minute a t  3000 ps i a  and capable of supplying a spool force  
of 200 pounds was analyzed and designed. The computed performance 
analysFs i nd i ca t e s  a s e t t l i n g  time t o  a s t e p  input  of 6 t o  19 m i l l i -  
seconds with 90" phase l ag  occurring a t  117 cyc les  per second. The 
valve design provides fo r  operat ing with highly contaminated f l u i d  by 
using a spool diametral  c learance of 0.0005 inch and a s l i g h t l y  under- 
lapped s p ~ o l  and s leeve.  The valve employs ,014 inch diameter o r i f i c e s  
fo r  damping. 



2 % 0  WAKM GAS TVC SYSTEM 

2.1 I n j e c t i o n  Geometry Analysis  

I n j e c c i a n  of a  gas  o r  f l u i d  i n t o  t h e  s i d e  of a  main t h r u s t  
nozzle  produces a  l o c a l i z e d  flow d i s t u r b a n c e  r e s u l t i n g  i n  a  high 
p ressure  reg ion  i n s i d e  t h e  nozzle .  Control  of t h i s  i n j e c t i o n  flow can 
be used t o  c o n t r o l  t h e  magnitude of t h e  l o c a l i z e d  p ressure  and the  
resul . t ing s i d e  f o r c e  on t h e  v e h i c l e .  To o b t a i n  t h e  optimum des ign ,  
c n n s i d e r a t i o n  must be a iven t o  i n j e c t i o n  ang le  and a x i a l  l o c a t i o n .  

Figure  2.1-1 p l o t s  t h e  r a t i o  of i n j e c t i o n  flow r a t e  t o  main 
engine flow r a t e  v e r s u s  t h e  a x i a l  l o c a t i o n  i~ t h e  nozzle  ( t e s t  d a t a  i n  
Reference 2 ) .  The d a t a  shows t h a t  f o r  gaseous i n ~ e c t i o n  i n t o  a  nozz le  
wi th  a  cone 1 / 2  ang le  of l o 0 ,  t h e  optimum l o c a t i o n  from an  i n j e c t i o n  
f low r a t e  s t andpoin t  is 66.5 percent  a f t  o f  t h e  nozz le  t h r o a t  f o r  a l l  
t h r u s t  v e c t e r  c n n t r o l  aagles  from 3' tc, 10°r The e m p i r i c a l l y  der ived 
formula which f i t s  t h e  d a t a  shown is: 

wnere 

M = .=in engine flow r a t e  
j 

X = d i s t a n c e  from nozzle  t h r o a t  t o  i n j e c t i o n  p o i n t  

L = l e n g t h  of nozzle  (from t h r o a t  t o  e x i t )  

C = TVC a n g l e  (angle  whose tangent  is t h e  s i d e  f o r c e /  
engine t h r u s t ) .  

The d a t a  shown i n  Figure  2.1-1 addresses  t h e  problem of optimi7 2g 
t h e  i n j e c t a n t  flow on ly  ( i . e . ,  minimizing t h e  s i z e  and weight of t h e  
v a l v e s  and d u c t s  requ i red)  without account ing f o r  :he t h r u s t  v a r i a t i o n  
t h a t  occurs  a t  t h e  d i f f e r e n t  i n j e c t i o n  l o c a t i o n s .  I n  a chamber bleed 
t h r u s t  vec to r  c o n t r o l  system, t h e  flow rate of gas  needed f o r  c o n t r o l  
purposes r e p r e s e n t s  a  l o s s  i n  engine t h r u s t  e f f i c i e n c y .  A s  t h e  gas 
is  i n j e c t e d  i n t o  t h e  nozzle ,  a n  i n c r e a s e  i n  t h r u s t  occurs  depending 
on t h e  l o c a t i o n  of t h e  i n j e c t i o n  po in t .  A f t e r  account ing f o r  t h i s  
change i n  t h r u s t  (which was a l s o  measured), t h e  curves  shown i n  F igure  
2.1-2 were p l o t t e d  t o  show t h e  r a t i o  of c o n t r o l  f low r a t e  t o  main engine 
flow r a t e  v e r s u s  a x i a l  i n j e c t i o n  l o c a t i o n ,  The term "corrtrol flow" 
(b) is def ined a s  t h a t  p o r t i o n  of t h e  I n j e c t a n t  f low which produces 
no t h r u s t .  The curves  of F igure  2.1-2 show t h a t  t h e  optimum i n j e c r i o n  
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Figure 2 . 1 - 2 .  Control Flow Rate versus Location 
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l o c a t i o n  (from a  gtandpoint  of minimum t h r u s t  l o s s )  is 51 perdi.:: sit 
of t h e  nozzle t h r o a t .  The e m p i r i c a l l y  der ived formula wnich fizs t h e  
d a t a  shown is: 

A s  an example of how t o  apply  Figure  2.1-2, a need is  assume. 
minimize t h e  s i z e  and weight of a  TVC va lve  capable  of 6' TVC. F:i, .t 

2.1-1 shows t h e  minimum requ i red  i n j e c t i o n  f low r a t e  i s  5  percen! 3 1  

main engine flow, using a  s i n g l e  p o r t  normal son ic  i n j e c t o r  loco~ec! 66.5 
percent  a f t  of t h e  t h r o a t .  F igure  2.1-2 shows p r o p e l l a n t  f low required 
f o r  cor, trol  producing no t h r u s t  i s  3.7 percent  of main engine p rope l lnn t  
flow. 

For a  second example, a  need is aesumed t o  minimize t h r u s t  
pena l ty  t o  t h e  engine whi le  ob ta in ing  6" TVC. Figure  2.1-2 shows 
minimum c o n t r o l  f low t o  be 3  percent  of t h e  main engine flow wi th  t h e  
i n j e c t i o n  po in t  l o c a t e d  51  percen t  a f t  of  t h r o a t .  F igure  2.1-1 
i n d i c a t e s  t h a t  TVC duc t  and v a l v e  assemblies  i n s t a l l e d  a t  t h a t  l o c a t i o n  
must be s i zed  t o  accommodate 5.4 percen t  of main engine flow. Th is  
assumes a  s i n g l e  p o r t ,  son ic  i n j e c t i o n  wi th  i n j e c t o r  o r i e n t a t i o n  
-1orma1 t o  t h e  main nozzle  c e n t e r l i n e ,  t h e  main nozzle  having a  cone 
1 1 2  ang le  of 10' wi th  a  t h r o a t  t o  e x i t  a r e a  r a t i o  of 1.95. 

For any v e h i c u l a r  a p p l i c a t i o n ,  TVC v a l v e  and duc t  hard\-are 
weight needs t o  be traded a g a i n s t  p r o p e l l a n t  weight. From t h i s ,  
optimum i n j e c t i o n  po in t  l o c a t i o n  must f a l l  between 51  and 66.5 pe rcen t  
a f t  of t h e  t h r o a t ,  depending on t h e  c o n t r o l  d u t y  cyc le .  Where a  100 
percent  du ty  c y c l e  and maximum burnout v e l o c i t y  a r e  requ i red ,  t h e  
performance pena l ty  of f ixed  hardware weight is approximately twice  
t h a t  of expendable p r o p e l l a n t  weight. Th i s  makes an  optimum i n j e c t i o n  
po in t  213 of t h e  d i s t a n c e  back froLr t h e  51  percen t  p o i n t ,  61.3 pe rcen t  
a f t  of t h e  t h r o a t .  

F igures  2.1-3 and 2.1-4 show t h e  e f f e c t  of varying t h e  i n j e c t i o n  
angle .  The empi r ica l ly  der ived express ions  a r e :  

and 
-6 2  hc/i,  = 3.2 X 10 c + .0056 (0") 

where E is  the  ang le  between i n j e c t i o n  and a l i n e  perpendicular  t o  t h e  
main nozzle  c e n t e r l i n e  ( i n  degree) .  Both curves  and corresponding 
f o r r u l a s  show t h a t  t h e  optimum i n j e c t i o n  ang le  f o r  minimum v a l v e  and 
ducr: s i z e  i s  30°, while t h e  optimum a n g l e  f o r  minimum f u e l  usage i s  0". 



Figure 2 . 1 - 3 .  Inject ion F low Rate versus Angle 



Figure 2.1-4. Control Flow Kate versus Angle 
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Again considering a 100 percent duty cycle  and maximum burnout ve loc i tv  
a s  design c r i t e r i a ,  o v e r a l l  SyJterr, qptimum in j ec t i on  angle  should be 
20". 

2.2 Mater ia l  Select ion 

The mater ia l s  s s l e c t i o n  study was completed with the candidates  
narrowed t o  two mater ia l s :  347 CRES and Haynes 25. The general  require-.  
ment used were formabi l i ty ,  weldabi l i ty ,  weight, c o s t ,  and s t rength  a t  
2000°F. Technical repor t s ,  manufacturer's l i t e r a t u r e  and handbooks were 
r sviewed fo r  metals  which would qua l i fy  a s  candidates.  The l i t e r a t u r e  
survey revealed t h a t  a number of iron-, nickel-, cobalt- ,  and columbium- 
base a l l o y s  would qua l i fy  under t he  es tab l i shed  requirements guidel ines .  
The a l l oys  se lec ted  a s  primary candidates were: 

Iron-base: 347 CRES and N-155 
Nickel-base: Inconel X and Hastelloy X 
Cobal t-base : ikynes 25 (L-605) 
Columbium-base: C-103 

fhe requirement f o r  weldabi l i ty  ( i n  an t i c ipa t ion  of de t a i l ed  
design fea tures )  e l iminates  316 CRES. 

A summary of t he  mechanical and physicel  p rope r t i e s  of the  
candidate mater ia l s  a r e  shown i n  Table 2.2-1. The low mater ia l  cos t  
of the 347 CRES coupled with i ts forming and welaing q u a l i t i e s  make 
it  a primary candidate.  The N-155, Inconel X and Hastelloy X a l l oys ,  
although showing considerable  s t rength  advanzages over 347 CRES a t  
lower temperatures, i nd i ca t e  a neg l ig ib l e  s t r eng th  advantage a t  2000°F 
which would not  be worth the  added cos t .  The Haynes 25 (L-605) has 
about twice t he  s t r eng th  of 347 CRES a t  2000°F which makes ~t c l s o  a 
primary candidate because of t he  lower weight design t h a t  would r e s u l t .  
The C-103 a l l o y  has a s t r eng th  (weight) advantage a t  2000°F but  a very 
high cos t  end l imited a v a i l a b i l i t y ,  The f i n a l  s e l e c t i o n  between 347 
CRES and Haynes 25 w i l l  be made during stress ana lys i s  of t he  design 
layout.  The lower cos t  and ease of f ab r i ca t i on  of t he  347 CRES 
would be preferred;  however, s t r e s s  ana lys i s  may show t h a t  t he  higher 
s t rength  of the Haynes 25 is required. Date from the  stress ana lys i s  w i l l  
a l s o  allow a cos t  versus  weight t radeoff  between these  two mater ia l s .  

2.3 Performance Analysis 

The performance ana lys i s  was undertaken using a FORTRAN program 
on an IBM 360 computer. This program provided a base l ine  f o r  performance 
of a gaseous secondary i n j ec t i on  TVC. The program computes induced 
forces  using b l a s t  wave theory f o r  h i sh  secondary mass flow r a t e s ,  628 
l inear ized  supersonic flow theory couplrd with one-dimensional ana lys i s  
f o r  low secondary flow r a t e s .  The Grograa a l s o  computes s i d e  forces  
fo r  both cases  and s e l e c t s  the lower value. Inputs  used include: 
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pressure, temperature, molecular weight, Xach number, nozzle dimensions, 
in jec t ion location,  and in jec t ion angle. 

Using data reported by Walker, Stone, and Shander (Reference 1 
and 2), program r e s u l t s  were checked fo r  agreement between predicted 
and measured s ide  forces. Average e r ro r  for  12 data points  was 4.8 
percent. 

The analyt ica l  model fo r  predicting the performance of gaseous 
secondary in jec t ion thrus t  vector control  system performance was then 
modified t o  more r e a l i s t i c a l l y  estimate the maximum pressure i n  the  
primary nozzle upstream of the secondary jet. Prediction of the 
secondary in jec t ion shock shape was aluo added t o  the program so tha t  
a ~ h y s i c a l  in terpre ta t ion  of the program output could be made. This 
cerm eerves a s  a maximum l imi t ing condition fo r  the b l a s t  wave model 

the shock impingement on the primary nozzle crosses a posi t ion 
90" from the secondary nozzle position. This is shown i n  Figure 2.3-1. 

Figure 2.3-1. Conditions fo r  Maximum Interact ion Side Force 

This l imit ing condition explains why the experimental data of Reference 
3 f a l l  off rapidly abwe  mass flow r a t i o s  which a r e  predicted to  
produce maximum interact ion aide force. 

Comparisons of predicted s ide  force coeff ic ient  and spec i f  i c  
impulse r a t i o  with experimental data fo r  both cold a d  hot a i r  a r e  
shown i n  Figures 2.3-2 and 2.3-3, respectively. Although there were some 
variat ions,  the overa l l  l eve l  of the  predictions compared with . 

experimental data within about 10-12 percent. Comparisons of argon and 
helium a s  secondary in jec t ion gsees is sham i n  Figure 2.3-4. The 
b l a s t  wave prediction technique agrees qu i t e  well  with the test data,  
except for  the extremely law mass flow r a t i o s  f o r  argon, These 
comparisons were adequate t o  conclude tha t  the  program was capable 
of predicting performance of gas in jec t ion TVC eyetens. 

It is known that  a s  momentum r a t i o  lncreasee, epreading the  
shock shape toward the  maximum dlameter of the main nozzle, the s ide  
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fo rce  coe f f i c i en t  reaches a maximum value. Figures  2.3-5 and 2.3-6 
i l l u s t r a t e  the  c lo se  c o r r e l a t i o n  obtained between the  predicted and 
a c t u a l  momentum r a t i o s  t o  obta in  peak s i d e  fo rce  coe f f i c i en t s .  The 
experimental da t a  shown i s  from two t e s t  condi t ions of Reference 3. 

Resul ts  from the  modified second-order b l a s t  wave shock shape 
predic t ion  model were compared t o  experimental da t a  from many sources 
over a wide range of t e s t  condi t ions,  including both hot  and cold gas 
in jec t ion .  Table 2.3-1 sunmrarizes the r e s u l t s  of these comparisons. 
The b l a s t  wave/shock shape predic t ion  technique compared with experimental 
da t a  wi th in  +10 t o  -25 percent f o r  a11 33 cases  consi3ered. The l a rge r  
v a r i a t i o n s  (up t o  -25%) were on the  conservat ive s i d e  ($..e., lead t o  
under-prediction of system oerformance). 

Further refinements t o  the  a n a l y t i c a l  model placed emphasis on 
1) confirming the e f f e c t s  of t he  pos i t i on  and shape of t he  secondary 
shock on performance and 2) studying the  s e n s i t i v i t i e s  of i n j e c t i o n  
pos i t ion ,  Mach number, and angle. The model w a s  used t o  study 
s e n s i t i v i t i e s ,  a s  shown i n  Figures 2.3-7, 2.3-8, and 2.3-9. These 
s tud ie s  showed t h a t  t h e  o p t i r m  in j ec t ion  parameters a r e  approximately: 

pos i t ion  (X/L) = 0.5, Mach No. = 1.5 and angle = 50 degrees. 

These s tud ie s  were preliminary because they considered a s ing le  
c i r c u l a r  i n j e c t i o n  por t  and an i n j e c t i o n  flow r a t e  of 450 lblsecond. 
Use of mul t ip le  po r t s  or  a s l o t  was expected t o  reduce the  required 
flow r a t e  by approximately 25 percent.  Therefore, a review was made 
of ex i s t i ng  t e s t  d a t a  i n  which comparative s tud ie s  were made between 
s i n g l e  poin t ,  multi-point and s l o t  i n j e c t i o n  ports .  Reference 7 
indicated t h a t  t h ree  c i r c u l a r  o r i f i c e s  with the  same t o t a l  mass flow a s  
a s ing le  c i r c u l a r  o r i f i c e  could produce from 12 t o  38 percent more 
TVC spec?-fic impulse, depending on the  mass flow r a t i o .  Reference 8 
indicated t h a t  mult iple  o r i f i c e s  a r e  b e t t e r  than s l o t s  f o r  ex t e rna l  
jet in t e rac t ion  near the base of a cone. Jet i n t e r a c t i o n  da t a  on an  
ogive-c-ylinder model from Reference 9 indicated t h a t  a sonic  s l o t  with 
a t  aspect  r a t i o  of 8 positioned normal t o  t he  flow can produce about 
23 percent more i n t e r a c t i c n  fo rce  than a c i r c u l a r  o r i f i c e  with the  
same mass flow. From t h i s  da t a ,  i t  was concluded t h a t  a secondary 
jet e x i t  configurat ion of t h ree  c i r c u l a r  o r i f i c e s  spaced one diameter 
apa r t  would produce near optimum system performance and would requi re  
approximately 25 percent l e s s  mass flow than a s i n g l e  o r i f i c e  t o  obta in  
the  design TVC angle of 6 degrees. 

Using the  computer prograauned modified b l a s t  wave theory, 
s tud ie s  were made of t he  va r i a t i on  i n  performance expected around the  
6' TVC point  when the severa l  i n j e c t i o n  parameters were varied.  
Figure 2.3-10 shows the v a r i a t i o n  of TVC angle  (8 )  with the  a x i a l  pos i t i on  
of the  secondary j e t  i n  t he  primary nozzle f o r  severa l  secondary t o  
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Figure 2.3-10. TVC Angle vereue Injection Location 



pr iaary  mass flow r a t i o s .  This considers  a t o t a l  secondary pressure 
of 225 ps ia ,  which is considered t o  be the  bas ic  design condi t ion,  
assuming 10 percent duct  l o s se s  from the  primary nozzle t o t a l  pressure 
of 250 ps ia .  Thrust vector  cont ro l  angle  is defined a s  O = a r c  t an  
@!FA) where FN = t o t a l  fo rce  normal t o  primary a x i s  and FA = t o t a l  
a x i a l  t h rus t .  Var ia t ion  of O with secondary i n j ec t i on  Mach number 
is shown i n  Figure 2.3-11. Variat ion of O with secondary i n j e c t i o n  
angle is shown i n  Figure 2.3-12. The f i gu re s  i l l u s t r a t e  t h a t  condi t ions 
producing maximum TVC angle  fo r  the  lowest mass flow r a t i o  a r e :  

2.4 Struc tura l  Analysis 

Two bas ic  design concepts were evaluated. The f i r s t  approach was 
t o  have a s i n g l e  valve per  90' of nozzle while t he  second approach was 
the u t i l i z a t i o n  of a number of valves  per  nozzle quadrant. The r e s u l t s  

f the  s t r u c t u r a l  study indicated a s i g n i f i c a n t  weight savings could 
be rea l ized  by using the  multi-valve approach. 

The s i n g l e  valve design configurat ion is  bas i ca l l y  a cy l ind r i ca l  
s h e l l  plenum with rzctangular  i n l e t  and i n j e c t i o n  por t s .  The width 
of the un i t  was 32 inches and the  t o t a l  depth about 35 inches. 

For t h e  multi-valve approach, th ree  u n i t s  per quadrant were usec. 
Two basic  designs were considered. The f i r s t  used a c y l i n d r i c a l  plenum 
and the second a spher ica l  plenum. For both these valves cy l ind r i ca l  
ducts  were used. The basic  configurat ion of t h e  s eve ra l  designs a r e  
shown i n  Table 2.4-1. 

The s t r e s s  ana lys i s  e f f o r t  was confined t o  obtaining an ob jec t ive  
weight evaluat ion f o r  t h e  valve design configurat ions.  A l l  va lves  were 
designed using L605 s t e e l  and f o r  a p ressure  of 250  psi^, a temperature 
of 500°F, and a f ac to r  of s a f e ty  of 1.90. Normally a man ra ted  system 
w i l l  only requi re  a f ac to r  of 1.4; however, s i nce  t h i s  is a development 
type s t ruc tu re ,  engineering judgement was t c  use t he  1.90. The weight 
r e s u l t s  a r e  shown i n  Table 2.4-1 where it can be  seen t h a t  Configuratici-. 
I V  i s  the  l i g h t e s t  design. 

In addi t ion  t o  t he  weight study, an evaluat ion was made f o r  t he  
selected design t o  determine the  s t r u c t u r a l  f a c t o r  of s a f e ty  a s  a funct ion 
of s t r u c t u r a l  temperatura. These r e e u l t e  a r e  shown i n  Figure 2.4-1. 

A preliminary thermal ana lys i s  was made to  design the  insuLation 
f o r  toe  i n l e t  duct and valve housiag. It was found that 0.3 inches 
thickness of i n t e g r a l l y  wr-apped and bonded rubber base s i l i c a  phenolic 



Figure 2.3-11. Variation of TVC Angle with Inject ion Mach Number il 
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would be adequate t o  maintain t he  metal s t r u c t u r e  temperature below 
500°F. The predicted shear l e v e l s  due t o  gas  flow of 10 l b s / f t 2  a r e  
wel l  below the  minimum shear l e v e l  of 60 l b / f  t2 required t o  cause 
ab l a t i on  of t he  s i l i c a  phenolic. 

2.5 Valve Torque Analysis 

The torque requirements f o r  t he  b u t t e r f l y  valve were an~;v,eu 
so t h a t  an ac tua tor  capable of meeting the  performance requirements 
could be se lec ted .  

Using design da t a  f o r  b u t t e r f l y  va lves  obtained from Section 
6.2.3 of " ~ e r o s p a c e  Fluid Component ~ e s i g n e r  's Handbook," Volume I and 
applying c .harac te r i s t ics  of t h i s  proposed b u t t e r f l y  valve design. The 
c o e f f i ~ i s n t  was computed from the  equat ion 

where a = opening angle  i n  radians.  

The f l u i d  torque on the  valve was then computed using the  
equation 

3 T = Pld C C 
1 2  

where P = 250 psi. 
1 

C1 = from above 

PC = s t a t i c  pressure downstream f o r  c r i t i c a l  flow 

P2 = s t a t i c  pressure downstream 

d = valve e f f e c t i v e  diameter 

The r e s u l t i n g  torque curve showed a peak c los ing  torque of 
5500 in-lb a t  an opening angle  of 80'. Sizing the  ac tua tor  f o r  some 
torque margin t o  provide acce l e r a t i on  c a p a b i l i t y  i t  was decided t o  
use an ac tua tor  with a s t a l l  torque r a t i n g  of 9000 in-lb. 



The valve configurat ion was then analyzed f o r  r o t a t i o n a l  i n e r t i a .  
This information was combined with the  ac tua tor  deeign da ta  and the 
hydraulic na tu ra l  frequency was estimated from: 

where f n  = hydraulic na tu ra l  frequency 

B = 150,000 p s i  (MIL-H-5606 a t  200°F) 

3  dm = 9.0 i n  / radian displacement 

Om = n/2 radians (90") 

I = 3 . 2  in-lb-s 2  

the  r e su l t an t  frequency was 116.6 Hz which is we l l  above t h a t  required. 

2.6 Thermophysical Analysis 

The thermal model of the TVC valve mechanism was converted t o  
the new computer program which employs a va r i ab l e  proper t ies  ana lys i s  
and the da t a  output 2hecked aga ins t  previous r e s u l t s  of t he  old computer 
program which employed a constant  proper t ies  ana lys is .  The va r i ab l e  
thermophysical proper t ies  presented i n  Figures  2.6-1 through 2.6-3 
were added t o  the  new version of t he  TVC valve  thermal model. Analysis 
r e s u l t s  a r e  compared with tlra r e s u l t s  of t he  constant  proper t ies  ana lys i s  
i n  Table 2.6-1. The va r i ab l e  proper t ies  ana lys i s  shows a sharper 
temperature gradient  i n  t he  ac tua t ion  s h a f t  where i t  passes through the  
wall  of t he  TVC tube. This  is because the  v a r i a b l e  thermal conduct ivi ty  
da ta  uses  lower conduct ivi ty  values a t  t h e  lower temperature l eve l s .  The 
s l i g h t  increase i n  bearing temperature is due t o  va r i ab l e  mater ia l  
spec i f i c  heat da ta .  The e f f e c t s  of va r i ab l e  thermophysical proper t ies  
i n  t h i s  ana lys i s  a r e  small and do not  r equ i r e  any change i n  the valve 
design. 

In  addi t ion,  t he  TVC valve  model was modified t o  include the  
ca lcu la t ion  of component thermal expansion as a funct ion of time f o r  
the major valve mechanism components. The r e s u l t s  a r e  p lo t ted  i n  
Figure 2.6-4 i n  t he  form of component growth v s  operat ing time. Figure 
2.6-4 reaches i ts  maximum growth (.095 inch) a f t e r  15  eec of operat ion 
while the  duct tube which i s  i n t e r n a l l y  insulated has not changed 
dimension within the f i r s t  15  sec of operation. Thus the  valve design 
must allow f o r  approximately 0.1 inch of b u t t e r f l y  vaive expansion 
r e l a t i v e  to  t he  duct tube. 

Figure 2.6-4 shows t h a t  t he  valve ac tua t ion  half  s h a f t  w i l l  





TABLE 2.6-1 

Component Thermophysical Properties 

Temperature (OF) a t  the 
E d  of 3 Minutes 

Butter f 1 y Valve 

L-605 Shaft a t  Butterfly Valve 

L-605 Shaft a t  Bearing 

Bearing 

L-605 Shaft a t  Univ~~rsal  Joint 

Univer s a l  Joint 

Thenmphysical Properties 
Constant Variable 











grow approximately 0.1 inch during operation. The butterfly valve growth 
Sassd on the valre radius is 0.05 inch and i~ in the opposite direction 
to that of the actuation shaft. Thus the valve mechanism design must 
allow for 0.15 inch of relative expangian between the butterfly valve 
and the actuation shaft. 



P s m m G  P m  BLANK NOT - 

3.0 HIGH CCNTAMINANT DIRECT ZYTVE SERVCIVALUE 

Torque Motor Design Analysis 

A conventional tee shaped armature with a permanent nagnet 
field was selected as a baseline design because it is most widely u$ed 
in two stage valve designs. Magnetic material advancements have 
extended the environmental and strength capabilities of pertlacent magcets, 
while the dual gap magnetic bridge cffers maximum torque capability 
in minimum packaging volume. 

A schematic of the torque motor arrangement and the equivalent 
rragnetic circui, is shown in Figure 3.1-1. 

Figure 3.1-1. Schematic Diagram of Permanent Magnet Torque Motqr 



By applying Kirchhoff's f i r s t  and second laws fo r  e l e c t r i c a l  
c i r c u i t s  t o  the  magnetic c i r c u i t s  of Figure 3.1-1 and forming the  
Laplace transform, the  following equation r e l a t i n g  vol tage ,  res i s tance ,  
inductance and cllrrent r e s u l t s :  

- magnetic permeabili ty 

e - s igna l  vol tage input  t o  ampl i f ie r  
g 

Rc - r e s i s t ance  of each c o i l  

r - i n t e rna l  r e s i s t ance  of ampl i f ie r  
P 

A i  - curren t  d i f fe rence  between the  two c o i l s  

Kb - back emf cons:ant f o r  each c o i l  

LC - s e l f  inductance of each c o i l  

Since the a t t r a c t i v e  fo rce  between magnetized paral. le1 surfaces,  
separated by an a i r  gap is d i r e c t l y  proport ional  t o  t h e  square of 
magnetic f l ux  i n  the  gap and inversely proport ional  t o  t he  product of 
the permeability and the  a rea  of t he  f l u x  path, i t  can be shown t h a t  
the torque developed on the  armature due t o  an  e l e c t r i c a l  cur ren t  
input is given by: 

Kt - torque constant of each c o i l  (in-lb - a q )  f '  

Km - magnetic spr ing constant  of torque motor (in-lbf-amp) 

By applying ~ e w t o n ' s  second law t o  the  armature the  equation 
fo r  the developed torque may be wri t ten:  

Ja - i n e r t i a  of armature and attached load 

Ba - armature viscous damping coe f f i c i en t  

Ka - armature pivot  spr ing r a t e  

TL - load torque 

Equating equations 2) and 3) rearranging and forming the  La- 
place transform: 



Fina l ly ,  i f  t h e  mechanical viscous damping is  considered t o  be 
small (reasonable assumption i n  a dry  torque motor) by combining 
equations 1 )  and 4 )  the  r e s u l t  is  the  r e l a t i onsh ip  between the  input  
vo l tage  and the  angular displacement of t he  armature. 

K - s t a t i c  gain constant  
0 

w - break frequency of armature c i r c u i t  
a 

w - na tu ra l  frequency of a m s t u r e  
m 

Other terms a s  previously defined. 

The above equation w i l l  be used t o  analyze tha  dynamic response 
of the torque motor. 

3.2 Spool Valve Design Analysis 

The ana lys i s  of t he  spool por t ion  of the  servovalve is analogous 
t o  the torque motor. The flow of f l u i d  t o  t h e  load is  given by: 

K - valve flow gain 
q 

Kc - valve flow-pressure c o e f f i c i e n t  

Because t he  dynamic behavior of the  load is  in t imate ly  r e l a t e d  t o  t h a t  
of the  spool of the  valve,  both must be considered together .  For the  
purpose of t h i s  study a mass-spring-dashpot load with a l i n e a r  
ac tua tor  power element has been assumed. The schematic of such a 
system is ahown i n  Figure 3.2-2. 

I n  Figure 3.2-2 the  flow to  t h e  load % = Q1: 

P~ 

V t  - t o t a l  volume under compression 

13 e 
- e f f e c t i v e  bulk inodulus of f l u i d  



1 0. 
C- I 

Figure 3.2-1. Schematic of Spool Valve 



l P, l I I 
SUP& Return 

Figure 3.2-2. Schematic of Valve-Actuator-Mass- 
Spring-Dash?ot System 



The f i r s t  term being the  flow required t o  d i q l a c e  the  p is ton;  
the  second term being the  t o t a l  leakage (p is ton  p l c s  rod leakage) and 
the  f i n a l  term being t h e  flow due t o  compveesibili ty of t he  f l u i d ,  
Applying Newton's second law t o  the  forces  on the  ac tua tor  p i s ton  and 
forming the LaPlace transform yie lds :  

A = net  p i s ton  a rea  
P 

Mt - t o t a l  mass of p i s ton  and load 

B - viscous damping coe f f i c i en t  
P 

K - spring rate of load 

FL - load force  

I f  equations 6),  7)  and 8) a r e  solved simultaneously the fo l -  
lowing r e l a t ionsh ip  is obtained: 

Kc e = K + Cip + Cep/2 - £lo*-pressure coe f f i c i en t .  
C 

Equation 9) can be used t c  analyze the  spool valve and 
actuator-load from a l inear ized  standpoint.  

Since there  a r e  nonlinear c h a r a c t e r i s t i c s  (such a s  the  or  i f  i c e  
flow and underlap of spool-sleeve assembly) ex is t ing ,  it: was found 
necessary t o  model t he  valve by more exact descr ip t ions .  The major 
e f f o r t  was on the  control led flow r a t e  rrsponse t o  spool displacement. 
In  the  following ana lys is ,  both the  supply pressure and r e tu rn  pressure 
were assumed constant.  

Figure 3.2-3 dep ic t s  the  s implif ied servovalve with a p is ton  
and cyl inder  assembly connected t o  t he  con t ro l  ports .  The speed of 



the  p is ton  i s  a good measure of t he  cont ro l led  flow r a t e .  The o r i f i c e s  
a t  both ends of t he  spool serve a s  a damper t o  the spool motion. 

Control Area - The control  a r ea  or  metering a rea  a t  each land 
of the spool mr~y be ex, iesfjed a s  

where 

ACI = metering a rea ,  i = 1, 2, 3, 4 

W = s l o t  width o r  con t ro l  o r i f i c e  grad ien t  

Cr 
= r a d i a l  c learance between spool and s leeve.  

U = amount of underlap per land, assumed t o  be the  
same f o r  a l l  four  lands. 

Flow Rare - The flow r a t e  a t  each opening is  determined by 
metering area and pressure difference.  For MIL-H-5606, the  following 
may be wr i t t en  fo r  the  right-hand chamber: 



where = flow r a t e  i n t o  the  right-hand chamber or  chmber C1 

Qll 
= flow r a t e  leaving chamber C1 

Qldl = usefu l  flow r a t e  o r  load flow r a t e  i n  chamber C1. 

= flow r a t e  from valve t o  compensate the  compressibi l i ty  
Qcmpl of the  f l u i d  i n  chamber C1 

Pc 1 = pressure i n  chamber C1 

Cd = discharge c o e f f i c i e n t  2 0.61 

Ap = pis ton  a rea  

y = pis ton  l i n e a r  displacement 

t - t i m e  

The r a t e  of change of PC1 may be evaluated from equation 17): 

where 
Be = bulk modulus of MIL-H-5606 

VC1 = volume of chamber C1 and 

18) Vcl = Ap (y + L) 

L = neu t r a l  pos i t ion  of t he  pis ton.  



A s imi l a r  procedure may be appl ied t o  descr ibe  the  left-hand 
chamber or chamber C 

2 

The information of ; i n  equation 15) is  obtained from the  
piston-load dynamics. 

Piston-Load Dynamics - The following expression descr ibes  the  
acce l e r a t i on  of t he  pis ton.  

where .. 
y = piston-load acce l e r a t i on  

B = load damping c o e f f i c i e n t  

Or i f i ce  Damping f o r  Spool - Due t o  t h e  highly underdamped 
c h a r a c t e r i s t i c  of t he  spool-spring system, a p a i r  of o r i f  i c e s  a r e  
used for  damping purposes, The pressure  a t  t h e  r i g h t  end of t h e  
spool is  described by 

KS = load spr ing  r a t e  

Mt = t o t a l  i n e r t i a  of p i s ton  and load. 

and t h a t  i n  t h e  l e f t  end of t h e  spool is  expressed a s  

where 

Ao = damping o r i f i c e  diameter a r ea  



E distance between the centers of spool and sleeve 

1 = length of path of viscous flow, see Fig. 3.2-3 

v v i scos i ty  

As = spool end area 

K(PS-Pr) 
S2 = sign (XS - 1 

A S 

Xld - a function of i defined a s  shown i n  Fig. 3.2-4 SS 

'2d = a function of X,., defined a s  shown i n  Fig. 3.2-5 

- Y ---* 
Figure 3.2-3. Flow Pat1 s 



The damping ( r e s i s t i v e )  torque produced by the  d i f f e r ence  of 
these pressure is  

In the  program t h a t  s imulates  t he  performance of t he  eervovalve, 
equations l o ) ,  13) ,  14). 15).  161, 171, 19).  201, 21)s 22) and t h e i r  
assoc ia ted  d e f i n i t i o n s  a r e  implemented. 

Figure 3.2-4. Geometry f o r  
De te rmj~ ing  Xld 

Figure 3.2-5. Geometrv f o r  
Determining X2d 

Performance Analysis 

The system ana lys i s  block diagram, which includes t h e  dynamics 
of t he  torque motor, , ac tua tor  and the  associated loads,  i s  shown 
i n  Figure 3.3-1. The n~menc la tu re  used i n  Figure 1 i s  described i n  
Table 3.3-1. 

Two o r i f i c e s  were used t o  produce the  damping e f f e c t  needed 
fo r  s a t i s f a c t o r y  va lve  responae character is ti.^^. The desc r ip t i on  of 
the  damping e f f e c t s  were implemented i n t o  t h e  computer program f o r  t he  
electro-hydraul ic  servovalve simulation. Step reepon8ee of t he  valve,  





TABLE 3.3-1 

Block Diagram Nomenclature 

Symbol 

Amplifier gain 

Torque mot,?r ga in  

Descr ipt ion 

Torsion spr ing  constant  of pivot  

Magnetic spr ing  constant  of torque mot0 

I n e r t i a  of armature and a t tached  load 

Viscous damping coe f f i c i en t  

Armature angular r o t a t i o n  

Distance from armature i i v o t  t o  spool E 

Spool t r a v e l  

Valve flow gain 

Valve flow r a t e  

Flow/pressure c o e f f i c i e n t  

Tot21 volume of f l u i d  under compression 

Effec t ive  bulk modulus 

Area of ac tua to r  p i s ton  

Force generated by a c t  ,dtor 

Unite - 

Load force  on ac tua to r  

Tota l  mass of p i e t ~ n  and load 

Viscous damping coe f f i c i en t  of p i s ton  

P is ton  t r a v e l  

Load spr ing grad ien t  

Displacement flow r a t e  

O r  i f  i c e  discharge coe f f i c i en t  

Or i f i ce  ve loc i ty  of approach coe f f i c i en t  

tad i ans  I 
inches I 
inches 

3 i n  / eec / in  
3 i n  /sec 
3 

i n  / sec /pe i  

i n  3 
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TABLE 3 . 3 - 1  (Continued) 

Value Uni:e 

2 
i n  /Ira 

i n  

degrees  

ir.  
2 4 

Ibf-sec  / i n  

Symbol 

w 

C~ 
0 

L 

P 

Deecr i p  t i o n  -- 
Orif  i c e  a r e a  g rad ien t  

Radia l  c l e a r a n c e  between spoo l  and body 

.Jet dngle  

Damping 'ength 

F lu id  d e n s i t y  

s 

T ~ a  

Kfb 
e  

C 

e  
f b 

s 
- 

Flow f o r c e s  on spool  

Load torque seen by armature  

P o s i t i o n  feedback g a i n  

Cowland v o l t a g e  

Feedback v o l t a g e  

Laplace o p e r a t o r  
- 



wit;,  t he  d e s i r a b l e  o r i f  i c e  s i z ?  (.014 inch  d i a . )  and t h e  d i a m e t r a l  
c l ea rance  i.9005 i n c h ) ,  a r e  shown i n  Figure  3.3-2 i n  which t h e  
c o r r e l a t i o n  of s t a p  c o n t r o l  c u r r e n t  (amp) and t h e  c o n t r o l l e d  f low r a t e  
(QLD1, in3 / sec )  i s  shown i n  a t ime b a s i s .  The fo l lowing  informat ion 
may be drawn from Figure  3.3-2. 

Control  Current  -. Settl!.  ' -me  of Flow Rate 

C t o  25% (of max. c u r r e n t )  

25% t o  0 

7 ma. 

6 m s .  

1 4  ms. 

19 mR. 

The longer  s e t t l i n g  time f o r  l a r g e r  s t e p  change i s  due t o  t h e  non- 
I f inpar i ty  o t  t h e  o r i f i c e  flow. 

For t h e  same s e t  of parameters ,  a  s e t  of frequency responses  
f o r  1 ampere ampl j tude was s imulated,  t h e  r e s u l t s  of which were p l o t t e d  
a s  show*: i n  Figure  3.3-3. Tllcse p l o t s  i n d i c a t e  t h a t  a 93' phase l a g  
occurs  a t  approx:mately 117 c p s  and t h e  correspondrng amplitude i s  -3 
db. 

The f i n a l i z e d  desj-gn l ayou t  is shown i n  Figure  3.4-1. 

The assembly envelope is 6 318 x 7 1 /16 x 9 5 / 8  inches  w i t h  an 
es t imated weight of 28 pounds. 

A l l  m a t e r i a l  is non-magnetic, w i t h  t h c  excep t ion  of  to rque  motor 
p a r t s  r e q u i r i n g  m a g n e t ~ c  c a p a b i l i t y .  

The armature ,  t o r s i o n  b a r ,  and s h a f t  a r e  welded by t h e  e l e c t r o a  
beam process  t o  comprise a s i n g l e  assembly. During o p e r a t i o n ,  r o t a t i o n  
of t h 3  armature b a r  produces a lateral movement of '0.020 and 200 pound 
f o r c e  on t h e  va lve  spool.  Tors ion b a r  r e a c t i o n  w i l l  r e t u r n  t h e  spoo l  t o  
n u l l  p o s i t i o n .  

The four  p o l e  p i e c e s  a r e  a d j u s t a b l e  t o  o b t a i n  the  0.135 inch needed 
c lea rance  betwtzn po le  p i e c e  and armature.  

'The two magnets a r e  r e t a i n e d  between t h e  top and bottom :notor p l a t e s  
by compressicn. The two c o r l s  a r e  i l lso retai3,dd by compress ior~,  u t i l i z i n g  
a compressible wrappins lua te r i a l  25 the  c o i l s .  These c o i l s ,  made from No. 
17 c o i l  type  wi re  (500 t u r n s ) ,  r e q u i r e  power of 4 m p s  and 28 + 4 v o l t <  
and approximately 2.5 ohms. 

The four  major components oC t h e  va lve  a r e  housing,  end p lugs ,  
s l e e v e ,  and spool .  The s l e e v e  is ~ e s J e d  t o  t h e  housing on t h e  o u t s i d e  
diameter wi th  n i t r i l e  (Buna N )  O-rings and has  an  i n s i d e  0.005-0.00075 
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Figure 3 .3-3 .  Predicted Frequency Response 





inch diametr ical  c learance f i t  with the  spool.  The s leeve is  posi t ianed 
i n  the housing bore and centered with the  n u l l  pos i t i on  of the  torque 
motor s h a f t  by adjustment of the  end plugs. Rotat ional  pos i t i on  of the 
s leeve is cont rc l led  by an alignment pin.  Each end plug contains  a 0.014 
inch diameter o r i f i c e  which provides damping f o r  the spool i n  each direc-  
t i on  of t r a v e l ,  and lockwire ho les  f o r  locking provision. 

The spool and s leeve  a r e  designed fo r  a 0.001 inch overlap a t  each 
sea l ing  surface.  Flow grind procedure is required t o  determine the  required 
overlap/iiiiderlap ccndit ion a t  thcse surf accs. 

To f a c i l i t a t e  prototype manufacturing, no i n t e r n a l  b l ind  passages 
were d e s i g n d  i n t o  the  valve housing. External plumbing must be ~ s e d  t o  
connect the respec t ive  pressure and r e tu rn  po r t s ,  a l l  of which co~~forrn 
t o  M533649-X. 

Suggested order  of assembly: 

1 Sleeve with required O-rings - 

2 Spool - 

3 Bottom notor  p l a t e  - 

4 Armature assembly with required O-ring - 

5 Coils  (2) - 
6 Magnets (2) - 
7 Top motor p l a t e  - 
8 Pole piece ( 4 )  - 
9 End plugs (2) with required O-ring and o r f i c e  - 

10 Motor cover. 

3.5  Design Cr i t ique  

The design of t he  electro-hydraulic servo valve was reviewed 
a t  Moog, Inc. with Messrs. Jack Williams, George Chenault and Mark 
Chavas on 30 Ju ly  1973. 

The present design wat ' lerally agreed with Moog's personnel,  
e.g., based on the  present  configurat ion of t he  torque motor a fo rce  of 
205 l b f  a t  spool was predicted from G. Chenault'e ca lcu la t ion .  Questions 
were asked and comments and/or suggestions were made. The l a t t e r  a r e  
summarized a s  follows : 



S l o t s  i n s ide  the s leeve:  The present  s l o t s  a r e  f u l l  annulus. 
A b e t t e r  design is t o  make four s l o t s  rectangular  i n  shape. 
This design provides b e t t e r   guide^ f o r  t he  spo3l.  

This suggestion was taken. Four rectangular  s l o t s  a r e  used, 
each of which i s  0.22" x 0.1". 

Spool s t roke :  A longer  s t roke  of spool tends t o  make thermal 
expansion e f f e c t s  l e s s  s i g n i f i c a n t .  A s t roke  of 0.012" is 
used i n  the  present  design which corresponds t o  a movement 
of the  armature of 10X nf the sir gap. A maximum movement 
of 30% has h e n  used a t  Moog. The present  spool s t roke  
may be increased provided the  r e l a t e d  components work out  
a l l  r i g h t .  

The s t roke  of the  spool i s  increased t o  .020" and the  
armature movement becomes approximately 24% of the a i r  
gap 

Ef f ec t s  of thermal expansion on the  spool-sleeve neut ra l  
pos i t ion :  The s leeve  i s  spring-load a t  one end aga ins t  a 
plug a t  t he  o ther  end. Due t o  t he  d i f f e r ence  of thermal 
expansign c o e f f i c i e n t s  t he  r e l a t i v e  pos i t i on  of spool and 
s leeve changes a t  e levated and lowered temperatures. This  
causes neu t r a l  b i a s  and needs t o  be solved. 

The valve body material w i l l  be changed t o  s t a i n l e s s  s t e e l  
i1304. 

The recommended spool-sleeve diametral  c learance i s  .0005" 
t o  .00075". The amount of under-lap is suggested t o  be 
.0001.' t o  .0002" per  land. This  recomendat ioa i s  being 
impiemented. 

The back-up r i n g s  on t h e  s leeve  a r e  used on one s i d e  of the  
"0" r i ng  groove and causes confusion during assembling. 
This  may be eliminated by using two back-up r i n g s  i n  each 
groove. 

The present design is technica l ly  c o r r e c t ,  Adding back-up 
r i ngs  r equ i r e s  longer s leeve  and spool which reduc- ns res- 
ponse speed. No change w i l l  be made. 

The s l a n t  p o r t s  on 'he s leeve w i l l  not  produce s u f f i c f - n t  
damping e f f e c t  and a row of normal holes  a r e  ouggestec 

This i s  agreeable  and changes w i l l  be made accordingly. 

Croovss a r e  suggested around spool t o  e l imina te  s ide  loadiag 
of spool due t o  d i f f e r ence  i n  pressure.  

This suggestion is accepted and changes w i l l  be made 
accordingly. 



8 Two screws a r e  suggested t o  f a s t e n  t h e  t o r s ion  bar t o  t h e  - 
valve body r a t h e r  than one screw. 

This suggestion is accepted and changes will be made accord- 
ingly.  

9 It was suggested t o  use plugs f o r  both ends of t he  s leeve  - 
fnr the manufact~rring convenience so  t h a t  the bore of t he  
valve body can be c u t  through. 

This was accepted and changes were made accordingly. 



4.0 CONCLUSIONS 

The ob jec t ive  of 6" TVC by d i r e c t  i n j e c t i o c  of 2000°i' gases 
i n t o  a nozzle has been m e t  by the  design developed under t h i s  can t r ac t .  
Gas flow r a t e s  required f o r  control  have been minimized by loca t ing  
i n j e c t i o n  po r t s  a t  60 percent of t h e  d i s t ance  from the  t?roat  t o  t he  
e x i t  and by in j ec t i ng  t h e  gases  supersonical ly  through mul t ip le  po r t s ,  
th ree  i n  each quadrant. A high margin of s a f e t y  has  been designed 
i n t o  the  valve by se l ec t i ng  mater ia l  capable of 2000°F operat ion and 
in su l a t i ng  i t  t o  prevent temperatures above 500°F. 

S lo t  i n j e c t i o n  using a rectangular  duct  and va lve  was discarded 
a s  a concept because of g r ea t e r  weight thaa t h e  mul t ip le  use of 
c i r c u l a r  valves.  

A hydraulic servovalve was designed t o  accomodate highly con- 
taminated hydraulic f l u i d .  The design c o n s i s t s  of a d i r e c t  d r i v e  
servo i n  which the  spool is powered d i r e c t l y  by the  electromechanical 
device,  imparting a spool fo rce  of 200 pounds. The va lve  was o r i f i c e  
damping and has  a spool diametral  c learance of .0005 inch. The pre- 
d ic ted  performance provides a s e t t l i n g  time of 6 t o  19  mil l iseconds 
with 90' phase l a g  occurr ing a t  117 cyc les  per second. 
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Glossary of Symbols - 
= priwary nozzle half  angle  

= r a t l o  of a x i a l  pos i t i on  of i n j e c t i o n  t o  t o t a l  primary 
nozzle length 

= i n j e c t i o n  angle  from upstream primary nozz le  wal l  

= primary t o t a l  p ressure  

= secondary t o t a l  p ressure  

= primary t o t a l  temperature 

= secondary t o t a l  temperature 

= r a t i o  of s p e c i f i c  hea t s  f o r  primary gas  

= r a t i o  of s p e c i f i c  hea t s  f o r  secondery gas 

= secondary e x i t  Mach number 

= t h r u s t  vector  con t ro l  angle  

= s e c o ~ d a r y  gas mass flow 

= secondary gas momentum 

in = primary gas mass flow 
P 

A C* - ,~rixnary gas momentum 
P P 

Cf s 
= t o t a l  s i d e  fo rce l in j eccan t  gas  momentum 

* = diameter of i n j e c t i o n  po r t  
6 

C = s i d e  fo rce  c o e f f i c i e n t :  Tota l  s i d e  force/momentum of f s 
i n j e c t a n t  gas (& c* ).  

S s 

m c* 
s s 

a C* 
= momentum r a t i o :  Secondary gas momentum/prinary gas momentum 

P P 

- a jet pressure r a t i o :  I n j ec t i on  jet t o t a l  p r e s su re / l oca l  
P undisturbed primary s t a t i c  p ressure  
as, 

I - - - specif ic .  impulse r a t i o :  To ta l  s i d e  impu l se l j e t  impulse 
'vat exhausting i n t o  vacuum c o n d i t i o r s  



5.3 - Detail Drawings - Gas Injection TVC System 
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5 . 4  Detail Drawinns - Hinh Contaminant. Direct Drive Servovalve 
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