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1.0 S U 14YA RY 

- .. 

T h i s  r e p o r t  d e s c r i b e s  the d e s i g n ,  d e v e l o p m e n t ,  f a b r i c a t i o n  and 

t e s t i n g  of a p r o t o t y p e  r i y d r a u l i c  T r a n s f o r m e r ,  Hydro-Aire  Model 

No. 05-055, pe r fo rmed  i n  f u l f i l l m e n t  of t h e  r e q u i r e m e n t s  of 

C o n t r a c t  No, NAS 8-5264 f o r  NASA f larshal l  Space F l i g h t  C e n t e r .  

The H y d r a u l i c  T r a n s f o r m e r  described i s  d e s i g n e d  t o  pump h y d r a u l i c  

o i l  a t  a flow of 1 0 0  GPH w i t h  a p r e s s u r e  r ise  of 4 0 0 0  psi, and  

does t h i s  work by u t i l i z i n g  as a power s o u r c e  t h e  f low of RP-1  

rocket f u e l  a t  a p r e s s u r e  of 1900 p s i g .  

The i i y d r a u l i c  T r a n s f o r m e r  i s  d e s c r i b e d  i n  d e t a i l  w i t h  i n d i v i d u a l  

d e s c r i p t i o n s  and  i l l u s t r a t i o n s  of t h e  u n i t  components .  The 

p r i n c i p l e  of o p e r a t i o n  i s  d e s c r i b e d  and  i l l u s t r a t e d .  
0 

k A p e r f o r m a n c e  a n a l y s i s  i s  p r e s e n t e d  w i t h  a mathematical e v a l u a t i o n  

o f  the  component o p e r a t i n g  p a r a m e t e r s .  The  deve lopmen t  h i s t o r y  

records t h e  s t e p s  i n  r e a c h i n g  s a t i s f a c t o r y  component o p e r a t i o n  

l e a d i n g  'ro f a b r i z a t i o f i  of *I.- ---+ -+....a I4. .A--3*11 ; n  T v . - % n c f f i w m a m  L I I G  P A . U b U L J p G  I I J U A U U I I b  A L  U1..7&Vll l lr& 

The p e r f o r m a n c e  t e s t  r e s u l t s  of t h e  p r o t o t y p e  Hyci rau l ic  T r a n s f o r m e r  

corif i r m  t h e  g e n e r a l  f e a s i b i l i t y  of the a e s i g n  and t h e  p r i n c i p l e  

of o p e r a t i o n .  t iowever,  tihe h o u s i n g s  of b o t h  u n i t s  o f  t h e  

l i y a r a u l i c  T r a n s f o r m e r  were c r a c k e d  d u r i n g  t e s t i n g  due  t o  a 
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weakness of t h e  housing a s  well as e x c e s s i v e  p r e s s u r e  surges 

o r i g i n a t i n g  i n  t h e  test f a c i l i t y .  Performance c u r v e s  are g i v e n  
I 
i 

of t h e  t iydraulic  Transformer operat ion .  i 
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The Hyaro-Aire  n y u r a u l i c  ' l ' r ans fo rmer ,  P a r t  Number 05-055 , was 
d e v e l o p e d  u n d e r  AJASA C o n t r a c t  ivo. iJAS 8 - 5 2 6 4  t o  s a t i s f y  t h e  

r e q u i r e m e n t s  o f  NASA S p e c i f i c a t i o n  PI-PtVL-PLb ( R e v i s i o n  A ) ,  

uated Sep tember  1 3 ,  1 9 6 2 .  ' l 'his r e p o r t  d e s c r i b e s  t h e  d e s i g n ,  

d e v e l o p m e n t ,  f a b r i c a t i o n ,  and  t e s t i n g  of t h e  p r o t o t y p e  H y d r a u l i c  

T r a n s f o r m e r  . 
The s p e c i f i c a t i o n  r e q u i r e m e n t s ,  i n i t i a l l y  r e l a t ed  t o  t h e  S a t u r n  

3 - I C  Venicle,  c a l l  f o r  d pump with a v a r i a b l e  c a p a c i t y  of ze ro  

t o  100 GPM of h y d r a u l i c  oil a t  a ra ted  p r e s s u r e  of 4 0 0 0  p s i .  The 

' power t o  a c c o m p l i s h  t h i s  work is t o  be d e r i v e d  f r o m  t h e  KP-1 r o c k e t  

f u e l  a t  a p r e s s u r e  of 1900 p s i g .  One c o n v e n t i o n a l  a p p r o a c h  t o  t h i s  

p r o b l e m  would be t o  d e s i g n  a f u e l - d r i v e n  moto r  c o u p l e d  t o  a 

h y d r a u l i c  pump. Uue t o  t h e  l a r g e  f l o w s  and  h i g h  p r e s s u r e s  

i n v o l v e d ,  s u c h  a n  a p p r o a c h  would n e c e s s a r i l y  r e s u l t  i n  a s i z a b l e  

g n i t  = f  csnsiderable weip.'it, 

I n s t e a d  of  t h i s  c o n v e n t i o n a l  a p p r o a c h ,  a d e c i s i o n  w a s  made t o  

d e s i g n  a h y d r a u l i c  t r a n s f o r m e r ,  o r  i n t e n s i f i e r ,  which combines  

t h e  f u n c t i o n s  of h y d r a u l i c  motor  and  pump i n  a s i n g l e  u n i t .  

B a s i c a l l y ,  t h e  h y d r a u l i c  ' t r a n s f o r m e r  c o n s i s t s  of a ser ies  of 

free p i s t o n s  moving i n  i n d i v i d u a l  c y l i n d e r s  urider t h e  i n f l u e n c e  
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of the p r e s s u r e  of each f l u i d ,  t h e  rocket f u e l  and  t h e  h y d r a u l i c  

o i l ,  a c t i n g  on o p p o s i t e  e n d s  of t h e  p i s t o n s .  The fact  t h a t  each 

p i s t o n  has a l a r g e r  f u e l  side area t h a n  o i l  s i d e  area a c c o u n t s  

for t h e  i n t e n s i f i c a t i o n  of p r e s s u r e  o f  t h e  h y d r a u l i c  o i l ,  which  

i s  pumped by t h e  lower pressure f u e l .  

The a d v a n t a g e s  of t h e  h y d r a u l i c  t r a n s f o r m e r  o v e r  a c o n v e n t i o n a l  

motor-pump c o m b i n a t i o n  i n c l u d e  more t h a n  a s a v i n g  i n  w e i g h t .  

The r e l a t i v e l y  small number o f  moving p a r t s  r e d u c e s  f r i c t i o n  

losses, a n d  t h u s  improves  e f f i c i e n c y .  The free piston construc- 

t i o n  means t h a t  pumping losses are r e d u c e d  i n  p r o p o r t i o n  t o  the 

c a p a c i t y ,  and  t h u s  e f f i c i e n c y  drops r e l a t i v e l y  l i t t l e  a t  r e d u c e d  

flows. The h y d r a u l i c  transformer i s  d e s i g n e d  t o  g i v e  o u t p u t  

c h a r a c t e r i s t i c s  of a p r e s s u r e  compensa ted  v a r i a b l e  d i s p l a c e m e n t  

pump, p r o d u c i n g  flow from zero t o  rated o u t p u t  at a n e a r l y  

c o n s t a n t  o u t p u t  p r e s s u r e  and c o n s t a n t  e f f i c i e n c y .  The p e r f o r m a n c e  

a n a l y s i s  p r e s e n t e d  i n  S e c t i o n  5.0 shows how t h e  c h a r a c t e r i s t i c s  

of a f ree  p i s t o n  u n i t  are adapted t o  t h i s  d e s i r e d  o u t p u t .  

‘Lhe d e s i g n  of the t iydraul ic  T r a n s f o r m e r  went t h r o u g h  a number 

of stages b e f o r e  a r r i v i n g  at t h e  f i n a l  c o n f i g u r a t i o n .  These 

stages of deve lopmen t  were r e c o r d e d  i n  t h e  p r o g r e s s  r e p o r t s  for 

t h e  p rogram,  a n d  are summarized i n  t h i s  r e p o r t .  The f inal  
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d e s i g n  of the p r e s e n t  h y d r a u l i c  T r a n s f o r m e r  c o n f i g u r a t i o n  is 

shown i n  f fyd ro -h i r e  Layout  brawing LO5-054, and  a , p h o t o g r a p h  

of the p r o t o t y p e  u n i t  i s  shown in F i g u r e  2-1. Other  p h o t o g r a p h s  

of i n u i v i d u a l  p a r t s  are a l so  p r e s e n t e d  f u r t h e r  i n  t h e  r e p o r t .  

The two p r o t o t y p e  u n i t s  b u i l t  f o r  t h i s  program were n o t  t e s t e d  

at f u l l  r a ted  c o n d i t i o n s  due  t o  f r a c t u r e  of the h o u s i n g s  

d u r i n g  t h e  t es t  program. iiowever, s u f f i c i e n t  t e s t s  were r u n  

t o  v e r i f y  g e n e r a l  pe r fo rmance  cnarac te r i s t ics .  The tes ts  

were run a t  lower t h a n  r a t ed  p r e s s u r e  l e v e l s  d u e  to i n i t i a l  

d i f f i c u l t i e s  w i t n  t h e  tes t  equipment ,  and t h e  f r a c t u r e  of t h e  

h o u s i n g s  o c c u r r e d  before t n e  a n t i c i p a t e d  tests a t  f u l l  

pe r fo rmance .  N e v e r t n e l e s s ,  t h e  p r i n c i p l e  of o p e r a t i o n  was 

v e r i f i e d  and t h e  t r e n d  of r e s u l t s  i n d i c a t e s  t h a t  t h e  r e q u i r e d  

f u l l  p e r f o r m a n c e  c a n  be a c h i e v e d  w i t h  t h i s  d e s i g n .  

0 
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3 . 3  D e s c r i p t i o n  of Components 

Huch of t h e  development  work  on  t h e  H y d r a u l i c  T r a n s f o r m e r  was 

done u s i n g  test  f i x t u r e s  wh ich  allowed t e s t i n g  of i n d i v i d u a l  

components .  The b u l k  o f  t h e  development  work  was c o n c e n t r a t e d  

on  two components :  The f u e l  r o t a r y  v a l v e  and  t h e  p i s t o n s .  

The h y d r a u l i c  motor  and  t h e  check  v a l v e s ,  o n  t h e  o the r  hand,  

r e q u i r e d  r e l a t i v e l y  l i t t l e  development  e f f o r t .  A c o m p l e t e  p a r t s  

a r r a y  is shown i r i  F i g u r e  3 - 4 .  

3 . 3 . 1  R o t a r y  Valve arid S l e e v e  

The r o t a r y  v a l v e  f o r  the  fuel flow r e q u i r e d  c o n s i d e r a b l e  deve lop -  

ment work  because of t h e  numerous f a c t o r s  i n v o l v e d  i n  i t s  d e s i g n  

and f a b r i c a t i o n .  A s  t h i s  v a l v e  must h a n d l e  a f u e l  f l o w  of up t o  

260 GPM w i t h  minimum power losses, a compromise m u s t  be e s t a b l i s h e d  

between t h e  t o r q u e  r e q u i r e d  t o  rotate  i t  anu  t h e  leakage flow 

< n r r o n a l  = . n n m n = - h ~ c  L I O ~ O  c + l l A ; o A  a n A  + h m  ~ 1 i 1  ; m r l v t ; c * n 1  yermissiLle. "*."*-I U Y Y & " U b . * Q "  ..-*" Y C U Y I " . . ,  Y..U L.." ",-A. . - . . - -U+ 

r o t a r y  v a l v e  d e s i g n  was s e l e c t e d  as t h e  most p r o m i s i n g  f o r  

deve lopmen t .  A d e t a i l e d  a i s c u s s i o n  of r o t a r y  v a l v e  pe r fo rmance  

is p r e s e n t e d  i n  S e c t i o n  5.2.  

S e v e r a l  r o t a r y  v a l v e  c o n f i g u r a t i o n s  were tested t o  a r r i v e  a t  a 

d e s i g n  h a v i n g  l o x  p r e s s u r e  drop and b a l a n c e d  p r e s s u r e  f o r c e s .  

The  v a l v e  was also s t i f f e n e d  t o  g i v e  b e t t e r  r i g i d i t y  and  less 
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deformation i n  operation, 'vJith t h e s e  improvements, the v a l v e  

c o u l d  be operated with  very small r u n n i n g  clearances between the 

v a l v e  body and the surrounding ported sleeve,  thus minimizing 

leakageflow. The rotary  v a l v e  i s  snown i n  Figure 3-5  and 

the main s l e e v e  i n  F igure  3-6, 

Another f e a t u r e  of the r o t a r y  valve  r e q u i r i n g  development work 

was c h o i c e  of va lve  bearings .  I n i t i a l l y ,  journal  bearings  were 

t r i e d ,  but the r e s u l t i n g  s t a r t i n g  torque was too g r e a t  for the 

hydraulic d r i v e  motor. A change was nade to  n e e d l e  bearings and 

finally to  ball bearings .  
- 
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3.3.2 P i s t o n s ,  S l e e v e s  and Dashpots 

The p i s t o n s  are t h e  components  of t h e  H y d r a u l i c  Transformer which 

p e r f o r m  the pumping o p e r a t i o n  and t h e  p r e s s u r e  i n t e n s i f i c a t i o n  

f u n c t i o n .  Requ i remen t s  are t h a t  t h e y  be low i n  mass, to g i v e ,  

fast  a c t i o n ,  y e t  s t r o n g  enough t o  resist t h e  c o n s i d e r a b l e  pressure 

forces. An a n a l y s i s  of p i s t o n  a c t i o n  i s  p r e s e n t e d  i n  detail in 

S e c t i o n  5.1. 

I n  t h e  c o u r s e  of t h e  development work on t h e  p i s t o n  assembly, 

s e v e r a l  a l t e r n a t i v e  d e s i g n s  were s t u d i e d .  The o r i g i n a l  d e s i g n  

had s p r i n g s  t o  r e t u r n  the pistons a f t e r  t h e  power st roke though 

t h i s  s p r i n g  d e s i g n  was dropped a f t e r  c o n s i d e r a t i o n  of some 

s p r i n g s .  Therefore,  it was decided t o  u s e  h y d r a u l i c  i n s t e a d  of 

m e c h a n i c a l  power t o  r e t u r n  the p i s t o n s .  R e t u r n  a c t i o n  i s  

a c c o m p l i s h e d  by a l l o w i n g  h i g h  p r e s s u r e  fuel t o  e n t e r  a c a v i t y  

in the m i d d l e  of t h e  p i s t o n  a s s e m b l y  at the completion of the 

power s t roke ,  which  causes the p i s t o n  t o  be r e t u r n e d .  

iiowever, t h i s  d e s i g n  r e q u i r e d  that three sealing s u r f a c e s  be 

u s e d  p e r  p i s t o n  a s s e m b l y ,  which p r e s e n t e d  some f a b r i c a t i o n  

p r o b l e m s .  I t  was f i n a l l y  found that based upon t h e  u s e  of a 
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new p r e c i s i o n  g r i n d i n g  machine ,  t n e  p i s t o n - p l u n g e r  c o u l d  be 

m a n u f a c t u r e d  i n  one p iece  and s t i l l  m a i n t a i n  t h e  n e c e s s a r y  

diametrical  clearances. S e a l i n g  is a c c o m p l i s h e d  a t  t h e  ends 

w i t h  p i s t o n  r i n g s .  A p i s t o n  a n u  s l e e v e  are  shown i n  F i g u r e  3-7. 

The d e s i g n  o f  t n e  p i s t o n  assembly  also raised some problems. The 

p i s t o n s  t r a v e l  at a c o n s i d e r a b l e  v e l o c i t y  and must  be d e c e l e r a t e d  

arid s t o p p e d  i n  a v e r y  short d i s t a n c e  a t  t h e  end  of t h e  stroke. 

The s o l u t i o n  was ra ther  s t r a i g h t f o r w a r d  f o r  t h e  o i l  pumping 

I st roke,  u s i n g  t h e  closed end  of tne c y l i n d e r  as a d a s h p o t .  

However, a t  the f u e l  end for t h e  r e t u r n  s t r o k e ,  a d a s h p o t  

could n o t  be c o n s t r u c t e d  a t  t n e  end of t h e  c y l i n d e r  bore .  

I n s t e a d ,  i t  was n e c e s s a r y  t o  make t h e  d a s h p o t  w i t h i n  t h e  end 
0 

of t h e  p i s t o n ,  ma tch ing  a mating p r o j e c t i o n  at t h e  end  of t h e  

c y l i n d e r .  k p i s t o n  f u e l  d a s h p o t  is shown i n  F i g u r e  3 - 8 .  



PART NO. Y05-055625 NEG. NO. OESCR I PTlON 
NAME Piston and Piston Sleeve  

Figure 3 - 7  



PART NO. Y.35-Ci55613 NEG. NO. DE SCR I PTlO N 
NAME Piaton Fuel Side Diashrmt 

~~~~ 

Figure 3-8 
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3.3.3 O i l  S i a e  Check Valves 

The i n l e t  and  d i s c h a r g e  h y d r a u l i c  o i l  check v a l v e s  r e q u i r e d  

r e l a t i v e l y  l i t t l e  development  work as the final p r o t o t y p e  d e s i g n s  

p roved  v e r y  s a t i s f a c t o r y  i n  per formance .  T h e  main f e a t u r e  of 

check v a l v e  o p e r a t i o n  i s  t h a t  t h e i r  t i m e  of o p e r a t i o n  m u s t  be 

s h o r t ,  c o i n c i d i n g  w i t h  t h e  p e r i o d  t ha t  t h e  p i s t o n s  are a t  rest 

a t  the e n d  of a s t r o k e ,  so  t h a t  t h e  p i s t o n s  w i l l  n o t  waste power 

by d i s c h a r g i n g  t h r o u g h  the  i n l e t  p o r t  o r  pumping from t h e  

d i s c h a r g e  p o r t .  

Hn a n a l y s i s  of check v a l v e  o p e r a t i o n  i s  p r e s e n t e d  i n  S e c t i o n  

5.3. P h o t o g r a p h s  o f  the  check  v a l v e s  are shown i n  F i g u r e  3-9 
.. 

and F i  ~ I I V P  2-1 1 1  ~ + t h  check ~ ~ ~ l t ~ ~ s  r\ppr=fp_d ~=ti~f=ntcrily 

i n  the h y d r a u l i c  T r a n s f o r m e r ,  b u t  t h e  d i s c h a r g e  check v a l v e  body 

had t o  be made of s t ee l  rather t h a n  aluminum, as i n  t h e  o r i g i n a l  

p r o t o t y p e ,  and  t h e  v a l v e  seat was made l o n g e r  i n  order t o  p r o v i d e  

greater r i g i d i t y  i n  t h e  hous ing  i n s t a l l a t i o n .  



PART NO. Y85-955628 
NAME 

NEG. NO. DE SC R I PT IO N 
HydrPauZic Oil Inlet Check Vslw 

f igure 3-9 



PART NO. YO5-055633 NEG.NO. OESCR I PTlON 
NAME hydraulic Oil Discharge 

L i l e  ch ', d i v e  

Figure 3-10 







e 
PART NO. YO5-055638 NEG. NO. OESCR I PTlON 
NAME ~ ~ d ~ W 2 2 ~ ~  

Figure 3-12 
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PART NO. Y05-055biy NEG.NO. DE SCR I PT IO N 
NAME Oil S i d e  of kiydraulic 

Figure 3-13 



. . . r  . 

PART NO. YO5-055610 NEG. NO. DE SCR I P f  ION 
NAME Fuel Side of Hydraulic 

ran s t o i.ne r r io  u s ir, v - >  - 

Figure 3-14 
~ _ _ _ _  



Figure 3-15 
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The f o l l o w i n g  a c c o u n t  of t h e  deve lopment  h i s t o r y  of t h e  H y d r a u l i c  

T r a n s f o r m e r  i s  a e r i v e a  and  summarized from the month ly  progress 

r e p o r t s  s u b m i t t e d  d u r i n g  t h e  c o u r s e  of t h e  c o n t r a c t .  iuASA 

C o n t r a c t  iro. i iAS 8 - 5 2 6 4  w a s  i n s t i t u t e d  2 8  F e b r u a r y  1 9 6 3 ,  for 

t h e  d e s i g n ,  deve lopment  and  rnanufac ture  of t w o  p r o t o t y p e  i i y d r a u l i c  

T r a n s f o r m e r s  t o  meet t h e  r e q u i r e m e n t s  of I ~ A L A  S p e c i f i c a t i o n  

Pi-P&VL-PLb ( R e v i s i o n  A ) .  l e s t i n g  of a p r o t o t y p e  u n i t  was 

c o n c l u d e d  i n  Gariuary 1 9 6 5 ,  a n d  n e g o t i a t i o n s  u n a e r t a k e n  t o  c o n c l u d e  

tile c o n t r a c t .  ‘ihe ueve loyment  n i s t o r y  of t h e  u n i t  is a i s c u s s e d  

i n  s e v e r a l  p h a s e s  as g i v e n  below. 

0 
4 . 1  E ina lvs i s  a n d  O e s i n n  

lhe i n i t i a l  p e r i o d  of t n e  develornient  p r o p r a n  was d e v o t e d  t o  

a n a l y s i s  oi t h e  r l y a r a u l i c  I r a n s l o r m e r  r e q u i r e m e n t s  a n a  d e s i g n  

of a p r o t o t y p e  d n i t .  I n  c o n j u n c t i o n  w i t h  d e s i g n  o f  t n e  main u n i t  

was a p a r a l i e l  2rogram t o  d e s i g n  f i x t u r e s  t o  t e s t  i n d i v i d u a l  

components .  i n u s ,  if c h a n g e s  were n e c e s s a r y  i n  i n d i v i d u a l  com- 

ponen t  d e s i g n ,  t h e y  c o u l d  be accomplis t red e a r l y  enough i n  t h e  

progrdm t o  a v o i d  e x t e n s i v e  rework of t h e  p r o t o t y p e  u n i t  ha rdware .  
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The main components  which  w e r e  t e s t e d  i n d i v i d u a l l y  were t h e  

h y d r a u l i c  motor, t n e  r o t a r y  v a l v e ,  the p i s t o n s ,  and  t h e  check 

v a l v e s .  A number of u n f o r e s e e n  p rob lems  d i d  c a u s e  p rob lems  in 

component d e s i g n ,  which  o c c a s i o n e d  c o n s i d e r a b l e  d e l a y  i n  t h e  

program. T h i s  d e l a y  e v e n t u a l l y  made i t  n e c e s s a r y  t o  n e g o t i a t e  

a n  o v e r r u n  c o n t r a c t  t o  e x t e n d  the t i m e  of  the program. 

I n i t i a l  e f f o r t s  were also d i r e c t e d  t o w a r d  d e f i n i t i o n  of the 

r e q u i r e m e n t s  of t h e  t e s t  equipment  needed  for t h e  f i n a l  p r o t o t y p e  

u n i t .  Due t o  t h e  r a t h e r  e x c e p t i o n a l  magn i tude  of t h e  flows and 

p r e s s u r e s  i n v o l v e d ,  there was c o n s i d e r a b l e  d i f f i c u l t y  i n  f i n d i n g  

s u i t a b l e  equ ipmen t .  Test equipment  s p e c i f i c a t i o n s  were w r i t t e n  

and  p r o c u r e m e n t  of equipment  was s t a r t ed  e a r l y  i n  the program. 
0 

4.2 Component Des ign  and Development 

The d e s i g n  of i n d i v i d u a l  components  was d e v e l o p e d  by p e r f o r m a n c e  

rests u s i n g  i n d i v i d i i a l  t e s t  f i x t ~ r e s  and a s p e c i a l  t e s t  f a c i l i t y .  

T h i s  test f a c i l i t y  wa6 b u i l t  e a r l y  i n  t h e  program, a n d  was 

n e c e s s a r i l y  of o n l y  small c a p a c i t y .  I t  was n o t  p o s s i b l e  t o  

s i m u l t a n e o u s l y  t e s t  w i t h  b o t h  h i g h  f l o w  and  h i g h  p r e s s u r e .  One 

pump was a v a i l a b l e  f o r  l o w  flows a t  h i g h  p r e s s u r e ,  and  one pump 

supplied h i g h  flow a t  low p r e s s u r e .  I n s t r u m e n t a t i o n  was a v a i l a b l e  

t o  c h e c k  all t h e  s i g n i f i c a n t  o p e r a t i n g  p a r a m e t e r s .  



PAGE-- 4-3 - 
D I V I S I O N  S O 0 0  W I N O N A  A V E N U E  mURmANK. C A L I F O R N I A  DATE __ 6-30-6.L 

R L M R T  NO 312-18 
' HVDRO-AIRE a 
0 

Development t e s t i n g  of t h e  h y d r a u l i c  motor was u n d e r t a k e n  f i r s t ,  

s i n c e  i t  was p l a n n e d  t o  use a n  e x i s t i n g  u n i t  w i t h  s l i g h t  

m o d i f i c a t i o n s .  Then,  t h e  ro ta ry  v a l v e  had t o  be developed t o  

s e r v o  as t h e  f u e l  supply r e g u l a t i o n  for t h e  p i s t o n  t e s t i n g .  

The p i s t o n s  arid check  v a l v e s  had t o  be t e s t e d  t o g e t h e r ,  s i n c e  

t h e i r  dynamic o p e r a t i o n  i s  i n t e r r e l a t e d .  

4.2.1 H y d r a u l i c  Motor T e s t s  

The h y d r a u l i c  motor u s e d  to d r i v e  t h e  r o t a r y  v a l v e  i s  a s l i g h t l y  

m o d i f i e d  v e r s i o n  o f  the s t a n d a r d  Hydro-Aire  68-193 motor. The 

s e l e c t i o n  of t h i s  motor w a s  made on  t h e  bas i s  of t h e  estimated 

d r i v i n g  t o r q u e  r e q u i r e d  f o r  t h e  r o t a r y  v a l v e  a t  t h e  r e q u i r e d  
a 

r o t a t i o n a l  s p e e d  selectea,  1800  KYM. The o n l y  c o n c e r n  was w h e t h e r  

t h e  motor would r u n  s a t i s f a c t o r i l y  w i t h  RP-1 rocket  f u e l  f o r  t h e  

r e q u i r e d  2 0 0  h o u r s .  due  t o  t h e  power l u b r i c a t i n g  p r o p e r t i e s  of 

f u e l  as compared t o  o i l ,  it was n o t  known w h e t h e r  the wear of 

the p a r t s  would be e x c e s s i v e .  

A 200-hour  e n d u r a n c e  test  was r u n  w i t h  the  h y d r a u l i c  motor u s i n g  

RP-1 fuel. The motor  w a s  recal ibratea a t  the c o n c l u s i o n  of t h e  

t e s t ,  w i t h  no  a p p a r e n t  loss i n  pe r fo rmance .  A f t e r  c a l i b r a t i o n ,  

t h e  motor was disassernDled and i n s p e c t e d ,  and  no s i g n i f i c a n t  s i g n s  

of wear were o b s e r v e d .  A pho tograph  of the t es t  motor is shown 

i n  F i g u r e  4-1 .  

~0 



PART NO. 6 8 - 1 9 3  NEG. NO. DESCRIPTION 
Motor for Fuel Lndurance T e s x  NAME 

F i g u r e  4-1 
~~~ 
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4 . 2 . 2  R o t a r y  Valve  Development 

A r o t a r y  v a l v e  tes t  f i x t u r e  was d e s i g n e d  t o  s e c u r e  r o t a r y  valve 

p e r f o r m a n c e  charac te r i s t ics ,  i n c l u d i n g  t h e  f o l l o w i n g :  

a )  Torque ,  b o t h  s t a r t i n g  and r u n n i n g  

b) R o t a t i o n a l  speed  

c )  P r e s s u r e  d r o p  

d )  Leakage f low 

e )  T h r u s t  

T h i s  f i x t u r e ,  shown i n  F i g u r e  4-2, was made so t h a t  t h e  r o t a r y  

v a l v e  c o u l d  be d r i v e n  e i t h e r  by a dynamometer ,  o r  a h y d r a u l i c  

motor, a s  i n  t h e  p r o t o t y p e  k iyd rau l i c  T r a n s f o r m e r .  A p i c t u r e  of 0 
t h e  t e s t  f i x t u r e  u s i n g  a dynamometer d r i v e  i s  shown i n  F i g u r e  4-3. 

I n i t i a l  t e s t i n g  i n d i c a t e d  t h a t  r o t a ry  v a l v e  s t a r t i n g '  t o r q u e  was 

e x c e s s i v e l y  h i g h  a t  h i g h  f u e l  p r e s s u r e ,  ana c o n s i d e r a t i o n  was 

g i v e n  t o  u s i n g  a h i g h  t o r q u e  motor o r  alternatively a delay 

v a l v e  t o  d e l a y  t h e  a p p l i c a t i o n  of h i g h  f u e l  p r e s s u r e .  However, 

a more s t r a i g h t f o r w a r d  s o l u t i d n  was f o u n d ,  by making c h a n g e s  t o  

t h e  r o t a r y  v a l v e  d e s i g n :  

( a )  I t  was found  tha t  t h e  main s l e e v e ,  f o r  f u e l  d i s t r i b u t i o n ,  

was d i s t o r t i n g  and  b i n d i n g  t h e  v a l v e .  The s l e e v e  w a s  

s t i f f e n e d  and  p r e s s - f i t t e d  i n  the h o u s i n g ,  t h u s  p r e v e n t i n g  

d i s t o r t i o n .  



4-6 
~ . - _ _  - - PACE 

6-30-65 - I  D I V I m I O N  S O 0 0  W I N O N A  A V C N U C  DURBANK. C A L I F O R N I A  CRANE DATE ___ - - -__ - 

REPORT NO. 312-18 ~ - 
HYDRO-AIRE 0 

( b )  I n i t i a l l y  the r o t a r y  v a l v e  had j o u r n a l  b e a r i n g s ,  g i v i n g  

too much t o r q u e .  A change  w a s  made t o  n e e d l e  b e a r i n g s ,  

and f i n a l l y  t o  ball b e a r i n g s .  

( c )  T h e r e  was an u n b a i a n c e d  p r e s s u r e  f o r c e  on  t h e  r o t a r y  v a l v e  

a t  s t a r t i n g ; .  T h i s  c o n d i t i o n  w a s  c o r r e c t e d  by m o d i f i c a t i o n  

of the v a l v e  and  s l e e v e  p o r t s .  

A f t e r  tne m o d i f i c a t i o n s  were made, t h e  r o t a r y  v a l v e  t e s t s  i n d i c a t e d  

t h a t  t h e  t o r q u e  r e q u i r e m e n t s  were w e l l  w i t h i n  t h e  d r i v e  c a p a c i t y  

of t n e  h y d r a u l i c  motor selected f o r  t n e  p r o t o t y p e  l l y d r a u l i c  

T r a n s f o r m e r .  T w o  of t h e  r o t a r y  v a l v e  and s l e e v e  c o n f i g u r a t i o n s  

t e s t ed  are shown i n  F i g u r e  4 - 4 ,  w h i c h  may be compared w i t h  t h e  

f i n a l  c o n f i g u r a t i o n  p r e v i o u s l y  shown i n  F i g u r e s  3-5 and 3 - 6 .  



PART NO. YC5-C55-200 NEG. NO. DE SCR I PTlON 
NAME Rotary Valve Test Fixture 

Parts Array 

F i g u r e  4-2 
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4 . 2 . 2  P i s t o n  a n d  Check Valve Development 

Two d i f f e r e n t  t es t  f i x t u r e s  were made f o r  t e s t i n g  t h e  p i s t o n s  and  

c h e c k  v a l v e s .  The check v a l v e s  c o u l d  be  checked  s e p a r a t e l y  f o r  

c r a c k i n g  a n d  r e s e a t i n g  p r e s s u r e ,  b u t  dynamic o p e r a t i o n  was most 

c o n v e n i e n t  to t e s t  i n  t n e  p i s t o n  test  f i x t u r e ,  s i n c e  t h e  f i x t u r e  

n e e d e d  c h e c k  v a l v e s  anyway. 

A o n e - p i s t o n  t es t  f i x t u r e  was made w i t h  p r o v i s i o n  f o r  r e c o r d i n g  

p i s t o n  d i s p l a c e m e n t  VS. t i m e  by  u s i n g  a l i n e a r  p o t e n t i o m e t e r .  

The f u e l  s u p p l y  t o  t h i s  f i x t u r e  wa6 r e g u l a t e d  by u s i n g  t h e  r o t a r y  

v a l v e  t e s t  f i x t u r e ,  as i l l u s t r a t e d  i n  F i g u r e  4-3. The l i n e a r  

p o t e n t i o m e t e r  i s  also shown and  i n d i c a t e d  by t h e  symbol "Xu, 0 
A t w o - p i s t o n  t e s t  f i x t u r e  was made, t o  be u s e d  w i t h  t h e  rotary , 

v a l v e  f i x t u r e ,  as may be s e e n  on F i g u r e  4-5.  The two pistons 

r e c e i v e  f u e l  p r e s s u r e  from p o r t s  9 0  d e g r e e s  a p a r t  so t h a t  as 

one p i s t o n  is  i n  a power s t r o k e ,  t h e  o t h e r  i s  i n  a s u c t i o n  strake. 

I n  t h e  c o u r s e  o f  t h e  development  work on t h e  p i s t o n  a s s e m b l y ,  

s e v e r a l  a l t e r n a t i v e  d e s i g n s  w e r e  s t u d i e d . ,  Tne o r i g i n a l  design 

had s p r i n g s  t o  r e t u r n  t h e  p i s t o n s  a f t e r  t h e  power stroke. This 

s p r i n g  d e s i g n  was d r o p p e d  a f t e r  c a r e f u l  c o n s i d e r a t i o n  of some 

i n h e r e n t  d e s i g n  problems.  The main o b j e c t i o n  t o  t h e  s p r i n g  



PART NO. YO5-055-300 NEG. NO. DESCRIPTION 
NAME Two-Piston T e s t  Fixture 

Parts Array 

F i g u r e  4-5 
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r e t u r n  d e s i g n  was t h e  r e d u c t i o n  i n  t h e  u n i t  r e l i a b i l i t y ,  The 

p i s t o n s  would be t r a v e l i n g  a t  a rate of  3600  c y c l e s  p e r  m i n u t e  

and  would e x e r t  a h i g h  stress l o a d  on t h e  s p r i n g ,  T h e r e f o r e ,  

i t  was d e c i d e d  t o  use h y d r a u l i c  i n s t e a d  of n e c h a n i c a l  power 

t o  r e t u r n  the p i s t o n s .  

H y d r a u l i c  r e t u r n  w a s  accomplished by a l l o w i n g  h i g h  p r e s s u r e  fuel 

t o  e n t e r  a c a v i t y  i n  the middle  of the p i s t o n  assembly a t  t h e  

c o m p l e t i o n  of .the power s t roke,  which  c a u s e d  t h e  p i s t o n  t o  be 

r e t u r n e d .  C a l c u l a t i o n s  showed t h a t  t h i s  d e s i g n  i s  more e f f i c i e n t  

and r e l i ab le  t h a n  t h e  o r i g i n a l  s p r i n g  r e t u r n  a e s i g n .  however ,  

t h i s  d e s i g n  r e q u i r e d  t h a t  t n r e e  s e a l i n g  s u r f a c e s  be used  p e r  

p i s t o n  a s sembly .  The p i s t o n  was d e s i g n e d  i n  two p i e c e s  w i t h  a 

b a l l  s w i v e l  j o i n t  c o n n e c t i o n  t o  f a c i l i t a t e  its f a b r i c a t i o n .  A t  

l eas t  t w o  of t h e  s e a l i n g  surfaces had t o  be l a p  f i t t e d  t o  t h e  

o n e - p i e c e  s l e e v e ,  w h i l e  a t h i r d  used a p i s t o n  r i n g  as a seal. 

The  ball j o i n t  allowed some m i s a l i g n m e n t ,  and  t h e r e f o r e  t h e  

0 

concentricity of tile s l e e v e  bores arid t h e  pist"ib-pluiLgei-- d i ~ i a t ~ r ~  

was n o t  a c r i t i c a l  problem. however,  d u r i n g  t e s t i n g  it became 

e v i d e n t  t h a t  t h i s  design was d e f i c i e n t  i n  t h a t  the lips swedged 

o v e r  the ball became c r a c k e d  u n d e r  t h e  o s c i l l a t i n g  l o a d ,  a s  is 

mown i n  F i g u r e  4 -6 .  I t  was f i n a l l y  d e c i d e d ,  t h a t  based upon 

e x p e r i e n c e  w i t h  spool t y p e  valves a n a  t h e  a v a i l a b i l i t y  of a new 

p r e c i s i o n  g r i n d i n g  machine ,  t h e  p i s t o n - p l u n g e r  c o u l d  be  m a n u f a c t u r e d  
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i n  one  p i e c e  and  s t i l l  m a i n t a i n  the d e s i r e d  diametrical  c l e a r a n c e s .  

Therefore, t h e  p i s t o n s  i n  t h e  f i n a l  u n i t  are of o n e - p i e c e  

c o n s t r u c t i o n .  

C o n s i d e r a b l e  a t t e n t i o n  hqd t o  be d e v o t e d  t o  p i s t o n  material. The 

p i s t o n s  must be l i g h t  t o  assure f a s t  s t r o k i n g  t i m e ,  y e t  m u s t  be 

s t r o n g  enough t o  resist t h e  h i g h  pressure f o r c e s  a t  e a c h  end. 

Several t y p e s  of materials w e r e  t e s t e d ,  and  t h e  p i s t o n  d e s i g n  

was also m o d i f i e d  t o  e l i m i n a t e  a stress c o n c e n t r a t i o n  area c r e a t e d  

by a too - sharp  c o r n e r  r a d i u s  which c a u s e d  one  p i s t o n  to collapse 

u n d e r  p r e s s u r e .  The f i n a l  c h o i c e  of material ,  based  o n  t h e  tests,  

was Graphmo S t e e l ,  heat t r e a t e d  t o  a Rockwell C 52 t o  55 h a r d n e s s .  
0 ’  

The d e s i g n  of t h e  p i s t o n  assembly  a l s o  raised some problems. The 

p i s t o n s  t r a v e l  a t  a v e r y  h i g h  v e l o c i t y  and must  be d e c e l e r a t e d  

and s t o p p e d  i n  a v e r y  s h o r t  d i s t a n c e  a t  t h e  end  of t h e  stroke. 

The s o l u t i o n  was rather s t r a i g h t f o r w a r d  f o r  the o i l  pumping 

s t roke ,  u s i n g  the closed end  of t h e  c y l i n d e r  as a d a s h p o t .  

However, at t h e  f u e l  end  f o r  the r e t u r n  stroke, a d a s h p o t  

c o u l d  n o t  be c o n s t r u c t e d  a t  t h e  end  of t h e  c y l i n d e r  bore. 

I n s t e a d ,  i t  was n e c e s s a r y  to make t h e  d a s h p o t  w i t h i n  t h e  end  

of the p i s t o n ,  m a t c h i n g  a mat ing  p r o j e c t i o n  at t h e  end  of the 

c y l i n d e r  . 
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The i n i t i a l  d e s i g n s  0.f t h e  h y d r a u l i c  o i l  check v a l v e s  were 

s a t i s f a c t o r y  as far as  pressure d r o p  f l o w  c h a r a c t e r i s t i c s  w e r e  

c o n c e r n e d ,  b u t  i t  was found t h a t  dynamic r e s p o n s e  was riot f a s t  

enough when used  i n  the p i s t o n  t e s t  f i x t u r e .  The  main f e a t u r e  

of check v a l v e  o g e r a t i o n  i s  t h a t  t h e i r  t i m e  of o p e r a t i o n  must 

be short, c o i n c i d i n g  w i t h  t h e  p e r i o d  t h a t  t h e  p i s t o n s  are  at 

rest a t  t h e  end  of a s t r o k e ,  so t h a t  t h e  p i s t o n s  will n o t  

waste power by d i s c h a r g i n g  t h r o u g h  t h e  i n l e t  p o r t  o r  pumping 

from t h e  d i s c h a r g e  p o r t .  D i f f e r e n t  v a l v e  s p r i n g s  were u s e d ,  

and p e r f o r m a n c e  was improved ,  b u t  e v e n t u a l l y  a new d e s i g n  was 

adopted which w a s  c o m p l e t e l y  s a t i s f a c t o r y .  The v a l v e  m o d i f i c a t i o n s  

tested are shown i n  F i g u r e s  4 -7  and 4-8. 
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4 . 3  l e s t  Lquiyment 

A t  t h e  s ta r t  of t h e  program,  e f - f o r t s  were d i r e c t e d  t o w a r d  s e c u r i n g  

a t e s t  f a c i l i t y  for t h e  2erformance t e s t i n g  of t h e  p r o t o t y p e  

h y d r a u l i c  T r a n s f o r m e r .  T h e  e s s e n t i a l  f e a t u r e s  of t h e  t e s t  f a c i l i t y  

were t h a t  a va r i ab le  c a p a c i t y  pump was needed  t o  d e l i v e r  a maximum 

3 0 0  GPM f l o w  of KP-1 f u e l  a t  a p r e s s u r e  of 2 0 0 U  psig, h a v i n g  a 

p r i m e  mover d r i v e  of o v e r  4 5 0  horsepower .  

f i l t e r s ,  h e a t  e x c h a n g e r s  t o  c o n t r o l  f u e l  t e m p e r a t u r e ,  a n d  c o n t r o l  

v a i v e s  w i t h  a l l  t h e  n e c e s s a r y  plumbing. I n  a d d i t i o n ,  an o i l  

c i r c u i t  w i t h  c o n t r o l  v a l v e s  was needed  t o  r e g u l a t e  t h e  h y d r a u l i c  

o i l  f low pumped t y  t h e  i i y d r a u l i c  T r a n s f o r m e r .  And f i n a l l y ,  the 

s u p p l e m e n t a r y  equ ipmen t  r e q u i r e d  i n c l u d e d  f u e l  a n d  o i l  t a n k s ,  

e l e c t r i c a l  s u p p l y ,  water s u p p l y ,  c o o l i n g  towers ,  c l r c u i a r i r r g  

pumps, and s a f e t y  equ ipmen t .  

The  f u e l  c i r c u i t  needed  

I t  w a s  found  t n a t  t h e  equipment  c o s t  estimates u s e d  i n  p r e p a r i n g  

t h e  i n i t i a l  p r o p o s a l  were n o t  r e l i a b l e ,  and a l so  t h a t  pump v e n d o r s ,  

p a r t i c u l a r l y ,  were u n w i l l i n g  t o  v e r i f y  tfieir equ ipmen t  for t h e  

u s e  i n t e n u e d .  I t  was n e c e s s a r y  t o  make a new s ta r t .  I n d i c a t i o n s  

were t h a t  t e s t  f a c i l i t y  cost  would c o n s i d e r a b l y  e x c e e d  t h e  amount 

o r i g i n a l l y  f o q e c a s t .  
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I n  o r u e r  t o  k e e p  c o s t s  as l o w  as p o s s i b l e ,  i t  was d e c i d e d  t o  

i n v i t e  b i d s  f rom o u t s i d e  vendors  t o  b u i l d  t h e  t e s t  f a c i l i t y  u s i n g  

a v a i l a b l e  hydro-Aire  equipment  wherever  p o s s i b l e .  I t  was found  
- 

t h a t  t iyuro-Aire  c o u l d  s u y p i y  much of t h e  s u p p l e m e n t a r y  equ ipmen t ,  

i n c l u d i n g  t a n k s  and booster  pumps, t h u s  l i m i t i n g  procurement  t o  

the main f u e l  pump, e n g i n e  d r i v e ,  and t h e  c o n t r o l s  f o r  t h e  f u e l  

anu  o i l  c i r c u i t s .  

b i u s  were s o l i c i t e d  f o r  a t e s t  s t a n d  c o n t a i n i n g  t h e  e s s e n t i a l s  

of t h e  t es t  f a c i l i t y .  A u t o  C o n t r o l  Laboratories,  I n c . ,  of 

L s s  Angeles, s u b m i t t e a  t h e  lowest b i d ,  and w i t h  HASA a p p r o v a l ,  

r e c e i v e d  a c o n t r a c t  f o r  c o n s t r u c t i o n  of t h e  test s t a n d .  The 

---*---+ .--.- c;-nori nn 7 1  June 1 9 6 3 .  w i t h  u e l i v e r y  p romised  for 

Sep tember  1 9 6 3 ,  b u t  numerous d e l a y s  pos tponed  d e l i v e r y  u n t i l  

March 1964.  Var ious  d i f f i c u l t i e s  were e n c o u n t e r e d  w i t h  t h e  

equ ipmen t ,  i n c l u d i n g  t n e  f a i l u r e  of t h e  main pump-drive engine. 

The e n g i n e  was removed, and a r ep lacemen t  was f i n a l l y  i n s t a l l e d  

i n  August  1 9 6 4 .  l'he f a c i l i t y  was t e s t e d  and  found t o  d e l i v e r  

t h e  r e q u i r e d  f u e l  flow and p r e s s u r e ,  a l t h o u g h  i t  was found t o  be 

d i f f i c u l t  t o  c o n t r o l  f l o w  and p r e s s u r e  t o  any close d e g r e e .  

a- bw. . .& -v -  "-- _- 

d i t h  t h e  s t a r t  of f u l l  scale t e s t i n g  of the p r o t o t y p e  H y d r a u l i c  

T r a n s f o r m e r ,  the d i f f i c u l t i e s  i n  c o n t r o l l i n g  t h e  tes t  f a c i l i t y  



became q u i t e  c r i t i c a l .  I t  became n e c e s s a r j  
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t o  make a number of 

r e v i s i o n s  i n  t h e  flow c o n t r o l  c i r c u i t s  t o  a c h i e v e  s t a b l e  

o p e r a t i o n .  In s p i t e  of improvements  i n  t h e  t e s t  f a c i l i t y ,  i t  

is b e l i e v e a  t h a t  p r e s s u r e  surges d u r i n g  o p e r a t i o n  were d con- 

t r i u u t i n g  f a c t o r  in t h e  stress f a i l u r e  of t h e  housings of b o t h  

of t h e  .prototype H y d r a u l i c  T r a n s f o r m e r s .  The latest r e v i s i o n s  

t o  the  t e s t  f a c i l i t y  were made i n  adding a b u r s t  t u b e  for 

p r o t e c t i o n  a g a i n s t  surges, s i n c e  e f f o r t s  were n o t  completely 

s u c c e s s f u l  t o  a c h i e v e  surge-free c o n t r o l  of the system i t s e l f .  

The f i n a l  schematic of the t e s t  f a c i l i t y  is shown i n  Figure  4-9, 

and a partial photograph is shown in F i g u r e  4-10. 
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4.4 P r o t o t y p e  F a b r i c a t i o n  a n a  T e s t i n g  

d i t h  t h e  c o m p l e t i o n  of t e s t s  on the i n d i v i d u a l  H y d r a u l i c  T r a n s f o r m e r  

components ,  t h e  f i n a l  d e s i g n  o f  t h e  p r o t o t y p e  u n i t  was made. All 

the chariges i n  i n d i v i d u a l  components  were i n c o r p o r a t e d  whicn  

r e s u l t e d  from t h e  2 r e v i o u s  t e s t i n g .  

F a b r i c a t i o n  of the v a r i o u s  components  t o o k  a number of weeks, 

since some o f  the s u b a s s e m b l i e s  also r e q u i r e d  s h r i n k  f i t s  and  

f i n i s h - m a c h i n i n g .  

assembled, and p r e l i m i n a r y  t e s t s  made t o  be s u r e  that  the h y d r a u l i c  

motor would d r i v e  t h e  r o t a r y  v a l v e  a t  t h e  r e q u i r e d  s p e e d .  F u r t h e r  

t e s t i n g  had t o  await completion of t h e  main t e s t  f a c i l i t y .  

Two p r o t o t y p e  i i y d r a u l i c  T r a n s f o r m e r  u n i t s  were 

When the t e s t  f a c i l i t y  was operable, tests of t h e  t w o  p r o t o t y p e  

units were started. A c o n s i d e r a b l e  amount of d i f f i c u l t y  was 

e n c o u n t e r e d  i n  bo th  u n i t s ,  w i t h  b i n d i n g  of t h e  r o t a r y  v a l v e  

s t o p p i n g  t h e  u n i t  f rom operating. The t r o u b l e  was f o u n d  t o  be 

p r e s s u r e  u i s t o r s i o n  o f  tne h o u s i n g  afid f u e l  cap ,  which  was 

f i n a l l y  a l l e v i a t e d  by u s i n g  a c lamping  f i x t u r e  t o  l i m i t  d i s t o r t i o n .  

The i n s t a l l a t i o n  of t h e  c l amping  a s s e m b l y  is  shown in F i g u r e  4-11. 
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I n  t h e  i n i t i a l  tes ts ,  d i f f i c u l t i e s  were a l r e a d y  b e i n g  e n c o u n t e r e d  

i n  c o n t r o l  of' t h e  tes t  f a c i l i t y ,  F i n a l l y ,  i n  one  test a sudden 

5000  p s i g  surge in f u e l  pressure  cracked t h e  h o u s i n g  of one 

p r o t o t y p e  u n i t .  Improvements  were s u b s e q u e n t l y  made i n  t h e  t e s t  

systeir l ' s  c o n t r o l s  before c o n t i n u i n g  p e r f o r n a n c e  tes ts  w i t h  t h e  

r e m a i n i n g  u n i t .  

Tne s e c o n d  u n i t  was t e s t e d  a t  s e v e r a l  f u e l  p r e s s u r e  levels, 

s t a r t i n g  a t  o n l y  S O 0  p s i g ,  t o  a v o i d  t h e  d i f f i c u l t i e s  which t h e  

t e s t  equ ipmen t  p r e v i o u s l y  e n c o u n t e r e d  a t  h i g h  p r e s s u r e ,  The 

tiyciraulic T r a n s f o r m e r  was found t o  o p e r a t e  as e x p e c t e d ,  t h o u g h  

a t  l o w  fuel p r e s s u r e ,  t h e  f low and e f f i c i e n c y  were Power than 

t h e y  would be as the p r e s s u r e  level i n c r e a s e d .  A number of 
0 

p e r f o r m a n c e  t e s t s  were r u n  a t  s e v e r a l  f u e l  p r e s s u r e  l e v e l s ,  u n t i l  

t h e  s e c o n d  h y u r a u l i c  Irarisformer also s u f f e r e d  a cracked housing ,  

Although t h e  generai f e a s i b i l i t y  of the u n i t  had  been d e m o n s t r a t e d ,  

t h e  main  cause of f a i l u r e  is a t t r i b u t e d  t o  a h o u s i n g  which i s  

n o t  s u f f i c i e n t l y  s t r o n g  for trle maximum p r e s s u r e s  e n c o u n t e r e d .  

Trie p e r f o r m a n c e  c u r v e s  of t h e  k i y d r a u l i c  T r a n s f o r m e r  are presented 

i n  d e t a i l  i n  S e c t i o n  6 . 0 .  
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a s p l i n e d  s h a f t . .  The r o t a r y  valve  o p e r a t i n g  speed may be 

r e p r e s e n t e d  in the following manner: 

where : 

= Rotational s p e e d  = RPM 

? e  = O i l  flow = 100 GPM 

PI .  = Fuel  f low 

Id ,zJ = Number of pistons = 12 

7 = S t r o k e s  p e r  r e v o l u t i o n  = 2 
2 43 = Oil s i d e  p i s t o n  a r e a  = .460 i n .  

4, = F u e l  side p i s t o n  area = 1 . 0 9 0  i n .  2 

X = Piston s t r o k e  = 1 . 2 5  in. 

4 . w  = Volumetric  e f f i c i e n c y  = 9 5 %  assumed 

The r e l a t i o n s h i p  between oil f l o w  and fuel flow i s :  

4r/k 
% fk-‘ f D  

The flow losses r e p r e s e n t e d  in the v o l u m e t r i c  efficiency are m o s t l y  

due t o  f u e l  l e a k a g e  in the rotary v a l v e  and t h e  fuel used to d r i v e  

t h e  pistons on t h e  r e t u r n  stroke. Under the above c o n d i t i o n s ,  t h e  

ro t a t iona l  speeu i s :  

li = 1760 RPM .. 
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T o  s a t i o f y  these r e l a t i o n s h i p s ,  t h e  following values are adopted: 

4 =/4" ,B =?6" 6 = / d o  

unich allows for t h e  following o p e r a t i n g  time periodst 

t = ' e O 0 1 3 2  t o  .0012 BeC. 

T 2 e00725 t o  ,0070 S 8 C .  

0 .  

After t h e  angular v a l u e s  a m  e s t a b l i s h e d ,  t h e  dimension of the 

cylinder bore window width is r e l a t e d  d i r e c t l y  t o  t h e  v a l v e  

diameter. The size . a v a i l a b l e  leads to a convenient choice of 

window width: 

u = .45 in. 

All that remains to be determined i s  t h e  window l e n g t h ,  L, and 

hence the  window area AW . I t  i s  most conven ient  t o  establish 

the window ares f irst ,  on t h e  basis of a flow v e l o c i t y  low 

enough t o  g i v e  reasonably aaall flow pressure loss .  

has a much iower v i s c o s i t y  than oil, we can allow higher veiociiries 

than we would w i t h  oil. without  incurring p r o h i b i t i v e  pressure lose. 

Using a fuel flow v e l o c i t y  of 

Since fuel 
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'rile damping r a t i o  L S C L  is de:inecl JS t i l e  i - a z i u  of the a c t u a l  

uam?in,: coefficient J to t ha t  valu,? of B w i i i c i i  will g i v e  c r i t i c a l  

#Janpiri#;, 
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A g r e a t  many tests were r u n  i n  t h e  c o u r s e  of the development  

program of t h e  H y a r a u l i c  T rans fo rmer .  Many tests were s i m p l y  

t o  a i d  i n  d e s i g n  o r  improvement of i n d i v i d u a l  components .  The 

tests described i n  this s e c t i o n  are t h o s e  wli ich  most d i r e c t l y  

relate t o  t h e  o p e r a t i o n  of t h e  f i n a l  p r o t o t y p e  i i y d r a u l i c  Transformer 

u n i t s .  

6.1 

The res 

R o t a r y  Valve Tests 

Its of t h e  r o t a r y  valve te ts which are of m 

are t h o s e  which c o n c e r n  t o r q u e  r e q u i r e m e n t s  and fuel 

i n  i n t e r e s t  

l e a k a g e  

flow. Larlier tests w i t h  t h e  rotary v a l v e  had i n d i c a t e d  t h a t  

torque r e q u i r e m e n t s ,  p a r t i c u l a r l y  for s t a r t i n g  t o r q u e ,  were v e r y  

high. It was s u u s e q u e n t l y  founu t h a t  t h e  h i g h  t o r q u e  wars m a i n l y  

d u e  to u n b a l a n c e d  p r e s s u r e  forces on t h e  v a l v e ,  and  also due t o  

CASLcaod - - - - - - - i t r e  - torque i n  t h e  b e a r i n g s .  Tne valve was r e d e s i g n e d  to 

g i v e  b e t t e r  pressure balance and was mounted t o  run 6ii ball 

b e a r i n g s .  The r e s u l t i n g  t o r q u e  r e q u i r e m e n t s  at v a r i o u s  speeds 

and p r e s s u r e s  are snown i n  Figure 6-1. 
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These torque r e s u l t s  were obtained in t h e  rotary valve test 

f i x t u r e ,  which d i d  not have t h e  pressure d i s t o r t i o n  problems 

that caused trouble. i n  the prototype i iydraul ic  Transformer, and 

thus  represent  o n l y  normal operating torque loads. The general 

parabolic shape of the curves is in agreement with the theory 

of windage torque for a cylinder r o t a t i n g  i n  a viscous mdiw. 

T h e  increase of torque w i t h  f u e l  pressure i n d i c a t e s  Some s l i g h t  

remaining pressure .area unbalance, though t h e  increase i o  small 

compared to  t h e  'total value of.torque. 

The leakage flow of t h e  rotary valve is shown in Figure 6-2 for 

various speeds and pressurea. There is a rap id  increase of 

l e a k a g e  up t o  speeds of 300 RPM after which t h e  flow increase 

is small as speed i n c r e a s e s . ,  Leakage flow is much more 

dependent on pressure and rotary valve diametrical clearance 

than on r o t a t i o n a l  speed. 

0 
i 

I 

-3 . 

f 



- 77.- -.T ---- 
Page 6-3 
Date: 6-30-65 - 

Figure 6-1 



I 

Pane 6-4 
Dare: 6-30-65 

Figure 6-2 



6-5 P A Q L -  - ---- 
-- - DIVISION SO00 WINOMA AVCNUC BURBANK. C A L l f O R N l A  CRANE 6-30-65 c-3 DATE HM)RO-AIRE REPORT N O  312-18 

0 
6.2 P i s t o n  T e s t s  

The s i n g l e - p i s t o n  tes t  f i x t u r e  was used t o  measu re  the dynamic 

behavior of a free p i s t o n  t o  see i f  it conformed w i t h  the 

performance a n a l y s i s ,  A s p e c i a l  s e t u p  was made t o  record 

p i s t o n  d i s p l a c e m e n t  d i r e c t l y  as a f u n c t i o n  of t i m e ,  and the 

i n s t r u m e n t  trace i s  shown i n  F i g u r e  6-3. 

The e l a p s e d  t i m e  f o r  t h e  s e l e c t e d  s t r o k e  of 1.250 inches was 

.00816 s e c o n d s ,  somewhat over t h e  d e s i g n  t i m e  of . 0 0 7 2  seconds. 

However, the i n c r e a s e d  time i s  m o s t l y  due to  t h e  a d d i t i o n a l  

w e i g h t  of t h e  a p p a r a t u s  a t t a c h e d  t o  t h e  p i s t o n s ,  a w e i g h t  

-- 

0 i n c r e a s e  of approximately le%. G r a p h i c a l  i n t e g r a t i o n  of t h e  

r e s u l t s  as r e c o r d e d  g i v e  a maximum piston v e l o c i t y  of 187.5 

i n . / s e c .  a n d  an average velocity of 153.2 in./sec. The free 

g i s t o n  travels at n e a r l y  constant maximum v e l o c i t y  over LL large 

p o r t i o n  of its stroke, w i t h  r a p i d  a c c e l e r a t i o n  and  d e c e l e r a t i o n  

at the ends of the s t r o k e .  C o n s e q u e n t l y ,  o i l  flow i s  also 

n e a r l y  c o n s t a n t  o v e r  most of t h  p i s t o n  s t r o k e ,  i n  c o n t r a s t  t o  

t h e  s i n u s o i d a l  form of output g i v e n  by a t y p i c a l  h y d r a u l i c  

p i s t o n  pump. 

i 

5 
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6.3 P r o t o t y p e  U n i t  ' ~ ' e s t s  

Mucia of t h e  i n i t i a l  t e s t i n g  o f  the p r o t o t y p e  u n i t s  was d i r e c t e d  

toward d i a g n o s i n g  a n d  p r e v e n t i n g  t h e  b i n d i n g  of t h e  r o t a r y  v a l v a ,  

T h i s  b i n d i n g  was found to be primarily due  to distortion of 

t h e  housing and fuel cap u n d e r  pressure, a n d  t h i s  c o n d i t i o n  

was largely a l l e v i a t e d  by use of t h e  clamping f i x t u r e  described 

i n  Section 4,4. 

With t h e  c l a m p i n g  assembly i n s t a l l e d ,  p e r f o r m a n c e  tests c o u l d  be 

r u n  on  t h e  i l y d r a u l i c  T r a n s f o r m e r .  however, o n e  u n i t  had a;laeady 

s u f f e r e d  a f r a c t u r e d  h o u s i n g  due t o  a 5000  p s i  fuel p r e s s u r e  

s u r g e  i n  t h e  t e s t  f a c i l i t y .  Al though work was'done t o  improve 

the tes t  f a c i l i t y ,  s u b s e q u e n t  t e s t s  on  t h e  r e m a i n i n g  unit were 

r u n  a t  r e d u c e d  fuel pressure, s t a r t i n g  a t  500 psig, i n  an 

a t t e p p t  t o  a v o i d  further p r e s s u r e  damage. 

Test r e s u l t s  f o r  tes ts  a t  fuel pressures of SO0 psig and 700 p s i g  

are p r e s e n t e d  i n  F lg i i r s s  5=% 2nd 6-5, Two aspects of these t es t  

r e s u l t s  w a r r a n t  special a t t e n t i o n :  the great v a r i a t i o n  i n  rotary 

va lve  speed and the s h a r p  drop of h y d r a u l i c  o i l  pressure a t  high 

h y d r a u l i c  flows. 
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The ro tary  valve o f  t h e  Ilydraulic Transformer is driven by a 

hydraul i c  motor with  a speed c o n t r o l ,  designed to run at  cons tant  

speed.  The fact that  the rotary v a l v e  speed f l u c t u a t e s  so g r e a t l y  

i n d i c a t e s  t h a t  the motor was not developing s u f f i c i e n t  torque to  

keep the speed c o n s t a n t ,  or c o n v e r s e l y ,  t h e  rotary valve  torque 

loads are over load ing  the motor and slowingLit down. 

i s  most prominent at  l o w  f u e l  flows, w h i l e  at  higher fuel flows 

t h e  fuel t e n d s  to drive the rotary  v a l v e  l i k e  a turbine, and thus 

at  least p a r t i a l l y  a l l e v i a t e s  the torque load on t h e  motor, 

This effect 

These t e s t s  were run a t  low f u e l  pressure which d i r e c t l y  reduces 

t h e  motor torque a v a i l a b l e  much below t h e  design operat ing  

c o n d i t i o n s ,  Nevertheless, torque loads were n o t  expected to  
0 

vary to 8UCh a degree. 'the reason for t h e  excessive torque 

needed to  d r i v e  the r o t a r y  va lve  h a s  been explained by the fact  

t h a t  when the fiydrrulic Transformer was disassambled thearc was 

sti l l  some e v i d e n c e  of rubbing between the rotary  v a l v e  itnd the 

main sleeve as in eariier tests .  A L C b b U Y e a .  * I  +hn*$-k mihhing .-----. marks wefe 

slight, i t  d i d  appear t h a t  t h e  clamping assembly was not completely 

successful i n  preventing d a f l e c t i a n s  of the u n i t  which caused 

c o n t a c t  under pressure. 
4- 

With respect to  t h e  sharp drop of hydraul i c  o i l  pressure a t  the 

highest hydraul i c  o i l  flows, t h i s  defect was due to the fact 
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t h a t  the o i l  s u p p l y  f l o w  was l imi t ed  by e x c e s s i v e  l e a k a g e  t h r o u g h  

a b y p a s s  l i n e  due t o  f a i l u r e  of a check v a l v e  in t h e  tes t  facility, 

Thus i t  w a s  n o t  p o s s i b l e  t o  i n c r e a s e  o i l  f l o w  beyond 50 GPM even 

a t  r e d u c e d  o i l  d i s c h a r g e  p r e s s u r e .  

* 

I n  order t o  correct the s h o r t c o m i n g s  of the p r e v i o u s  tests,  the 

o i l  s u p p l y  c i r c u i t  was r e v i s e d  and t w o  c h a n g e s  were made to the 

h y d r a u l i c  ' I ' ransformer: 

a )  The r o t a r y  v a l v e  was ground down t o  i n c r e a s e  t h e  

d i a m e t r i c a l  c l e a r a n c e  from t h e  e x i s t i n g  v a l u e  o f  

. 0 0 2 0  i n .  t o  a new nominal  v a l u e  of .0080. 

b) The i n t e r n a l  d r i v e  s h a f t  of t h e  r o t a r y  v a l v e  was 

removed a n d  a n  e x t e r n a l  d r i v e  s h a f t  was u s e d ,  so 

t n a t  t h e  r o t a r y  v a l v e  c o u l d  be d r i v e n  by a n  e x t e r n a l  

h y d r a u l i c  motor nav ing  wore t o r q u e  t h a n  t h e  i n t e r n a l  

motor. 

By g r i n d i n g  down t h e  rotary v a l v e ,  sh ich  t h u s  g i v e s  i n c r e a s e d  

diametrical c l e a r a n c e  with t h e  s u r r o u n d i n g  main sleeve, it was 

a n t i c i p a t e d  t n a t  any  r e m a i n i n g  t i n d i n g  p rob lems  would be 

e l i m i n a t e d ,  o r  a t  least s u b s t a n t i a l l y  r educed .  Of c o u r s e ,  

t h e r e  was a l so  t h e  p e n a l t y  of i n c r e a s e d  f u e l  leakage flow with 

some c o r r e s p o n d i n g  l o s s  of e f f i c i e n c y .  N e v e r t h e l e s s ,  t h i s  loss 

is known and  c a n  be a c c o u n t e d  for i n  t h e  p e r f o r m a n c e  e v a l u a t i o n .  
0 
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By u s i n g  a n  e x t e r n a l  motor d r i v e  f o r  t h e  m t a r y  v a l v e ,  it was 

possible to dr ive  t h e  r o t a r y  valve a t  c o n s t a n t  s p e e d  i n  s p i t e  of 

c h a n g i n g  t o r q u e  loads. F u r t h e r ,  by u s i n g  a calibrated motor 

d r i v e ,  i t  was p o s s i b l e  t o  know the a c t u a l  torque r e q u i r e d  by 

m e a s u r i n g  t h e  motor  f l u i d  s u p p l y  p r e s s u r e .  The use of t h e  

e x t e r n a l  d r i v e  did n o t  r e q u i r e  any  m o d i f i c a t i o n  of t h e  H y d r a u l i c  

T r a n s f o r m e r  t es t  u n i t ,  as the external d r i v e  shaft extsnded 

t h r o u g h  the c e n t e r  of t h e  r o t a r y  v a l v e  and was brought out 

through t h e  s ide  of t h e  f u e l  supply p i p e  elbow. 

As i n  previous t e s t s ,  runs were f i r s t  made a t  500  psig fuel 

pressure and then i n c r e a s e d  to 7 0 0  p i g  w i t h  results shown in 

F i g u r e  6-6 and  6-7.  I n  these tests, r o t a r y  v a l v e  speed was 

I ~ a i A t d i n 8 d  n e a r l y  c o n s t a n t ,  t hough  i t  was n e c e s s a r y  t o  v a r y  

t h e  t o r q u e  of t h e  d r i v e  motor by v a r y i n g  t h e  h y d r a u l i c  fluid 

supply pressure as i n d i c a t e d .  The r e d u c e d  torque a t  high fuel 

flow is a g a i n  due t o  t h e  t u r b i n e  e f fec t  of the r o t a r y  v a l v e  at 

0 

large f l o w  rates. 

. ,  .. r. , 

.. ' 

. . ' t i  



Figure 6-6 
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Figure 6-7 
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The f i n a l  test of t h e  prototype  i i y d r a u l i c  Transformer was made 

at a fuel supply pressure of 1000 psig, and results are shown 

in F i g u r e  6-8. Use of t h e  ground-down mtary  va lve  resulted i n  

a fuel l eakage  flow of 65 GPN which l i m i t e d  the maximum Hydraulic 

Transformer overall efficiency to 59 percent  for this t e s t .  I f  

it had been possible to use t h e  larger r o t a r y  valve, with smaller 

l eakage  flow, the e f f i c i e n c y  should have been approximately 75 

percent. A t  the c o n c l u s i o n  of this test it was found that t h e  

u n i t  would no longer develop hydraulic pressure  and subsequent 

attempts to operate t h e  u n i t  were unsuccessful. 

disassembled and found to be damaged, apparently by a pressure 

surge during the las t  performance t e s t .  

'l'he u n i t  was 
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Figure 6=8 
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6.4 Final Disassembly and Inspec t ion  of Prototype U n i t  

Upon removal of the hydraul i c  end cap,  it was found t h a t  the  

hous ing  nad numerous c r a c k s .  

a t  sharp c o r n e r s  i n  t h e  hydraul i c  o u t l e t  c a v i t y .  Most cracks 

started in t h e  s e c t i o n  between the h y d r a u l i c  piston bore and 

hydraulic o u t l e t  check valve, as t h i s  section contained the 

sharpest corners. F i g u r e  6-9  i s  a typical i l l u s t r a t i o n  showing 

A l l  c r a c k s  appeared to  originate 

t h e  crack between t h e  fJo. 2 d i s c h a r g e  bore and the No. 3 i n l e t  

bore . 
There was also damage to other components, as ten of the pistons . 
exhibited g a l l i n g  with their sleeves. The r o t a r y  valve  had 

circumferential s c r i b e  marks, and the hydraulic motor showed 

evidence of ii heavy side loading. These other areas of damage 

were c o n s i d e r e d  to  be a direct consequence of t h e  housing 

failure and subsequent d i s t o r t i o n .  
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Tne complete h o u s i n g  was s e n t  t o  a materials t e s t i n g  laboratoqr, 

I n  summary, t h e i r  r e p o r t  i n d i c a t e s  that t h e  h o u s i n g  material met 

the s p e c i f i c a t i o n s  as i n d i c a t e d  on the d r a w i n g s  and  as q u o t e d  by 

t h e  material vendor .  No e v i d e n c e  of stress c o r r o s i o n  or material 

s t r e n g t h  d e c a y  due t o  heating of the h o u s i n g  for assembly of 

the r o t a r y  v a l v e  wain s l e e v e  was p r e v a l e n t .  Upon d i s s e c t i n g  

the housing, c r a c k s  were found to s t a r t  a t  s h a r p  c o r n e r s ,  and 

to t h e n  lead of f  i n t o  heavier s e c t i o n s .  Cracks were n o t  

0 

l o n g i t u d i n a l  as would be expected i n  a h i g h  p r e s s u r e  b u r s t ,  

a l t h o u g h  d i s p l a c e m e n t  of f r ac tu red  areas i n d i c a t e d  l o n g i t u d i n a l  

stresses were p r e s e n t .  ‘the major  l i m i t i n g  factor in the design 

was found  t o  be knife-edge s e c t i o n s  r e s u l t i n g  from i n t e r s e c t i n g  

holes . 
A t y p i c a l  example of crack6 i n  a dissected section is shown in 

F i g u r e  6-10. 
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An a n a l y s i s  of the stresses induced in t h e  h y d r a u l i c  s e c t i o n  of 

the main h o u s i n g  i n d i c a t e d  t h a t  these stresses are beyond t h e  

s t r e n g t h  c a p a b i l i t y  o f  t h e  material wed, The h i g h  stress risers, 

i n  the fora  of sharp machined corners, t o g e t h e r  w i t h  t h e  h y d r a u l i c  

loads a p p l i e d ,  caused these stresses to be e x c e s s i v e ,  Due t o  the 

fact  t h a t  t h i s  test u n i t  underwent  numerous t e s t  phawg, it is 

b e l i e v e d  t h a t  t h e  fatigue factor c o n t r i b u t e d  to t h e  stress f a i l u r e .  

It is impossible to c o m p l e t e l y  disassociate the v a r i o u s  factors 

l e a d i n g  to f a i l u r e .  hevertheless, it should be n o t e d  t h a t  the 

u n i t  was c e r t a i n l y  adequate for t h e  rated operating pressure 

l e v e l s ,  and had in fact been subjected to stat ic  pressure t e s t i n g  

of 4000 psig i n  t h e  h y d r a u l i c  outlet passage and 2 0 0 0  p s i g  in the 

f u e l  c i r c u i t  p r i o r  to performance t e s t i n g .  With respect t o  pressure 

s u r g e s  a n d  f a t i g u e ,  t h e  stress risers were undoub ted ly  a cr i t ica l  

shortcoming. The sharp corners were much more severe than might  

have bsen e x - a c t e d  s i n c e  the c o m e r  r a d i i  were .005' in, o r  less, 

w h i l e  t h e  d r a w i n g  indicated a normal r e q u i r e d  tolerance of .015 

t o  .040 i n .  c o r n e r  radius. 
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The t o s t  d u r i n g  which 7 0  GPM h y d r a u l i c  f l o w  wa8 o b t a i n e d  w i t h  

250 GPM fuel flow, was t h e  last t e s t  where s a t i s f a c t o r y  performance 

r e s u l t e d ,  I t  is s u s p e c t e d  t h a t  at the t i m e  of high  f u e l  f l o w ,  a 
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p r e s s u r e  p u l s a t i o n  o c c u r r e d  t h a t  was a m p l i f i e d  by t h e  test 

f a c i l i t y  b y p a s s  r e l i e f  valve, and t r a n s m i t t e d  i n t o  t h e  Transformer. 

This p r e s s u r e  was s u b s e q u e n t l y  a m p l i f i e d  by t h e  T r a n s f o r m e r  i t s e l f  

t o  c a u s e  an o v e r - p r e s s u r e  on t h e  h y d r a u l i c  s i d e .  Cvidence as t o  

t h e  f u e l  p r e s s u r e  s u r g e  i s  found i n  t h e  f a c t  t h a t  t h e  safety 

p r e s s u r e  re l ief  b u r s t  t u b e  was deformed,  i n d i c a t i n g  e x p e r i e n c e  o f  

p r e s s u r e  s l i g h t l y  below t h e  2230 p s i g  b u r s t  p r e s s u r e ,  and  

n e a r l y  d o u b l e  t h e  f u e l  o p e r a t i n g  p r e s s u r e  f o r  t h e  tests b e i n g  

c o n d u c t e d .  
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The tests after the t i m e  of suspec ted  f a i l u r e  s e r v e d  t o  c a u s e  

u n e q u a l  l o a d i n g  on the h y d r a u l i c  p i s t o n s ,  which r e s u l t e d  i n  

d i s t o r t i o n s  ana s u b s e q u e n t  g a l l i n g  of t h e  p i s t o n s  and m a t i n g  

s l e e v e s .  


