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CONSTRUCTION AND TESTING
OF A HYTROGEN LIQUEFIER

CHAPTER 1
INTRODUCTION

In general there are three temperature ranges of liguid baths
for producing very low temperatures. Liguid air, oxygen, and nitrogen
are used in the first temperature range - 90.2°8. (the normal boiling
point of oxygen) to 63.3%K. (the triple point of nitrogen). The latter
temperature can be obtained by reducing the pressure over 1iqgid.nitro-
gen. Licguid hydrogen has a normsl boiling point of-EO.éqK. but can be
mede to sublime as low as 10°%K, under reduced pressure. The lowest
temperature range is provided by licuid helium, which hss 2 normal
boiling point of 4.2°%K, With the aid of a good vacuum pump, helium can
be mzinteined at a temperature of 1%z,

The first temperature range is not difficult to obtain since
liquid air, oxygen, and nitrogen are commercially available and can be
shipped over a considerable distance by the use of vacuum containers.
The ligquefaction of helium in recent years has been made comparstively

simple by a method, suggested by F. Simon®

, Which uses liguid hydrogen
as a refrigerent. Therefore, if liquid hydrogen is availsble, the

liguefaction of helium may be rather easily carried out. Until recently,

1 Simon, 7., Zeits. . Ges. e Ind., 39, 89, (1932); Simon,
F., =nd Ahlberg, J. E., Zeits. f. Physik, 81, 816, (1933).




the liguefaction of hydrogen has been regarded as rather difficult,
since it involved the use of complicated =and expensive equipment. Con-
sequently, very few laboratories installed low temperature equipment
until widespread interest in cryogenic resesrch resulted in the devel=-
opment of the small scale hydrogen liquefier which has a capacity of
about one liter of liguid hydrogen per hour. This newer type hydrogen
ligquefier and the convential compressor-gasometer arrangement both uti-
lize the Joule-Thomson effect and regener=ative cooling, but differ in
that the newer type uses commercially availsble compressed hydrogen in
cylinders in pl=zce of a compressor.

This gimplified hydrogen liquefier has the following advantages:
(1) it is more economical for producing small quantities of liquid
hydrogen, (2) it does not need specially trsined attendsnts to operate
apperatus, =nd (3) it is smeller, more compsct, and portable, Although
the compressor-gasometer system has a relatively high initisl cost, it
is more economical than the newer type for producing larger gusntities
of liguid hydrogen. This older type =lso has the adventage that all the
unliquefied gas that is purified by passing through the licuefier is
eventually liquefied. The disadvantages of the newer type are that 75
to 90% of the hydrogen which has been purified is lost and that the
number of cylinders that can be used a2t one time ig limited by the size
of the purifier. The use of too meny cylinders results in the passage
of progressively more impure hydrogen to the ligquefier, where the impuri-
ties freeze out and reduce heat transfer in the main heat interchsnger,

The liguefier which has been built here incorporates the design


JU.th.ough

features described by a mumber of other experimenters.z'S’4'5’5'7’8'9
Our aim has been (1) to build a liquefier which is easily con-
structed and operated; (2) to design and construct = liquefier that
contzins two nitrogen precoolers, one of which operates at the normal
boiling point of nitrogen and carries the main refrigeration load,
engbling a vacuum pump of smsll capacity to be used for maintaining
the second precooler nesr the triple point; (3) to use a regenerative
exchanger which is more easily constructed than those previously used
by other experimenters; =nd (4) to produce liguid hydrogen in quantities
sufficient for producing liguid helium by Simon's expansion method.
Figure I (see Appendixes for =11 Figures) gives a front, over-all
view of the spparatus. It is essentially composed of several compressed
eylinders (on the extreme left), which supply high-pressure hydrogen of
99.8 to $9,9% purity; a purifier (left center), which adsorbs most of

the impurities in gas; a liguefier (rizht center), which liquefies part

2 Lotimer, W. M., Jo Am. Chem. Soc., 44, S0, (1922).

3 Latimer, W. M., Buffington, R. M., end Hoenshed, H. D., J. Am,
Chem, Soc., 47, 1571, (1925).

4 Bichowsky, F. R., J. Ind. Enz. Chem., 14, 62, (1922).

5 Keyes, ¥, G., Gerry, H. T., =nd Hicks, J. ¥, G., Jr., J. Am.
Chen. Soc., 59, 1426, (1937).

6 Starr, C., Rev. Seci. Instruments, 12, 192, (1941).

v Ahlverg, J. B., Estermann, I., snd Iundberg, W. O., Rev. Sci,
Instruments, 8, 422, (1837).

8 DeSorbo, W., Milton, R. M., =nd Andrewe, D, H,, Chem. Reviews,
39, 403, (1946).

9 Fairbenks, H. A., Bev. Sei. Instruments, 17, 473, (1946).




of the hydrogen and collects the liguefied hydrogen within itself in
the bottom of a glass Dewar vessel; and a transfer system by which the
liquid is removed from the liguefier,

High-pressure hydrogen from s number of cylinders, which =re
connected bya manifold, passes directly to the purifier. In Figure 3
it can be seen that the impure high-pressure hydrogen gas enters the
purifier at "a", passes through s silica gel trap "s" =t room temper=-
ature =nd emerges at "b", The gas then passes to "c" by mezns of a
Jumper (not shown), where it is conducted through the interchanger I,
before entering the first of the three charcozl trasps, which are cooled
in liguid nitrogen and connected in series, Having passed the purifier,
the hydrogen is conducted through a valve and a second manifold before
it enters the liguefier., As is seen in Figure 8, the high-pressure
hydrogen enters the liquefier at HP =nd pssses in turn through the ex-
ternal heat exchanger El, the heat exchanger E2, the cooling coil Fl,
the heat exchenger E3, the cooling coil ¥2, the main heat exchanger X
(regenerative exchenger), and the expansion valve V. After expansion,
the cold low-pressure hydrogen gas is gonducted in countercurrent flow
through the various exchangers outlined above until it emerges at EL.
Finally, this gas is passed through a flow meter before being dis-

charged to the atmosphere,



CHAPTER II
THE PURIFIER

The compressed, electrolytic hydrogen gas which was supplied by
the National Cylinder Gas Co., Atlants, Georgia, had a purity of 99.8
to 99.9% = the chief impurities being oil, water wvapor, nitrogen, and
oxygen, The removal of the impurities is essential for trouble-free
operation of the liquefiers which are built to operate by using com-
mercial hydrogen in cylinders as a source of high-pressure gas. The
purifier which has been built here isg desizned to remove these impur—
ities by passing the high-pressure gas over silica gel at room temper-
ature =nd over activated charcozl, cooled %o 77.3%K. by means of a bath
of liquid nitrogen.

This purifier, complete, is shown in Figure 3. Figure 4 gives a
detailed view of the design of the silica gel 2nd charcozl trsps proper.
Details of construction are given in Appendix A.

Most of the oil and water vapor in the high-pressure hydrogen is
removed by the silica gel trap. The three charcoal traps remove practi-
cally all of the remaining water and oil vapor, the oxygen, and most of
the nitrozgen.

The nitrogen is the impurity that is difficult to remove completely.
With a constant flow rate of 5 cubic feet per minute, roughly 380 gram
moles of high-pressure gaos enter the liguefier per hour, If this zas
contains 0,01 mole percent of nitrogen (solid nitrogen having a density

of 1,026 grams per cclo) ahout 1 cc of so0lid matter will separate in the

10
I. Ce T, Vol. I, 104, (1926).




small, high-pressurs tube of the regenerative exchanger per run. The
following information is given by Blanchard snd Bittner. +* A properly
designed throttling valve will usually pass = considerable amount of
solid matter without too much plugging. However, anothsr great difficul-
ty arises from the fact that the condensing impurities have some tendency
to plate-out as a2 coating of high thermal resistance on the walls of the
high-pressure tubes. This plating-out seriously reduces the efficiency
of heat exchange between the low=- a2nd high-pressure stresms. In extreme
cases, freezing impurities mey produce constrictions sufficient to cause
2 portion of available Joule~Thomgon expsnsion to oceur at the wrong
places, Thus, the liguefier usually suffers = progressive decrease in
efficiency of liquefaction with time of operation. This gradual decrease
in efficiency may go unnoticed since the liquefier may appoear to be
working smoothly by every other indication,.

The charcoal traps are immersed in a2 bath of liguid nitrogen
contained in a metal Dewar vessel which is sufficiently long to extend
about one inch above the tcpmost coil of interchsnger I. In the inter-
chenger the warm ges, leaving the silica gel trap, is interchanged with
the cold purified gas, leaving the third charcoal trzp. When operating
with flows of 4 to 5 cubic feet per minute (CHM), the g=s emerges from
the interchanger at about 15°C. below room temperature.

After being used, the silica gel and charcoal traps need to be

reactivated by the removel of adsorbed gases and vapors. The tube con-

1Y
Blanchard, E. RB.,, and Bittner, H. W., Rev. Sci. Instruments,

13, 394, (1942),




necting the two traps, between "b" and "el, is removed by unscrewing

the compression fittings. Activation is then carried out by simultane-
ously pumping at "b" and Me" ("a" and "d" being closed off), using a
small vacuum pump protected by a trap cooled with ligquid nitrogen. Both
the silica gel and charcoal traps (enclosed, resgpectively, in a station=-
ary heater and a removable furnace) are hested to 140 to 150°C. for
several hours st a pressure of about 10™L mm. mercury (absolute). The
temperature is controlled by variable resistances =nd thnermocouples.
After the traps have been cooled to room temperature, the vacuum is

broken by odmittings hydrogen gas from the eylinders.



CHAPTER III
THE LIQUEFIER

The hydrogen liguefier which has been built here is a compact,
reletively portable unit so desigﬁed that its principal parts are
readily accesible for inspection and repairs. The assembled liquefier
occupies a floor space of 14" x 23" and is 48" tall. Figures 5, 6, and
7 show, respectively, the assembled ligquefier (rear view), the control
panel, and the liguefier proper, Details of construction are given in
Appendix B,

Figure 8 represents a schematic detail of the liguefier, Briefly
the liguefier consists of two pots (W1 snd N2) for the liguid nitrogen
which is used as the refrigerant; four heat exchangers (ElL, E2, E3, and
X); two cooling coils (F1 =nd F2); four thermocouples (T, T2, T2, and
T4); =nd the expansion valve V. The liguid hydrogen produced is collected
in the bottom of the glass Dewar vessel J and can be transferred there-
from through the vaecuum-jacketed transfer system HT, which extends to the
bottom of this vessel,

The two nitrogen pots operate at different temperature levels.
Pot N1, which is filled through K and has a vent R, ig operated at 77.3
%K., the normal boiling point of licuid nitrogen. The liquid nitrogen in
pot N2, which is admitted to pot N2 from pot N1 by valve RV operated by
the valve stem O, is made to boil under reduced pressure at 66°K. by
means of a vacuum pump (Welch Duo-Seal No. 1400B, 21 liters per mimute
free air capacity); connected =t L.

The liquid level in pot N1 is controlled by the thermouples T1



and T2 so that it remains between these two counles. Thus, the licuid
is 2lweys kept below hest exchanger E2, while the cooling coil Fl is
always immersed in the refrigerant, The sproce between Tl and T2 hes 2
volume of 350 cc,

The liquid level in pot N2 is not directly measurable, However,
the level can be regulated sufficiently well by the thermocouple T3,
which is soldered externally to the pot 2nd by the behavior of the vecuum
punp. This pot hes 2 volume of 200 cc.

The thermocouple T4, soldersd to the body of the expansion valve
V, permits the temperature of V to ba followed. About one liter of
liguid hydrogen can be collected in J before the licuid level reaches
the expsnsiocn valve.

The space between the bottom of pot N2 =nd the lowest coil of the
exchanger X was packed loosely with woolen blanket cloth. This insulstion
has been found to prevent diffusion or coavection of the cold low-pres-—
sure hydrogen into the higher temperature gzones hefore it pssses through
the exchonger. Failure to do this packing results in a very decided
decrease in the efficiency of liquefaction.7

The gpace between the bottom of N1 and the top of N2, the space
between the bress dome W =nd the outside surface of N1 in the region of
the heat exch=anger E2, 2nd the sonace surrounding the heat exchanger El
were =211 packed with this same meterisl. It is of considerable importance
that the outside surface of the uvper psrt of pot N1 be insulated since
the Dewar vessel does not extend into the brass dome. Even with insula-
tion, a great deal of moisture condenses on the outside surface of the

brass dome. If the liouid level in pot N1 is =llowed to be much above
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thermocouple T1l, this moisture is frozen.

Ehﬁ high- and low-pressure lines comnecting El and E2 were also
wrapped with this insulating materisl, which prevents frosting during
operation., With insulation the low-pressure hydrogen leaves El at 5 to
10°C. below room temperature.

The expansion vslve, the valve NV, and the transfer veslve require
special construction since they operate at low temperstures, be externally
adjustable, be small in sigze, and have delicate control. The expsnsion
valve, in addition, must operate with s pressure on the high side of 136
atmospheres and on the low side of about 1.5 atmospheres. After expsnsion
the liguid =nd gaseous hydrogen pass through copper turnings, which tend
to keep liguid hydrogen from entering exchangsr X as s mist.

A number of controls for operating the liguefier, as well as for
diagnosing troubles, are provided. Meamsurements of the pressure of the
hizh-pressure hydrogen are made at the second m=nifold, before the
hydrogen enters exchanger El, and at a point G2, just before the cold
gas enters the expsnsion velve. During operation with flow rates of 3
to 5 CFl, there exisbts no appreciable pressure drop across these points.
A third gsuge, G3, measures the hydrogen preséure after expansion in
the Dewar vegsel, This pressure in normal operation is 7 to 12 pounds
per square inch (psi). The Dewar is protected by a safety valve (not
shown) which is set for 50 psi.

A bourdon-type vacuum gauge in the pumping line L to pot N2
permits the pressure in the lower pot to be measured snd thus the tem-
perature to be obtained. A Kerotest disphragm-type valve in the pumping

line allows the pregsure in this pot to be meintained =t the desired.
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velue,

Provision has also been made for thawing out both the expansion
valve V =nd the heat exchanger X in case of freezing impurities. This
thawing-out is accomplished by directing a stream of warm gas against
the body of the expsnsion valve., This gas, controlled by a valve at the
second menifold (Figure 2), is adnmitted to the liguefier throuzh a 0.040"
0.D. x 0.010" wall cupro-nickel capillary tube (visible in Figure 7 tut
not shown in Figure 8), which passes along the outside of both nitrogen
pots, This device islof great help for rapidly werming the expansion
valve and exchanger X, An almost immediate response is indiCated by
thermocouple T4, The smell heat capacity of the parts involved permits
a repid return to hydrogen liquefiesr conditions when expsnsion is resumed.

Low-pressure, outgoing hydrogen is heated by high-pressure, in-
coming hydrogen at 21l liquefier tempersture levels by exchangers (El,
E2, B3, and X) until room temperature is almost reached. The cooling
which is not produced by exchsngers (ELl, B2, and BE3) is accomplished by
the nitrogen pots. These exchangers determine only the rate and thus the
quantity of liquid nitrogen used. The regenerative exchanger X determines
the regenerative cooling and thus the efficiency of the licuefaction
process. Therefore, exchangers (El, E2, =nd E3) are not as important as
exchanger X. It is cbviougly desirable th=t the efficiency of the heat
exchangers be as high as possible. This efficiency has heen well defined
=8 the ratio of the sctusl tempersture rise of the outgoing ges between
the two ends of the exchanger to the maximum possible temperature rise.
This is apgrokimately the ratio of the actu=l =mount of heat exchanged

between the two gag stresms to the maximum possible.
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The following information on heat exchangers follows closely
that given by Starr. 6 The regensrative exchanzer should have an effi-
ciency of at least 95%, and =ll others should not be below 90%., The
drop in pressure through both sides of the exchangers should be low in
order to maintain high efficiency of liquefaction. Excessive pressure
drop in the high-pressure side of the regenerstive exchanger resnlts in
Joule-Thomson cooling along the exchanger, and this self-cooling reduces
the heat exchange with outgzoing gas by reducing the temperature differ-
ence, Excessive pressure drop in the low-pressure side rsises the pres-
sure in the liguid hydrogen chamber =nd reduces the efficiency of
liquefaction by cousing ligquefaction at both a higher temperature and
pressure. Low- pressure in the hydrozen chamber is also desired for
structural reasons,

A pressure drop of not more than 0,8 stmosphere from the liguid
hydrogen cHamber to the outlet is satisfactory. Most of the pressure
drop occurs in the high temperature porticn of the exchanger system,
the exchanger X contributing a drop of only ,1 to .2 atmosphere. Under
these degcribed conditions the temperature of the high-pressure hydro-
gen before expension is sbout 42 to 46°K. (Appendix C). Therefore, there
is no liguid hydrogen formed in the high-pressure side of the exchanger
since the eritical temperature of hydrogen is 33,3°K.

The shortness snd compactness of the "twisted tube" exchsnger
(2 type of regenerative exchanger) has made it possible to use this kind
of a hydrogen liquefier. JFrom some experiments carried out at Johns
Hopkins University® it has been observed that with a flow-rate of about

3 CFM an exchanger of this type of 22" in length gave the same lique-



faction efficiency as one of 62" in length in the operation range of
2000 to 600 psi. However, this type of exchanger is gquite difficult
to construct., On account of ease of construction the flst tube ex-
changer used in the work was designed to replace the "twisted tube,”
The construction of the flat tube and "twisted tube" exchsngers is

given in Appendix B,

13
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CHAPTER IV
OPERATING CHARACTERISTICS OF LIQUEFIER

Three runs of varying length were made (July 3, July 25, and
Myzust 1) with this liquefier. The purpose of the first run was to
familiarige the operators with apparatus and to verify the fact that the
liquefier would produce liguid hydrogen. The efficiency of liguefaction
was not measured until the July 25 and Mngust 1 runs,

From an analysis of the first three runs, the composite run is
given in Table I, page 21. The production rate is esséntially that ob-
served on the Angust 1 run.

The ligquefier has given trouble-free performance except when
impure gas wes used, The expansion valve has needed only occasional
adjustment as the pressure in the cylinders fell, The hydrogen transfer
gystem has worked smoothly, The consumption of nitrogen has not been
excessive. After liquefaction had begun, the upper pot N1 reguired
filling every 12 to 15 minutes: and the lower pot N2 required filling
once an hour,

The rate of production of licuid hydrogen was measured as follows:
The liquefier was first drained of 211 liocuid hydrogen: then it was
allowed to run for a period of 20 to 30 mimtes. At the end of this
time the liguid hydrogen was transferred from the 1iquefier through the
trensfer valve to a deep Dewar vessel which already contsined liguid
hydrogen from a previous transfer. The hydrogen transfer tube is a
double walled, vacuum-jacketed tube constructed of cupro-nickel =1loy,

The inner tube .is provided with a vacuum-jacketed needle valve, oper-
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ating from valve stem on top of liquefier, Upon opening the transfer
valve, the liguid hydrogen was forced through the treonsfer system by
the excess of pressure (7 to 12 psi) on the liguid in the bottom of the
licuefier to the external Dewsr vessel. The incresse in the height of
the liquid level in this external Dewsr vessel was measured by means of
a thermocounle probe, surrounded by an electrical heater. 3By means of
the probe, the liguid level was messured to within 1/8", The production
rate cuoted in the sumn=ry of Table I was memsured in like menner, The
actual production r=te in the liquefieér is somevhat greszter than that
messured in this menner beceuse of heat le=sks, possible mist formation,
and pressure drop losses during transfer from liquefier. With a pressure
drop of 12 psi sbout 8% of licuid is lost (Apvendix O),

The actusl efficisncy of licuefaction was c=lcul=ted from the
volume of licuid hydrogen collected and the drop in pressure in cylinders
during the sesme period. This calculation is given on page 35. The
details of the calculation of fheoretical efficiency nre given in
Appendix C.

During these runs the lower nitrogen pot was kept at a temperature
of 66%K, The actusl aversge efficiency for the Ausust 1 run in the
ranges of 1880 to 1520 psi and 1520 to 1100 psi was found to be regpec—
tively 4.4 and 4.5%.* If transfer losgses are teken into account, these
efficiencies of ligquefaction should be raised to perhaps 6 to 8%. The

theoretical efficiencies of liguefaction in these pressure ranses are

¥ Since the Angust 1 run, the flat tube exchanger has been re=-
placed by a "twisted tube" exchsnger. A summary (Sept. 22 run) with this
later exchanger ig given as a comparison, See page 21,
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26 and 24% when T = 66°K.** =2nd 17 and 15% when T = 77,3°K,

The large difference between the nctual and theorsticel effi-
ciency of liguefection may be due to several causes?

(a) The transfer loss may be larger than estimated,

(b).The g=s reaching the top of the regenerstive interchanger
from the lower precooler may be wermer than the 66°K. used for the
efficiency cslculations: thet is, the lower precooler coil F2 may be
too short,

(¢) The efficiency of the regenerative interchanger may be low.

These three causes will now be briefly analyzed.

The trzansfer loss cen be evaluated if the gaseous hydrogen
produced during transfer is metered, since this will measure the amount
of liguid hydrogen lost, both due to heat losses in the transfer system
and to possible mist formation. Since no such measurements were made,
it is not possible to evaluate the transfer loss exactly.

In order to analyze the possible inefficiency occurring under items
(b) and (e), the Reynold's nmumber of the high pressure hydrogen passing
through the lower preccoler coil F2 and the regenerative exchanger X was
calculated for the various operating conditions used. These calcula-
tions together with graphs giving the viscosity of hydrogen gas as a
function of temperature =nd pressure are given in Apperndix F. It was
found that under all operating conditions the Reynold's mumber was above

10,000 (Figure 4), indicmting that the flow in both F2 and X is turbulent

¥* T = represents the temperature of hydrogen entering regenerative
exchenger,
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rether than streamlined flow,

Cooling coild Fl and F2 constructed of copper tubing operate
by transferring heat from the turbulent high-pressure hydrogen gas
to boiling liguid nitrogen. Since coil F1 to 14 feet long, it is
believed that the high pressure gss leaving pot N1 sh;uld be very
close to 77,3°K. Coil F2 is only 5.3 feet in length but h=s only
to cool the hydrogen from 77.,3°K. to 66°K. On the other hand, the re-
generative interchsnger is only 30 inches lcng and suffers the dis-
advantage of being constructed of = poor thermal conductor, namely
Super-nickel alloy, though the wall thicknegs of the tubing used is
only 0,010 inches, PFurthermore, the heat exchsnge is the regenerative
interchanger involves hest transfer between two turbulent gas streams.

It was not possible to separate satisfactorily the possible inef-
ficiencies occurring in F2 and X, However, since this work was completed,
the fl=at=tube regenerstive exchanger has been replnced by a "twisted=-tubel
exchanger of the same msterigl and length as X, 211 other parts of the
liguefier being kept the ssme, With thig single ch=nge the efficiency of
liquefaction has besn raised from 4,4 to sbout 10%,

This latter work strongly suggests that the reason for the poor
performance of the liguefier described in this thesis lies in the ineffi-
cient operstion of the flat-tube regenerative exchanger.

From this result alone it is still not possible to dstermine how
much of the remaining inefficiency lies in the cooling coil F2 and how
much is either the result of poor performence for the regenerative heat

exchsnger or the result of transfer losses. Measurements 0f the actual
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transfer losses together with a measurement of the temperature of the
high-pressure hydrogen reaching the top of the regenerative exchanser

are planned and should =id in settling these ocuestions,

On 21l runs with the apparatus the cylinders wesre replaced when
the pressure got as low as 500 to 600 psi. It is not economical to
operate with pressures much lower than this as the efficiency of ligque-
faction falls rapidly with lower pressure as seen on Figure 1. This
efficiency of liguefaction is expected to be still lower because of
the more rapid velocity of gas through exchanger X, which reduces heat
eéxchange and thus exchanger efficiency, The cylinders were =2lsc found
ti contain liquid water in the bottom. As the pressure of hydrogen in
the cylinders decreanses, the concentration of water vapor in gas in-
creases, which causes purification difficulties,

The agpparatus for méasuring liquid hydrogen consisted of a brass
case, containing a glass Dewar flask, 3-1/8" I,D.§ e rubber stopper; an
electrically heated thermocouple probe; and a double=walled vacuum glass
tube, The rubber stopper, having two holes through which passed the glass
tube and probe (surrounded by short piece of pressure tubing), fits into
the Dewar flask. Details of construction of probe are given in Appendix D,

When the probe was above the liguid level, the heater kept the
thermocouple well above the liguid hydrogen temperature, Once the thermo-
couple touched the liguid, a rapid deflection of potentiometer was ob-
served. Thus the liguid level could be located. However, the probe did
not give a direct measurement of lipuid depth, since the height of probe

was megsured from rubber stopper to top of probe.
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The flow meter is an orifice calibrated for two plates using a
manometer filled with colored water. The meter is not accurate enough
for calculating efficiency of liquefaction (explained in Appendix C) but

is extremely useful for keeping flow through the liquefier steady and

for obtaining a very good estimate of flow.



Time (hours)

0.0

.43

« 50

« 70

»80

1.44

1.53

2,65

.3.05

3,09

3.42

3.79

4.67

TABLE I

COMPOSITE RUN OF HYDROGEN LIQUEFIER

Operation

Three tanks on at 800 psi. Began cooling
charcoal traps of purifier with liquid
nitrogen.,

Began transfer of nitrogen to pot XNl.

Charcoal traps at liquid nitrogen tempera=-
ture (4 liters required to cool and fill
metal Dewar surrounding charcoal traps).

Began slow flow of hydrogen throusgh ligque-
fier (1 CFM).

Began transfer of liguid nitrogen to pot
N2,

Both pots full (2.0 liters liquid nitrogen
required), T4 reads 1,13 millivolts.

Hyérogen flow increased to 2 to 3 CFM,
T4 reads 6.8 millivolts, liquefaction of
hydrogen began. Cylinder pressure=-- 300
psi. .

Cylinders replaced by three cylinders with
1800 psi. Flow rate increased to 4 to 5CHM,

Cylinder pressure-- 750 psi.
Cylinders replaced by three cylinders with
1930 psi. Pressure in expansion chamber-—-

S psi,

Liguid hydrogen trensfer ended. Pressure--
1880 psi,

Lioguid hydrogen transfer ended. Pressure--
1520 psi.

Liquid hydrogen transfer ended. Pressure=—=
1100 psi,

Pressure in cylinder-- 605 psi. Bun stopped.
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PABLE I (cont.)

Sumary (Angust 1 run)
Production Rate-- 0.43 liters per hour at 4 to 5 CMM.
Consumption of liquid nitrogen
(1) To cool chsrcoal traps=- 4 liters

(2) To cool ligquefier to hydrogen temperature of ligue-—
faction-= 3 liters

(3) To produce 0.7 liter liguid hydrogen
(a) Purifier-- 3.9 liters
(b) Liquefier-- 5 liters
Total liguid nitrogen consumption-- 15,9 liters
The summary of the following run of September 22 is given as a
comparison of both types of exchangers usedi
- Sumary (Sept. 22 with "twisted tube')
Total volume of ligquid hydreogen produced-- 1.5 liters.
Production rate-- 0.75 liters per hour =t 3 to 4 CHF,

Liquid hydrogen produced per set of three cylinders (1900 to
700 psi.)-- 0.9 liter.

Consumption of liguid nitrogen
(1) To cool charcosl traps-- 6.2 liters

(2) To cool liguefier to hydrogen temperature of ligue=
faction=-= 3.0 litere

(3) To produce 1,5 liters liquid hydrogen.
(a) Purifier-- 4.7 liters
(b) Liguefier-- 4,4 liters

Total liguid nitrogen consumption-~- 18.3 liters,
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DETAILS OF CONSTRUCTION OF PURIFIER

All tubing used, unless otherwise noted, was 3/16" 0.D. x 0.035"
wall, desd-soft temper copper tubing. Either standard SAE flere fittings
or brazed (Basy-Flo) joints were used for construction. The interchanger
I consists of twelve turns of this copper tubing, constructed by soft-
soldering side by eide two 11.5 feet lengths. The interchanger was then
wound on g 3-7/16" diameter mendrel.

The cylindrical metel Dewar vessel is 23-1/2" deep and hss an
inside diameter of 4-1/4", It was specially constructed for this project
by the Hofman L=boratories, 212 Wright Street, Newark, N. J. It shows an
evaporation rate of .125 pounds of liguid nitrogen ver hour when half
filled.

The detziled design of the charcozl a2nd silica traps is shown in
Figure 4. The construction of the trans differs in thet the silica gel
trap is 32" long instead of 12" long. A1l parts of the trep, with the
exceptions of the copper inlet and exit tuhes "A" and the brass screens
HSTH and "SB", sre of monel. All joints were brezed using "Easy-FloM
silver brazing alloy. The tude "M was constructed of 1.75" x 0.22"
wall (No. 5 geuge) normslized cold drawn, seamless monel tubing. The
threasded monel olugs, "ET" and "EB" (24 thresds per inch), were msde of
hot rolled monel, The screens "ST" =nd "SB" were constructed of 1/32"
brass sheets drilled with mumerous 1/64" dismeter holes., They are held
in place by peening over the edge of the recess provided in the plugs
"ETH 2nd "EBM, respectively. The screens are intended to prevent the
ehercosl (or siliea gel) from leaving the trep, while permitting free

passage of gas.
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After braging, each trap was hydraulically tested to 5,000 pei
with the use of o0il. The average increase in diameter at this pressure
was 0,0005", No oil leaks appeared, and no permanent set was observed.
After the test the cap "e" was cut off the filling tube "P" (3/8" 0.D.

x 0.065" wall monel), and the trap was thoroughly cleaned with carbon
tetrachloride, The trap was then filled with either 119 grams of acti-
vated chercoal (Columbia Activated Carbon, Grade 6G, 8/14 mesh, obtained
from Carbide and Carbon Chemieal Corp., New York, N.Y.) or 522 grams of
activated silics gzel (Commercial grade, Type 3, obtained from Devison
Chemical Corp., Baltimore, Md.). The adsorbent was introdnced through
the filling tube WI" which passes through the screen "ST". The cap e
was then replaced and sesled with Easy-Flo.

The hydramlic testing unit used congisted of a hydraulic press
(Blackhawk Jack Model No. 76, made by Blackhawk Mfz. Co., Milweukee,
Wis.) and a 10,000 psi Ashcroft pressure Gsuge (Duro-gauge type 1077)
joined to the manifold by standard SAE copver flare fittings and 1/4"
O,Ds x 0.035" wall soft copper tubing. The pressure gauge was protected
by an Ashcroft gauge saver (type 1073), which dampens severe pressure
pulsations,

Each trap was filled with hydrsulic fluid before it was comnected
to the manifold by pulling & continuous vacuum on the trgp, which was
accompanied by a simultaneous filling with oil. The trap was then sealed
at one end, and the other was connected to the manifold with a fl=re
fitting. Thus the complete system was filled with fluid except for the
air needed to prevent oil from getting to gauge.

The silica zel trap (Figure 3) is provided with a 44 ohm bare
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‘nichrome wire (No. 22) heater, "H1" and "H2", wound onto a thin-walled
brass tube but separated from it by a layer of electrically insulated
cement (Samereisen Inss-lute Cement No. 1). The trap was placed inside
the heater tube; then the heater was thermslly lagged with asbestos. For
the charcoal trsps, a removable furnace was built into which the trap
agsembly fits. The furnace was s brass shell=-- covered with = layer of
cement, wound with o nichrome heater wire, snd insulated with 1/4" layer

of asbestos.
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