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I , INTRODUCTIOII 

The following r epor t  summarizes t h e  Hydrogen Rel iquef ie r  proJecrt progress 
fram September 27, 1967 t.hrough December 26, 1367, 
d e s i r a b l e  t o  b r i e f l y  review t h e  work accomplished and t h e  dec is ions  made 
i n  t h e  per iod from June 27, 1967 through September 26, 1967 and seportsd 
i n  t h e  f irst  qua r t e r ly  report dated October 10, 1967, 

For c l a r i t y ,  it is 

MaJor efforts i n  t h e  first three months of  this proJect  were expended i n  
def ining t h e  best r e l i q u e f i e r  cycle. 
accomplished by consider ing t h e  schedule $;id f i n a n c i a l  framework of the  
contract ,  t h e  s ta te-3f- the-ar t  of equipmenl; required fcr var ious cycles 
analyzed, and t h e  F. mum re l ique fac t ion  f r a c t i o n  t h a t  could reasonaBly 
be achieved without undue t echn ica l  r i s k .  It was decided t h a t  a two 
hea t  exchanger cycle ,  u t i l i z i n g  a s i n g l e  two stage compressor and a 
single stwe exDander bes t  met t h i s  d e f i n i t i o n ,  

Dersnit ion of t h e  best cyc le  was 

The aode of operat ion f o r  t h e  r e l i q u e f i e r  w a s  inves t iga ted ,  
node of opera t ion  w a s  Peiected over t h a t  of continuous operation; w i t h  start- 
s t o p  c o n t r o l  provid-cl bv a pressure switch sensing t h e  hydrogen tank pressure. 
The s e l e c t i o n  of on-off operatlur,  p v m i t t e d  near optimum r e l i q u e f i e r  op%ra- 
t i o n  over a reasonable v a r i a t i o n  i n  tank ~.-esswe. 

An in te rn l i t t en t  

The machinery motor was se l ec t ed  as a 1/4 HP, 208 \AT, 3 8 ,  60 cycle ,  
though variable speed d r ives  w i t h  sensing devices t o  vaiy t h e  speed a5 a 
funct ion of feed pressure were considered, they were abanaqned as providing 
increased hardware complexity not warranted a t  t h i s  stage oi? develqnnent, \ 

Bearings and grease requirements fo r  t h e  machinery running 8eU.y were inves t i -  
gated,  A standard 52100 bearing steel  f i i l e d  with DuPont's -?.ox grease WU.8 

se l ec t ed  as b e i v  most compatible w i t h  the hydrogen atmosphere ex?erienced iS 
t h e  hydrogen r e l i q u e f i e r .  

A b  

Preliminary s i z i n g  of t h e  heat exchangers and machinery caorponents were 
starting at t h e  close of t h e  first qua r t e r ly  repor t  perf-cd, The selected 
cycle was being computerized t o  complete t h e  opt imizat ion by studying Op- 
e r a t i n g  va r i ab le s  and t h e i r  e f f e c t  on system design, 



MOVANCEO PRODUCTS DLCARTYeNt 

XI, ABSTRAC" 
I 

The following r epor t  swnmarizep t h e  Hydragen Rel iquef ie r  proJect  
progress fc: t h e  second three ( 3 )  months i n t e r v a l  of a fourteen 
(14)  month program, MeJor emphasis has been placed on inves t i -  
ga t ing  t h e  opera t ing  c h a r a c t c r i s t i c e  of t h e  r e l i q u e f i e r  cyc le  
previously se lec ted .  A computer program was developed t o  simu- 
late the  operat ion of a r e l i q u e f i e r  of fixed cmpresso r  and ex- 
pander geometry and fixed transfer u n i t s  i n  each of t h e  two heat 
exchangers, 
of a r e l i q u e f i e r  when exposed t o  v a r i a t i o n s  in :  

T h i s  program was used t o  p red ic t  t h e  a c t u a l  behavior 

1, Rel iquef ie r  i n l e t  condi t ions 
2. Heat exchanger t r a n s f e r  u n i t s  
3. Rela t ive  compressor t o  expander flow rates, 

The r e s u l t s  of t h i s  program have shown t h a t  t he  r e l a t i v e  flow 
s p l i t  between t h e  compressor and expander has  t h e  g r e a t e s t  in- 
f luence on t h e  a t t a i n a b l e  r e l ique fac t ion  f r ac t ion .  
the  r e l i q u e f i e r  design considers seve ra l  ways of providing adJuat- 
ment t o  t h e s e  r e l a t i v e  flow rates t o  ensure ouccessful r e l i q u e f i e r  
operat ion,  

consequently 

The design u n c e r t a i n t i e s  assoc ia ted  w i t h  t h e  machinery *:olmetric 
and thermodynamic e f f i c i e n c i e s  and t h e  heat  exchanger transfer 
u n i t s  have been evaluated and t h e  physical  s i z i n g  of t h e  compressor, 
expander and heat exchangers have been chosen t o  minimize t h e  t ech rdca l  
r i s k s  and new development requirements for t h e  prototype hydroggn rel ique-  
f ier.  A design feed rate of 4.0 lbs/hour at  29.4 p s i a  and 41.4 R has 
been choser, for t h e  r e l i q u e f i e r .  
a flow rate of 2.04 lbs/hour (51% of t h e  feed) a t  these feed condi- 
t ions .  Heat exchanger I11 was s ized  t o  provide 5 t r a n s f e r  u n i t s  and 
hea t  exchanger IV was s ized  t o  provide 14.5 transfer u n i t s ,  

The compressor has been s i zed  t o  have 

Reported are .:he p lans  f o r  component t e a t  programs which have been 
devised t o  permit e a r l y  eva lua t ion  of t h e  heat exchanears and J-T 
valve. The r e s u l t s  of these tests w i l l  r edue  t h  
t i e s  for these  components, 

.:tlPgn uncertrrin- 

A rev ised ,  more complete, program schedule has bee,, ueveloped and t h e  
program is cur ren t ly  proceeding according t o  schedule, The machine&ry 
design and f ab r i ca t ion  remains t h e  c r i t i c a l  path item, 

lfaving se l ec t ed  the thermodynamic cycle  fo r  t he  prototype r e l i q u e f i e r  
and having evaluated t h e  maJor va r i ab le s  affecting t h e  performance of 
t h i s  cyc le ,  t h e  major effort  on t h e  p ro jec t  w i l l  be t o  complete the 
manufacturing drawing6 and t o  fabricate t h e  hardware, 
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111 , DISCUSSIQN OF COMHJTER SIhl'JLATION PROGRAM - I- 
The computer ana lys i s  of s eve ra l  poss ib le  hydrogen r e l i q u e f i e r  cyc!ee 
reported previously was used t:, s e l e c t  t h e  best cycle ,  
mation on t h e  l i k e l y  feed brad r e l ique fac t ion  rates which rnieht be 
achieved, and the eizes of mnchhory an<. lieat exchangars required for 
t h e  se l ec t ed  cycle.  It was not poss ib le ,  however, t o  ob ta in  real in- 
s i g h t  i n t o  how a r e l i q u e f i e r  of f ixed  design would respond t o  vrrria- 
t i o n s  i n  feed condi t ion,  or ~f hov va r i a t ions  from t h e  predicted de- 
s i g n  values would a f f e c t  t h e  r e l i q u e f i e r  perfomance, 
do t h i s ,  a second computer program was prepared f o r  the chosen cycle  
t o  simulate r e l i q u e f i e r  performance with v a r i a b l e  feed conditione 
d i f f e r e n t  machinery and heat  exchanger s izes ,  and varying values  of 
operating parameters, 

It gave infor- 

I n  order  t o  

A, Description of Program 

The progrem was based on t h e  two exchanger cyc le  shown i n  
Figure 1. The r e l i q u e f i e r  feed condi t ions,  t h e  s i z e s  of 
t h e  two hea t  exchangers, i n  terms of t r a n s f e r  anits, t h e  
machinery e f f i c i e n c i e s ,  and t h e  r e l a t i v e  c a p a c i t i e s  of t h e  
compressor and expander at  a p a r t i c u l a r  expander i n l e t  
temperature were specified as input data. I n  a l l  cases ,  
t h e  compressor o u t l e t  pressure was spec i f i ed  as 294 psia 
and t h e  compressor and expander efficienciee as 50% &?d 
60% respec t ive ly ,  
descr ibed below: 

The c a l c u l a t i o n a l  procedure is b r i e f l y  

1, Calculate  t h e  compressor o u t l e t  temperature, 
T3, using t h e  spec i f i ed  feed condi t ions,  out- 
l e t  pressure and thermodynamic e f f ic iency .  

2, Calcula te  T10, t h e  expander o u t l e t  temperature, 
u s i r q  t h e  expander i n l e t  tempera+,ure !l'9 chosen 
as p a r t  of t h e  input ,  and t h e  spec i f i ed  expander 
thermodynamic e f f i c i ency ,  

3. For t h e  i n i t i a l l y  assumed value of T9, t h e  r e l a t i v e  
expander, compressor and re l j .quef ie r  feed rbtes were 
spec i f i ed ,  The f r a c t i o n  of t h e  feed t o  t h e  compres- 
sor was designated X design, and represents  t h e  rela- 
t i v e  flow s p l i t s  st t b c  spec i f fed  feed condi t ions and 
at t h e  i n i t i a l l y  assumed value of m, Tl.2se vd..e:s 
canple te ly  f i x  t n e  s i z e  of t h e  engine and cuinpres:sor, 
A value of " 5 ,  t h e  h i r h  pressure oui;let temperacure 
from exchanger 111, WBT. assumed. 
and mass balance was ca lcu la ted  for exchenger 111, 
accumulating t h e  transfer u n i t s  for each step u n t i l  . 
t h e  sum w a s  equal t o  t h e  t r a n s f e r  u n i t s  spec i f i ed  a8 

A stepwise hea t  

-3- 
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Numbers designate particular point 
i n  cycle and relate to computer 
studies. 



input f o r  t h i s  exchanger, 
T4, t h e  high pressure o u t l e t  of exchanger IV, and T9, t h e  
i n l e t  temperature t o  t h e  expander. 

This ca lcu la t ion  gave values for 

b .  The calculated and assumed values of "9, i f  not near ly  equal, 
were ar i thmet ica l ly  averaged t o  f i n d  a new "9. 
split&! were sdjustetd for t h i s  value of '19, and t h e  St.pWir8 
heat and mar8 balance of t h e  exchanger repeated u n t i l  t h e  
assumed and Calculated values of T9 were equal. 

The flow 

NOTE: 
was also assumed that if T8, the sa tura ted  feed 
temperature i n l e t  t o  exchanger 111, and T10, t h e  
expander exhaust temperature, were not equal, then 
t h e  warmer of t h e  two was introduced t o  t h e  heat 
exchanger later, at  a point where t h e  temperature 
of t h e  two lower pressure streams would be equal. 
It w a s  then assumed t h a t  t h e  temperature of these 
t w o  streams remained equal; so t h a t  temperature 
T11, t h e  low pressure o u t l e t  temperature from 
exchanger 111, w a s  equal t o  mb 

To simplify the ca lcu la t iona l  procedure, it 

5, The calculated values of Tk and T11, from t h e  last 
i t e r a t i o n ,  were t h e n  used t o  perform a heat and ma88 
balance on exchanger IV, 
accumulated for each stepwise ca lcu la t ion  u n t i l  t h e  
t r a n s f e r  u n i t s  were equal t o  those spec i f ied  as input,  
This resu l ted  in calculated values for T3, ,ae compres- 
s o r  o u t l e t  temperature and T12, t h e  low pressure o u t l e t  
fran exchanger Ivb 

The transfer u n i t s  were 

6. The value of T3 calculated by t h e  heat and mass balance 
was compared t o  t h e  value calculated i n  step 1, If 
these were different,  t h e  i n i t i a l l y  assumed value of 
T5 was changed and t h e  calculat ions repeated, This 
i t e r a t i v e  procedure w a s  continued u n t i l  the  value of 
T5 resu l ted  i n  agreement between t h e  two calculated 
values of T3. 

The print-out from t h e  program gave the temperature, pressure and 
enthalpy at each numbered po in t  in t h e  cycle, t h e  input design value 
and calculated operating values of t h e  flow s p l i t  between t h e  compressor 
end expander, and t h e - f r a c t i o n  of t h e  feed actually rel iqucfied.  
gave t h e  canpressor and expander work required, and t h e  s ize  and duty of 
each exchanger, 
exchanger if required, 

It &SO 

It could also give t h e  temperature L;rofiier thraugh ea& 



ADVANC€D P R O O W C ~ S O L P * A T U € M T  

I n  making the heat  balances,  it w a s  assumed t h a t  t h e  para-hydrogen of t h e  
feed was continuously converted t o  ortho-para hydrogen equi l ibr ium i n  t h e  
intermediate pressure  stream of exchanger I11 and i n  t h e  low pressure 
stream of exchanger I V .  It has Eince been decided t o  eliminate t h e  con- 
vers ion  i n  exchanqer III f o r  manufacturing aimplici ty .  
on t h e  r e s u l t s  presented here are discussed i n  a later sec t ion  of thle 
report . 

The effect of t h i e  

3. Discussion of Results 

The following paragraphs d iscuss  t h e  r e s u l t s  of t h e  computer 
s imulat ion program and expla in  the e f f e c t  of t h e  maor var i ab le s ,  
including the r e l a t i v e  com.)ressor t o  expender flow s p l i t  and t h e  
size of the heat exchangers and t h e  feed pressure upon t h e  rel ique-  
fier performance. 

1. Variat ion of Flow Split -- 
Predic t ing  t h e  a c t u a l  throughputs of both t h e  canpressor 
ard expander have an uncer ta in ty  associated w i t h  them 
because t h e  volumetric e f f i c i e n c i e s  are not p rec i se ly  
known. It was, t he re fo re ,  important t o  determine the  
e f f e c t  of v a r i a t i o n  i n  t h e  f r a c t i o n  of feed t o  t h e  com- 
pressor upon t h e  r e l i q u e f i e r  performance. (VariGtiQn 
i n  t h e  f r a c t i o n  of feed to t h e  expander is directly re- 
lated since compressor flow p lus  expander flow equals  
t h e  t o t a l  feed). 
s u r e  of 29.4 p s i a ,  a t e n  t o  one pressure ratio in t h e  
expander and t h e  compressor, and wi th  exchangers 111 
snd I V  fixed wi th  4.2 and 14.5 t r a n s f e r  u n i t s  respect ively.  

This w a s  inves t iga ted  for a feed prea- 

The upper curve of Figure 2 shows t h e  ca l cu la t ed  values  
for t h e  fraction of feed t o  tk  compressor for V&WiOUS 
design values.  
which i s  equivalent t o  d i f f e r e n t  physical  cornpressor and 
expanderosizes a t  t h e  assumed expander i n l e t  temperature 
!I9 of 63 R and the  f ixed  feed condition. 
ca l cu la t ed  t h e  a c t u a l  fraction of feed t o  t h e  cmpressor 
for each design value by thermodynamically b r h n c i n g  tern- 
pera tu res  and flows throughout t h e  system. 

The value of design f l o w  s p l i t  was varied,  

The canputer then 

P l o t t i n g  both t h e  f r a c t i c n  of feed re l ique f i ed  and fraction 
of feed t o  t h e  compressor as 4 f'unction of t h e  design fr-0 
t ion  on t h e  same graph penni t s  an insight as to t h e  behavior 
of t h e  r e l i q u e f i e r  w i t h  furthe? decreases In design fraction. 
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For example, i f  the compressor and expander r e l a t i v e  s i ze8  
are chosen so t h a t  t h e  design f r a c t i o n  of feed t o  t h e  com- 
pressor  i s  48.2% a t  an engine i n l e t  temperature of 63OR, 
the f igure  shows the  a c t u a l  compressor flow w i l l  be 50.3% 
of t h e  feed f o r  t h e  condi t ions shown on t h e  f igure.  The 
d i f f e rence  between t h e  design and a c t u a l  f r a c t i o n  of feed 
t o  t h e  compressor i s  due t o  t h e  d i f fe rence  between t h e  
assumed expander i n l e t  temperature and &he a c t u a l  expander 
i n l e t  temperature ca l cu la t ed  from t h e  h e a t  exchanger heat 
and mass baiance. 

The lower curve on Figure  2 shows t h a t  i f  t h e  r e l a t i v e  flow 
through t h e  compressor is increased by changing either t h e  
compressor o r  expander s i z e ,  then t h e  f r a c t i o n  a c t u a l l y  
r e l i q u e f i e d  fa l ls  off. 
becomes h i g h e r  w i t h  increases  i n  r e l a t i v e  compressor flow 
(shown i n  Figure 3) so t h a t  more of t h e  compressor stream 
is los t  as f lash  vapor after t h e  Joule-Thomson expansicn. 
The reason f o r  t h i s  decrease i n  temperature i s  f u r t h e r  
discussed i n  paragraph 2. Figure 3 shows t h a t  increasing 
t h e  design f r a c t i o n  of t h e  feed flowing t o  t h e  compressor 
from 47&3% t o  49.5% imreased temperature T5 from 44.2'R 
t o  52.6 H and increased the  flash loss from 8.21 t o  22.0%. 

T h i s  is because temperature T5 

If t h e  f h s h  loss were zero a t  any poin t ,  t h e  f r a c t i o n  of 
feed r e l i q u e f i e d  w m l d  become equal t o  t h e  f r a c t i o n  of feed 
t o  t h e  compressor and t h e  two curves would i n t e r s e c t  a t  t h a t  
point .  
t h e  i n l e t  t o  t h e  Joule  Thomson valve. T h i s  i s  unl ike ly  s ince  
the  engine exhaust temperature would have t o  be s i g n i f i c a n t l y  
lower than  design. Further  decreases i n  design f r a c t i o n  would 
therefore r e s u l t  i n  a continuing and more rap id  decrease i n  
f r a c t i q n  of feed t o  t h e  Compressor w i t h  an  u l t ima te  correspond- 
ing decrease i n  f r a c t i o n  of feed r e l i q u e f i e d ,  the approach of 
t h e  t w o  curves t o  one another being dependent upon flash loss. 

This  condi t ion would r equ i r e  supercooled vapor at 

2. Variat ion of Heat Exchanger - Size  -- 
Increasing t h e  s i z e  of exchanger I V ,  whi le  keeping exchanger 
111 a f ixed  s i z e  had t h e  effect of increas ing  the fraction 
of t he  feed which WAS r e l ique f i ed .  T h i s  is t o  be expected 
s i n - e  improvement i n  exchanger I V  r e s u l t s  i n  more heat being 
r e j e c t e d  from t h e  system by t h e  vent gas. 
Figure 4 for a feed pressure of 22.0 ps ia ,  compressor outlet 
pressure of 294 p s i a  and expander o u t l e t  p ressure  of 2.2 p S k  
The s i z e  of exchanger I11 was held a t  f i v e  t r a n s f e r  u n i t s  as 
shown. 

' 

This is  shown in 
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The e f f e c t  of va r i a t ion  i n  t h e  s i z e  of exchanger I11 at 
a fixed s i z e  of exchanger I V  i s  shown on t h e  lower curve 
of Figure 4. 
creased t h e  re l iquefact ion fract ion.  T h i s  is unexpected 
and requires  f u r t h e r  explanation. Figure 5 shows t h a t  a 
decrease i n  the  s i z e  of t h e  exchanger I11 resu l ted  i n  a 
decrease i n  the  expander i n l e t  temperature. The lower 
expander i ide t  temperature increase6 the  expander flow 
because of t h e  resu l tan t  higher gas density. The added 
flow increased the h e a t  capacity on the  cooling side of 
exchanger TI:, so t h a t  t h e  cold end temperature difference 
between T5 and ~ 8 / ~ 1 0  was decreased ra ther  than increased 
as would normally be expected. 
reduced which, as has already been seen, decreased t h e  
f l a s h  loss on expansion. This saving i n  f l a s h  loss was 
grea ter  than t h e  loss due t o  decreased compressor flow, 
so t h a t ,  t he  ove ra l l  e f f ec t  was an increase i n  the  re- 
l iquefact ion f rac t ion  as t h e  s i z e  of t he  exchanger 111 
w a s  decreased. There i s  of course, a l i m i t  or- how s m e l l  
exchanger I11 can be made before +,he improved performance 
is reversed. 

Decreasing t h e  s i z e  of exchanger I11 in-  

Thus, temperature T5 was 

Figure 6 shows the  e f f ec t  of t r ans fe r  un i fs  on t h e  frac- 
t i o n  of feed t o  t h e  compressor and on t h e  f r ac t ion  of feed 
rel iquefied.  
t he  compressor starts dropping off sharply at  3.2 t r ans fe r  
wi t s  w h i l e  t he  f r ac t ion  of feed rel iquefied rises rapidly. 
The former drops because of t h e  increasiug expander flow 
w h i l e  t h e  l a t t e r  increases because of reduced flash loss. 
I f  t h e  f lash  loss could be zero, t h e  two curves would inicer- 
sect. 
i t s  value depending upon t h e  temperature approach between 
the  high pressure and low pressure stream at the  cold end 
of exchanger 111. Since the  fraction of feed re l iquef ied  
can never exceed t h e  f rac t ion  of feed 50 t he  compressor, 
fur ther  decrease i n  t r ans fe r  u n i t s  w i l l  r e s u l t  i n  rapid 
drop of re l iquefact ion f rac t ion  alon5 with compressor 
fractior-.. Figure 7 shows a similar behavior at another 
set of feed conditions. 

It can be seen t h a t  the  f rac t ion  of feed t o  

Actually, t he  percentage f l a s h  loss approaches zero, 

3. Effect - of Reliquefier - Feed Pressure 

For a constant design flow s p l i t  (fixed compressor and 
expander geometry), cor:stant compressor o u t l e t  pressure, 
and f ixed t r ans fe r  units i n  exchanger I V ,  t he  relique- 
f ier performance was evaluated for three separate feed 
pressures. The r e s u l t s  are plot ted in Figure 8 and show 

-10- 
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that the reliquefaction fraction has a minimum value st 
about 31 psia. 
dependent of the s i z e  of exchanqer I11 for the three 
values of transfer units investigated, 

It appeared that this minimum was in- 

The results shown say nothing about the actual feed 
rate at a particular feed pressure, but show onla* the 
fraction of the feed which is returned to the tank as 
liquid. 
22.0 psia, the amount of feed which can be taken by 
the reliquefier will be lower than that at 29.4 psia. 
This canparison is shown in Table I for a design f e e  
rate of 4 lb/hr at 29.4 psia and 41.h0R. 

Because of the lower density of the feed at 

TABLE I 

IITU Heet Exchanger SI1 4.2 
29.4 4 0.1563 

Peed Pressure (psia 
Feed Density ( l b / f t  ) 
Fraction Reliquefied 0.431 
Feed Rate (lb/hr) 4 .oo 
Compressor Flow ( lb /hr)  2.04 
Expander Flow ( lblhr)  l.* 
Reliquefaction Rate (lb/hr) 1.72 
Flesh Loss (lb/hr) 0.29 

4.2 
22.0 
0 . 1195 
0 . 437 
3.14 
1.54 

1.37 
0.17 

1.60 

4. Effect - of Eliminating Conversion Catalyst - in kchanger 

To evaluate the effect of conversion of the hydrogen i n  
exchanger 111 the conditions shown in Table 11 were 
analyzed. 
in all caseB shown. 

The 0-P conversion in exchanger IV is retained 

TABLE I1 

Comparison of System Performance With and Without 0-P 
Conversion in the Medium Pressure Stream of Exchanger 111. 

Ref. Point 
Figure 1 

5 
8 
10 

4 
9 

11 

0 Temperature R 

Conv. Conv. 
w/o-P w/o 0-P 

43.9 43.9 
39.1 39.1 
42.1 39.1 

70.6 66.6 
67.0 63.0 

Pressure psia 

Conv. Conv. 

294.0 294.0 

22.0 22.0 
2.2 2.2 

w/o-P w/o 0-P 

294.0 2g4,o 
22.0 22.0 

2.2 2 02 

Hydrogen State 
w/&P w/o 0-P 
Conv. Conv. 

para para 
pars P-8 
ortho- para 
P-8 
para P-6 
equil para 
0-P 
ortho- para 
psra 
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The condi t ions wi th  t he  conversion i n  exchanger XI1 were 
obtained fron the  computer simulation program, 
programmed 60 t h a t  t h e  para-hydrogen w a s  converted t o  
ortho-para equi l ibr ium i n  t h e  medium pressure streem 
of exchanger X X X  between points 8 and 9 and i n  t h e  low 
pressure stream of exchanger IV between points 11 and 12, 
The flow through the compressor, f o r  the temperatures 
shown w a s  49% of the feed rate. Since the  r e l i q u e f i e r  
being designed will not provide catalyst for 0-P conver- 
s ion  i n  t h e  medium pressure stream, it was necessary t o  
t va lua t e  the computer r e s u l t s  t o  determine t h e  effect 
upon actual r e l i q u e f i e r  design conditions.  The condi- 
t i o n s  required at t h e  w a r m  end of exchanger I11 t o  
produce t h e  same conditions a t  t n e  cold end, but  with- 
out convers im,  were hand ca lcu la ted  for 49% of t h e  feed 
thrcugh t h e  compressor. 

It was 

Table 11 i s  a comparison of t h e  t w o  condi t ions and show 
t ha t  a reduct ion of approximately boR i n  t h e  varm end 
temperatures of exchanger 1x1 can be expected. 
will increase t h e  load on exchanger I V  and w i l l  tend to 
give a higher flow through the expander. 
flow a d j u s t a b i l i t y  can be provided i n - t h e  machinery t o  
negate t h e  e f f e c t  of t h i s  small temperature change. 
Exchanger IV has been designed with a catalyst chamber 
at its l o w  pressure inlet prior t o  enterily:  the first 
heat transfer sec%lon. 
gas condi t ions i n  exchwger I V  f l e n t i c a l  t o  those vhich 
would have exidted had the 0-P conversion occurred in 
exchanger 111. 

This 

Suf f i c i en t  

This has the effect of providing 

C. Effect  of Computer Reaults on H a r d w a r e  DesiKn Spec i f ica t ions  

The major var i ab le s  a f f e c t i n g  the r e l i q u e f i e r  operat ion have been 
discussed i n  Sect ion IIX, paragraph E, These var i ab le s  bare been 
i d e n t i f i e d  80 : 

1, Reliquefier  feed pressure and t o t a l  flow 

2, Heat t r a n s f e r  wits i n  each heat exchanger 

3. Compressor t o  expander flow s p l i t .  

Spec i f ic  design values have been chosen fo r  t h e  hydrogen r e l i q u e f i e r  
based on t h e  ind iv idua l  and combined effects of these major variables,. 
In a l l  cases t h e  design p8rameters have been chosen t o  reduce t echn ica l  
risks by recognialng areas of design uncer ta in ty  and by choosiog derign 
value6 t o  ensure succeseful  operation should these specific design 
values not be achieved. 
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The following parsgraphs discuss  the spec t f i c  design values chosen 
and t h e  rationale for t h e i r  se lec t ion .  

The e f f e c t  of va r i ab le  feed pressure t o  t h e  r e l i q u e f i e r  was evaluated. 
Figures 9 and 10 show t h e  predicted operating conditions f o r  t w o  
d i f f e r e n t  feed pressures. 
t h e  chosen r e l i q u e f i e r  design conditions.  
t h e  to ta l  feed rate decreased from 4.0 lb/hr t o  3.14 lb/hr w i t h  
decreasing feed pressure, the  re l iquefac t ion  f ract ion increased 
from 43.05 to 43.6%. 
compressor t o  expander f l o w  r a t i o  vhich improved the precooling 
of t h e  high pressure stream t o  t h e  J-T valve. This re su l t ed  i n  
a reduct ion i n  flash loss as t h e  high pressure gas was expanded 
through the J-T valve. The r e l i q u e f i e r  w i l l  be s ized  t o  provide 
B total feed rate of l.O#/hr at a 29.4 psia (41.4'11) r e l i q u e f i e r  
feed pressure. 
=changer s i z e s  and machinery e f f i c i e n c i e s  are as shown on Figure 
9, a re l ique fac t ion  rate of i.72#/hr, i s  expected. 
r e l i q u e f i e r  operat ion m o d e ,  as reported previously,  is in t e rmi t t en t  
and operates  as a funct ion of feed pressure,  the start-stop p-6- 
sure limits and equipment throughput while  operating can be chosen 
t o  be compatible w i t h  th-.  a c t u a l  range of hydrogen boil-off rates 
expected for a given Eission. 
and a shutdown pressure of 22 psia appear t a  be reasonable  values 
t o  consider,  i n  tha t ,  r e l ique fac t ion  f r a c t i o n  is  e s s e n t i a l l y  
constant, t he  change i n  feed rate is not severe,  and the  ava i l ab le  
pressure drop from t h e  tank t o  t h e  r e l i q u e f i e r  feed, t o  accomplish 
phase separat ion,  would be reasonable. It has been concluded thst 
the  feed pressure regulator, previously considered for the  re l iquc-  
fier, is an unnecessary complication and can be eliminated. 

The values shown on Figure 9 represent  
It is apparent t h a t  vhile 

The incease w a s  a r e s u l t  of t h e  decreased 

A t  steady state operation, assuming t h e  heat 

Since t h e  

A star t -up pressure of 29.4 psia 

The effect of heat exchanger transfer u n i t s  on r e l ique fac t ion  frac- 
t ion at specific feed condi t ions has been discussed and shown on 
Figure 8. It appears t h a t  t h e  s i z e  of both exchangers, 1 x 1  and TV, 
has Only a small e f f e c t  on the predicted r e l ique fac t ion  f rac t ion .  
It is apparent t h a t  increasing t h e  s i z e  of exchanger Ilf results in 
increased re l iquefac t ion  fract iof i  v h i l e  increasing t h e  s h e  of 
exchanger 111 has t h e  opposite e f f ec t .  

There is a limit t o  t h e  advantageous reduction of the  size of 
=changer 111, which occur8 when the high pressure gas temperature 
approaches t h e  saturated vapor temperature of t h e  feed causing a 
cold end temperature pinch,, 
Utchanger I11 t o  provide 5 t r a n s f e r  units. 

It has been decided to design heat 
Although this Value 
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RELIQUEFIER OFF D E 3 I G N  POINT OPERATING CONDITIONS 

291 geia 22 p s i s  
45.5 R 

14.5 T. U. 

294 psia 
162' R 

2.2 p#a 
140.1 R 

Reliquefaction 

LIQUID HYDROGEN 
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is not t h e  indicated optimum size, it represents  a conservative,  
minimum t echn ica l  r i s k  approach, The chosen value of 5 t r a n s f e r  
u n i t s ,  r e su l t ed  i n  8 reasonably s i zed  exchanger whose performance, 
should t h e  a c t u a l  transfer u n i t s  ava i l ab le  differ  s i g n i f i c a n t l y  
from t h e  design value,  would remain in an acceptable operat ing 
region based on t h e  computer r e s u l t s .  
that sane v a r i a t i o n  i n  performance (transfer unfte) can be tolo 
erated i n  either direction without s i g n i f i c a n t  changes i n  re l ique-  
fier performance. 

This design point  irr such 

A design value of 14.5 t r a n s f e r  u n i t s  was se lec ted  for exchanger 
I V  u t i l i z i n g  t h e  same basic reasoning as t h a t  explained for exch- 
anger 111. 

The absolute  values of a l l  t h e  design parameters defined by t h e  
computer simulation program are dependent upon achieving the  
predicted machinery efficiencies. It is expected tha t  for effi- 
c i enc ie s  d i f f e r e n t  from those  used i n  t h e  computer ana lys i s ,  t h e  
optimum s i z e  of exchanger 111 would chance. 
an expected interdependence between t h e  relative s i z e s  of heat 
exchanger 111 and I V  t h a t  w i l l  tend t o  vary t h e  optimum size of 
exchanger III as a flurction of t h e  s i z e  of exchanger ZV. 
design p r e d i c t a b i l i t y  of both heat exchangers represents  get 
another va r i ab le  t h a t  was comidered  i n  t h e  s e l e c t i o n  of t h e  
design t r a n s f e r  u n i t s  t o  avoid the  p o s s i b i l i t y  of any s i g n i f i c a n t  
change i n  reliquefier performance. 

There is, in addi t ion,  

The 

The machinery s i z e s  have been chosen t o  permit 51% of t h e  to ta l  
feed t o  pass through t h e  compressor a t  an i n l e t  pressure of 
29.4 psia.  From a design viewpoint, t h e  p r e d i c t a b i l i t y  of t h i s  
s p l i t  has c e r t a i n  unce r t a in t i e s  which can alter the a c t u a l  through- 
put experienced upon s t a r t u p ,  To overcome t h i s ,  t h e  design ha0 
incorporated seve ra l  features which pennit  relatively ea0y WU8t- 
meat of flow s p l i t  after t h e  hardware is operational.  

1. Adjustable expander cam timing. 
2. Addustable compressor clearance volume. 
3. 

4. Modification t o  compressor stroke. 
5. Compressor discharge pressure var ia t ion .  
60 Compressor i n t e r s t a g e  pressure var ia t ion .  
7. Expander o u t l e t  pressure variation. 

Replaceable p is tons  and cy l inders  for both t h e  
and compressor. 
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The first four items listed represent machinery component changes, 
the first two of which will have hardware manufactured and avail- 
able for inclusion into the machine at the onset of the testing 
program. The third and fourth items are m a o r  modifications t h a t  
the machinery design will permit, but which would be necessary 
only if the predicted flow6 are significantly inaccurate. It is 
not expected that this is likely. The remaining three items 5, 
6, and 7 are available system adjustments that will permit fine 
tuning of the relative flow8 to permit optimization of the  relique- 
faction fraction according to the actual heat exchanger transfer 
units experienced and machinery efficiencies achieved. 
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The d e s i m  drawinRs f o r  hea t  exchanners 111 and IV ere conpleted. 
material rewired f o r  t h e  f a b r i c a t i o n  of exchmcter IV haa been received 
and t h e  mterial  r e q c i r e d  for exchwper 111 is on order. This material 
has a promised d e l i v e w  of 1/12/68. 

A l l  

A ,  Design Review -- 
AS reported previously,  two sepRrRte deffims for heat e x c h a n p r  I V  
w i l l  be  fabricated and tested.  Since t h i s  exchanger require8 t h e  
i nc lus ion  of 0-P catalyst i n  t h e  l aw pressure expander exhaust 
stream, it was d e c i d e d  t o  evaluate  two design approaches from both 
a manufacturinu and process performance point  of view. The heat 
exchanper confirurntion8 beinR evaluated  re shown i n  Figures 11 
m d  12. 
0-P conversion over  t h e  e n t i r e  l e n d h  of h e a t  exchanger IV posed 
serious des ian  and manufacturinR problem. 
thmunh '.he heat exchanper, when f i l l e d  w i t h  c n t a l y s t ,  was excessive 
due t o  the  larhe a v a i h b l e  awmt of ca t a lys t .  
c a t a l y s t  required for  complete conversion of t h e  parahydrogen t o  
e a u i l i b r i u r  hydroeen w a s  s i m i f i c a n t l y  less than t h a t  a v a i l a b l e  wi th  
R continuous conversion d e s i p n  approach, it was possible t o  reduce 
t h e  overall pressure drop i n  exchanger IV by adopting t h e  step-wise 
OP conversion technique shown i n  F i m r e s  11 and 12. This design 
approach was not w i t h m t  disadvantages, The t r a n s f e r  u n i t s  required 
f o r  a given hent exchanPrer duty are inverse ly  proport ional  t o  t h e  
temperature d i f f e rence  between t h e  ho t  and cold s t r e a m .  The step- 
wise  conversion design resu l ted  i n  R ser ies  of small temperature 
d i f fe rences  between t h e  h o t  and cold streams which s i m i f i c m t l y  
increased the  renuired t r a n s f e r  u m t a  i n  t h i s  heat exchanper. For 
t h e  p a r t i c u l n r  desirrn conditions of t h e  reliquefier, t h e  ratio 
of required transfer u n i t s  w i t h  s tep w i s e  convemion t o  continuous 
conversion was on t h e  order of 5:l. A l t h o u a  t h e  s i z e  md w e i g h t  of 
exchmger  IV is increased w i t h  t h i s  desian, t h e  reduced manufhcturine 
y o b l e m  and, more s i e n i f f c a n t l y ,  t h e  reduced pressure drop and 
neater  p red ic t ab i l i t y  of t h e  s tep  w i s e  desim warranted u t i l i z a t i o n  
of t h i s  desim. 

It w a s  found i n  t h e  des ign  phase t h a t  providing continuous 

The pressure drop 

Since t h e  amount of 

Figure 13 shows t h e  desim of hent exchenrer XJI. This h e a t  exchmeer 
is 6 t h r e e  n ~ s s  d e s i m  i n  which t h e  i n t e m e d i a t c  pressure stream t o  
t h e  expmder and t h e  low pressure stream from t h e  exnander are warmed 
hy counter cur ren t  hea t  exchmwe w i t h  t h e  high pressure compressor 
d i s c h a r q e  flow, Althouah c a t a l y t i c  conversion wes oriRirsl3.y 
considered f o r  t h i s  exchanger, it w a s  fourid t h a t  it could be e l imins t td  
without reduct ion of the re l iquefac t ion  f r ac t ion ,  This reauired t h a t  
one nddi t iona l  s twe of s t e p  wise conversion be provided at the  i n l e t  
t o  exchmper I V .  The r e s u l t i n g  design provides f o r  constant  UA 
product i n  t h e  intermediate and low pressure streams (U l a  t h e  O V e r n l l  
hent  transfer coe f f i c i en t  and A is t h e  effective heat transfer Surface 
8ree). $incc t h e  flow throuqh both t h e s e  strew i r  the s-, each 
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etrcam provides h a l f  of t h e  t o t a l  r e f r ige ra t ion  t o  t h e  h i &  pressure 
strewn, 9n a des iyn  b a s i s ,  t h i s  rcsu i ted  i n  minirmvn i r r e v e m i b i i l t y  
and, t he re fo re ,  moat e f f i c i e n t  cycle d e e i m ,  

It is planned t h a t ,  p r i o r  t o  f i n a l  exehanger 111 fabr i ca t ion ,  severa l  
t e s t  sec t lons  w i l l  be fabr ica ted  and cut open f o r  inspect ion t o  crmre 
?roper bonding of t h e  hiRh pressure tube t o  both walls of i ts  MnvItl9, 
It is expected t h a t  t h e  m m t  c r i t i c a l  manufacturing d e t a i l  is t o  
properly achieve t h i s  bond. An a l t e r n a t e  d e s i m  concept could be 
considered should t h e  th7ee pass exchanger experience performance 
problems. Some planning i n  t h i s  are8 has been done. Spec i f i ca l ly ,  
t h e  h i &  pressure COT 'Essor discharfle stream could be Pivided, Two 
separa te  two pass exchanqers could be fnbricated i n  which t h e  s h e l l  
s i d e  rtream could be t h e  intermediate pressure feed t o  t h e  expander, 
i n  one case, and t h e  low pt.2ssure stream from t h e  expander i n  t h e  other. 
The proolem inherent i n  t L s  approach i a  eneuring a 50-50 flow d iv i r ion  
of t h e  h igh  presaure btreem t o  t h e  two sepra te  exchanuere, The high 
pressure stream flow s p l i t  i p  determined by t h e  pressure drop through 
t h e  tube s ides  of each of  t h e  exchangers which, i n  t u rn ,  is dependent 
on t h e  a v e r a ~ e  density (temperature +pendent 1 , 
t h a t  t h i s  approach cculd be made t3 fc: :-ic!-k brit a ince  it is hherentu 
l e e s  r eve r s ib l e  t h a n  t h e  t h r e e  pas8 exchanfler, it w i l l  not be pursued 
i n  d e t a i l  unlesa real d i f f i c u l t i e s  arise with t h e  current  d % i g b  

It is believed 

Heat Exchange- L3; Specified Design Point - 
The desipEn point  f c r  ;;ea1 erchanger I11 w a s  s e l ec t ed  88 5 t r t w s f e r  unlk 
and f o r  hea t  exchanger IV as 11.5 t r a n s f e r  u n i t s ,  The basis  for 
t h e  se l ec t ed  values tra discuased e a r l i e r ,  

Heat exchanger I11 w i l l  oe 2 ? / 2  inches i n  diameter, 18 inches long, 
and w i l l  require only one uni+.  Heqt exchanger I V  w i l l  also be 
approximately 2 1/2 inches i n  diameter and 75 inches long. 
excSanRer w i l l  a c tua l ly  be b u i l t  i n  t h r e e  25-Inch sections for 
fabricatioA: snd packaging ease, 

Thir 

C, Test Program For Heat Exchnmen - 
A tes t  pro6 .-am hm been i n a t ' ! . j t ~ i i  ta deterdne t h e  pert'ormanze 
c h a r a c t e r i s t i c s  of t h e  exchnnflers which w i l l  be used i n  t h e  hydrogen 
r e l i q u e f i e r ,  
t o  vbich t h e  fu l l  s i z e  vers ion o f  exchanger I V  w i l l  be fabrirated. 

The t e s t  proq;rm w i l l  also detemhe t h e  f inal  dC8ibtn 

Although t h e  conditions under which the  exchangers w i l l  be tested 
are r o t  i d e n t i c a l  t o  t h e  r*onnpIp opt-rsting conditions expected I n  t h e  
r e l i q u e f i e r ,  t h e  r e su l t a  w i l l  provf e s u f f i c i e n t  information f o  
evmluatz t h e  design procedures , 
st operat inu conditions can ' 2  jade froin t h i s  data, 
be performed us ing  hydromn gas at l i q u i d  nitroden temperertuz% 
(lbOoR) and above, Prerceure condition8 w i l l  be used which w i l l  

Accurate eatimctclr of perfmnancs 
The talrtr w i l l  
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permit adeqtlate car re ln t ion  of t h e  t e s t  r e su l t s  t o  t h e  expected 
relicnrefier operating conditiona, 

Since heat  5xchmqer perr3rmance c ;n  be fu l ly  predicted f m m  an 
evaluation of  pressure drop and hent t r a n s f e r  u n i t s  and SilicP t+.ese 
parameters can be correleted between pressure sr.d temperature levcis.  
It  i o  possible t o  simplif'y the t e a t  procedure (LLI described abave, 
The aavinge i n  cost  and t i n e  indicate  the d e s i r a b i i i t y  of uainq t h i s  
test approach, Pressure leve ls  above atmospheric pressure w i l l  be  
used i n  all tests, 
are expected, these pressures w i l l  be approximately simulated 
in the tests. Test cortdtjons vers?is expected operating conditions 
for the exchanRers are listed on Table 111. 

Where ac tua l  operating pressures above atmospheric 

1. Discussion Df Test Set-Up Equipment -- - 
The test set-up for exchanger XV is schematically mpm0 ntcd 
i n  F i m r e  14, 
schmatice l ly  represented i n  Fimre 1 5 .  Aa cnn be a t e n  from 
the two f igures ,  t h e  test  Bet-up is Ident ica l  for t h e  two 
exchiin~e~-3 except for t h e  amount and types of' instrumentation 
use& in o3taininR t h e  data necessary to evaluate the 
performance of t h e  two exchanuers. A s ingle  t e e t  arrangement 
has been designed t h a t  will penni t  t e s t i n g  of both heat 
exchanqers, r e su l t i ng  in minimum expenditures i t 4  both t i m e  and 
m n e y  . 

The t e a t  set-ur, f o r  exchanger IIX is 

Common %st .Set-I!p, Fquipmeni *ration ** -- 
Technicel grade hydrogen feed RCS ~:11 be supplied from 
h i& pressure (2400 ps i )  hydrotzen gas cylinders, 
manifolded twether  for increased t e s t  run durations 
The Siph pressure hgdroRer, R ~ S  w i l l  be t h r o t t l e d  down t o  
some intermediate pressure (500 - 1000 psi) w i t h  a high 
pressure reguintor. A nitrogen purpe connection w i l l  be 
provided t o  puree the system of a i r  before s t a r t f n p  a 
t e s t  run. The hydrocen w i l l  be further reduced i n  pressure 
t o  tes t  conditions by R low pressure r e a l a t o r .  
l i qu id  nitroRen consumption, t h e  w i l l  be precooled in a 
paired tube recovery exchantzer by t h e  returnhe cold Rss 
from t h e  test exchmgel.s, 

To conserne 

The  tis t hen  flaws t h m u g h  a short i n s u l a t e d  l i n t  t o  t h e  
first l iqu id  nitroger. bath. 
wall open mouth dewar f i l l e d  v l t h  l i qu id  nitrogen, Connected 
in t h e  hydroffen l i n e  and located i n  t h e  LIN bath I s  a coolin# 
coii t o  reduce t h e  hydrogen t o  LIN temperature ( 1 b 3 ° R ) .  A 
chRrcoal purifier t3 remove my water vspor or  other 
impurities from t h e  hydroEen is provided a f te r  the C O d r r l R  
c o i l  followerl by t i  ca ta lys t  f i l l e d  nonnallzer t o  br ing t h e  
hydfogen t o  equilibrium ortho-pare composition at L I N  tempe- 
ature. The cold hydmgen fl;as then flows t h m *  an insulated 
transfer l i n e  to the  insulated vacuum dewar in which t h e  t w t  
exchanger will b e  located, 
through another c w l i n g  coil inaaersed la l i q a d  nitmWn* 

The bath will be a double 

Ins ide  the daw- the gM Will UO 



a0VANCLD PROOUCTS OCPARTYLNT 

TABLE 111 
Comparison of Heat Exchanger Expected Operating Conditio36 

EXCHANGER 
DESXGNATION 

Zv - Shel l s ide  
I n l e t  
Out l e t  

I V  - Tubeside 
I n l e t  
Out l e t  

XI1 - Tubeside 
I n l e t  
Outlet 

SIX - Shel ls ide 
(Inner 1 
I n l e t  
Outlet  

Iff - Shel l s iee  
(outer )  
I n l e t  
Out l e t  

w i t h  Heat Exchanger Test Conditione 

c-- Expected -- . - - . Operation - -- ----I .--- 
I Pressure 

2.2 KIA 
1.3 PSIA 

294 PSIA 
290 PSIA 

29G PSIA 
289.8 PSIA 

23 PSIA 
21.99 PSu 

2-2 FSIA 
2.19 PSIA 

Temp . 

58OR 
144'R 

162OR 
66'R 

56O~ 
LO% 

0 3g0R 
63 R 

3 9 3  
63 R 

Flow I 

1.9 lb /hr  

2.1 l b / h r  

2.1 lb /hr  

1.9 lb/hr 

1.9 lWhr 

I Pressure 

25 PSIA 
75 PSIA 
125 PSIA 

25 F'SW 
75 PSIA 

125 PSIA 

100 PSIA 
200 PSIA 
300 PSIA 

25 PSIA 
50 PSIA 
75 =If4 

25 PSIA 
50 PSIA 
75 RIA 

Temp . 
14OoR 
t o  
230% 

235OR 
t o  

3OO0R 

140°R 
t o  
2 6 0 ~ ~  

lLOoR 
t o  
26OoR 

14OoR 
t o  
260% 

Flov I 

1 t o  3 
lb/hr 

1 t o  3 
lb /h r  

1 t o  3 
lb/& 

1 t o  3 
lb /hr  

1 t o  3 
l b / k  

NOTE: Pressures, Tenrperaturcs, and Flow Rates are approximate values. 



The LIN will be contained i n  a r e s e r v o i r  exposed t o  
atmospheric preasure and suspended from t h e  t o p  cover 
of t h e  dewar. Prom t h i s  cooling c o i l ,  t h e  hydrouen 
will enter t h e  test exchanger. The dewar i n  which 
t h e  exchangers will be tested w i l l  be in su la t ed  and 
evacuated. 
rounded by a r ad ia t ion  h e a t  s h i e l d  cooled t o  l i q u i d  
ni t rogen temperature. 
min imize  t h e  ef-fect  of heat leaks on t h e  hea t  exchanger 
tes t  r e s u l t s .  
t h e  hydrogen gas w i l l  t r a v e l  thmuqh an i n su la t ed  
t r a n s f e r  line t o  t h e  recovery e x t h a n c r ,  where t h e  gas 
is warmed t o  a temperature approaching m h i e n t .  
i n su re  t h a t  t h e  hydrogen is a t  approximately mibient 
temperature another c o i l  is provided i n  this l i n e .  A 
manually operatpd valve is provided t o  permit c o n t r o l l i n g  
t h e  flow r a t e  during t h e  test. 
f loa t - in-n lws  tube  t y p e  meter.. 
flowmeter %ti11 be vented t o  an outs'ide vent stack, 
Preceding t h e  vent  stack will be a ve lve  and connection 
for evacuation of t h e  sir from t h e  system, and for 
nitrogen purginfl p r i o r  t o  test mns. 

I n  nddi t lon,  t h e  exchanqers w i l l  be SUP 

These precautions are taken t o  

After l e m i n g  t h e  in su la t ed  vacuum dewar, 

To 

The flowmeter w i l l  be o 
The gas lcavinu the 

3. Specific T e s t  Set-lJp f o r  Fxchmper Tv 
7 - - 

F i m r e  1 4  shows R schematic representa t ion  of t h e  tes t  
set-up for  exchmRer I V .  The equipment and operat ion 
common t o  a l l  exchanRer tests w a s  described previously,  
The d i f fe rences  f n  t h e  set-up required for exchanger N 
occur pr imar i ly  i m i d e  t h e  vacuum dewar, i n  the l i n e  
arrangement, equipment, and readout instnamentation 
required f o r  eva lua t ing  exchanger I V  performance .. 
Upon emerging from t h e  LIF; r e se rvo i r  i n s i d e  the  evacuated 
dewar, t h e  cold hpdroRen  as will flow throu& a copper 
tube  c o i l  t h a t  h a s  e l e c t r i c a l  hea t inR t a p e  wrapped 
around i t a  

by a variRble  output A o C m  transformer.. This v a r i a b l e  
power supplv vi11 allow r e a l e t i o n  of t h e  temperature 
of the hydrogen pas e n t e r i n u  the  she l l  side of the test 
exchanger IVa The t e m e r a t u r e ,  pressure;  LYS ortho= 
para compositicn of t h e  hydrogen w i l l  be measured. The 
temperature w i l l  be tAken by a coppercons tan tan  ther- 
mocouple, since coppercconstantan gives accura te  
readinm i n  t h i s  temperature region, The prescrrre w i l l  
be ind ica ted  by a tes t  pressure  Rauge, since the pressur- 
will be hipa enmb t o  ifrvurs accurate  readings on a 
pressure  enuge.. 
w i l l  also serve as a a m p l e  l i n e  t o  the ortho-para 
hydrogen analyzer. 
Research and Development Department of Air Products 
Chemicele , Inc, , for evslustinp the effectiveness Of 

The heatinR tape will have i t s  power suppl ied 

The capillary l i n e  t o  t h e  preasure gage 

This analyzer was developed by the 
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ortho-para conversion critalyst . The analyzer w i l l  
deternine the  ortho-para comas i t ion  by comparing it 
t o  reference hydroKen cas tRken from t h e  hydroeen feed 
streem AB s h o w  on Fiaure 14. 

After  emerRina from t h e  s h e l l a i d e  of t h e  tes t  exch.m#er, 
t h e  E -  t e ~ ~ p e r a t u r e  w i l l  be measured by a copper- 
constantan themocouple.  The ortho-para composition 
w i l l  auain be sampled and de temined  by t h e  analyzer 
using t h e  prescure  t ap  a t  t h e  sne3.lside o u t l e t  as a 
san~ple l i n e  as before.  Yenting hydroeen from t h e  
analyzer w i l l  go t o  t he  nain , e n t  stack. Comparing 
t h e  two ortho-para compositions at t h e  inlet end o u t l e t  
temperatures w i l l  pe rn i t  an evaluation of t h e  c s t s l y e t  
perfonnance i n  t h e  heat exchanger c o n f i m r a t  ion. 
Rather than  mewuring t h e  pressure of the  gas a t  the 
outlet of t h e  s h e l l s i d e ,  t h e  pressure tap will go t o  
one l e g  af 8 mercury f i l l e d  manometer. 
t h e  manometer will be connected t o  t h e  pressure t a p  
from t h e  she l l s ide  i n l e t  of t he  exchene;er. 
t h e  manometer w i l l  give t h e  shellside pressure drop, 

The o the r  leg of 

Therefore, 

A f t e r  t h e  shellside o x t l e t ,  the  hydrogen ges w i l l  flow 
throubch a heater i d e n t i c n l  t o  t he  one described 
previously,  This henter  w i l l  pennit  varying the tem- 
peratures  on t h e  exchanutr. FollowinR t h e  hea te r ,  the 
pressure and temperature of t h e  pas will be measured, 
usinq a pressure pauge and coppel.-constentan thenno- 
couple, respect ively.  The ERS then  flows through t h e  
tubeside of t h e  exchanger. 
t h e  temperature will be measured as before. 
drop across t h e  tubeside will be measured by a d i f f e r e n t i a l  
panometer. 
dewar and Roes t o  t h e  recovery exchanger. 

EmeruinR f r o m  the tubeside, 
The pressure 

The hydrogen gas then e x i t s  from the evacuated 

Spec i f i c  Test  Set-Up for Ernhmaer If1 

Figure 15 shows a schematic representat ion of t h e  test 
set-up for exchaneer 111, The equipment and operat ion 
comon t o  dl exchanRer tests has been described previously. 
The differences i n  t h e  set-up required f o r  exchanger 111 
occur in s ide  t h e  vacuum dewar in t h e  l i n e  arrangement, and 
t h e  amount of equipment m d  memuring instrumentation 
required . 
Upon emergin8 from t h e  c o i l  i n  t h e  L M  r e se rvo i r  In s ide  
t h e  evacuated dewar, t h e  cold hydrogen gss w i l l  flow 
t h r o u b  a copper tube c o i l  t h a t  h a s  e l e c t r i c a l  heat ing 
t ape  wrapped amund it, 
i t a  power ntrnished by 8 v a r i s b l e  output A.C. transformer. 
This var i ab le  power supply w i l l  allcrw r e m l a t i o n  of the  
temperature of t h e  hydrogen entering the tubeaide of the 

The heat ing  t a p e  will have 

-32- 
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t e s t  exchanger from 140'R t o  about 2 6 0 ~ ~ .  Before '  
e n t e r i n p  t h e  tubes ide  of t h c  exchanger, t h e  temperature 
and pressure  of ~e gas w i l l  be sensed. Upon coxinit 
out  of t h e  tubes ide  of t h e  exchanger, t h e  Ras tem- 
pe ra tu re  will be meastired. The pressure drop through 
t h e  tubeside c i r c u i t  will be measured w i t h  8 di f fe ren t ia l  
mercury manometer. The hyuroqen w i l l  then go t h r o w h  
R manually operated exaansicn va lve  t o  lower t h e  gas 
pressure  before  it Roes t o  t h e  t w o  s h e l l s i d e  c i r c u i t s .  
This technique clJsely simulates a c t u a l  expected 
o p e r s t i n ~  pressures. 

The RRS will then  KO throuah a second c o i l  i n  t h e  LIN 
r e s e r v o i r  t o  be recooled t o  140°P. Once t h e  pas has  
beeil recooled, 3.t w i l l  KO throucrh a variable h e a t e r  89 
it: I :.d f o r  t h e  tubes ide  flat. The various heaters 
WI : ~ l l o k =  v a r i a b l e  temperature d i f f e r e n t i a l s  t o  be 
fmpased on t h e  m c h m p e r ,  allowing a range of perfor- 
mance evahetiq- L .  The gas w i l l  then  go throw& t h e  
i n n e r  s h e l l s i d e  c i scu l t ,  Ea vas t h e  case f o r  t h e  
tubeside flow, t h e  temperature at t h e  i n l e t  and o u t l e t  
o f  t h e  c i r c u i t  will be masured ,  
and t h e  pressum drop across  t h e  c i r c u i t  (p re s su re  
;rauRe fo r  in le t  pressure ,  d i f f e r e n t i d  mercury manometer 
for pressure  drop) a 

?he in le t  pressure,  

The pas w i l l  then  so throu@-i 8 t h i r d  c o i l  i n  t h e  LIN 
r e s e r v o i r  t o  be recooled t o  140°F again. 
passes throupjl a heater m d  t h e  o u t e r  shellside 
circuit us ing  an i d e n t i c a l  set-ua as t h a t  used for t h e  
i n n e r  s h e l l s i d e  c i r c u i t  . 
side c i r c u i t  t h e  gas will PO t o  the  recovery exchawer.  

It then 

After leavinu t h e  outer s h e l l -  



SDVANCLD PUOOUCTS DLCARTMEWT 

V. MACHINERY 

A. Machinerv/Svstem Interaction. Effects on Machinerv Design - --- - -. -- --_- -. ----- - 
The basic design philosonhv followed in sizing the machinery has been 
to select a snecific design point from the computer svstem studlea, 
and then to applv the influence of cumulative uncertainties. These 
uxertainties arise not onlv  in t h e  prediction of machinery nerfornumnce, 
but also in the prediction of heat exchanger performance. 

The design point was selected for good over-all svstem performance 
but at a point where modest alterations of pressures, temperatures, 
machinery efficiencies and heat exchanger effectiveness would not 
prevent successful reliquef ier onerat ion. n e  design is DurPoselY 
intended to minimize technical risk and to ensure a reasonable, though 
not necessarily maximum. reliquefaction fractton. It was recognized 
that many extrapolations and estimates are, by necessity, in the 
system hardware design. The machinery should therefore, contain 
sufficient adjustability to offset the possible adverse cumulative 
effects of all recognizable uncertainties. 

The compressor piston was sized to provide the flow required 
selected design point (see FiRure 9 for a definition of the design 
point). However, a consideration of svstem behavior at directional 
tendencies of cumulative uncertainties, has been made and utilized to 
bias the compressor sizing to ensure providinR desiRn point or slightly 
greater flow. 

: the 

The reason for this increased compressor flow directional bias includes 
the following considerations: 

1. Compressor valve leakage, piston r€ng blowby, thermal conduction, 
and pressure losses all tend to reduce compressor flow. 

2; If actual compressor and engine thermal efficiencies are higher 
than assumed for the computer analysis, the design point flow 
split for greatest reliquefaction would ask for a larger couipres- 
SOY flow fraction. 

3. Throttle valves, which may Se installed in the system for flaw 
control, would operate in the direction of reducing the compree- 
sor flow fraction. 

4. AS the reliqueffer operates over a range of diminishing tank 
pressure, compressor pressure ratio and volumetric efficiency 
changes cause a relative reduction of compressor flow fractior 

The machinery sizing is thus biased to take advantage of possible higher 
efficiencies or t o  combat possible lower volumetric efficiency which 
would result in less compressor flow than expected. 

As stated previously, the machinery will contain adjustment features to 
assure that an optimum flow split is attainable in the 8yet.s telSt. 
Thcee features are catagorized as (1) directly available - accoaplirrhed 
by partial machine disassembly and adjuetment and (2) available with 
suppleaentary effort 9- requiring fabrication or modification of a 1hit.d 
number of cowponen' parts. 

-35- 
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Direc t lv  w a i l a b l e  adjustmects 

a. Compressor pieton bumping clearance.  Yield: + 3 t o  5% of - 
compressor flow. 

b. Engine i n l e t  cam timinq, Yield: 5 20Z of engine flow. 

Adjustments ava i l ab le  with ex t r a  e f f o r t  

a. Comnressor s t roke  chani,e: Yield: + 15% of compressor f l o w .  
Extra e f f o r t  : 
new snacers  and shims. 

New crankthrow on main sha f t ;  miccellaneoue 

1. 

2. 

b. Engine p i s ton  diameter change. Yield: + 5 X ,  -15% of 
engine flow. Extra e f f o r t :  New p i s ton ,  cy l inder ,  and 
p is ton  r inEs.  

In  addi t ion  t o  t h e  machin0.y adjustments, t h e  system i t s e l f  has two 
n a t u r a l l y  access ib l e  poin ts  f o r  flow adjustment. 
ad jus t ab le  va lve  which can be used t o  con t ro l  compressor discharge pres- 
su re*  thereby J f f e c t i n g  preasure r a t i o ,  volumetric e f f i c i ency ,  and 
f i n a l l y  compressor flow. The magnitude of t h e  adjustment ava i l ab le  i n  
t h i s  fashion is small, perhans on t h e  o rder  of 5 3 t o  5%. This e f f e c t  
is minimized by t h e  two s t age  compressor's r e l a t i v e  flow s t a b i l i t y  with 
respec t  t o  small  changes i n  discharge pressure.  The nominal 3 psia 
engine exhaust pressure  is  also access ib le  f o r  back pressure  adjustment. 
Increasing engine back pressure w i l l  reduce engine flow: t h e  magnitude 
of adjustment ava i l ab le  is inherent lv  small. The extent  to  which t h i s  
v a r i a b l e  can be u t i l i z e d  i d  l i m i t e d  because of poss ib le  overexpansion, 
and the  accompanving undesirable  reversed pressure d i f f e r e n t i a l s .  

The 3-T valve is an 

Since optimum and perhaps w e n  successful  operat ion of t h e  r e l i q u e f i e r  
is dependent on t h e  i n t e r a c t i o n  of severa l  va r i ab le s ,  it appeared des i r -  
a b l e  t o  provide temnorarv means of ad jus t ing  the  r e l a t i v e  compressor t o .  
expander flows. It is  t h i s  va r i ab le  t h a t  could cause most onerat ing 
f l e x i b i l i t v .  The f i n a l  r e l i q u e f i e r  configurat ion would not  employ valves 
or o ther  devices ,  but those items would be used only t o  determine t h e  
required permanent system or machinery zdjuatments t h a t  may be indicated 
during t h e  r e l i q u e f i e r  test phase. 

Several  svstem loca t ions  are being examined f o r  t h e  p o m i b l e  introduct ion 
of temporary flow con t ro l  valves t o  balance the r e l i q u e f i e r .  
f l m  e f f e c t s ,  system unse ts ,  and physical  d i f f i c u l t i e s  have not y e t  been 
f u l l y  evaluated. 
control valves loca t ions  are: 

The relative 

The machinery effects corresponding t o  some poss ib le  

1. Thro t t l e  valve on comnressor suc t ion  - l a r g e  ad jus tab le  reduc- 
t i o n  of compressor flow by reduced i n l e t  pressure and reduced 
volumetric e f f i c i encv  corresnonding to  BL higher o v e r a l l  pressure 

r a t i o ,  

2. Recircu1atir.g valve between compressor i n t e r a t a g e  prereure and 
first stage suc t ion  - w a r m  gas bypassed to first stage suction 
provides moderate ad jus t ab le  reduct ion of compressor flow. 
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3 .  Reci rcu la t ing  valve between compressor f i n a l  d i scharge  and 
inters tap,e  - pressure rise i n  i n t e r s t a g e  provides moderate 
ad jus t ab le  reduct ion of comprezrsor flow by f i r s t  s t a g e  pressure  
r a t i o  and volumetric e f f i c i encv  e f f e c t s .  

B. Ensine Cold Fnd DesiEn --- I_ - 
Design layout of t h e  engine co ld  end has been completed and d e t a i l  
manufacturing drauings are 50% complete. 

A p i s t o n  diameter of 2,875 inches and a s t r o k e  1 .0  inches have been 
chosen t o  g ive  1.96U/HR expander flow a t  Liie d e s i v  condi t ion.  
end desig- is e s s e n t i a l l y  as depicted i n  the  or ip , inal  concept (Figure 
1 6  is  included f o r  ready re ference) .  The pigton u t i l i z e s  p l a s t i c  r i n g s  
wi th  s tee l  expander r i n g s  opera t ing  i n  a hard surfaced cy l inde r  bore. 
Soft f l a t  f ace  valves ope ra t e  aRainst  i n t e g r a l  valve seats i n  t h e  cylin- 
d e r  head. 
diameter,  l o w  hea t  l eak  tens ian  rods  f o r  t h e  valve stems. The p i s ton  
rod a l s o  operates i n  ternion.  A welded "distance piece" subassembly 
provides t h e  extended lengch required t o  minimize t h e  heat conduction 
between t h e  cy l inde r  head and t h c  w a r m  running gear. To t h e  lower (cold) 
f l ange  of t h e  d i s t a n c e  piece i o  mounted an exhaust surge  cannister,  which 
surrounds t h e  cy l inde r  head region. 
are metal t o  metal f a c e  j o i n t s .  
j o in t s  w i l l  be co l l ec t ed  i n  t h e  exhaust surge cannis te r .  
t o  "dis tance piece" j o i n t  and t h e  i n l e t  and o u t l e t  gas p in ing  connec- 
t ions are a l l  sealed bv metal l ic  O-rings. 

The cold 

Cold valve sp r ings  i n  t h e  cy l inder  head allow t h e  use  of small 

A l l  machine j o i n t s  i n s i d e  t h e  cannister 
Any minute leakages of hydrogen from t h e s e  

The c a n n i s t e r  

The d i s t ance  p iece  subassembly conta ins  ind iv idua l  s h i e l d i n g  tubes f o r  
each valve stem and t h e  p i s ton  rod. 
expansion te lescoping  j o i n t  i n  t h e  gas packing region of t h e  d i s t a n c e  
p i e c e  upper (warm) f lange.  Gas packings are similar. except f o r  size, 
to  seals used on o t h e r  e x i s t i n g  A i r  Products equioment and consist of 
redundant, stacked elastomer and p l a F t i c  seal subuni ta .  

These tubes Terminate a t  a thermal 

C. R u n n i x  _I_- Gear Deslefl. 

Desinp: l syout  of t h e  running gear is 50% completed and progressing i n  
accordance with t h e  schedule. 

Detail drawings of long de l ive ry  c a s t i n g s  are underwav. 
de l ive ry  d r i v e  motor is on o rde r  with a promised March de l ivery .  
de l ive ry  snecial  throw bearings are on hand and, toEether with o t h e r  
s tandard b a l l  bear ings,  are scheduled f o r  Apr i l  de l ive rv  a f t e r  being 
repacked with a s p e c i a l  DuPont grease.  

The long 
Long 

The engine end of t h e  running gear  is similar t o  the  o r i g i n a l l y  nroposed 
concept. 
"yoke" type crosshead. 
bushings pressed i n t o  a cast aluminum housina. 
adjuatrnentlr are made through an end access hole  provided i n  t h e  cas t ing .  
Valve sterna are onerated bv a lever arm svstem uRinR d ry  lub r i c8 t sd  
bushings. Adjustable  engine cams are located wi th in  t h e  motor hourin8 
envilope. The l oca t ion  a1lowr-i use of l a r g e r  cams and b a l l  bea t ing  fol- 
lowers with fmnroved l i f e  expectancy au compared t o  the cam rvria ahown 
in t h e  confine8 of t h e  o r i g i n a l  concept. 

The p i s ton  rod of t h e  engine is fastened to  a r ec iP raca t ing  
The crosshead is guided by two d r v  lub r i ca t ed  

Valve tappet  clearance 
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D R I V E  GE4R FOR SIDE SHAFT COUNTERWEIGHT r- 
FLYWHEEL DISCS 

MAIN BEARING 
MAIN B M I N G  

DRIVE GEAR FOR 
SIDE SHAFT COUNTER 
WEIGHT 

.CAMS AND CAM F O U W n S  

CRANKPIN BEAIIING 

DRIVE YOKE AND DRY 
LUBRICATED BJSHINGS 

CRANKPIN BEARING 

PIS'I'CN STBS SEAL, 

VALVE STEM P N D  PISTON 
ROD GAS PACKING LOCATIOH CROSSHEAD AND 

DRY LJBR ICATED 
BUSHING 

DIRECT D R I V E  PISTON Rl3TWN 
SPRING 

3 DISTANCE PIECE I VENT GAS 
I 9 HUT S T A T I O N i  

I i  PISTON HOD 

PLASTIC RINGEX) I PISTON 

CYL HEAI) WITH I U !  
PRESSURE ACTU 
VALVES 

'b 
TKNSION o m w m  
VALVE STPIG AND 
PISTON ROD 

SOFT FACED VALVES 

PLASTIC RINGED PISTON 

COMPRESSOR EXPANDER 
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The 220 v o l t ,  3 u h n s e ,  e1ectci.c d r ike  r i l t t ~ : :  is mounted w i t h  st.:;-x to  
housing, and I$ t c r  t o  snaf t .  press fits. The motor w i l l  be capabic 
of providinff a 125 wat t ,  110 v o l t .  s i n g l e  phase ,  heat ing  e f f e c t  when 
not  running. In  addi t iol .  i t  w i l l  be canable of providing 3; seconds 
s t a l l  torque heating e f f e c t  under 220 v o l t ,  3 phase power, a a  cold 
s t a r t u p  insurance ap,ainst bearinR p;rease drag e f f e c t s .  Motor insu l -  
a t i o n  has been se l ec t ed  fo r  wide temnerature range f l e x i b i l i t y  abid 
low outgassing cha i - ac t e r i s t i c s ,  
members of t h e  t e f l o n ,  nylon and s i l i c o n e  f ami l i e s ,  

Spec i f i c  materials u t i l L z e d  are 

The main s h a f t  i s  mounted i n  two l a q e  b a l l  bear ings an-' providea a l l  
power t r a n s f e r  service betqeen engine, motor, compressor, and s i d z s h a f t  
counterweight svstems. The engine and comt . s sor  thr.:w bear ings axe 
s o e c l a l l y  constructed t3 A i r  Products '  ord r f o r  service under high 
loca l i zed  ou te r  rase loading condi t ions.  

The compressor end bowing is an aluminum c a s t i n g  and mounts t h e  dry  
lub r i ca t ed  p i s ton  crosshead guide bushing. 
l l n e  with t h e  main s h a f t  allows access  f o r  .:anual r o t a t i o n  of the machine 
when s e t t i n g  p i s ton  bumi.dng clearances and engine vai:-a t a p p e t  clearances. 
Vent olugs on t h e  comDresstt iind enp,i;re cas t ings  a l l O K  i n e r t  gas purging 
of thc  :unning gear for s a f e  i n i t i a l  opera t ion  and also provide means 
€or gae sampling f o r  l a t e r  inves t iga t ions  of cortaminant buildups,  when 
opera t ing  with a closed 3vdroRen atmosphere i n  t h e  crankcase. 

A small end cover p l a t e  i n  

All s t a t i c  seals ~n t h e  running qear a i c  x b b e r  O-r ings.  

D. Compressor -----L Cold End Des ivn  

Design layout  i,f t h e  compressor cold end has teen exainined in t h e  region 
of t h e  compressor warm castinR in t e r f ace .  The f i n p l  cold end l syout  
w i l l  be  s t a r t e d  whcm t h e  running pczar layout  j.s c o q l e t e d .  

The cold end, while  not  i n  drawinpc form, is conceptua37-5 ** - def'ned. 
A long tubu la r  p i s t o n  w i l l  extend from the  warm pia:o:i crt z '  lead ,@de 
t o  t h e  cold tandem nistons. The second e t age  p i s ton  w i l l  be 1.5 inches 
i n  diameter and w i l l  be mounted d i r e c t l v  a top  t h e  2 .5  Inch diameter f i r s t  
s t a g e  p is ton .  Stroke w i l l  be .753 inches.  The f i r s t  s t a g e  p i s ton  w i l l  
mount a guidance con t ro l  blastic bear ing r i n g  in add i t ion  to cornpression 
r i n g s  i n i t i a l l y  sea ted  with s teel  expander r ings .  
w i l l  mount compression r i n g s  only. 

The second stage pisto? 

The f i r s t  s t a g e  w i l l  t ake  suc t ion  from a surge volume provided wi th in  t h e  
compressor "dis tance piece", Surging gas communication between t h e  surge 
chamber and t h e  crankcase w L l l  be prevented by a p i s ton  stem seal located 
between t h e  f i r s t  stage p i s ton  and t h e  warm running gear. 
will brea the  through an in t ake  valve i n  t h e  p i s ton ,  and discharge thrcugh 
an o u t l e t  valve i n  the  cy l inder  head. 
surrounded bv an in te rs tage  wrge  volume. 
valves w i l l  be i n  i ts  cv l inde r  head. 
diecharge will be accomplished in t h e  cryostat p ip ing  system. 
sor cold j o i n t s ,  which art? expod.-4 to the  r e l i q u e f i e r  vacuum rp8ca. will 
be sea l ed  bv metallic O-rings. 

The f i r s t  a t age  

The cold cv l inde r  region will  be 

SurRing end f i l t r a t i o n  of the f i n a l  
Second s t a g e  i n l e t  end dilrcharffe 

All CoIIpt88- 
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VI. JOULE-THOMSON VALVE 

The design of t h e  J-T valve is comnleted. 1\11 required par t s  have been fab- 
r i ca t ed  and t h e  ass?rnbl, is scheduled for  completion bv t h e  end of January, 
1968, 

A. Design Considerit ions -- 

The J-T valve used w i t h  t h e  hydrogen r e l i q u e f i e r  is an adaptat ion of 
3 deslgn u s 2  for seve ra l  years on APCI's miniature helium r e f r i g e r -  
a to r s .  It is an automatic valve. maintaining an e s s e n t i a l l y  constant  
upstream pressure by balancinp, a snring force  aga ins t  a bellows asaembly 
t h a t  cooaunicates with t h e  hiRh rressure i n l e t  s i d e  of t h e  valve. 
1 7  shows a crass sec t ion  of t h i s  J-T valve. 

Fiffure 

Since t h e  3-T valve is rubjected t o  two phase flow condi t ions during 
normal oneratim i n  tbe  r e l i q u e f i a r ,  the valve pressure var ia t ion as 
a function of flow is  d i f f i c u l t  to  pred ic t .  Su f f i c i en t  a n a l y t i c a l  
inves t iga t ion  has been performed t o  iden t i fy  the  va r i ab le s  a f f e c t i n g  
tLis r e l a t i o m h i p ,  and t o  aRLertain tha t  t h e  standard 3-T valve 
design 5s not grossly d i f f e r e n t  from t h a t  which w i l l  be required f o r  
t h e  r e l i q u e f i e r .  Since the  valve bodv and needle are e a s i l y  var ied ,  
and s i n c e  tt.eit relative geometries represent  t h e  major determinants t o  
its c h a r a c t e r i s t i c s ,  a valve of e s s e n t i a l l y  standard design is being 
tabr ica ted  fo r  tes t .  Tile r e s u l t s  of t h i s  test w i l l  be u t i l i z e d  to 
adjust., if required,  t h e  valve cha rac t e r i s t ccs  to  provide the minimum 
*ariat ion of i n l e t  pressure as a funct ion of t h e  expected flow variation 

of t h e  r e l ique f i e r .  

R. - T e s t  Technique 

A test progrzm has develoned t o  determine t h e  performance charac te r l s -  
t?cs of t h e  Joule-Thomson exnansion valv 

The conditions under which t he  expansion valve w i l l  be t e s t e d  w i l l  be 
i d e n t i c a l  t o  the  n o r m 1  oncratinp: conditions expected i n  the re1ique:ler. 
This w i l l  be accomnlishzd bv DI ecoolinpr hvdrogen gas a t  approximately 
303 ps ia  t o  a ~ p r o x i m a t e l v f 4 0 ~ ~  as€ng luquid nitropen. Thia cold hydro- 
pen gas is below t h e  inversion teinncrature, so t h a t ,  upon expansion 
to  a lower pressure t h e  gas will cool. By using t h i s  coo:& gas i n  
heat exchange with t h e  high pressure gas o r i s r  to  expansion, t h e  hpdro- 
gen W i l l  ult imatel . .  l iquefv  and therebv e f f e c t i v e l y  simdate t h e  valve 
operation in the r e l i q u e f i e r .  Data for flow versus i n l e t  p ressure  an.! 
pressure drop w i l l  be recorded. which permits an evaluation of the J-T 
valve and i ts  e f f e c t  on r e l i q u e f i e r  performance. 

C. Specif?c Test Set-Up- -- 
The test set-trp f o r  the Jouie-iiicason expansion valve is schematically 
represeqeed on Ptgure 18. 
net-tin is similar to  that used for t h e  evalaatfon of the heat exchangers. 

As can be seen from t h e  figure, the test 
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Upon emerging from t b e  c o i l  i n  t h e  LIN reservoi r  i n s ide  t h e  evacuated 
dewar, t he  cold (14U'R) hydrogen gas vi11 flow through the  tubes ide  
circui t  of a finned tQbe heat exchanger. In t h i s  exchanger, the gas 
w i l l  be cooled by cold returning vapor from t he  expansion valve. 
hydrogen gas will then flow through a pa i r ed  tube enporator  exchanger. 
In  t h i s  exchanger t h e  gas w i l l  be f u r t h e r  coored by evaporating a portion 
of t h e  re turn ing  l i q u i d  which w i l l  form during t h e  J-T expansion. 
temperature and pressure of  t h e  gas will be measured a t  t h e  i n l e t  t o  t h e  
valve. The temperature w i l l  be sensed by a cooper-constantan therma- 
couple, which L - i l l  Rive accurate  readings a t  these temperatures. The 
pressure w i l l  be secsed by a test pressme gage. 

The 

The 

After expanding through t h e  valve, t h e  temperature and pressure of t h e  
liquid and vapor which is formed will be measured using a copper constantan 
thermocouple. 
The l i q u i d  in the r e t u r n h g  stream will be boiled off in the evaporator 
exchanger as described previously. 
the incoming gas cooled) i n  t h e  finned tube exchanger, a160 described 
previously. 
to  t h t  recowery heat  exchanger. 

A test pressure gagk vilf, be used to  measure t h e  pressure. 

The vapor wil l  then be warmed (and 

The hydrogen gas w i l l  then leave t h e  vacuum dewar, and flow 
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VII. SCHEDULE REVIEW ---- 
Figure 1 9  shows a r ecen t ly  revised prugram schedule including s i g n i f i c a n t l y  
more d e t a i l  than those previously presented. It can be noted t h a t  t h e  sched- 
uled a m p l e t i o n  d a t e  remains i n  accordance with cont rac ture1  requirements 
with one exception: i.e. t h e  f i n a l  repor t  review d a t e  is a f t e r  t h e  12th  month 
of t h e  c a n t r a c t  s t a r t i n g  date .  
include a c t u a l  r e l i q u e f i e r  operat ing d a t e ,  consequently, t h e  report due d a t e  
should be extended. 

It seems reasonable t h a t  t h e  f i n a l  r epor t  should 

A. Current S t a tus  

The rev ised  schedule i s  i n  accordance wi th  previously reported componeat 
completion dates .  
exchangers has occurred from th,t previously reported.  The two weeks 
delay evident i n  t h i s  area has no o v e r a l l  e f f e c t  on t h e  scheduled 
program completion date .  Based on t h e  cur ren t  schedule, t h e  hea t  ex- 
changers w i l l  be completed, including f i n a l  t e s t i n g  of the f u l l  scale 
m d e l s ,  by May, 1968. A l l  o the r  previously reported component completion 
d a t e s  have not  changed. 

S l igh t  s l ippage  of t h e  scheduled t e s t i n g  of t h e  hea t  

B. Critical Events 

The machinery design and f ab r i ca t ion  represents  t h e  cr i t ical  scheduling 
path. 
c e s s f u l  compliance t o  t h e  machinery schedule should ensure t h a t  t h e  p r o j e c t  
completion d a t e  w i l l  be held. 

The schedule shown has no contingencies I n  t h i s  area, and suc- 

C. E f f o r t s  Underway -- to  Hold Schedule 

The machinery design phase has included a review of those items t y p i c a l l y  
r equ i r ing  long lead times. 
e f f o r t  is being concentrated i n  t hese  areas t o  ensure s u f f i c i e n t  purchasing 
and f a b r i c a t i o n  lead tiws. 
cas t ings ,  cams, levers, p i s ton  r i n g  material, and cyl inders .  

These i t e m s  have been i d e n t i f i e d  and design 

v p i c a l  of components i n  t h i s  category ure 

Whenever poss ib l e  preliminary b i l l s  of material are being issued t o  
prevent schedule delays t h a t  could arise because of l ack  of proper mater- 
ia l .  
l imi ted  to  t h e  mochfnery. 

This is being accomplished in a l l  areas of t h e  p r o j e c t  and i a  not 

A l l  p r c l i d n a r y  component test arrangements are being designed to u t i l i z e  
e x i s t i n g  test hardware. 
of test instrumentat ion is bein8 avoided whenever exis t ing equipment %e 
a v a i l a b l e  t h a t  w i l l  perform t h e  required function. 
i n  minimum t i m e  and cost to t h e  r e l i q u e f i e r  p ro j ec t .  

Fabricat ion of s n e c i a l  test dewar8 and purchase 

This apgroach result@ 
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VIII. FORECASTED YFFt :T FOR JANUARY, 1968 __-- ----_--.-- 

A. R e l i z e f i e r  -~ %stem -_.----- Test Arrangement - 
It is  an t i c ina t ed  t h a t  the f i n a l  re l iquef ie r  svstem configurat ion w i l l  
r e q u i r e  d e f i n i t i o n  of an i n t e r f a c e  t h a t  is mutuallv acceptable  t o  both 
NASA and A P C I .  Dependinrr upon NASA's tes t  f a c i l i t i e s  and rest  plane 
f o r  t h e  completed r e l i q u e f i e r ,  it. may be advisable  t o  l i m i t  t h e  use  of 
APCX owned equipment for t h e  system test  arrangement. A meeting between 
NASA and APCI  r ;  r e q u i r e d  i n  t h e  3ear f u t u r e  t o  decide on a mutually 
acceptab le  approach i n  t h i s  area. I t  is exJected t h i s  meeting will be 
held I n  t h e  forthcoming month. A f t e r  which appreciable  e f f o r t  wi l l  be 
expended i n  def in ing  a mutually acceptable system and in te r face .  

B. Machinerv -I and Heat Exchangers 

Effo r t e  w i l l  cont inue i n  both of these w e l l  defined areas. 
on t h e  completion of t h e  hea t  exchanger tes t  r i g ,  preliminary tes t  results 
m y  be presented i n  t h e  next monthly report .  

Depending 
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