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This report was prepared by Air Products and Chemicals, Inc. under
Contract NAS 8-21203 for the George C. Marshall Space Flight Center of
the National Aeronautics and Svace Administration., The wvork was admin-
istered under the technical direction of the Propulsion and Vehicle
Engineering Laboratory of the George C. Marshall Space Flight Center,
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I, INTRODUCTION

The following report summarizes the Hydrogen Reliquefier project progress
from September 27, 1967 through December 26, 1967. For clarity, it is
desirable to briefly review the work accomplished and the dzcisions made
in the period from June 27, 1967 through Septenber 26, 1967 and reported
in the first quarterly report dated October 10, 1967.

Major efforts in the first three months of this project were expended in
defining the best reliquefier cycle, Def:nition of the best cycle was
accomplished by considering the schedule ~1d financial framework oif' the
contract, the state-of-the-art of equipment required fcr various cycles
analyzed, and the m imum reliquefaction fraction that could reasonadbly
be achieved without undue teciinical risk, It was decided that a two
heat exchanger cycle, utilizing a single two stage compressor and a
single stage expander best met this definition,

The mode cf operation for the reliquefier was investigated, An intermittent
mode of operation was sclected over that of continuous operation; with start-
stop control provid-ua by a pressure switch sensing the hydrogen tenk pressure,
The selection of on~off operatiuvi. permitted near optimum reliquefier opera-
tion over a reasonable variation in tank gressure.

The machinery motor was selected as a 1/4 HP, 208 vA~, 3 @, 60 cycle, Al-
though variable speed drives with sensing devices to va.-yv the speed as a

function of feed pressure were considered, they were abandgned as providing
increased hardware complexity not warranted at this stage oY development,

Bearings and grease requirements for the machinery running geur were investi-
gated. A standard 52100 bearing steel fiiled with DuPont's Krytox grease was

selected as being most compatible witlL the hydrogen atmosphere experienced in
the hydrogen reliquefier.

Preliminary sizing of the heat exchangers and machinery components were
starting at the close of the first quarterly report peried, The selected
cycle was being computerized to complete the optimization by studying op-
erating variables and their effect on system design.,

ale
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II. ABSTRACT

The following report summarizes the Hydrogen Reliquefier project
progress fc: the second three (3) months interval of a fourteen
(14) month program., Major emphasis has been placed on investi-
gating the operating cnaracteristics of the reliquefier cycle
previously selected. A computer program was developed to simu-
late the operation of a reliquefier of fixed corpressor and ex-
pander geometry and fixed transfer units in each of the two heat
exchangers. This program was used to predict the actual behavior
of a reliquefier when exposed to variations in:

l. Reliquefier inlet conditions
2. Heat exchanger transfer units
3. Relative compressor to expander flow rates,

The results of this program have shown that the relative flow
split between the compressor and expander has the greatest in-
fluence on the attainable reliquefaction fraction. Consequently
the reliquefier design considers several ways of providing adjust-

ment to these relative flow rates to ensure successful reliquefier
operation.

The design uncertainties associated with the machinery - olumetric

and thermodynamic efficiencies and the heat exchanger transfer

units have been evaluated and the physical sizing of the compressor,
expander and heat exchangers have been chosen to minimize the technical
risks and new development requirements for the prototype hydroggn relique-
fier. A design feed rate of 4,0 1bs/hour at 29.h4 psia and 41.4°R has

been choser for the reliquefier. The compressor has been sized to have

a flow rate of 2,04 lbs/hour (51% of the feed) at these feed condi=-

tions. Heat exchanger III was sized to provide 5 transfer units and

heat exchanger IV was sized to provide 14,5 transfer units.,

Reported are ‘the plans for componen* test programs which have been
devised to permit early evaluation of the heat exchanpgers and J-T
valve. The results of these tests will reduce th :8ign uncertain-
ties for these components,

A revised, more complete, program schedule has bee.. ueveloped and the
program is currently proceeding according to schedule. The machinery
design and fabrication remains the critical path item,

Having selected the thermodynamic cycle for the prototype reliquefier
and having evaluated the major variables affecting the performance of
this cycle, the major effort on the project will be to complete the
manufacturing drawings and to fabricate the hardwvare.

2w
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III. DISCUSSION OF COMPUTER SIMULATION PROGRAM

The computer analysis of several possible hydrogen reliquefier cycles
reported previously was used to select the best cycle, It gave infore
mation on the likely feed uad reliquefaction rates which might be
achieved, and the sizes of machinery and hieat exchangers required for
the selected cycle. It was not possible, however, to obtain real in-
sight into how a reliquefier of fixed design would respond to varia-
tions in feed condition, or of how variations from the predicted de-
sign values would affect the reliquefier performance. In order to

do this, a second computer program was prepared for the chosen cycle
to simulate reliquefier performance with variable feed conditions,

different machinery and heat exchanger sizes, and varying values of
operating parameters,

A. Description of Program

The program was based on the two exchanger cy:le shown in
Figure 1. The reliquefier feed conditions, the sizes of
the two heat exchangers, in terms of transfer units, the
machinery efficiencies, and the relative capacities of the
compressor and expander at a particular expander inlet
temperature were specified as input data., In all cases,
the compressor outlet pressure was specified as 294 psia
and the compressor and expander efficiencies as 50% and

60% respectively. The calculational procedure is briefly
described below:

l. Calculate the compressor outlet temperature,
T3, using the specified feed conditions, out=-
let pressure and thermodynamic efficiency.

2., Calculate T10, the expander outlet temperature,
using the expander inlet tempera‘ure T9 chosen
as part of the input, and the specified expander
thermodynamic efficiency.

3. For the initially assumed value of T9, the relative
expander, compressor and reliquefier feed rates were
specified, The fraction of the feed to the compres-
sor was designated X design, and represents the rela-
tive flow splits at the specified feed conditions and
at the initially assumed value of T9, These val .8
completely fix tne size of the engine and compressor,
A value of TS5, the hirh pressure outlet temperacure
from exchanger III, war assumed. A stepwise heat
and mass balance was calculated for exchanger I1II,
accumulating the transfer units for each step until
the sum vas equal to the transfer units specified as

-3-
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input for this exchanger, This calculation gave values for
T4, the high pressure outlet of exchanger IV, and T9, the
inlet temperature to the expander.

b, The calculated and assumed values of T9, if not nearly equal,
were arithmetically averaged to find a new T9, The flow
splits were adjusted for this value of T9, and the stepvise
heat and mass balance of the exchanger repeated until the
assumed and calculated values of T9 were equal,

NOTE: To simplify the calculational procedure, it
was also assumed that if T8, the saturated feed
temperature inlet to exchanger III, and T10, the
expander exhaust temperature, were not equal, then
the wvarmer of the two was introduced to the heat
exchanger later, at a point where the temperature
of the two lower pressure streams would be equal,
It was then assumed that the temperature of these
tvo streams remained equal; so that temperature
T1ll, the low pressure outlet temperature from
exchanger III, was equal to T9,

5. The calculated values of T4 and T1ll, from the last
iteration, vere then used to perform & heat and mass
balance on exchanger IV, The transfer units were
accumulated for each stepwise calculation until the
transfer units were equal to those specified as input,
This resulted in calculated values for T3, .ae compres-
sor outlet temperature and T1l2, the low pressure outlet
from exchanger IV.

6. The value of T3 calculated by the heat and mass balance
was compared to the value calculated in step 1. 1If
these were different, the initially assumed value of
TS5 was changed and the calculations repeated. This
iterative procedure was continued until the value of
TS5 resulted in agreement between the two calculated
values of T3,

The print-out from the program gave the temperature, pressure and
enthalpy at each numbered point in the cycle, the input design value

and calculated operating values of the flow split between the compressor
and expander, and the. fraction of the feed actually reliquefied, It also
gave the compressor and expander work required, and the zize and duty of
each exchanger. It could also give the temperature profiies through each
exchanger if required.
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In making the hLeat balances, it was assumed that the para-hydrogen of the
feed was continuously converted to ortho-para hydrogen equilibrium in the
intermediate pressure stream of exchanger III and in the low pressure
stream of exchanger IV, It has since been decided to eliminate the con-
version in exchanger III for manufacturing simplicity. The effect of this

on the resulis presented here are discussed in a later section of this
report.,

B. Discussion of Results

The following paragraphs discuss the results of the computer
simulation program and explain the effect of the major variables,
including the relative com.ressor to expander flow split and the
size of the heat exchangers and the feed pressure upon the relique-
fier performance. '

l. Variation of Flow Split

Predicting the actual throughputs of both the compressor
ard expander have an uncertainty associated with them
because the volumetric efficiencies are not precisely
known., It was, therefore, important to determine the
effect of variation in the fraction of feed to the com-
pressor upon the reliquefier performance., (Variation

in the fraction of feed to the expander is directly re-
lated since compressor flow plus expander flow equals
the total feed). This was investigated for a feed pres-
sure of 29.4 psia, a ten to one pressure ratio in the
expander and the compressor, and with exchangers III

and IV fixed with 4.2 and 14.5 transfer units respectively.

The upper curve of Figure 2 shows the calculated values

for the fraction of feed to tiic compressor for various
design values. The value of design flow split was varied,
which is equivalent to different physical compressor and
expander sizes at the assumed expander inlet temperature

T9 of 63°R and the fixed feed condition. The computer then
calculated the actual fraction of feed to the compresscr
for each design value by thermodynamically belancing tem-
peratures and flows throughout the system,

Plotting both the fracticn of feed reliquefied and fraction
of feed to the compressor as a function of the design frac-
tion on the same graph permits an insight as to the behavior
of the reliquefier with further decreases in design fraction.

-
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ADVANCED PROOUCTS DEPARTMENT

:ZféS: A Phodbiils amt Chornicals

"~e

For example, if the compressor and expander relative sizes
are chosen so that the design fraction of feed to the com-
pressor is 48.2% at an engine inlet temperature of 63OR,
the figure shows the actual compressor flow will be 50,.3%
of the feed for the conditions shown on the figure., The
difference between the design and actual fraction of feed
to the compressor is due to the difference between the
assumed expander inlet temperature and ihe actual expander

inlet temperature calculated from the heat exchanger heat
and mass baliance,

The lower curve on Figure 2 shows that if the relative flow
through the compressor is increased by changing either the
compressor or expander size, then the fraction actually
reliquefied falls off, This is because temperature TS
becomes higher with increases in relative compressor flow
(shown in Figure 3) so that more of the compressor stream
is lost as flash vapor after the Joule-Thomson expansicn.
The reason for this decrease in temperature is further
discussed in paragraph 2, Figure 3 shows that increasing
the design fraction of the feed flowing to the compressor
from 47,3% to 49.5% increased temperature TS from Lb,2°R
to 52.6°R and increased the flash loss from 8,2% to 22.0%.

If the flash loss were zero at any point, the fraction of

feed reliquefied would become equal to the fraction of feed

to the compressor and the two curves would intersect at that
point, This condition would require supercooled vapor at

the inlet to the Joule Thomson valve. This is unlikely since
the engine exhaust temperature would have to be significantly
lowver than design. Further decreases in design fraction would
therefore result in a continuing and more rapid decrease in
fraction of feed to the compressor with an ultimate correspond-
ing decrease in fraction of feed reliquefied, the approach of
the two curves to one another being dependent upon flash loss.

Variation of lleat Exchanger Size

Increasing the size of exchanger IV, while keeping exchanger
III a fixed size had the effect of increasing the fraction

of the feed which was reliquefied. This is to be expected
sin-e improvement in exchanger IV results in more heat being
rejected from the system by the vent gas. This is shown in
Figure L4 for a feed pressure of 22.0 psia, compressor outlet
pressure of 294 psia and expander outlet pressure of 2.2 psia.
The size of exchanger III was held at five transfer units as
shown,

8=
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ADVANCED PRODUCTS DEPARTMENT

;ZfES: At Plodects and (lomival

The effect of variation in the size of exchanger III at

a fixed size of exchanger IV is shown on the lower curve
of Figure 4. Decreasing the size of exchanger III in-
creased the reliquefaction fraction. This is unexpected
and requires further explanation. Figure 5 shows that a
decrease in the size of the exchanger III resulted in a
decrease in the expander inlet temperature. The lower
expander inlet temperature increased the expander flow
because of the resultant higher gas density. The added
flow increased the heat capacity on the cooling side of
exchanger TII, so that the cold end temperature difference
between TS and T8/T10 was decreased rather than increased
as would normally be expected, Thus, temperature TS5 was
reduced which, as has already been seen, decreased the
flash loss on expansion. This saving in flash loss was
greater than the loss due to decreased compressor flow,
so that, the overall effect was an increase in the re-
liquefaction fraction as the size of the exchanger III
wvas decreased, There is of course, a limit or how small
exchanger III can be made before the improved performance
ic reversed.

Figure 6 shows the effect of transfer units on the frac-
tion of feed to the compressor and on the fraction of feed
reliquefied. It can be seen that the fraction of feed to
the compressor starts dropping off sharply at 3.2 transfer
units while the fraction of feed reliquefied rises rapidly.
The former drops because of the increasing expander flow
vhile the latter increases because of reduced flash loss.
If the flash loss could be zero, the two curves would inter=-
sect. Actually, the percentage flash loss approaches zero,
its value depending upon the temperature approach between
the high pressure and low pressure stream at the cold end
of exchanger III. Since the fraction of feed reliquefied
can never exceed the fraction of feed “o the compressor,
further decrease in transfer units will result in rapid
drop of reliquefaction fraction along with compressor
fraction, Figure 7 shows a similar behavior at another

set of feed conditions.

Effect of Religuefier Feed Pressure

For a constant design flow split (fixed compressor and
expander geometry), constant compressor outlet pressure,
and fixed transfer units in exchanger IV, the relique-
fier performance was evaluated for three separate feed
pressures. The results are plotted in Figure 8 and show

=10~
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eg.

that the reliquefaction fraction has a minimum value at
about 31 psia. It appeared that this minimum was in=
dependent of the size of exchanger III for the three
values of transfer units investigated,

The results shown say nothing about the actual feed
rate at a particular feed pressure, but show only the
fraction of the feed which is returned to the tank as
liquid. Because of the lower density cof the feed at
22,0 psia, the amount of feed which can be taken by
the reliquefier will be lower than that at 29.k psia.
This comparison 1s shown in Table I for a design feed
rate of 4 1b/hr at 29.b psia and b1,u4°R,

TABLE 1
NTU Heat Exchanger III L2 L,2
Feed Pressure (psiag 29.4 22,0
Feed Density (1b/ft~) 0.1563 0.1195
Fraction Reliquefied 0.431 0.437
Feed Rate (1lb/hr) L, 00 3.14
Compressor Flow (1b/hr) 2.04 1.5b
Expander Flow (lb/hr) 1.9 1.60
Reliquefaction Rate (1lb/hr) 1.72 1.37
Flash Loss (1lb/hr) 0.29 .17

Effect of Eliminating Conversion Catalyst in Exchanger III

To evaluate the effect of conversion of the hydrogen in
exchanger III thne conditions shown in Table II were
analyzed. The O-P conversion in exchanger IV is retained

in all cases shown,

TABLE II

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

Temperature °r Pressure psia Hydrogen State
Ref. Point w/0=P w/o 0=P w/0-P w/o O=P w/0=-P w/o 0=-P
Figure 1 Conv, Conv, Conv, Conv, Conv, Conv,
5 k3.9 43,9 294,0  294,0 para para
8 39.1  39.1 22,0 22,0 para para
10 L2,1 39.1 2.2 2.2 ortho- para
para
70.6 66.6 29L,0 294,0 para para
9 67.0 63.0 22,0 22,0 equil para
. o~p
1l 67 .0 6300 2.2 2 .2 ortho= para
para

«if=
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The conditions with the conversion in exchanger III were
obtained frorm the computer simulation program, It was
programmed so that the para-hydrogen was converted to
ortho-para equilibrium in the medium pressure stream

of exchanger 1II between points 8 und 9 and in the low
pressure stream of exchanger IV between points 1l and 12,
The flow through the compressor, for the temperatures
shown was 49% of the feed rate. Since the reliquefier
being designed will not provide catalyst for O-P conver-
sion in the medium pressure stream, it was necessary to
2valuate the computer results to determine the effect
upon actual reliquefier design conditions. The condi-
tions required at the warm end of exchanger III to
produce the same conditions at tne cold end, but with-

out conversion, were hand calculated for 49% of the feed
thrcugh the compressor.

Table II is a comparison of the two conditions and shows
that a reduction of approximately 4°R in the warm end
temperatures of exchanger III can be expected. This
will increase the load on exchanger IV and will tend to
give a higher flow through the expaunder., Sufficient
flov adjustability can be provided in-the machinery to
negate the effect of this small temperature change.
Exchanger IV has been designed with a catalyst chamber
at its low pressure inlet prior to entering the first
heat transfer section. This has the effect of providing
gas conditions in exchanger IV : ientical to those vwhich
would have existed had the O-P conversion occurred in
exchanger III.

C. Effect of Computer Results on Hardware Design Specifications

The major variables affecting the reliquefier operation have been
discussed in Section I1I, paragraph B, These variables have been
identified as:

1, Reliquefier feed pressure and total flow

2., Heat transfer units in each heat exchanger

3. Compressor to expander flow split.
Specific design values have been chosen for the hydrogen reliquefier
based on the individwal and combined effects of these major variables.:
In all cases the design parameters have been chosen to reduce technical
risks by recognizing areas of design uncertainty and by choosing design

values to ensure successful operation should these specific design
values not be achieved.
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The following paregrapns discuss the specific design values chosen
and the rationale for their selection.

The effect of variable feed pressure to the reliquefier was evaluated,
Figures 9 and 10 show the predicted operating conditions for two
different feed pressures. The values shown on Figure 9 represent
the chosen reliquefier design conditions, It is apparent that while
the total feed rate decreased from 4.0 1b/hr to 3.1k 1lb/hr with
decreasing feed pressure, the reliquefaction fraction increased
from 43.0% to 43.6%, The increase was a result of the decreased
compressor to expander flow ratio which improved the precooling

of the high pressure stream to the J-T valve., This resulted in

a reduction in flash loss as the high pressure gas was expanded
through the J-T valve, The reliquefier will be sized to provide

a total feed rate of 4.0#/hr at a 29.4 psia (b1.4°R) reliquefier
feed pressure, At steady state operation, assuming the heat
exchanger sizes and machinery efficiencies are as shown on Figure
9, a reliquefaction rate of 1.72¢/hr, is expected. Since the
reliquefier operation mode, as reported previously, is intermittent
and operates as a function of feed pressure, the start-stop pres-
sure limits and equipment throughput while operating can be chosen
to be compatible with thz actual renge of hydrogen boil-off rates
expected for a given mission. A start-up pressure of 29.4 psia
and a shutdown pressure of 22 psia appear to be reasonable values
to consider, in that, reliquefaction fraction is essentially
constant, the change in feed rate is not severe, and the available
pressure drop from the tank to the reliquefier feed, to accomplish
phase separation, would be reasonable., It has been concluded that
the feed pressure regulator, previously considered for the relique-
fier, is an unnecessary complication and can be eliminated.

The effect of heat exchanger transfer units on reliquefaction frac-
tion at specific feed conditions has been discussed and shown on
Figure 8. It appears that the size of both exchangers, III and IV,
has only a small effect on the predicted reliquefaction fraction.
It is apparent that increasing the size of exchanger IV results in
increased reliquefaction fraction while increasing the size of
exchanger III has the opposite effect,

There is a limit to the advantageous reduction of the size of
exchanger III, which occurs when the high pressure gas temperature
approaches the saturated vapor temperature of the feed causing a
cold end temperature pinch, It has been decided to design heat
exchanger III to provide 5 transfer units. Although this value

«18-
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is not the indicated optimum size, it represents a conservative,
minimum technical risk approach. The chosen value of 5 transfer
units, resulted in a reasonably sized exchanger whose performance,
should the actual transfer units available differ significantly
from the design value, would remain in an acceptable operating
region based on the computer results. This design point is such
that some variation in performance (transfer units) can be tol-

erated in either direction without significant changes in relique-
fier performance,

A design value of 14.5 transfer units was selected for exchanger

IV utilizing the same basic reasoning as that explained for exche
anger III.

The absolute values of all the design parameters defined by the
computer simulation program are dependent upon achieving the
predicted machinery efficiencies, It is expected that for effi-
ciencies different from those used in the computer analysis, the
optimum size of exchanger III would change. There is, in addition,
an expected interdependence between the relative sizes of heat
exchanger III and IV that will tend to vary the optimum size of
exchanger III as a function of the size of exchanger IV, The
design predictability of both heat exchangers represents yet
another variable that was coasidered in the selection of the
design transfer units to avoid the possibility of any significant
change in reliquefier performance,

The machinery sizes have been chosen to permit 51% of the total
feed to pass through the compressor at an inlet pressure of

29.4 psia. From a design viewpoint, the predictability of this
split has certain uncertainties which can alter the actual through-
put experienced upon startup., To overcome this, the design has
incorporated several features vhich permit relatively easy adjust-
ment of flow split after the hardware is operational.

1. Adjustable expander cam timing.

2. Adjustable compressor clearance volume,

3. Replaceable pistons and cylinders for both the expander
and compressor.,

4, Modification to compressor stroke,

5. Compressor discharge pressure variation.

6. Compressor interstage pressure variation,

7. Expander outlet pressure variation.
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The first four items listed represent machinery component changes,
the first two of which will have hardware manufactured and availe
able for inclusion into the machine at the onset of the testing
program. The third and fourth items are major modifications that
the machinery design will permit, but which would be necessary
only if the predicted flows are significantly inaccurate., It is
not expected that this is likely. The remaining three items 5,

6, and T are available system adjustments that will permit fine
tuning of the relative flows 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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IV, HFAT EXCHANGERS

The design drawings for heat exchanegers III and IV are completed., All
material reavired for the fabrication of exchanger IV has been received

and the material required for exchanger III {s on order. This material
has a promised delivery of 1/12/68.

A. Design Review

As reported previously, two separate designs for heat exchanger IV
will te fabricated and tested. Since this exchanger requires the
inclusion of 0=P catalyst in the low pressure expander exhaust
stream, it was decided to evaluate two design approaches from both

a manufacturing and process performance point of view. The heat
exchanger confifurations being evaluated are shown in Figures 11

and 12, It was found in the design phase that providing continuous
0-P conversion over the entire lenpsth of heat exchanger IV posed
serious design and manufacturing problems., The pressure drop
through “he heat exchanger, when filled with catalyst, was excessive
due to the lar,e available amount of catalyst. Since the amount of
catalyst required for complete conversion of the parahydrogen to
eocuilibrium hydrogen was sianificantly less than that available with
a continuous conversion design approach, it was possible to reduce
the overall pressure drop in exchanger IV by adopting the step-vise
OP conversion technique shown in Figures 11 and 12. This design
approach was not without disadvantages, The trensfer units required
for a given heat exchanger duty are inversely proportional to the
temperature difference between the hot and cold streams, The step-
wvise conversion design resulted in a series of small temperature
differences between the hot and cold streams which significantly
increased the reauired transfer unmits in this heat exchanger, For
the particular desimn conditions of the reliquefier, the ratio

of required transfer units with step wise conversion to continuous
conversion was on the order of S5:1, Althourh the size and weight of
exchanger IV is increased with this design, the reduced manufacturing
nroblems and, more significantly, the reduced pressure drop and
sreater predictability of the step wise desien warranted utilization
of this desien.

Fimure 13 shows the desisn of heat exchanrer 1J1I, This heat exchanger
is a three nass design in which the intermediete pressure stream to
the expander and the lov pressure stream from the exnander are varmed
by counter current heat exchanre with the high pressure compressor
discharrge flow., Althoush catalytic conversion wes originally
considered for this exchonger, it was fouind that it could be eliminated
without reduction of the reliquefaction fraction., This reouired that
one additional stape of step wise conversion be provided at the inlet
to exchenpger IV. The resulting design provides for constant UA
product in the intermediate and low pressure streams (U is the overall
heat transfer coefficient and A is the effective heat transfer surface
area), Since the flov throush both these streams is the same, each

23
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stream provides half of the total refrigeration to the high pressure
stream, On a desi~n basis, this resuited in minimwm irreversibiiity
end, therefore, most efficient cycle design,

It is planned that, prior to final exchanger III fabrication, several
test sect.ions will be fabricated and cut open for inspection to ensure
proper bonding of the high pressure tube to both walls of its anmilus,
It is expected that the most critical manufacturing detail is to
properly achieve this bond. An alternate design concept could be
considered should the th:ree pass ~xchanger experience performance
problems. Some planning in this ares has been done, Specifically,

the high pressure comr essor discharge stream could be divided. 1Two
separate two pass exchangers could he ferbricated in which the shell
side ctream could be the intermediate pressure feed to the expander,

in one case, and the low p~zssure stream from the expander in the other,
The provlem inherent in thl._s approach is ensuring a 50-50 flow division
of the high pressure stream to the two separate exchangers, The high
pressure stream flow split is det2rmined by the pressure drop through
the tube sides of each of the exchangers which, in turn, is dependent
on the average gas deusity (temperature “ependent). It is believed
that this approach cculd be made ¢> fu: s.icr, but since it is inherently
less reversible than the three pass exchanger, it will not be pursued
in detail unless real difficulties arise with the current desigr.

B, Heat Exchange. For Specified Design Poin%

The design proint fcr .ica. erchanger III was selected as S5 Lcanser units
and for heat exchange:r IV as 14,5 transfer units., The basis for
the selected values va. discussed earlier,

Heat exchanger III will oe 2 /2 inches in diameter, 18 inches long,
and will require only one uni*, Hent exchanger IV will also b«
approximately 2 1/2 inches in diameter ard 75 inches long, This
exchanger will actually be built in three 25-inch sections for
fabricatio: and packaging ease,

C. Test Program For Hea* Fxchanhgers

A test pros "am has been inst :uicd tc deteranine the pertormance
characteristics of the exchangers which will be used in the hydroger
reliquefier, The test progrem will also determine the final design
to vrich the fulli size version of exchanger IV will be fabrirated.

Although the conditions under which the exchangers will be tested
are rot jidentical to the rormal operating conditions expected in the
reliquefier, the resulte will provi e sufficient information %o
evaluate the desiagn procedures, Accurate estimctes of performance
at operating conditions can ‘> iade fromn this data, The tasts vill
be performed using hydroger gas at liquid nitrogen temperaturs
(140°R) and above., Pressure conditions will be used which will

2T
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permit adequate correlation of the test results to the expected
reliquefier operating conditions,

Since heat exchanger per©-rmance c.n be fully predicted from an
evaluation of pressure drop and heat transfer units and siice these
parameters can be correlated between prersure and temperature leve.s,
it 1is possible to simplify the test procedure as described above.

The savings in cost and time indicate the desirabiiity of using this
test approach. Pressure levels above atmospheric pressure will be
used in all tests, Where actual operating pressures ebove atmospheric
are expected, these pressures will be approximately simulated

in the tests. Test conditions versus expected operating conditions
for the exchangers are listed on Mable III.

l. Discussion of Test Set-Up Equipment

The test set-up for exchanger IV is schematically repre. ated
in Figure li., The test set-up for exchanger IIX is
schematically represented in Figure 15, As can be seen from
the two figures, the test set-up is identical for the two
exchangers except for the amount and types of instrumentation
used in obtaining the data necessary to evaluate the
verformance of the two exchangers. A single test arrangement
has bteen designed that will permit testing of both heat

exchangers, resulting in minimum expenditures i« both time and
money .

2. Common Test Set-Up, Foguipment and Operation

Technicel grade hydrogen feed gas w:11 be supplied from
high pressure (2400 psi) hydroeen gas cylinders,

manifolded torether for increased test run durations,

The high pressure hydrorser zss will he throttled down to
some intermediate pressure (500 - 1000 psi) with a high
pressure reguiator. A nitrogen purge connection will be
provided to purge the system of air before starting a

test run. The hydrogen will be further reduced in pressure
to test conditions by a low pressure regulator. To conserve
liquid nitrogen consumption, the gas will be preccoled in a
paired tube recovery exchanger by the returning cold gas
from the test exchangers,

The gas then flows through a short insulated line to the
first liquid nitroger bath, The bath will be a double

wvall open mouth dewar filled with liquid nitrogen. Connected
in the hydrogen lire and located in the LIN bath is a cooling
coil to reduce the hydrogen to LIN temperature (149°R). A
charcoal purifier to remove any water vapor or other
impurities from the hydroren is provided after the cool.ag
coil followed by a catalyst filled normalizer to bring the
hydrogen to equilibrium ortho-para composition at LIN temper-
ature, The cold hydrogen gas then flows through an insulated
transfer line to the insulated vacuum dewar in which the test
exchanger will be located. Inside the dewar the gas will go
through another cocling coil immersed i{n 11ijuid nitrogen,

«28-



ADVANCED PROODUCYS DEPARTMENT

TABLE III

Comparison of Heat Exchanger Expected Operating Conditions

with Heat Exchanger Test Conditions

EXCHANGER __Expected Cperation .Test
DESIGNATION [Pressure Temp. Flow | iPressure Temp. Flow |
IV - Shellside o

Inlet 2.2 PSIA 58°R 1.9 1b/nr 25 PSIA 140°R
Outlet 1.3 PSIA  1uk°R 75 PSIA to 1to3
125 PSIA . 230°R  1b/hr
IV - Tubeside . 25 PSIA  235°R
Inlet 294 PSIA 162°R 2.1 1lb/hr 75 PSIA to_ 1to3
Outlet 290 PSIA 66°R 125 PSIA 300°R  1b/hr
III - Tubeside 100 PSIA 140°R
Inlet 290 PSIA 66°R 2.1 1b/hr 200 PSIA to 1to3
Outlet 289.8 PSIA L0°R 300 PSIA 260°R  1b/hr
III =« Shellside o
(Inner) o 25 PSIA 140 R
Inlet 22 PSIA 39°R 1.9 1b/hr 50 PSIA to 1to3
Outlet 21.99 PSIA 63°R ; 75 PSIA 260°R  1b/hr
III - Shellsicde o
{Outer) o 25 PSIA 14O°R
Inlet 2,2 PSIA 39°R 1.9 1t/hr 50 PSIA to 1to3
Outlet 2.19 PSIA 63°R 75 PSIA 260°R  1b/hr

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

«29-
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The LIN will be contained in a reservoir exposed to
atmospheric pressure and suspended from the top cover
of the dewar. From this cooling coil, the hydrogen
will enter the test exchanger, The dewar in which

the exchangers will be tested will be insulated and
evacuated. In addition, the exchengers will be sur-
rounded by a radiation heat shield cooled to liquid
nitrogen temperature. These precautions are taken to
minimize the effect of heat leaks on the heat exchanger
test results. After lesving the insulated vacuum dewar,
the hydrogen gas will travel through an insulated
transfer line to the recovery exchanger, where the gas
is warmed to a temperature approaching ambient. To
insure that the hydrogen is at approximately ambient
temperature another coil is provided in this line., A
manually operated valve is provided to permit controlling
the flow rate during the test. The flowmeter will be a
float-in=glass tube type meter, The gas leaving the
flowmeter will be vented to an outside vent stack.
Preceding the vent stack will be a velve and connection
for evacuation of the air from the system, and for
nitrogen purging prior to test runs,

Specific Test Set-Up for Exchanger v

Fimure lU shows a schematic representation of the test
set-up for exchanger IV. The equipment and operation
common to all exchanrer tests was described previously.
The differences in the set-up required for exchanger IV
occur primarily inside the vacuum dewar, in the line
arrangement, equipment, and readout instrumentation
required for evaluating exchanger IV performance.

Upon emerging from the LIN reservoir inside the evacuated
dewar, the cold hydrogen gas will flow through a copper
tube coil that has electrical heating tape wrapped

around it. The heating tape will have its power supplied
bty a variable output A.C. transformer., This variable
power supplyv will allow repsulation of the temperature

of the hydrogen ges entering the shell side of the test
exchanger IV, The temperature, pressure; end ortho-

para composition of the hydrogen will be measured. The
temperature will be taken by a copper-constantan ther-
mocouple, since copper-constantan gives accurate

readings in this temperature rezion., The pressure will
be indicated by a test pressure gauge, since the pressures
will be high enough to insure accurate readings on a
pressure gauge. The capillary line to the pressure gauge
will also serve es a sample line to the ortho-pars
hydrogen analyzer. This analyzer was developed by the
Research and Development Department of Air Products and
Chemicals, Inc., for evaluating the effectiveness of
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ortho-para conversion catalyst. The analyvzer wiil
deterrmine the ortho-para commosition by comparing !t
to> reference hydrogen sas taken from the hydrogen feed
stream as shown on Figure 1bh,

After emerging from the shellside of the test exchanger,
the cas temperature will be measured by a coprer-
constantan thermocouple., The ortho-para composition
will again be sawpled and determined by the analyzer
using the prescure tap at the shellside outlet as a
sample line as before. Venting hydrogen from the
enalyzer will go to the main .ent stack. Comparing
the two ortho-para compositions at the inlet and outlet
temperatures will permit an evaluation of the catalyst
performance in the heat exchanger configuration.

Rather than measuring the pressure of the gas at the
outlet of the shellside, the pressure tap will go to
one leg of emercury filled manometer. The other leg of
the manometer will be connected to the pressure tap
from the shell=ide inlet of the exchanger. Therefore,
the manometer will give the shellside pressure drop.

After the shellside outlet, the hydrogen gas will flow
throush a heater identical to the one descrited
previously. This heater will permit varying the tem-
peratures on the exchanger., Following the heater, the
pressure and temperature of the pas will be measured,
using a pressure gauge and copper-constantan thermo-
couple, respectively. The gas then flows through the
tubeside of the exchanger. Emerging from the tubeside,
the temperature will be measured as before. The pressure
drop across the tubeside will be measured by a differential
rmanometer., The hydrogen gas then exits from the evacuated
devar and goes to the recovery exchanger,

Specific Test Set-Up for Ex~hanger III

Figure 15 shows a schematic representation of the test
set-up for exchanger III., The equipment and operation
common to all exchanger tests has been described previously.
The differences in the set-up required for exchanger III
occur inside the vacuum dewar in the line arrangement, and
the amount of equipment and measuring instrumentation
required.

Upon emerging from the coil in the LIN reservoir inside
the evacuated dewar, the cold hydrogen gas will flow
through a copper tube coil that has electrical heating
tape vrapped around it, The heating tape will have

its powver furnished by a variable output A.C. transformer,
This varisble pover supply will allow regulation of the
temperature of the hydrogen entering the tubeside of the

«32-
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test exchanger from 1LO°R to about 260°R, Before-
entering the tubeside of the exchanger, the temperature
and pressure of ..ie gas will be sensed. Upon coming
out of the tubeside of the exchanger, the gas tem=
perature will be measured., The pressure drop through
the tubeside circuit will be measured with a differential
mercury manometer. The hyurogen will then go through

a manually operated exnansicn valve to lower the ges
pressure before it goes to the two shellside circuits,
This technique closely simulates actual expected
operating pressures,

The gas will then go throush a second coil in the LIN
reservoir to be recooled to 1L0°R, Once the gas has
beea recooled, it will go through a variablc heater as
it .1d for the tubeside flow, The various heaters

wi: allov variable temperature differentials to be
imposed on the oxchanper, allowing a range of perfor-
mance evaiuetic:., The gas will then go through the
inner shellside circuit., As was the case for the
tubeside flow, the temperature at the inlet and outlet
of the circuit will be measured. The inlet pressure,
and the pressure droo across the circuit (pressure
zauge for inlet vressure, differential mercury manometer
for pressure drop).

The gas will then ro through a third coil in the LIN
reservoir to be recooled to 140°P again., It then

passes through a heater and the outer shellside

circuit using an identical set-un as that used for the
inner shellside circuit. After leaving the outer shell=-
side circuit the gas will @o to the recovery exchanger.

“3ha
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V. MACHINERY e

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 studies,

and then to applv the influence of cumulative uncertainties. These
uucertainties arise not only in the prediction of machinery nerformance,
but also in the prediction of heat exchanpger 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 exchanper effectiveness would not
prevent successful reliquefier overation. The design is ourposely
intended to minimize technical risk and to ensure a reasonable, though
not necessarily maximum, reliquefaction fraction. It was recognizad
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 uncerta:nties.

The compressor piston was sized to provide the flow required < the
selected design point (see Figure 9 for a definition of the design
point). However, a consideration of system behavior a1 . directional
tendencies of cumulative uncertainties, has been made and utilized to

bias the compressor sizing to ensure providing design point or slightly
greater flow.

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

l. Compressor valve leakage, piston ring 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 compres—
sor flow fraction.

3. Throttle valves, which may “e installed in the system for flow
control, would operate in the direction of reducing the compres-
sor flow fraction. '

4. As the reliquefier operates over a range of diminishing tank
pressure, compressor pressure ratio and volumetric efficiency
changes cause a relative reduction of compressor flow fractiot

The machinery sizing is thus biased to take advantage of possible higher
efficiencies or to 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 systum test.

These features are catagorized as (1) directly available - accomplished
by partial machine disassembly and adjustment and (2) available with
supplementary effor* - requiring fabrication or modification of a limited -
number of componen parts.
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1. Directly available adjustments

a. Compressor piston bumping clearance. Yield: + 3 to 52 of
compressor flow.

b. Engine inlet cam timing. Yield: + 20X of engine flow.

2. Adjustments available with extra effort

a. Comnressor stroke chanje: Yield: + 15Z of compressor flow.

Extra effort: New crankthrow on main shaft; miscellaneous
new snacers and shims.

b. Engine piston diameter change. Yield: <+ 5%, -15% of

engine flow. Extra effort: New piston., cylinder, and
piston rings.

In addition to the machine' y adjustments, the system itself has two
naturally accessible points for flow adjustment. The J-T valve is an
adjustable valve which can be used to control compressor discharge pres-
sure, trereby affecting pressure ratio, volumetric efficiency, and
finally compressor flow. The magnitude of the adjustment available in
this fashion is small, perhans on the order of + 3 to 5%. This effect
is minimized by the two stage compressor's relative flow stability with
respect to small changes in discharge pressure. The nominal 3 psia
engine exhaust pressure is also accessible for back pressure adjustment,
Increasing engine back pressure will reduce engine flow: the magnitude
of adjustment available is inherently small. The extent to which this
variable can be utilized is limited because of possible overexpansion,
and the accompanving undesirable reversed pressure differentials,

Since optimum and perhaps even successful operation of the reliquefier

is dependent on the interaction of several variables, it appeared desir-
able to provide temnorarv means of adjusting the relative compressor to
expander flows. It is this variable that could cause most onerating
flexibilitv. The final reliquefier configuration would not employ valves
or other devices, but those items would be used only to determine the
required permanent system or machinery adjustments that may be indicated
during the reliquefier test phase,

Several system locations are being examined for the possible introduction
of temporary flow control valves to balance the reliquefier. The relative
flow effects, system upsets, and physical difficulties have not yet been
fully evaluated. The machinery effects corresponding to some possible
control valves locations are:

1. Throttle valve on compressor suction - large adjustable reduc-
tion of compressor flow by reduced inlet pressure and reduced

vo.umetric efficiency corresnonding to a higher overall pressure
ratio.

2, Recirculatirng valve between compressor interstage pressure and

first stage suction -~ warm gas bypassed to first stage suction
provides moderate adjustable reduction of compressor flow.
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3. Recirculating valve between compressor final discharge and
interstape - pressure rise in interstage provides moderate
adjustable reduction of compressor flow by first stage pressure
ratio and volumetric efficiency effects.

B. Engine Cold End Desipgn

Design layout of the engine cold end has been completed and detail
manufacturing drawings are 50% complete.

A piston diameter of 2.875 inches and a stroke 1.0 inches have been

chosen to give 1.96#/HR expander flow at ine design condition. The cold
end desig- 1is essentially as depicted in the original concept (Figure

16 is included for ready reference). The piston utilizes plastic rings
with steel expander rings operating in a hard surfaced cylinder bore.

Soft flat face valves operate apainst integral valve seats in the cylin-
der head. Cold valve springs in the cylinder head allow the use of small
diameter, low heat leak tension rods for the valve stems. The piston

rod also operates in tersion. A welded "'distance piece' subassembly
provides the extended length required to minimize the heat conduction
between the cyvlinder head and the warm running gear. To the lower (cold)
flange of the distance piece is mounted an exhaust surge cannister, which
surrounds the c¢- linder head region. All machine joints inside the cannister
are metal to metal face joints. Any minute leakages of hydrogen from these
joints will be collected in the exhaust surge cannister. The cannister

to "distance piece’ joint and the inlet and outlet gas pining connec-
tions are all sealed bv metallic O-rings.

The distance piece subassembly contains individual shielding tubes for
each valve stem and the piston rod. These tubes terminate at a thermal
expansion telescoping joint in the gas packing region of the distance
plece upper (warm) flange. Cas packings are similar., except for size,
to seals used on other existing Air Products equipment and consist of
redundant, stacked elastomer and plaztic seal subunits.

C. Running Gear Design

Desing layout of the running gear is 50% compnleted and progressing in
accordance with the schedule.

Detail drawings of long delivery castings are underway. The long
delivery drive motor is on order with a promised March delivery. Long
delivery snecial throw bearings are on hand and, together with other
standard ball bearings, are scheduled for April delivery after being
repacked with a special DuPont grease.

The engine end of the running gear is similar to the originally nroposed
concept. The piston rod of the engine is fastened to a recinrocating
"yoke" type crosshead. The crosshead is guided by two drv lubricated
bushings pressed into a cast aluminum housing. Valve tappet clearance
adjustments are made through an end access hole provided in the casting.
Valve stems are operated bv a lever arm system using dry lubricatad
bushings. Adjustable engine cams are located within the motor housing
envzlope. The location allows use of larger cams and ball bearing fol-
lowers with improved life expectancy as compared to the cam syscex shown
in the confines of the original concept.

-37=



FLYWHEEL DISCS

MAIN BEARING

DRIVE GEAR FOR
SIDE SHAFT COUNTER
WEIGHT

CRANKPIN BEARING

™~

PISTCN STEM SEAL_

CROSSHEAD AND
DRY LUBRICATED -
BUSHING

PISTON RETunn———"’TE#Z§§=$J§iaEJ

DRIVE

GEAR FOR SIDE SHAFT COUNTERWEIGHT

MAIN BEARING

.CAMS AND CAM FOLLOWERS

i/
| ////////,CRANKPIN BEARING

DRIVE YOKE AND DRY
LUBRICATED BJSHINGS

VALVE STEM AND PISTON

i ROD GAS PACKING LOCATION

LOW SPEED

DIRECT DRIVE

SPRING

DISTANCE PIECE— |

=

MOTOR

VENT GAS
HEAT STATION7

. DISTANCE PIECE

PISTON ROD s
5 -

PLASTIC RINGED N

PISTON :

CYL HEAD WITH
PRESSURE ACTUATED

VALVES

COMPRESSOR

TENSION OPERATED

VALVE STEMS AND
PISTON ROD

SOFT FACED VALVES

PLASTIC RINGED PISTON

EXPANDER

PROPOSED HYDROGEN COMPRESSOR/EXPANDER

-38-



ADVANCED PRODI'TS DEPARTMENT

The 220 volt, 3 vhase, clectcic drive wotor is mounted with staior to
housing, and 1 ter to snaft, press fits. The motor will be capabdie
of providing a 125 watt, 110 volt. single phase, heating effect when
not running. In additiorn it will be canable of providing 3( seconds
stall torque heating effect under 220 volt, 3 phase power, as cold
startup insurance against bearing grease drap effects. Motor insul-
ation has been selected for wide temnmerature range flexibility aud
low outgassing characteristics. Specific materials util.zed are
members of the teflon, nylon and silicone families.

The main shaft is mounted in two large ball bearings an’ provides all
power transfer service bet veen engine, motor, compressor, and sidzshaft
counterweight svstems. The engine and comr .ssor thr:w tearings are
snecially constructed to Air Products’ ord r for service under high
localized cuter raze loading conditions.

The compressor end houzing is an aluminum casting and mounts the dry
lubricated piston crosshead guide bushing. A small end cover plate in
line with the main shaft allows access for .:anual rotation of the machine
when setting piston bumi.ing clearances and engine valir-a tappet clearances.
Vent plugs on the compressur and enpine castings allow inert gas purging
of the unning gear for safe initial operation and also provide means

for ga- sampling for later investigations of cortaminant buildups, when
operating with a closed *vdrogen atmosphere in the crankcase.

All static seals va the running gear a.c —ubber O-rings.

D. Compressor Cold End Desisn

Design layout of the compressor cold end has teen examined in the region
of the compressor warm casting interface. The fin2l cold end layout
will be started when the running gear layout is cormpleted.

The cold end, while not in drawing form, is conceptually v - defined.

A long tubular piston will extend from the warm pision cr = ead guide

to the cold tandem pistons. The second stage piston will be 1.5 inches
in diameter and will be mounted directly atop the 2.5 inch diameter first
stage piston. Stroke will be .75) inches. The first stage piston will
mount a guidance control plastic wearing ring in addition to compression
rings initially seated with 3teel expander rings. The second stage pisto-
will mount compression rings only,

The first stape will take suction from a surge volume provided within the
compressor ''distance piece'. Surging gas communication between the surge
chamber and the crankcase will be prevented by a piston stem seal located
between the first stage piston and the warm -unning gear. The first stage
will breathe through an intake valve in the piston, and discharge thrcugh
an outlet valve in the cylinder head. The cold cvlinder region will be
surrounded bv an interstage surge volume. Second stage inlet and discharge
valves will be in its cvlinder head. Surging end filtration of the final
discharge will be accomplished in the cryostat piping system. Al. compres-
sor cold joints, which are expo'. - to the rellquefier vacuum space, will

be sealed bv metallic O-rings.

-39-



ADVANCED PRODUCTS DEPARTMENT

A PRoducts and lornivals

ne.

VI. JOULE-THOMSON VALVE

The design of the J-T valve is completed. All required parts have been fab-

ricated and the ass2mbl, is scheduled for completion by the end of January,
1568,

A. Design Consideritions

The J-T valve used with the hvdrogen reliquefier is an adaptation of

3 design us "¢ for several years on APCI's miniature helium refriger-
ators. It is an automatic valve. maintaining an essentially constant
upstream pressure by balancing a snring force against a bellows assembly
that communicates with the high rressure inlet side of the valve. Figure
17 shows a cross section of this J-T valve.

Since the J-T valve ic cubjected to two phase flow conditions during
normal oneraticn in thke reliquefier, the valve pressure variation as

a function of flow is difficult to predict. Sufrficient analytical
investigation has been performed to identify the variables affecting
tiils relatiouship, and to as.ertain that the standard J-T valve

design Is not grossly different from that which will be required for
the reliquefier. Since the valve bodv and needle are easily varied,
and since tl.eir relative geometries renresent the major determinants tc
its characteristics, a valve of essentially standard design is being
tabricated for test. The results of this test will be utilized to
adjust, 1if required, the valve characteristlics to provide the minimum
ariation of inlet pressure as a function of the expected flow variation
of the reliquefier.

B. Test Technique

A test progrzm has develored to determine the performance characteris-
tics of the Joule-Thomson expansion valv

The conditions under which the exnansion valve will be tested will be
identical to the normal oncrating conditions expected in the relique’ier.
This will be accomnlished bv mecooling hvdrogen gas at approximately
300 psia to anproximatelv 140°R using luquid nitropen. This cold hydro-
gen pas 1is below the inversion temnerature, so that, upon expansion

to a lower pressure the pas will cool. By using this cooled gas ia

heat exchange with the high pressure gas prisr to expansion, the hydro-
gen will ultimatel. liquefv and therebv effectively simulate the valve
operation in the reliquefier. Data for flow versus inlet pressure aad
pressure drop will be recorded, which permits an evaluation of the J-T
valve and {ts effect on reliquefier performance.

C. Specific Test Set-Up

The test set-up for the Jouie-liicmson expansion valve is schematically
represenied on Pigure 18. As can be seen from the figure, the test
get-unr ‘s similar to that used for the evaluation of the heat exchangzers.
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ﬁ Aor Ploduits and Chemioall

Upon emerging from the coil in the LIN reservoir inside the evacuated
dewar, the cold (140°R) hvdrogen gas will flow through the tubeside
circuit of a finned tube heat exchanger. In this exchanger, the gas
will be cooled by cold returning vapor from the expansion valve. The
hydrogen gas will then flow through a paired tube evaporator exchanger.
In this exchanger the gas will be further cooled by evaporating a portion
of the returning liquid which will form during the J-T expansion. The
temperature and pressure of the gas will be measured at the inlet to the
valve. The temperature will be sensed by a cooper-constantan thermo-
couple, which will give accurate readings at these temperatures. The
pressure will be sersed by a test pressure gage.

After expanding through the valve, the temperature and pressure of the
liquid and vapor which is formed will be measured usinz a copper constantan
thermocouple. A test oressure gage will be used to measure the pressure.
The liquid in the returningz stream will be boiled off in the evaporator
exchanger as described previously. The vapor will then be warmed (and

the incoming gas cooled) in the finned tube exchanger, also described
previously. The hydrogen gas will then leave the vacuum dewar, and flow
to the recovery heat exchanger.
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VII. SCHEDULE REVIEW

Figure 19 shows a recently revised prugram schedule including significantly
more detail than those previously presented. It can be noted that the sched-
uled completion date remains in accordance with contractural requirements

with one exception: i.e. the final report review date is after the 12th month

of the contract starting date. It seems reasonable that the final report should

include actual reliquefier overating date, consequently, the report due date
should be extended.

A. Current Status

The revised schedule is in accordance with previously reported component
completion dates. Slight slippage of the scheduled testing of the heat
exchangers has occurred from th.t previously reported. The two weeks
delay evident in this area has no overall effect on the scheduled
program completion date. Based on the current schedule, the heat ex-
changers will be completed, including final testing of the full scale

m>dels, by May, 1968. All other previously reported component completion
dates have not changed.

B. Critical Events

The machinery design and fabrication represents the critical scheduling
path. The schedule shown has no contingencies in this area, and suc-

cessful compliance to the machinery schedule should ensure that the project
completion date will be held.

C. Efforts Underway to Hold Schedule

The machinery design phase has included a review of those items typically
requiring long lead times. These items have been identified and design
effort is being concentrated in these areas to ensure sufficient purchasing
and fabrication lead times. Typical of components in this category are
castings, cams, levers, piston ring material, and cylinders.

Whenever possible preliminary bills of material are being issued to
prevent schedule delays that could arise because of lack of proper mater-
ial. This is being accomplished in all areas of the project and is not
limited to the machinery.

All preliminary component test arrangements are being designed to utilize
existing test hardware. Fabrication of snecial test dewars and purchase
of test instrumentation is being avoided whenever existing equipment is
available that will perform the required function. This approach resulte
in minimum time and cost to the reliquefier project.

“bla



«liiS=

o | _ ' | o
FTAGIHIS JISFAOMIF NIS0I0N
D
® oIv0Ns 14V xz?ic.‘ﬁWof
L []
Ju * @ O, IINIiIV) ® a37%%d ﬁm (7
s%&n&&\ ASSy \ ON I WiN VW Fe 2" NI IY)
\ \u‘ﬁ\\ﬁk S
A ”v.llla..lll v‘ ®
o Anvag S Sonme g 1iwily ers INinmAY Y 270407 wos9 ONINNAY BIorveev) lnus\!\lshJV
ATTy AWAMINNN .
P} N e
. [, ..Ill@.l..} [ [
(Opy assw Y 02V 9wy T ony SIMGY inoiv? qz\rw
FD0 Sy LUy AVININIVNY Py O2NVLIG ony Areonmy
\)l::vvc\ Yivpy > o\ [\.
N v ivi SROp Ol CI¥InIlg  FOUOW N\ avt.ctcsyv
! N vaiow
0 2 L ders .
N griviirluy '~ S1vadQ’ oMITrCH
orISNON Assy LN InMOBINY i
' & ron viwvs Y rovimeng Acisig
! YoeNFL 27D
s At s.\ E 4 -
- ..\\: towly w- U rivie \--KP ,
_ N \ ' * #/ '
- N
hay /\ A58y - 100ay] NESX) '
— . ‘.l\oc.«.l!-t.i!i;«l. * 0 Jet » . .
. PR VPR R INVE Y Py i ¢ POy CY2FE) sPYG A5y Tos J\ w3548 (\ttzu\}ucéu
WEDELIS w.w Adarsv8 reny) T3y P ¥ 22008 WiSAS FIr IOy
}
! R @
f I FATFA L 7iR¥D 004
(V12792 %] k |
nd dritrIN /1 Ny L L AR
/ [} ! ,/Uo i< ruC aviy !
/ f ' : Y
f XS
\ ~ \.l i i \.) #(ﬁ/ 4
I ) &  wory vzt E worg dvim ¥ yiw
/ | | ! 2401600y Oy 330 9.!. NOISIO DT MIRR
¥ ) “ ] . \m _ asvnrons! A
A.ﬂ 7 wasy Yeny ht..qus\\fo\l‘ - .A “l A \ _‘ — " idviw GINAG AVIN \f
; EIN
* —— b " .._.. W/ »
- } - [y Se— ¢
: e AT W vty Baworddry \y ! .~ \@‘ Siraeny 4594 \\\uEEt .Q!;.\(\ S NTISiD
N v. L\ I MIXT  Jiwvevy _ WOy SEg Siw (WIWVNN] 4¥IN
~ ‘ ”
el e —(¥
N xpa Po - sAt0s s &) /.o\ﬂ\ a1k t:\fo\ soma osin ) /\423&-. [ 2 T .
mang 43R YoM Fy‘!\ 2iwn e \ 4594 2iwiiubey LN0N] ?u\u.\_u iy KBy NIISAT N 43IL »n}
® roa— \kll
43y Yosug ) w N ords s FIMD - eveadivg i) CIIMIY" (NC1avasavties) $30RIS| 2iMy
Jareg fop wwoMmBl i
! i
LENINY Yl Jnp AVHY Yoy MNoYYN AWNEgIs | ANy { YIIWTIFT | YIFWINON Y780420 w YITWILSTS w L2872
1/,2/# ) 8s/u2/t a3/u2f? 89/L2/8 8s/L2/b ps/L2/e 99/62/2 KL 19/62 2 L/u2tn L9/e2/or e t] O 124




ADVANCED PROOUCTS DEPARTMENTY

b

VIII. FORECASTED %FF: (T FOR JANUARY, 1968

A. Reliquefier System Test Arrangement

It is anticinated that the final reliquefier system configuration will
require definition of an interface that is mutuallv acceptable to both
NASA and APCI. Depending upon NASA's test facilities and test plans

for the completed reliquefier, it may be advisable to limit the use of
APCI owned equipment for the system test arrangement. A meeting between
NASA and APCI {5 required in the near future to decide on a mutually
acceptable approach in this area. It is expected this meeting will be
held in the forthcoming month. After which aporeciable effort will be
expended in defining a mutually acceptable system and interface.

B. Machinery and Heat Exchangers

Efforts will continue in both of these well defined areas. Depending
on the completion of the heat exchanger test rig, preliminary test results
may be presented in the next monthly report.
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