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Nat ional  Aeronaut ics and Space Admin i s t ra t i on  

Lewis Research Center 
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SUMMARY 

The NASA Lewis Research Center has been invo lved i n  f ree-p is ton S t i r l i n g  
engine research s ince 1976. Most o f  the  work performed in-house was r e l a t e d  
t o  the c h a r a c t e r i z a t i o n  o f  the RE-1000 engine. 
RE-1000 t e s t s  was intended t o  prov ide  a data base for  the v a l i d a t i o n  o f  S t i r l -  
i n g  cyc le  s imu la t ions .  The RE-1000 was o r i g i n a l l y  b u i l t  w i t h  a dashpot load 

w sys tem which d i d  no t  conver t  the ou tpu t  o f  the engine i n t o  use fu l  power, b u t  
was merely used as a load for the engine t o  work aga ins t  du r ing  t e s t i n g .  

The data c o l l e c t e d  from the cu 

I 

A s  p a r t  of  the in teragency program between NASA Lewis and the Oak Ridge 
Nat ional  Laboratory,  (ORNL), the  RE-1000 has been converted i n t o  a conf igura-  
t i o n  t h a t  produces useable hyd rau l i c  power. A goal of the hyd rau l i c  ou tpu t  
conversion e f fo r t  was t o  r e t a i n  the same thermodynamic cyc le  t h a t  e x i s t e d  w i t h  
the dashpot loaded engine. 
met ic  seal between the  hyd rau l i c  f l u i d  and the working gas o f  the  engine. The 
design was completed and the hardware has been fab r i ca ted .  The RE-1000 was 
modif ied i n  1985 t o  the hyd rau l i c  ou tpu t  con f igu ra t i on .  The e a r l y  p a r t  o f  the  
RE-1000 hyd rau l i c  ou tpu t  program consis ted o f  mod i fy ing  hardware and sof tware 
t o  a l l o w  the engine to  run  a t  steady-state cond i t ions .  

I t  was requ i red  t h a t  the design must p rov ide  a her- 

This  r e p o r t  presents a complete d e s c r i p t i o n  o f  the engine, i n  s u f f i c i e n t  
d e t a i l  so t h a t  the device can be simulated on a computer. 
showing the masses o f  the o s c i l l a t i n g  components and key dimensions needed for  
modeling purposes. 
phragms used t o  separate the hel ium o f  the working and bounce spaces from the 
hyd rau l i c  f l u i d .  

Tables are  presented 

Graphs are  used to i n d i c a t e  the sp r ing  r a t e  o f  the d ia-  

INTRODUCTION 

A f ree -p i s ton  Stirl i n g  engine designed for  research purposes has been 
under t e s t  s ince 1979 a t  the NASA Lewis Research Center. 
the research program was the RE-1000 engine, designed and f a b r i c a t e d  by 
Sunpower Inc . ,  o f  Athens, Ohio. 
l a t e  a l a rge  data base w i t h  which t o  v a l i d a t e  computer s imu la t ions  o f  the 
S t i r l i n g  cyc le .  These t e s t s  a re  discussed i n  references 1 t o  3. 

The engine used i n  

The purpose o f  the t e s t  program was to accumu- 

A f t e r  complet ion o f  these t e s t s ,  which were intended t o  focus on the ther -  
modynamic processes occu r r i ng  i n s i d e  o f  the engine, the RE-1000 was converted 
i n t o  an engine producing hyd rau l i c  power. Several research goals were estab- 
l i s h e d  for  the hyd rau l i c  engine program. One goal was the i n v e s t i g a t i o n  and 
development of  a v i a b l e  hyd rau l i c  ou tpu t  system. Another goal was the i n v e s t i -  
g a t i o n  o f  the dynamic i n t e r a c t i o n  between the f ree-p is ton engine and the load 
device.  I t  was known from prev ious research i n v o l v i n g  f ree -p i s ton  engines and 
compressor loads t h a t  there  e x i s t s  a s t rong i n t e r a c t i o n  between the  character-  
i s t i c s  o f  the  two sys tems.  There must be more cons idera t ion  g iven when 



matching an engine t o  a load than simply matching the power levels. 
goal was the investigation of the effects of compression-space cooling on the 
cylinder wall thermodynamic conditions and the overall engine performance. 

A third 

The ability t o  change the load characteristics of the hydraulic output 
device was incorporated in the hydraulic load. By changing some key compo- 
nents of the pump on the hydraulic device, its spring content can be altered, 
thus altering its effect on the engine. 
load for an engine has much more spring content than a pure hydraulic pump. 
The term spring content refers t o  the spring component of the total force 
exerted by the load device. 
power diaphragm i s  the vector sum of the spring component and the damping 
component. 

For example, a compressor used as a 

The total force exerted by the load device on the 

Requirements for the hydraulic output unit performance were outlined by 
NASA and the design of the unit was performed by Foster-Miller Associates, of 
Waltham, Massachusetts, with assistance from Sunpower Inc., of Athens, Ohio. 
The design and fabrication effort involved not only the hydraulic output unit 
but a1 so the computerized control system along with the instrumentation used 
for the control system. The preliminary and detail design efforts were docu- 
mented and published in reference 4. 

DESCRIPTION 

A cutaway view of the hydraulic engine i s  shown in figure 1. The thermo- 
dynamic section of the engine i s  generally the same as the dashpot loaded 
engine described in references 1 t o  3. It was determined that the performance 
of the engine could be improved with a regenerator of higher porosity than was 
used with the dashpot engine, and a displacer tuned to slightly different 
dynamics. The displacer i s  shown in figure 2 along with some of the critical 
dimensions. With the addition of the hydraulic output unit to the engine, the 
dead volume of the compression space was increased. However, most of the dead 
volumes in the engine are the same as those values given in earlier reports. 
Dead volumes for this engine are given in table I. The compression space i s  
now divided into two sections. Figure 3 shows a cross section of the compres- 
sion space portion of the engine. 
cent t o  the displacer I s  connected t o  the compression space adjacent t o  the 
power diaphragm by 18 passages of 0.414 cm (0.163 in.) diameter. 
i s  4.57 cm (1.80 in.) long. 
(0.203 in.) diameter in parallel t o  the 18 holes. 

The section of the compression space adja- 

Each passage 
In addition there are two holes of 0.516 cm 

The power diaphragm and the bounce diaphragm are both 0.51 mm (0.020 in.) 

Supports were incorporated o n  either side of the 

thick and made o f  a 300 series stainless steel. The stiffness of both 
diaphragms were measured and are given in figure 4 in  the form of force as a 
function of displacement. 
diaphragms to protect the hardware in the event of complete pressure loss o n  
one side of a diaphragm. 
therefore each one has a hub mounted at the center. 
mounted t o  the housing of the engine between O-rings. Similarly, the center 
hubs were mounted to the diaphragms with O-rings. 
phragms are given in table 11. 
seen in figure 3. 
hardware are shown in figures 5 and 6. 

Both diaphragms were designed t o  be annular and 
The diaphragms were 

The dimensions of the dia- 
The supports for the power diaphragm can be 

Photographs of the power diaphragm and the bounce diaphragm 
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Hydraul ic  f l u i d  i s  contained i n  the  volume above the power diaphragm. 
Power generated i n  the  working space o f  the engine i s  t r a n s f e r r e d  t o  the 
hyd rau l i c  f l u i d  through the power diaphragm. As the  power diaphragm moves, 
the hyd rau l i c  f l u i d  forces the power t ransmiss ion p i s t o n  to  move. The f l u i d  
above the power t ransmiss ion p i s t o n  forces the bounce diaphragm t o  move i n  a 
s i m i l a r  fash ion.  The t o t a l  o s c i l l a t i n g  mass of  the engine i s  the summation o f  
the i n d i v i d u a l  o s c i l l a t i n g  masses. 

Attached t o  the  power t ransmiss ion p i s t o n  i s  a r o d  t h a t  t ransmi ts  the  
power from the power t ransmiss ion p i s t o n  t o  the  hyd rau l i c  pump. 
designed w i t h  a center  n u l l  band i n  which there  i s  no load on the engine and 
no pumping takes p lace.  The pumping work i s  performed o n l y  a t  the ends o f  the 
stroke. The reason for  i nco rpo ra t i ng  t h i s  f e a t u r e  i n  the design was t o  
enhance the s t a b i l i t y  o f  the eng ine l load system. 
assembled i n  e i t h e r  one of  two con f igu ra t i ons .  The pump can be assembled i n  
e i t h e r  the f o u r  pulse-per-cycle or the two pu l  se-per-cycle con f igu ra t i on .  
ure 7 shows the pump housing center  n u l l  band cross sec t i on  i n  both conf igura-  
t i o n s .  The absence or presence o f  a center  n u l l  band accumulator determines 
how many pulses per cyc le  the pump w i l l  p rov ide.  I n  f i g u r e  7(a) ,  a s o l i d  f l a t  
metal p l a t e  i s  shown cover ing the center  n u l l  band p o r t s .  Th is  c o n f i g u r a t i o n  
w i l l  p rov ide  f o u r  ou tpu t  pulses per  cyc le  as shown schemat ica l l y  i n  f i g u r e  8. 
I n  f i g u r e  7(b), a center  n u l l  band accumulater i s  shown connected to  the cen- 
t e r  n u l l  band po r t s .  This conf igura t ion  w i l l  p rov ide  two ou tpu t  pulses per  
cyc le  as shown schemat ica l ly  i n  f i g u r e  9. 
w i t h  the pump i n  the f o u r  pulse-per-cycle con f igu ra t i on .  A t h e o r e t i c a l  graph 
of  the  load and power ou tpu t  verses s t roke  i s  shown i n  f i g u r e  10. The theore t -  
i c a l  load on the engine as a f u n c t i o n  o f  t i m e  i s  shown i n  f i g u r e  11.  

The pump was 

The hyd rau l i c  pump can be 

Fig- 

Tes t ing  i s  c u r r e n t l y  being done 

Other s i g n i f i c a n t  fea tures  o f  the pump inc lude small diaphragm accumula- 
t o r s  on the i n l e t  and o u t l e t  s ides o f  the pump b lock  as shown i n  f i g u r e  12. 
The purpose o f  the diaphragm accumulators i s  t o  smooth the o i l  flow t o  and 
from the pumping chambers. The i n l e t  accumulator i s  charged w i t h  -100 p s i  a l r  
wh i l e  the o u t l e t  accumulator i s  charged w i t h  -1000 p s i  n i t rogen .  

Between the power t r a n s f e r  p i s t o n  and the hyd rau l i c  load, the pump r o d  
passes through a c y l i n d r i c a l  sec t ion  for which a balance sys tem was designed. 
The balance system cons is ts  o f  an annular p i s t o n  t h a t  moves i n  the opposi te  
d i r e c t i o n  as the power t ransmiss ion p i s ton .  The annular  p i s t o n  i s  d r i v e n  by a 
small p i s t o n  which at taches to the center  rod. The balance system can be seen 
i n  f i g u r e  1. I f  the balance sys tem i s  no t  used, a s i n g l e  mass i s  s u b s t i t u t e d  
for  the  annular p i s t o n  and i t s  d r i v i n g  p i s ton .  This s i n g l e  mass i s  a t tached 
t o  the  center  rod  t o  b r i n g  the t o t a l  o s c i l l a t i n g  mass up to the  design s p e c i f i -  
ca t i on .  F igure 13 shows the pump rod  assembly. To the  l e f t  of the pump rod  
i s  the  annular p i s t o n  used w i t h  the balance system. 
mid-point  o f  the rod  i s  used t o  d r i v e  the balance p i s t o n .  
be operated w i thout  the balance system, the l a r g e  p i s t o n  on the r i g h t  s ide  o f  
the photograph i s  at tached to  the pump rod. The o s c i l l a t i n g  mass o f  the sys- 
t e m  i s  equ iva len t  w i t h  e i t h e r  o f  the  two modes. A schematic o f  the  hyd rau l i c  
ou tpu t  device i s  shown i n  f i g u r e  14. 

The small p i s t o n  near the 
If the engine i s  t o  

DESCRIPTION OF THE FACILITY 

The RE-1000 f ree -p i s ton  S t i r l i n g  engine hyd rau l i c  ou tpu t  t e s t  f a c i l i t y  
was b u i l t  t o  supply a l l  o f  the support systems needed t o  c a r r y  o u t  the 
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research program. The f a c i l i t y  had a h igh  pressure,  15.5 MPa, (2250 p s i )  gas 
system t o  supply the working gas t o  the  engine, a water system t o  cool  the 
engine, a separate water system t o  c o o l  the  compression space and the power 
diaphragm area of the engine, a dc e l e c t r i c  power supply system t o  heat the 
engine, and a hyd rau l i c  sys tem t o  supply and rece ive  hyd rau l i c  f l u i d  t o  and 
from the hyd rau l i c  pump as we l l  as to  main ta in  the c o r r e c t  r e l a t i v e  p o s i t i o n s  
o f  power and bounce diaphragms w i t h  the hyd rau l i c  pump rod .  Along w i t h  these 
systems, a h igh  speed da ta  sys tem was b u i l t  to  he lp  gather  data. Each of  
these systems w i l l  be descr ibed i n  d e t a i l .  A schematic o f  the hyd rau l i c  sys- 
tem i s  shown i n  f i g u r e  15. 

The gas system was designed w i t h  the a b i l i t y  t o  charge the engine w i t h  
helium, hydrogen, n i t rogen ,  or argon. The supply pressure to  the engine was 
s e t  w i t h  a remote c o n t r o l  pressure r e g u l a t o r .  The flow of gas i n t o  or o u t  of 
the engine was c o n t r o l l e d  by motor ized needle va lves i n  the supply and vent 
l i n e s  respec t i ve l y .  To s t a r t  the engine, a p a i r  o f  so lenoid valves a l te rna -  
t i v e l y  connected the h igh  pressure supply l i n e  or the low pressure vent  l i n e  
d i r e c t l y  t o  the working space. The gas pulses would s t a r t  the d i s p l a c e r  and 
power diaphragm i n  motion. 
were g rea t  enough, the engine cyc le  would cont inue to operate.  

I f  the mot ion and the heat  exchanger heat t r a n s f e r  

The water coo l i ng  system consis ted o f  two separate systems. A c losed 
loop water  sys tem was used for  the engine c o o l e r .  T h i s  sys tem was f i l l e d  w i t h  
d i s t i l l e d  water. A heat exchanger w i t h  a feedback sys tem c o n t r o l l e d  the tem- 
pera ture  o f  t h i s  water loop. An open loop system was used to  cool  the compres- 
s ion  space and the power diaphragm area o f  the engine. 
temperature c o n t r o l .  
tems t o  a l l ow  the c a l c u l a t i o n  o f  heat r e j e c t i o n  r a t e s  o f  the  engine. 

This sys tem had no 
Temperatures and flow r a t e s  were  measured i n  both sys- 

The engine heater power supply sys tem consis ted o f  two Sorensen e l e c t r i c  
power suppl ies connected i n  p a r a l l e l .  
c a p a b i l i t y  o f  d e l i v e r i n g  1000 A o f  d i r e c t  cu r ren t  t o  the engine. 
power suppl ies were regu la ted  by an automatic c o n t r o l l e r  which used a thermo- 
couple on one o f  the engine heater  tubes as feedback. 

Each power supply u n i t  had the 
The two 

The hyd rau l i c  sys tem consis ted o f  two sub-systems: ( 1 )  a hyd rau l i c  pump- 
i n g  loop sec t ion  and (2) a hyd rau l i c  con t ro l  sec t ion .  The hyd rau l i c  pumping 
loop began a t  the low pressure sump. The hyd rau l i c  f l u i d  t rave led  through a 
valve,  a f i l t e r ,  a check va lve,  a f lowmeter,  and an accumulator before i t  
reached the i n l e t  s ide of the hyd rau l i c  pump. F igure  15 shows t h a t  the check 
va lve was connected i n  p a r a l l e l  w i t h  an a i r  d r i v e n  pump. The a i r  d r i v e n  pump 
was used as a pr imer pump t o  c i r c u l a t e  o i l  through the pumping loop and was 
never used when the hyd rau l i c  ou tpu t  u n i t  was running.  The purpose of the 
accumulator was to smooth the upstream flow so t h a t  the flow r a t e  cou ld  be 
measured more accura te ly .  A f t e r  the f l u i d  e x i t e d  the  o u t l e t  s ide o f  the 
hyd rau l i c  pump, the f l u i d  e i t h e r  entered the h igh  pressure accumulator or pas- 
sed through the va r iab le  res i s tance  r e l i e f  va lve.  The v a r i a b l e  res is tance 
r e l i e f  va lve acted as the load i n  the hyd rau l i c  pumping loop. The pressure 
drop across t h i s  va lve can be va r ied  t o  s imulate a wide range o f  engine loads. 
A Fema con t ro l  u n i t  was used t o  con t ro l  the v a r i a b l e  res is tance r e l i e f  va lve.  
The f l u i d  t h a t  passed through the v a r i a b l e  r e l i e f  va lve passed through a heat 
exchanger before i t  re tu rned to  the low pressure sump for  r e c i r c u l a t i o n .  The 
hyd rau l i c  con t ro l  system consis ted o f  computer c o n t r o l  l e d  so lenoid valves 
which could ad jus t  the o i l  inventory  as w e l l  as the r e l a t i v e  mean p o s i t i o n s  o f  
the diaphragms and power t rans fer  p i s t o n .  The c o n t r o l  system w i l l  be 
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descr ibed i n  d e t a i l  i n  the  f o l l o w i n g  sec t ion .  The c o n t r o l  room for  these sys- 
tems  i s  shown i n  f i g u r e  16. 

CONTROL SYSTEM 

A schematic of  the  c o n t r o l  sys tem i s  shown i n  f i g u r e  15. The so lenoid 
valves o f  the c o n t r o l  system are operated by a computer sys tem based on a 
Kaypro I1 personal computer. The computer prepares the h y d r a u l i c  ou tpu t  u n i t  
for running and a l s o  moni tors  the opera t i on  o f  the  engine t o  see i f  the center  
o f  each diaphragm stroke or the  center  o f  the power t ransmiss ion p i s t o n  stroke 
i s  too f a r  from i t s  des i red  center  p o s i t i o n .  I f  the  measured center  p o s i t i o n  
i s  ou ts ide  o f  a predetermined to lerance,  the computer w i l l  open the appropr i -  
a t e  va lve or valves t o  c o r r e c t  the p o s i t i o n .  The computer a l s o  mainta ins the 
o i l  inventory .  As  an example, i f  the mean p o s i t i o n  o f  the  power diaphragm i s  
too f a r  from the working space and the  mean p o s i t i o n  o f  the bounce diaphragm 
i s  too f a r  from the  bounce space, t h i s  means t h a t  there  i s  too l i t t l e  hydrau- 
l i c  o i l  between the two diaphragms. When the c o n t r o l  program recognizes t h i s ,  
i t  opens a va lve t h a t  bleeds hyd rau l i c  o i l  from the  h igh  pressure accumulator 
o f  the f a c i l i t y  t o  the engine. When the  i nven to ry  o f  o i l  reaches the c o r r e c t  
value, the  con t ro l  system closes the va lve.  Al though much o f  the c o n t r o l  sys- 
t e m  could have been incorpora ted  i n t o  the  hardware i n  the form o f  passive sys- 
tems, the des i re  to be ab le  t o  a l t e r  the c o n t r o l  system w i thou t  a l t e r i n g  the 
hardware requ i red  an ex terna l  c o n t r o l  system. 

The con t ro l  program b a s i c a l l y  has two modes o f  opera t ion :  ( 1 )  the 
c o l d - s t a r t  mode and ( 2 )  the run  mode. The c o l d - s t a r t  mode i s  used t o  p lace 
the power and bounce space diaphragms and the power t ransmiss ion p i s t o n  i n  
t h e i r  proper r e l a t i v e  p o s i t i o n s  p r i o r  t o  the s t a r t i n g  o f  the  engine. 
i nven to ry  and the r e l a t i v e  p o s i t i o n s  are checked and ad jus ted  o n l y  once. 
run  mode keeps the diaphragms and the power t ransmiss ion p i s t o n  i n  t h e i r  
proper r e l a t i v e  p o s i t i o n s  as the engine i s  running.  The o i l  i nven to ry  and the 
r e l a t i v e  p o s i t i o n s  are  cons tan t l y  being monitored and ad jus ted  as necessary. 
The run  mode mainta ins the mean center  p o s i t i o n s  w i t h i n  the  s p e c i f i e d  to ler -  
ances. The func t i ons  o f  each so lenoid va lve as w e l l  as the c o l d - s t a r t  and run  
modes o f  opera t ion  are descr ibed below. 

The o i l  
The 

Valve Funct ions 

Hydraul i c Sol enoi d Valves 

VBO .- This valve,  under normal ope ra t i ng  cond i t ions ,  remains c losed. I t s  pur- 
pose i s  t o  bleed o i l  from the hyd rau l i c  ou tpu t  u n i t  if the o i l  i nven to ry  
i s  t oo  la rge .  The o i l  i s  b led  from the o i l  c a v i t y  above the power t rans-  
miss ion p i s t o n  t o  the low pressure sump. 

power t ransmiss ion p i s t o n  i s  be ing r a i s e d  t o  i t s  proper p o s i t i o n .  
the power t ransmiss ion p i s t o n  i s  r a i s e d  too f a r  above i t s  proper pos i -  
t i o n ,  VCC w i l l  open i n  combination w i t h  VEQ, VUP, and VDP t o  a l l ow  the 
p i s t o n  to  lower. 
a re  i n  t h e i r  proper r e l a t i v e  p o s i t i o n s ,  a l l  o f  the so lenoid valves w i l l  
c lose  except for  VCC. 

VCC - This va lve i s  i n  the c losed p o s i t i o n  i n  the c o l d - s t a r t  mode when the 
I f  

When both diaphragms and the  power t ransmiss ion p i s t o n  

This i s  an i n d i c a t i o n  t h a t  the engine i s  ready t o  
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VDP - 

VEQ - 

VI0 - 

voc - 

VUP - 

be started. The reason that this valve must be open i s  that the oil in 
the cavity above the pump rod must have somewhere t o  g o  as the pump rod 
oscillates. When VCC i s  open, the oil in the cavity above the pump rod 
is able to flow t o  and from the cavity just below the power transmission 
piston. 

The purpose of this valve when i n  the run mode i s  to lower the mean 
position of the power transmission piston. 
migrate from the cavity below the power transmission piston t o  the 
cavity above the power transmission piston. 

This valve allows oil t o  

This valve is used only in the cold-start mode of the control program. 
VEQ allows the oil to quickly migrate between the cavities above and 
below the power transmission piston. This valve was added at NASA 
Lewis. VEQ's function was previously handled by VDP and VUP. Since nee- 
dle valves are required in series with these two valves (VDP and VUP), 
too much time was required for the oil migration and the control system 
was unable to converge o n  the start-up conditions. The addition of VEQ 
reduced the time required for the cold-start mode of the control program 
to complete its task. 

This valve i s  used to inject oil into the hydraulic output unit when 
the oil inventory i s  low. V I 0  allows o i l  from the h i g h  pressure accumu- 
lator to be injected into the oil cavity above the power transmission 
piston. 

This valve i s  used only in the cold-start mode of the control program. 
VOC opens in combination with VEQ, VUP, and VDP t o  raise the power trans- 
mission piston t o  its proper position. When VOC opens, the pressure of 
the oil in the cavity above the pump rod decreases allowing the pump rod 
and power transmission piston t o  rise. VOC allows the oil in the cavity 
above the pump rod t o  drain t o  the low pressure sump. 

This valve i s  used i n  the run mode and also in the cold-start mode. The 
purpose of this valve when in the run mode i s  t o  raise the mean position 
of the power transmission piston. This valve allows oil t o  migrate from 
the cavity above the power transmission piston t o  the cavity below the 
power transmission piston. 

Hydraul i c Hand Valves 

Hand Valve - This valve must be closed during the cold-start mode of the con- 
trol program and must be opened immediately after the cold-start 
procedure has ended. This valve was added at NASA Lewis and has 
a similar purpose t o  VCC. It was found that the flow losses in 
the line controlled by VCC were too great t o  allow the engine t o  
start. A s  a temporary solution t o  the problem, stainless steel 
tubing of a greater diameter and of a shorter length was 
connected in parallel with VCC. A hand valve was placed in this 
new line so that the cold-start procedure could still function 
properly. Current plans are t o  replace this hand valve with a 
solenoid valve so that it can be controlled by the Kaypro. 
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Working Space Gas Solenoid Valves 

VBG - This va lve  i s  used o n l y  when the engine i s  i n  the  r u n  mode. I f  too much 
gas i s  i n  the working space and not enough gas Is i n  the bounce space, 
VBG opens t o  s h u t t l e  gas from the  working space to  the bounce space. 
The c o n d i t i o n  t h a t  causes the  opening of  VBG t o  be necessary e x i s t s  when 
the mean p o s i t i o n  o f  the  power diaphragm i s  too f a r  away from the work- 
i n g  space and the mean p o s i t i o n  of the bounce space diaphragm i s  too 
c lose t o  the  bounce space. 

VBS - This va lve  i s  used to  e i t h e r  p ressur ize  or vent  t he  bounce space. I t  i s  
opened i n  combination w i t h  VFG or VVG. 

VEG - This va lve  i s  used o n l y  when the engine I s  i n  the  run  mode. I f  too much 
gas i s  i n  the bounce space and not enough gas i s  i n  the working space, 
VEG opens t o  s h u t t l e  gas from the  bounce space to the working space. 
The cond i t i on  t h a t  causes the  opening of VEG to  be necessary e x i s t s  when 
the mean p o s i t i o n  of  the power diaphragm i s  too c lose  t o  the working 
space and the mean p o s i t i o n  o f  the  bounce space diaphragm i s  too f a r  
away from the bounce space. 

VES - This va lve  i s  used to  e i t h e r  p ressur ize  or vent  the  working space. I t  
i s  opened i n  combination w i t h  VFG or VVG. 

VFG - This va lve  i s  used t o  pressur ize  the  engine w i t h  gas. 

VVG - This va lve  i s  used to  vent gas from the engine. 

Col d -Star t  Mode 

When executed the program checks the  o i l  i nven to ry  i n  the hyd rau l i c  ou t -  
pu t  u n i t  by checking the p o s i t i o n s  of  the power and bounce space diaphragms. 
For example, i f  the s t a t i c  p o s i t i o n  o f  the power diaphragm i s  toward the work- 
i n g  space end o f  i t s  s t roke  wh i l e  the s t a t i c  p o s i t i o n  of  the bounce space d ia -  
phragm i s  toward the bounce space end of i t s  s t roke,  then there  i s  too much 
hyd rau l i c  o i l  between the two diaphragms. The c o n t r o l  program w i l l  then open 
VBO, VEQ, VDP, and VUP u n t i l  the o i l  Inventory  reaches the  c o r r e c t  va lue.  
Once the o i l  inventory  i s  co r rec t ,  the power t ransmiss ion p i s t o n  i s  ready t o  
be moved t o  i t s  proper p o s i t i o n  r e l a t i v e  t o  the  power diaphragm. The p i s t o n  
i s  r a i sed  t o  i t s  proper p o s i t i o n  by opening VOC, VEQ, VDP, and VUP. 
nects the small volume o f  o i l  above the  pump r o d  t o  the  low pressure sump 
whlch causes the ne t  force a c t i n g  on the  pump r o d  t o  be i n  the upward d i rec -  
t i o n .  
pos i t i on ,  VOC w i l l  c lose and VCC w i l l  open making the  t o t a l  ne t  f o r c e  i n  the 
downward d i r e c t i o n  due to g r a v i t y .  Once the power t ransmiss ion p i s t o n  i s  i n  
i t s  proper p o s i t i o n ,  a l l  o f  the so lenoid valves w i l l  c lose  then VCC w i l l  
open. 
are i n  t h e i r  proper p o s i t i o n s  and t h a t  the  engine i s  ready to  be s t a r t e d .  The 
hand va lve connected i n  p a r a l l e l  w i t h  VCC must then be opened before the  
engine can be s ta r ted .  

VOC con- 

I f  the power t ransmiss ion p i s t o n  i s  r a i s e d  pas t  i t s  proper r e l a t i v e  

This i s  a s ignal  t h a t  the diaphragms and the power t ransmiss ion p i s t o n  
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Run Mode 

The RE-1000 f ree -p i s ton  S t i r l i n g  engine hyd rau l i c  ou tpu t  u n i t  i s  s t a r t e d  

That i s  by g i v i n g  the engine pressure pulses from the s t a r t e r  
us ing  the same s t a r t i n g  procedure t h a t  was used for the  RE-1000 dashpot load 
con f igu ra t i on .  
system. Once the engine begins running,  the c o n t r o l  program enters  i t s  r u n  
mode o f  operat ion.  I n  t h i s  mode under steady-state cond i t ions ,  o n l y  VCC and 
the hand va lve connected i n  p a r a l l e l  w i t h  VCC are open. A l l  o f  the o t h e r  sole- 
no id  valves are closed. 

The o i l  inventory  i n  the engine i s  c o n t r o l l e d  by V I 0  and VBO, as 
descr ibed prev ious ly .  The mean p o s i t i o n  o f  the  power t ransmiss ion p i s t o n  i s  
c o n t r o l l e d  by e i t h e r  VDP or VUP depending on d i r e c t i o n  o f  the  needed correc-  
t i o n .  
and VEG. 

S i m i l a r l y ,  the mean diaphragm p o s i t i o n s  are c o n t r o l l e d  by va lves VBG 

INSTRUMENTATION 

Due to  the design goal o f  having a general purpose t e s t  bed for  a f ree -  
p i s t o n  S t i r l i n g  engine w i t h  hyd rau l i c  ou tpu t ,  the u n i t  was designed t o  incorpo- 
r a t e  a g rea t  amount o f  ins t rumenta t ion .  The ins t rumenta t ion  used t o  measure 
the performance o f  the S t i r l i n g  cyc le  b a s i c a l l y  remained the same as was used 
du r ing  the t e s t s  o u t l i n e d  i n  re ferences 1 t o  3. P o s i t i o n  t ransducers were 
used t o  measure the d i sp lace r  p o s i t i o n ,  the power diaphragm p o s i t i o n ,  the  pump 
rod  p o s i t i o n ,  and the bounce diaphragm p o s i t i o n .  The l i n e a r  vo l tage d i f f e r e n -  
t i a l  t ransformers (LVDT), a re  used for both the  c o n t r o l  system and fo r  research 
data system. The LVDT used t o  measure the pump r o d  p o s i t i o n  i s  mounted a t  the 
top  o f  the pump rod, above the pump housing. 
hyd rau l i c  o i l  when the engine I s  running. O i l  i n  t h i s  area must be pe rm i t ted  
to flow through the LVDT housing t o  a l l o w  the pump rod  t o  o s c i l l a t e .  
c o n f i g u r a t i o n  used t o  date, t h i s  e q u a l i z a t i o n  has been accomplished through 
va lve VCC and the hand va lve shown i n  f i g u r e  15. 

This volume i s  f i l l e d  w i t h  

I n  the 

The LVDT used to  measure the bounce diaphragm p o s i t i o n  was mounted i n  the 
gas f i l l e d  bounce space. 
t i o n  and the d i sp lace r  p o s i t i o n  were mounted i n  the o i l  f i l l e d  space above the 
power diaphragm as shown i n  f i g u r e  3. 
u re  the  d i sp lace r  p o s i t i o n  should be loca ted  i n  the compression space. This 
would e l im ina te  the t h i n  wa l l  (0.0065 i n . )  tube requ i red  to  seperate the oil 
from the working space gas. The LVDT core mounted on the d i sp lace r  moves a x i -  
a l l y  i n s i d e  the t h i n  wa l l  tube. This tube, which i s  mounted on the power d ia-  
phragm hub, moves a x i a l l y  i n s i d e  the LVDT windings. The d i sp lace r  LVDT core 
moves a t  a phase angle w i t h  respect  to  t h i s  tube equ iva len t  t o  the phase angle 
between the power diaphragm and the d i sp lace r .  The r e l a t i v e  motions between 
the LVDT core, the t h i n  wa l l  tube, and the LVDT windings have caused an appre- 
c i a b l e  amount o f  wear to  the tube. I t  i s  i n e v i t a b l e  t h a t  t h i s  tube would f a i l  
if t e s t i n g  continued. Therefore,  i t  was necessary t o  redesign the  d i sp lace r  
p o s i t i o n  measurement system. I t  was imprac t i ca l  t o  mount the LVDT windings i n  
the compression space. Mounting the LVDT windings i n  the compression space 
would requ i re  a l a rge  compression space dead volume which would lower the 
engine performance. The f i n a l  p o s i t i o n  measurement design chosen t o  rep lace  
the o l d  system was based on a p r o x i m i t y  probe measurement system. A l l  f o u r  
LVDTs c u r r e n t l y  being used w i l l  be rep laced w i t h  the new sys tem i n  o rder  t o  
preserve the i n t e g r i t y  of the measurement system. 

The LVDTs used t o  measure the power diaphragm pos i -  

I d e a l l y ,  the LVDT windings used to meas- 

I n  the new system, sensors 

8 



and t a r g e t s  are used to  measure the  absolute p o s i t i o n s  of the moving p a r t s .  
Tapered t a r g e t s  w i l l  be mounted to  the d i sp lace r ,  power diaphragm hub, bounce 
diaphragm hub, and the pump rod. 
small i n  s i ze ,  the e n t i r e  d i s p l a c e r  measurement system can now be contained 
w i t h i n  the  compression space w i thou t  s i g n i f i c a n t l y  i nc reas ing  the compression 
space dead volume. 

Since the sensors and t a r g e t s  are q u i t e  

A t  some f u t u r e  t ime, f a s t  response pressure t ransducers w i l l  be added i n  
the pump housing to measure the pressure exer ted on the pump r o d  throughout 
the cyc le .  A l i s t i n g  o f  a l l  of the  inst rumentat ion c u r r e n t l y  being used i n  
the t e s t s  i s  g iven i n  t a b l e  111. A l i s t i n g  o f  the c a l c u l a t i o n s  performed i n  
the data reduc t i on  process i s  g iven i n  t a b l e  I V .  

CONCLUDING REMARKS 

This  r e p o r t  i s  intended t o  prov ide the parameters needed t o  simulate the  
RE-1000 based hyd rau l i c  ou tpu t  engine on a computer. Inc luded i n  the descr ip-  
t i o n  of  the hardware are experimental measurements of the s t i f f n e s s  of  the two 
main diaphragms and measurements of  the volumes o f  the  gas f i l l e d  spaces o f  
t h e  engine. 
engine a rugged t e s t  bed for  research. 

The design o f  the hyd rau l i c  ou tpu t  u n i t  was intended t o  make the  

Data c o l l e c t e d  du r ing  the t e s t i n g  of the h y d r a u l i c  engine w i l l  be pub- 
l i s h e d  and used t o  v a l i d a t e  the NASA Lewis computer code. 
b l e  c o o l i n g  i n  the compression space and v a r i a t i o n s  i n  the c o n f i g u r a t i o n  o f  
the  l oad  w i l l  a i d  i n  t h i s  purpose. 

Test ing w i t h  va r ia -  
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TABLE 1 . . HYDRAULIC ENGINE DEAD VOLUMES 

~~~ ~ 

Hydraulic oil kinematic vis osity. c 2/sec (in.z/sec) . . . .  0.026 (4.1~10'~) 
Displacer mass. g (lb) . . . . . . . . . . . . . . . . . . . . .  414.0 (0.89) 
Displacer gas spring mean volume. cm3 . . . . . . . . . . .  23.2 (1.42) 
Power transmission piston diameter. cm (in.) . . . . . . . . . . .  5.07 (1.998) 
Pump rod diameter. cm (in.) . . . . . . . . . . . . . . . . . .  0.953 (0.375) 
Hydraulic pump piston diameter. cm (in.) . . . . . . . . . . . . .  1.62 (0.639) 
Power transmission piston/rod mass. g (lb) . . . . . . . . . . . .  959 (2.114) 
Substitute for balance piston. g (lb) . . . . . . . . . . . . . .  1719 (3.79) 
Power diaphragm outer diameter. cm (in.) . . . . . . . . . . . .  20.31 (7.996) 
Power diaphragm inner diameter. cm (in.) . . . . . . . . . . . .  6.058 (2.385) 
Bounce diaphragm outer diameter. cm (in.) . . . . . . . . . . .  20.31 (7.996) 
Bounce diaphragm inner diameter. cm (in.) . . . . . . . . . . .  1.588 (0.625) 
Power diaphragm hub mass. g (lb) . . . . . . . . . . . . . . . . .  338 (0.745) 
Bounce diaphragm hub mass. g (lb) . . . . . . . . . . . . . . . .  181 (0.399) 

piston at mean position. cm (in.) . . . . . . . . . . . . .  26.65 (10.49) 
diameter. cm (in.) . . . . . . . . . . . . . . . . . . . . . . .  7.62 (3.0) 

piston at mean position. cm (in.) . . . . . . . . . . . . . .  13.55 (5.33) 
diameter. cm (in.) . . . . . . . . . . . . . . . . . . . . . . .  7.62 (3.0) 

VCC line length. cm (in.) . . . . . . . . . . . . . . . . . . . .  87.6 (34.5) 
VCC line diameter. cm (in.) . . . . . . . . . . . . . . . . . . . .  1.09 (0.43) 

Hydraulic oil density. g/cm5 (lb/in.P3) . . . . . . . . . . . . .  0.860 (0.0311) 

Distance from power diaphragm to power transmission 

1 Power diaphragm to power transfer piston passage 

Distance from bounce diaphragm to power transmission 

Bounce diaphragm to power transfer piston passage 

Bounce space. cc (in.3) . . .  
Total working space. cc (i9.3). 
Compression space. cc (in . ) 
Regenerator (matrix). cc (in 3i  
Regenerator (to all. cc (in.3) 

Heater. cc (in.3) . . 
Expansion space. cc (in . ) . . 
Cooler. cc (in.$) . . . . . . .  

' 3 ' "  
L 

. . .  2714 (165.6) . . .  479.5 (29.26) . . .  264.2 (16.12) . . . .  65.8 (4.02) . . . .  80.5 (4.91) . . . .  31.9 (1.95) . . . .  36.2 (2.21) . . . .  66.7 (4.07) 

TABLE I1 . . HYDRAULIC ENGINE KEY DIMENSIONS 
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TABLE 111. - RE-1000 INSTRUMENTATION . . .  - 
- 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 
66 
67 
68 
69 

Mnemoni c 

MEANCP 
MEANCP 
PRESUP 
TO1 HTR 
T02HTR 
T03HTR 
T04HTR 
TO5HTR 
T06HTR 
T07HTR 
TOBHTR 
T09HTR 
T1 OHTR 
T1 lHTR 
T 12HTR 
T03HED 
T13REG 
T14REG 
T15REG 
T 16REG 
T 17REG 
T18REG 
T 19REG 
TGBOUN 
TGCOMP 
TGREGC 
TGREGH 
TGEXP 
TWINDI 
TDLDT 1 
TDLDT2 
TWODI 
TWINCL 
TDLCL 
TWOCL 
TDLDB 1 
TDLDB2 
THFIN 
THFUUT 
THFCLR 
AMPS 1 
AMPS2 
VOLTG 
FLODI 
FLOCLR 
FLOHYD 
VX 1 HOR 
VYlVER 
PDIAST 
D ISPST 
INDPWR 
PWROUT 
FPIST 
XDIAP 
XDOTP 
XDISP 
XDIAB 
XPUMP 
PDYNC 
PDLCLR 
PDLREG 
PDLDIS 
PHFIN 
PHFOUT 
PDYNDB 
PAPRES 
PADISP 
FREQ 
PAMPC 

Parameter 

Mean comp space pressure, KPa 
Mean bounce pressure, KPa 
Gas supply pressure, KPa 
Heater tube metal tea r ra tu re ,  "C 

Head metal temperature, "C 
Regenerator v e r t i c a l  p r o f i l e ,  "C 
Regenerator v e r t i c a l  p r o f i l e ,  "C 
Regenerator c i  r c u l  a r  p r o f  i 1 e, "C 

I 

1 
Regenerator v e r t i  ca l  p r o f  i 1 e, "C 
Regenerator v e r t i c a l  p r o f i l e ,  "C 
Compression space gas temperature, "C 
Regenerator-cooler gas temperature, "C 
Regenerator-heater gas temperature, "C 
Expansion space gas temperature, "C 
Diaphragm water i n l e t  temperature, "C 
Diaphragm H20 d e l t a  temperature ( top ) ,  "C 
Diaphragm H20 d e l t a  temperature (bottom), "C 
Diaphragm water o u t l e t  temperature, "C 
Cooler water i n l e t  temperature, "C 
Cooler water d e l t a  temperature, "C 
Cooler o u t l e t  temperature, "C 
Diaphragm H20 d e l t a  temperature ( top ) ,  "C 
Diaphragm H20 d e l t a  temperature (bottom),  "C 
Hydrau l i c  i n l e t  temperature, "C 
Hydrau l i c  o u t l e t  temperature, "C 
Hydrau l i c  f l u i d  coo le r ,  "C 
Heater amps, supply 1, A 
Heater amps. supply 2 ,  A 
Heater vo l tage,  V 
Diaphragm water f low,  l /m in  
Cooler water f low,  l /m in  
Hydrau l i c  o i l  f low, l /m in  
Hor izon ta l  v i  b r a t i  on, cm/sec 
V e r t i c a l  v i b r a t i o n ,  cm/sec 
Power diaphragm s t roke ,  mm 
D isp lacer  s t roke ,  cm 
Ind i ca ted  power, W 
Brake power, kW 
Load fo rce  on p i s ton ,  N 
Power diaphragm p o s i t i o n ,  N 
P i  s ton  ve l  o c i  t y  , m/sec 
D isp lacer  pos i t i on ,  mm 
Bounce diaphragm p o s i t i o n ,  rn 
Pump p o s i t i o n ,  cm 
Compression space pressure, kPa 
Cooler d e l t a  pressure, kPa 
Regenerator d e l t a  pressure, kPa 
D i  sp l  acer de l  t a  pressure, kPa 
Hydrau l i c  pressure i n ,  MPa 
Hydraul i c pressure out,  MPa 
D i  sp l  acer gas s p r i  ng pressure, MPa 
Phase angle of pressure, deg 
Phase angle o f  d i sp lace r ,  deg 
Engi ne frequency , Hz 
Compression pressure ampli tude, kPa 

Range 

0-13 800 
0-13 800 
0-13 800 

40 -825 

250-825 

1 
20-250 
20-80 

20-250 
20-250 

400-825 
400-825 

10-70 
0-20 
0-20 

10-70 
10-70 
0-20 

10-70 
0-10 
0-1 0 

20-30 
20-50 
20-50 

0-1 000 
0-1 000 

0-20 
0-1 0 
0-10 
0-1 0 

0-3.8 
0-3.8 

0-7 
0-4 

0-3000 
0-3.0 

0-1600 
23.5 
$8.0 
22.0 
23.5 

230.0 
22000 

68.9 
138 
138 
0- 1 

0-1 0 
10.0 

0-360 
0-360 

0-50 
0-2000 

S t r a i n  gauge 
S t r a i n  gauge 
S t r a i n  9; 
Thennocot 

Ammeter 
Ammeter 
Val tmeter 
Turbine meter 
Turbine meter 
Turbine meter 
Accelerometer 
Accelerometer 
Stroke meter 
Stroke meter 
Analog c i  r c u i  t 
Analog c i  r c u i  t 
F t ransducer 
LVDT 
LVT 
LVDT 
LVDT 
LVDT 
Crys ta l  
D i  f f e r e n t  i a1 
Pressure t ransducer 

I 
S t r a i n  gauge 
Phase meter 
Phase meter 
Frequency t o  dc 
Cry s t a1 

le  
le  
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TABLE I V .  - RE-1000 CALCULATIONS 

INEMONIC 

PWRIN 
QCOOLR 
QDPRMT 
QDPRMB 
N I T  

TAVHTR 
NST 

AMPS 
QDISPG 
QDISP 
QREGl 
QREGZ 
QREG3 
QHEAD 
GRLPWR 
INDPWR 
PDLHYD 
PDIAST 
D I S P S T  

Descr ip t ion  o f  the c a l c u l a t i o n  

E l e c t r i c  power i npu t  t o  the. heater head 
Heat re jec ted  by the engine coo le r  
Heat re jec ted  from the top o f  the engine diaphragm 
Heat re jec ted  from the bottom o f  the  engine diaphragm 
Engi ne i ndi cated thermal e f  f i c i  ency based on the  i ndi cated power 

Average heater tube ou ts ide  temperature 
System thermal e f f i c i e n c y  based on the gross l oad  power and 

Total  amperage t o  the heater head 
Heat conduction through the gas i n  the d i sp lace r  
Heat conduction through the d i sp lace r  body 
Outer regenerator wa l l  conduction 
Outer regenerator wa l l  conduction 
Inner  regenerator wa l l  conduction 
Power i npu t  t o  engine head 
Gross load power output from the hyd rau l i c  pump 
Ind ica ted  power output, analog c a l c u l a t i o n  
Pressure r i s e  across hyd rau l i c  pump 
Power diaphragm s t roke  
Displacer s t roke  

and the heater power i npu t  

heater power i npu t  

BALANCE SYSTEM 

POWER TRANSMlSSlON 
PISTON 

DISPLACER ROD 

HEATER 

HYDRAULIC PUMP 

BOUNCESPACE 
DIAPHRAGM 

POWER DIAPHRAGM 

COOLER 

REGENERATOR 

Figure 1. - Cutaway view of the RE-1000 Free-Piston Stirling engine 
with hydraulic load. 
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1.81 CM (0.713 IN.)* 

5.68 CM 

5.65 CM 

FIGURE 2. - DISPLACER 3 CROSS SECTION. DISPLACER WEIGHT 
419.0 G (0.89 LB), GAS SPRING MEAN VOLUME, 23.2 CM3 
(1.42  IN.^). 

r DIAPHRAGM SUPPORT PLATES 

n 

I\ \ 

I\ DIAPHRAGM COOLER WATER INLET ,-DISPLACE POSITION \ 
I1 ,/ SENSOR (LVDT) 
\ \  ', POWER DIAPHRAGM 
I,\\ \, POSITION SENSOR ,/ r POWER DIAPHRAGM HUB 

/ 

,708 IN.) 

HYDRAULIC 
O I L  i FLUID 
WORKING 

I 

iDIAPHRAGM COOLER\ "/ ,iCOMPRESSION 
WATER INLET I I SPACE 

,,I ,' LDISPLACER POSITION 
PASSAGE 
CONNECTING 
TWO COMPRESSION //' 1 
SPACE SECTIONS DISPLACER ROD 

FIGURE 3.  - COMPRESSION SPACE CROSS SECTION, 
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-1 li 
-2 

-3 

I 

’” 1 TOWARD ar 
BOUNCE SPACE FORCE. KG 

0 

I I 1 

FORCE. LBF 

-.05 1 ki I TOWARD , I , 
WORKING SPACE 

. -‘10-20 -15 -10 -5 0 -5 10 15 20 f 
(A)  POWER DIAPHRAGM. 

r 
-40 -30 -20 -10 0 10 20 30 40 

m i 5  r I 
-10  

-05 

0 

-.05 

- . lo  

- 

- TOWARD 
BOUNCE SPACE 

WORKING SPACE 

FIGURE 4. - RE-1000 HYDRAULIC ENGINE DIAPHRAGM SPRING RATES. 

FIGURE 5 .  - RE-1000 POWER DIAPHRAGM WITH SUPPORT PLATES. 
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ORIGINAL PAGE IS 
OF POOR QTJALTTY 

FIGURE 6. - RE-1000 6% DIPHRAGM WITH SUPPORT PLATES. 

1.24 CN Hd 1-0.953 CN 

. .  

(A)  FOUR PULSE-PER-CYCLE CONFIGURATION. 

CENTER NULL 
BAND ACCUMULATOR -_ 

BAND PORTS - 

(B)  TWO PULSE-PER-CYCLE CONFIGURATION. 

FIGURE 7. - PUMP HOUSING CENTER NULL BAND CROSS SECTION. 
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,-UPPER P U R  CHANBER 
/ 

- + I - -  - 
----I _--- --+?-j - a, \ I  NULL BAND I ACCUMULATOR 

\ 
LOWER PUMP CHAMBER 

1-2: 

2-3: 

3: 

3-4: 

4-5-6: 

6-7: 

7: 
7-8: 

8-1: 

NO OIL ENTERS OR LEAVES THE PUMP CHAMBERS. 
ALL OIL FLOW I S  WITHIN NULL BAND 

OIL IS PUMPED OUT OF THE UPPER PUMP CHAMBER 
AND IS DRAWN FROM THE ACCUMULATOR 

TOP DEAD CENTER OF PUW PISTON STROKE 

OIL I S  DRAWN INTO THE UPPER P U R  CHAMBER 
AND IS PURED INTO THE ACCUMULATOR 

NO OIL ENTERS OR LEAVES THE PUMP CHAMBERS. 
ALL OIL FLOW I S  WITHIN NULL BAND 

OIL IS P W E D  OUT OF THE LOWER P U R  CHAMBER 
AND I S  DRAWN FROM THE ACCUMULATOR 

BOllOn DEAD CENTER OF P U R  PISTON STROKE 

OIL I S  DRAWN INTO T IE  LOWER P U R  CHAMBER 
AND IS PURED INTO THE ACCUMULATOR 

NO OIL ENTERS OR LEAVES THE P U R  CHAPIBERS. 
ALL OIL FLOW I S  WITHIN NULL BAND 

(A) P U R  SCHEMATIC. 

1-2: NO OIL ENTERS OR LEAVES THE PUMP CHAMBERS. 
I S  WITHIN NULL BAND 

OIL IS PURED OUT OF THE UPPER P U R  CHAMBER AND I S  DRAWN 
INTO THE LOWER PUW CHAMBER 

TOP DEAD CENTER OF P U R  PISTON STROKE 

OIL  I S  PURED OUT OF THE LOWER P U R  CHANBER AND IS DRAWN 
INTO THE UPPER PUMP CHANBER 

NO OIL ENTERS OR LEAVES THE PUMP CHAMBERS. ALL OIL FLOW 
IS WITHIN NULL BAND 

OIL IS PURED OUT OF THE LOWER P U R  CHAWER AND I S  DRAWN 
INTO THE UPPER PUMP CHANBER 

BOTTOM DEAD CENTER OF PUMP PISTON STROKE 

OIL IS PURED OUT OF THE UPPER P U R  CHAMBER AND I S  DRAWN 
INTO THE LOWER P U R  CHANBER 

NO OIL ENTERS OR LEAVES THE PUMP CHAMBERS. ALL OIL FLOW 
I S  WITHIN NULL BAND 

ALL OIL FLOW 

(A) PUMP SCHEMATIC. 

2-3: 

3: 
3-4: 

4-5-6: 

6-7: 

7: 
7-8: 

8-1: 

I 3 

1 2 3 4 5 6 7 8 9  
TDC BDC 

PUMP POSITION 

(B) OIL FLOW OUT OF PUMP. 

FIGURE 8. - DOUBLE-ACTING FOUR PULSE-PER-CYCLE PUMP. 

1 2 3 4 5 6 7 8 9  
TDC BDC 

P W  POSITION 

(B) OIL FLOW OUT OF P U R .  

FIGURE 9. - DOUBLE-ACTING TWO PULSE-PER-CYCLE PUMP. 
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FIGURE 10. - HYDRAULIC LOAD AND POWER OUTPUT MATCHING. 

UPPER L I M I T  

$ 0  -PUMP PISTON 
9 -200 POSITION 

-400 \--- i 
--f---- M A D  BAND ----------- 

I I LOWER L I M I T  
0 -01 .02 .03 -04 .05 

TIME. SEC 

FIGURE 11. - HYDRAULIC LOAD VERSUS T I E .  OIL FORCE ON P U R  
PISTON VERSUS TIME FOR THE DOUBLE-ACTING. FOUR PULSE-PER- 
CYCLE P U R  CO1(FIGURATION. 

.ET 

INLET 

SECTION A-A 

FIGURE 12. - PUMP HOUSING CROSS SECTION SHOWING THE INLET AND OUTLET 
PASSAGES. 
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FIGURE 13. - HYDRAULIC LOAD P U W  ROD ASSEMBLY WITH BALANCE PISTON. 

CENTER 
BALANCE 
P I S T O N 7 ,  

\ 

'\ 
ANNULAR '\ 

BALANCE 

PISTON -----__ BALANCE SYSTEN 

POWER 
TRANSNISSION 
PISTON --__ -_ 

i 
RE-1000 
ENGINE 

OIL ?, xp BOUNCE SPACE: 

Q( HEAT) 

FIGURE 14. - SCHEMATIC OF HYDRAULIC OUTPUT DEVICE. 
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TOR =lo00 P S I G  

HAND 
VALVE 

SOLENOID VALVES 

PIPING COMPONENT SYMBOLS 

-bk CHECK VALVE 0 NEEDLE VALVE -@- HEAT EXCH. 0 PRESS GAUGE 

* GATE VALVE W FLEXIBLE HOSE @ PUMP -@- FILTER 

a RELIEF VALVE *BALL VALVE 

HYDRAULIC 

VBO - BLEED OIL 
VCC - CLOSE TO COCK 
VDP - DOWN PISTON NOTION 

ACTUATOR SYMBOLS 

@ SOLENOID 

T HAND 

VOC - OPEN TO COCK FROM - g U L  HE 

VEQ - EQUALIZATION 
V I 0  - INJECT O I L  

VUP - UP PISTON VFG 
MOT I ON W G  

To VENi 

GAS 

VBG - BOUNCE GAS INCREASE 
VBS - BOUNCE GAS SERVICE 
VEG - ENGINE GAS INCREASE 
VES - ENGINE GAS SERVICE 
VFG - F I L L  GAS 
W G  - VENT GAS 

- PUMPING LOOP 
CONTROL LINES 

LOW PRESSURE 
SUMP 
100 PSIG 

FIGURE 15. - SCHEMATIC OF HYDRAULIC SYSTEM. 

FIGURE 16. - CONTROL ROOM. 
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