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PREFACE
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The first phase of the investigation, equilibrium in the system normal
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A complete description of the apparatus and results obtained have been reported
previously, Report No. 05664-1-T. That report may be consulted for details not

included here.

The second phase of the investigation, equilibrium in the system 20.4%
equilibrium hydrogen~helium wa.s conducted by Mx, Richard W. Crain, Jr., and Mr.
Sudhir Savkar, who also assisted {n the first study. Both phases of the inves—
tigation were carried out under the immediate supervision of Professor Richard

E. Sonntag.

The advice and assistance of Professors J.J. Martin, H., Merte, Jr., E.F.

Westrum, and G.E. Smith, i1s acknowledged with gratitude.

Sincere thanks are extendgd to Mr. Frank B. Drogosz and his staff in the
Department of Chemical and Metallurgical Engineering Instrumental Analysis Labo-
ratory for their work in the mass spectrometer analyses of the samples. The
assistance of Mr., Jack Brigham and the members of the staff of the Automotive

Engineering Laboratory is also appreciated.

Special thanks are extended to the Linde Company for their many contributiomns,
which included the construction of the cryostat, supply of the liquid hydrogen,
and advice on safety precautions in handling liquid hydrogen. The contribution
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June, 1964 G.J. Van Wylen
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I.

INTRODUCTION
A. GENERAL

The present investigation was undertaken to determine phase compositions
in the liquid-vapor system hydrogen-helium in the range 15.5-32.5%K at pres=-
sures from hydrogen saturation to 500 psi.

Knowledge of the solubility of helium in liquid hydrogen is of particular
importance, inasmuch as liquid hydrogen is commonly transferred by pressuriza-
tion with heliﬁm‘gas. Such information is also of interest in bubble-chamber
studies, where it may be possible to utilize hy&rogen-helium ﬁixtures to
investigate the interaction of high-energy particles with helium nuclei. The
hydrogen-helium system is also of interest from a theoretical standpoint,
since the two components are the elements with the two lowest critical tempera-
tures, both of which exhibit large quantum effects, and further because of the
different ortho-para modifications of hydrogen.

Prior to the present investigation, two studies have been made on the
liquid-vapor system hydrogen-helium, both covering only a limited experimental
range. Both of these investigations apparently used normal hydrogen (75% ortho,
25% para, the room temperature equilibrium composition) since no mention was
made of conversion.

The first of these is a Ph.D. thesis done by S. R.:Sm:l’thl at Ohio State
University in 1952. Smith reported experimental values of vapor and liquid
phase compositiohs at three tempefatures 17.40, 20.39, and 21.80°K, and at
pressﬁres up to 850 psia. The experimental apparatus and procedures used by
Smith and the results of his work are disgussed.elsewhere in this paper.

More recently Roellig and Gigse2 reported nine isolated pressure-
temperature points in the hydrogenfhelium system covering a temperature range

of 16.3-26.8°K and pressures up to 12.7 atmospheres,
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Comparison of the data from these two sources is difficult due to. the
small number of points reported by Roellig and Giese; however a cursory compar-
ison seems to indicate poor agreement, especially in the liquid phase composi-
tions where the reported helium concentrations differ by as much as a factor
of ten.

Roellig and Giese did not measure temperatures directly, but estimated
them by finding the partial pressure of hydrogen in the vapor phase (from the
mass spectrometer analysis of the vapor samples), and then taking the tempera-
ture from a vapor pressure curve for pure hydrogen, after first calculating
the depression of the vapor pressure due to helium in the liquid, using Raoult's
law. The assumption of ideal behavior in the liquid solution and in the vapor
phase hardly seems justified; moreover the temperature arrived at in this
manner is dependent upon the helium content of the liquid, which is perhaps
the least reliable portion of the experimental data. Eckert and Prausnitz3
criticized the temperature calculations of Roellig and Giese and concluded
that even at the relatively low pressures involved, the temperatures reported
were in error by as much as 2.7%.

In addition to the two reports of experimental work on hydrogen-helium
vapor-liquid equilibrium, two additional reports4’5 have been published which
deal specifically with this system, although they contain no original experi-
mental data. The first of these is a bibliography of references on hydrogen
and helium and their mixtures with other substances. The second is a theoret-
ical development of a thermodynamic consistency test applied to the data of

Smith, and is discussed elsewhere in this work.

B. PRESENT INVESTIGATION
The principal investigation undertaken on this project deals with the

system normal hydrogen-helium, and was the subject of the doctoral thesis by
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W. B. Streett6. This work has been reported previously in considerable detail7’8

and will be merely reviewed in the present report. Upon completion of that

phase of the investigation, it was felt necessary to study this system using
20.4°K equilibrium hydrogen (0.21% ortho, 99.79% para) instead of normal hydrogen,
in order to determine the nature and extent of any differences between the two
systems. It was not deemed necessary to make as thorough a coverage as in the
first phase of the work, since the prime concern here is with differences

between the two systems. Consequently, while eleven isotherms were investigated
for normal-hydrogen (15.5, 17.07, 20.4, 23.0, 26.0,29.0, 30.6, 31.0, 31.5, 31.9,
32.5°K),“only six were repeated for equilibrium hydrogen (20.4, 23.0, 26.0,

29.0, 31.0, 31.5°K) at pressures from hydrogen saturation to 500 psia.
P P
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EXPERIMENTAL APPARATUS AND INSTRUMENTATION
A. GENERAL

The experimental apparatus and instrumentation used in the present inves-
tigation have been discussed in considerable detail in reference 7, "Liquid-
Vapor Equilibrium in the System Normal Hydrogen-Helium", W. B. Streett,
R. E. Sonntag, and G. J. Van Wylen, report 05664-1-T, September, 1963. This
equipment will be reviewed here, along with a description of modifications
and additions made for studying the system equilibrium hydrogen-helium.
Reference 7 should be consulted for additional details regarding the basic
equipment.

As seen in the schematic diagram Figure 1, the experimental apparatus can
be divided into four basic areas: (1) cryostat; (2) vapor recirculation system;
(3) vapor pressure temperature control system; (4) liquid and vapor phase

sampling; each will be discussed separately below.

B. CRYOSTAT

A cross-sectional view of the cryostat is shown in Figure 2. It was
necessary to design the cryostat of stainless steel, since vapor pressure con-
trol was used for the liquid hydrogen bath, with cryostat pressure approaching
200 psi. The inner and outer vessels are made of schedule five type 304 S§
pipe (0,108 inch wall) with standard butt-weld pipe caps for the end pieces.
The inner vessel is constructed of 6 inch pipe, and has a' 3 inch pipe neck as
indicated in the diagram, in order to reduce heat flow into the cryostat. The
cryostat capacity is approximately 15 liters. The flange was machined from
3/4 inch stainless steel, reduced to 3/8 inch at the outer perimeter to reduce
heat conduction to the inner vessel. The top plate is machined from a 1/2

inch stainless plate, and sealed with a teflon-coated stainless steel O-ring.
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Insulation of the cryostat is achieved by 0.8 inch of Linde S8I-4 multi-layer
insulation, and a liquid nitrogen reservoir, as shown in Figure 2. The cryostat
was also covered with fiberglass and styrofoam insulation to further reduce the
heat load.

The cryostat is provided with a vertical-acting solenoid operated stirring
device actuated by a mechanical-electrical timing circuit. In the operation of
the cryostat for invesfigation of the system normal hydrogen-helium, it was
found that the bath liquid hydrogen was boiled away at the rate of about 1 liter
in 6 hours. In the later experiments with equilibrium hydrogen, this rate was
increased considerably when hydrogen was being converted in the loop, because

of the large heat release associated with ortho-para conversion.

C. VAPOR RECIRCULATION SYSTEM

The vépor recirculation portion of the experimental apparatus is shown in
detail in Figure 3, and includes the equilibrium cell, counterflow heat exchanger
voluﬁe regulator,‘vaﬁor sample trap, maghetic pump, pressure gage, flow meter
and associated valves and tubing. The total volume of the loop including the
equilibrium cell is approximately 180 cc, and was kept to a minimum so that the
vapor can be recirculated in a small amount of time.

The equilibrium cell, shown in Figure 4, is constructed of free-machining
copper, and has an internal volume of about 55 cc. A small piece of copper
wool was placed at the top of the cell, to prevent liquid droplets from being
carried out with the circulating vapor, and copper wool at the bottom was used
to help break up vapor bubbles entering the cell. The 1/8 inch copper vapor
line entering the bottom of the cell is loosely coiled several times around

the cell to assure that vapor entering the bottom is cooled to the equilibrium
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temperature. The inlet and outlet vapor lines are wound together to form a
helical counterflqw heat exchanger in the cyrostat neck, as indicated in
Figure 2 in order to precool the inlet vapor and reduce the cryostat heat load.
The floating-piston volume regulator was placed in the recirculation loop
to permit the adjustments in loop volume and consequently in equilibrium
pressure. The vapor sample trap consists of two coils of 1/4 inch copper tubing,
in the center of which is a sampling valve. The valves at the ends of the coils
serve to isolate a portion of equilibrium vapor in the trap before the sampling
is performed.
The double-acting magnetic recirculating pump and its associated mechanical-
electrical pulsing circuit were constructed for this investigation. It is neces-
sary to have a non-contaminating source of pressure to circulate the vapor at a

variable, low rate of flow.

D. VAPOR-PRESSURE TEMPERATURE CONTROL SYSTEM

Bath temperature control is achieved by an automatic vapor-pressure control
system, shown in Figure 5. The mercury U-tube switch § is constructed from a
1 inch thick Plexiglas block, and has platinum wire contacts.

Operation of the control system is based upon comparison of the bath pressure
with that in a reference volume V. Bypass valve C is manually adjusted to give
rough control of the bath pressure at the desired value, after which valve A
is closed. Fine control is then achieved automatically by the solenoid valve
K, actuated by the mercury U-tube switch. The large bypass D is used in conjunction
with the vacuum pump when operating the system at less than ambient pressure. Any
tendency for long-term drift of the system can be compensated by making fine

adjustments of the quantity of gas in the reference volume through valves G and
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H. Using this system, it is possible to control the cryostat pressure to within
1 mm mercury for long periods of time, which corresponds to a control in tempera-

ture of about 0.005°K over most of the temperature range of the investigation.

E. LIQUID AND VAPOR SAMPLING SYSTEMS

A schematic representation of the liquid and vapor portions of the apparatus,
an extremely important part of the experimental equiément, is given in Figure 6.
The vapor sample trap has been described previously. A length of stainless
capillary tubing connects valve A with the sample bank, in order to control
sample flow rate during high pressure runs. Check valve C opens to the vent
line at 1.5 psi gage, thereby preventing pressure build-up in the glass sample
bottles.

Liquid phase sampling is achieved through a 0.004 inch ID stainless capillary
located in the equilibrium cell as shown in Figure 4. Extreme care must be
exercised in sampling the liquid, inasmuch as the sample vaporizes in the tube
as it warms to ambient temperature, and fractionation with subsequent change
in composition must be avoided in withdrawing the sample. The first length of
liquid sampling line is about 72 inches long, at which point two flow-regulating
needle valves J and K are installed. Two bypass loops, each 72 inch lengths of
capillary, are installed beyond fhe control valves, and provide a close control
over the sample flow rates. Thus, the liquid can be withdrawn very slowly from
the cell over a wide range of cell pressure. The flow meter is used in-conjunc-
tion with the liquid sampling system so that the line can be purged by discarding
a controlled initial quantity of sample at the time of taking the data. A
check valve is also used in this system to prevent excessive pressure in the

glass sample bottles.
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F. INSTRUMENTATION AND ACCURACY

The equilibrium temperature is measured using a Leeds and Northrup type
8164 platinum resistance thermometer mounted in a hole in the equilibrium cell
block, as shown in Figure 4. Measurements are made by a Leeds and Northrup
#8069 type G-2 Mueller bridge, with a null-detecting type 2284-d reflecting
galvanometer hung in a Julius suspension. Temperature changés éf 0.002°K can
be detected with this equipment in the range of the present study, although
the temperature scale is accurate to only 0.01°K.

Gold-cobalt vs. copper differential thermocouples are used to determine
the temperature distribution throughout the cryostat. Five thermocouples were
used in the study of the normal hydrogen-helium system; an additional thermo-
couple was added in the subsequent study using equilibrium hydrogen in order
to be able to check the catalytic reactor temperature. The thermocouples are
constructed of 30 gage wire, and are all referenced to the platinum resistance
thermometer location. Thermocouple EMF's are measured by a Leeds and Northrup
type K-3 potentiometer with a type 9834 electronic D-C null detector. Accuracy
of these differential measurements is of the order of 0.02°K at the highest
temperature and 0.04%K at the lowest temperature of this study.

Equilibrium pressure is measured in the vapor recirculation loop on a
0-500 psi, 16 inch, calibrated Heise gage, shown in Figures 1 and 3. ‘The gage
is accurate to 0.1% full scale, or 0.5 psi for this work. Vapor pressure of
the hydrogen cryostat is measured, for the purpose of rough initial settings,
using a 0-200 psi, 16 inch Heise gage for pressures above atmospheric, and by
a 0-30 inch mercury manometer for pressures below atmospheric. All auxilliary

pressure measurements are made with standard bourdon tube gages.
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Samples taken of the liquid and vapor phases were analyzed in the Instru-
mental Analysis Laboratory of the Department of Chemical and Metallurgical
Engineering of the University of Michigan. Analyses were performed using a
Consolidated model 21—103 mass spectrometer. The limits of accuracy of this

instrument are as follows:

Mole % of Max. mole Max. %
component X% deviation deviation
100.0 + 1.0 + 1.0
10.0 +0.10 + 1.0
1.0 +0.05 + 5.0
0.1 +0.01 +10.0

G. MODIFICATIONS FOR EQUILIBRIUM HYDROGEN STUDIES

Only minor modificétions and additions to the equipment have been made
for studying the system equilibrium hydrogen-helium. A small catalytic reactor,
shown in Figure 7, was designed, and is constructed of copper. Since ortho-para
conversion is a highly exothermic reaction, the bar was milled to the cross-
section shown to pfovide maximum surface for heat transfer to the bath hydrogen.
The four-parallel-tube construction was used in order to minimize pressure drop
in the loop. The catalyst used for conversion in this work is hydrous ferric
oxide, ground to about 30 mesh size.

The reactor is installed inside the cryostat in the vapor recirculation
line immediately above the equilibrium cell. The recirculation line is loosely
coiled several times at both the reactor inlet and outlet, to assure temperature

equilibrium of the circulating vapor with the bath liquid hydrogen.
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Before the experimental studies were begun, the catalyst was activated
by immersing the reactor in a bath of boiling turpentine (159°C) for a period
of four hqurs while purging with helium gas. It was necessary thereafter to
prevent contact of the catalyst with air, so the recirculation system was
always filled with helium when not in use.

Hydrogen analyses for ortho-para content are performed using a Gow-Mac
model 9285 thermal conductivity cell with a power supply-control unit model
405C1. The schematic diagram of the analyzing system is shown in Figure 8.

Provision was made to enable drawing a sample from either the vapor
recirculating system or from the liquid sampling capillary. The pressure is
closely regulated using a Matheson Series 70 low pressure regulator set at
10 inches of water gage. The flow rate through the cell is held at 50 cc/min.
STP. The thermal conductivity of the sample is compared to that of a reference
stream. Provision was made to pass either room-temperature hydrogen (normal
H2) or samples of cryostat boil-off hydrogen (20.49 equilibrium H2) throqgh
the reference cell. Output from the analyzer is read on a Beckman model

93500 potentiometric recorder.
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OPERATIONAL PROCEDURES
A. PREPARATION OF EQUIPMENT

The first step in the preparation of the equipment is the precooling
of the cryostat and equilibrium cell with liquid nitrogen. This is desirable
as it avoids the use of large quantities of liquid hydrogen for cooling. The
equilibrium cell and recirculation loop are first evacuated and purged several
times with helium to insure that no air remains to freeze in the capillary
lines upon cooling. Liquid nitrogen is then introduced into the inside
of the cryostat and into the nitrogen reservoir at the top. The rapid vapor-
ization of the nitrogen as it first enters serves to purge much of the oxygen
from the system.

Because of the danger of explosion resulting from mixtures of air and
hydrogen, extreme care must be taken to remove all traces of air from the
system before hydrogen is introduced. Pure helium or nitrogen gas is allowed
to flow continuously through the vent system for approximately 20 minutes
before the hydrogen is introduced. The liquid hydrogen storage dewar is
brought into the test cell and the transfer line connected to the dewar and
cryostat. The cryostat, vapor pressure control system and transfer line are
then alternately evacuated and purged with helium gas.

Liquid hydrogen transfer to the cryostat is achieved by the hydrogen dewar
pressure (10 - 12 psig) at a rate of several liters per minute. The cryostat
liquid level is checked with a small carbon resistor probe, and the temperatures
indicated by the resistance thermometer and thermocouples are observed. The
cryostat was normally filled to a depth of about 20 inches (about 10 liters)
for runs involving normal hydrogen, and to about 24 inches for those for equi-

librium hydrogen, since the latter boiled away more bath liquid.
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B. RUN PROCEDURES

Operation of the vapor-pressure temperature control system has been des-
cribed previously. To obtain temperatures below the normal boiling point of
hydrogen (20.3°K) a vacuum is pumped over the bath as indicated before. For
temperatures above the normal boiling point, the vent lines are closed and the
cryostat pressure allowed to build up to the desired value. It has been found
that this procedure results in a stratification of the bath liquid, with persis-
tance of large temperature gradients. Thus, while a layer of liquid hydrogen near
the liquid surface reaches the saturation temperature corresponding to the set
pressure quite rapidly, the bulk of the liquid warms only very slowly. When the
system was first placed into operation, it was found that in several hours the
liquid bulk temperature would rise only a single degree. The cryostat stirring
mechanism did not provide sufficient liquid circulation to overcome these gradients,
and frequently jammed and did not function properly.

This problem of very slow bath temperature rise was eliminated in the normal
-H2 study by inserting a length of tubing into the cryostat and pumping a small
quantity of warm hydrogen gas through the liquid, thereby achieving a rapid rise
to the desired value. It was unfortunately not possible to use this procedure for
those runs with equilibrium -H2 when fhe hydrogen supply was drawn from cryostat
boil-off vapor, at least until a sufficient quantity of boil-off had first been
collected.

Once the desired bath pressure is reached, it is held automatically by the
vapor-pressure control system. It is frequently necessary to adjust very slightly
the quantity of gas in the reference volume, so as to obtain exactly the temper-
ature of the bath, once the temperature has stabilized the bath becomes uniform
in temperature throughout the liquid, with the gas space at the top of the
cryostat being somewhat warmer.

Charging the loop with hydrogen-helium mixtures is somewhat different for the
two systems studied. In the normal hydrogen-helium system, the supply of hydrogen

used in Matheson ultra-pure grade having total impurities of less than 10 ppm.
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Since this is stored at ambient temperature, it exists as normal —H2 (75% ortho,
25% para). The gas is first changed into a 1500 cc charging cylinder to a prede~
termined pressure. The mass of hydrogen necessary to fill the equilibrium cell
approximately half full of liquid at the given temperatﬁre has first been calcu-
lated, as has the correlation betweeﬁ mass and pressure in the charging cylinder.
The hydrogen is then slowly admitted to the loop until the desired amount has been
charged, after which the loop is pressurized with helium gas until the desired
system pressure is reached. The supply of helium used in this investigation ié
special analyzed helium donated by the U.S. Bureau of.Minés Helium Resc:.rch Center,
Amarillo, Texas, and has total impurities less than 12 ppm.

In the investigation of the syétem equilibrium hydrogen-helium, the supply of
equilibrium hydrogen was prepared by one of two -alternate methods. In early runs,
the hydrogen was charéed in the same manner as for the previous work, in which case
it waé necessary to convert the hydrogen using the catalytic reactor. Using this
procedure, the hydrogen charged into the loop is circulated by the magnetic pump,
passing continuously through the reactor, which is located in the cryostat. Samples
are periodically withdrawn and passed through the thermal conductivity analyzeL
gystem to be checked for ortho-para content. It was necessary to circulate the
hydrogen for a period of several hours to achieve complete conversion to 20.4°
equilibrium composition, and this required time gradually increased because of the
decrease in catalyst effectiveness. This resulted in the boil-off of large quan-
tities of liquid hydrogen from the bath, as a result of the normal heat load and,
in addition, the heat release of ortho-para conversion.

Part of the experimental data presented in this report were run using hydrogen
converted in this manner. It ultimately proved to be more convenient, however, to
use cryostat boil-off vapor as the source of equilibrium hydrogen. Samples of
boil-off gas analyzed by mass spectrometry indicated a few hundredths of one per
cent helium (perfectly acceptable in this study), and a trace amount of neon.

The problem of using cryostat boil-off is that its pressure is not
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sufficient to charge the 1500 cc charging cylinder to the desired amount.

Since a non-contaminating hydrogen compressor was not available, it was there-
fore necessary to charge this supply of equilibrium hydrogen into the loop in
small low-pressure increments. This process is very time-consuming, but was
ultimately felt to be more practicai than converting room-temperature hydrogen.

Once the desired quantity of equilibrium hydrogen has been charged into
the system by either of the described procedures, helium is added until the
desired system pressure is reached, as in the earlier study. Repeated exper-
imental runs made using the alternate sources of equilibrium hydrogen showed
no differences in composition of the two phases, and it was concluded that
both methods are acceptable.

In each study, numerous runs were made to determine the approximate time
required for the hydrogen-helium mixture to reach equilibrium with continuous
vapor recirculation. This was tested by holding pressure and temperature
constant and taking samples of each phase at different time intervals. Analyses
of these samples indicated that composition remained constant after about 10-15
minutes. Thereafter, samples were taken after about 20 to 30 minutes, and in
some instances even longer, to insure that equilibrium was reached.

Sampling of the liquid and vapor phases was discussed in the previous
section. Extensive tests were run early in this study to determine the repro-
ducibility of liquid sample compositions over a range of sample flow rates and
capillary line length and purge time. It was found that by flowing the sample
for 15-20 seconds before admitting the sample to the bottle, the results were
very consistent and reproducible. It was also found that if the sample flow
rate was not too high, there was no pressure drop in the loop during sampling,
which indicates that equilibrium between the phases in the cell has not been

disturbed by the sampling process. There were in general no difficulties
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encountered with vapor phase sampling during the course of this investigation.

C. OPERATIONAL DIFFICULTIES

In general the apparatus functioned satisfactorily, and no serious
difficulties were encountered during the majority of this investigationm.

The principal problem in the first phase of the work was that of raising the
bath temperature in a reasonable period of time to study those isotherms above
20.4%°K. This was resolved by pumping hydrogen gas through the liquid as
described previously.

There were difficulties with the bath stirring mechanism throughout the
first phase of the study, as the stirrer rod frequently jammed on a guide ring
in the cryostat, rendering the stirring device inoperable. This was not felt to
be of importance, as temperature gradients were non-existant in the liquid once
the temperature had stabilized. This was repaired, however, and the stirrer
functioned properly during the second part bf the research. The differential
thermocouple located at the bottom of the equilibfium cell apparently shorted
early in the investigation and was later replaced, although this difficulty
recurred. Thié also presented no problems, since there was another thermocouple
nearby in the liquid that coﬁéistently indicated no temperature gradient with
respect to the resistance thermometer reference location.

One phenomenon, not associated with equipment failure, was encountered
during the runs at 15.5 and 17.07°K in the system normal hydrogen-helium.

At each of these temperatures, there is a pressure in the range studied at which
the density of the vapor phase (principally helium) becomes equal to that of
the liquid phase (principally hydrogen). At pressures above such a value, the
vapor phase is more dense than the liquid, such that the mixture is apparently
inverted in the equilibrium cell with the liquid fleating on top of the vapor.
Smithl observed this phenomenon in his studies of the system and concluded

that it occurred at pressures slightly above 500 psia in the temperature range

in which he was working (17.4 - 21.8%K).
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Before runs were made at the lower temperatures in the present work,
calculations were made to estimate the pressure at which this inversion
should occur, using data on hydrogen and helium densities from Chelton and
Mann.9 These calculations indicated that at temperatures around 15.0° this
inversion would take place at a pressure of about 350 psia, and at higher
pressures with increasing temperatures.

When the run was made at l7.07°, the apparatus functioned normally for
pressures up to 400 psia; however when an attempt was made to set the pressure
at 500 psia there were two indications that the inversion pressure had been
exceeded. First, the pressure in the circulation loop began to oscillate,
with a period of several minutes, between about 480 psia and 505 psia; these
oscillations leveled off to about 6 1lb after 30 min. Secondly, there was a
sharp increase in the rate of boil-off of the liquid hydrogen in the cryostat,
requiring a reédjustment in the valve settings in the vapor pressure-control
system. Neither of these phenomena had been observed previously. Assuming that
the inversion had taken place, the probable explanations are as follows. The
pumping action of the magnetic pump draws liquid up the outlet line of the
equilibrium cell, and it vaporizes as it reaches a warmer portion of the equip-
ment. This causes a gradual pressure rise, which continues until the evaporated
liquid has traversed the circulation loop and re-entered the equilibrium cell
where it condenses and (presumably) returns to the liquid by floating up through
the vapor at the bottom. The increase in boil-off of the bath liquid can be
explained as a result of the additional heat supplied by the condensation of
the circulating mixture as it re-enters the cryostat.

During the 15.50° run, data were taken in the normal manner at 300 psia,
but the phenomena described above occurred when an attempt was made to set the

pressure at 400 psia.
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At the two points mentioned above, where the phases were inverted,
samples were taken in the usual manner, but the compositions obtained from
their analyses were entirely inconsistent with the other results, and the
data were discarded.

No further attempts were made to take data at pressures above the in-
version point, since the inaccessible region included only a small portion
of the total area of interest. These isotherms were not run for the system
equilibrium hydrogen-helium, since comparisons with normal hydrogen-heiium
results at the higher temperatures indicated that differences between the two
systems should be extremely small in this region.

Other difficulties, mostly of a minor nature, occurred when taking data
on the equilibrium hydrogen-helium system. The brass fittings on the mercury
U-tube vapor-pressure control failed as a result of corrosion by the mercury
and were replaced by stainless steel fittings. The D-C motor operating the
magnetic pump switching system also.failed and had to be replaced. There
were numerous problems with small vacuum leaks in the equipment, such that
several fittings and valves had to be replaced as well. Several times these
small leaks apparently developed in the recirculation loop as the loop was
being evacuated prior to charging with hydrogen for an experimental run. Con-
sequently, minute quantities of air entered the loop and partially poisoned
the catalyst, thereby reducihg its conversion effectiveness. More seriously,
the air froze solid as it reached the portion of the loop inside the cryostat,
so that operation of the equipment would have to be cancelled and the cryostat
warmed to ambient temperature.

The difficulties described above can all be classed as minor operational
nuisances. There was, however, one problem in running the equilibrium hydrogen-

helium data that is of a more severe nature. In running the higher temperature
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isotherms, 31.0 and 31.5% in particular, it required long periods of time
to reach the equilibrium temperature and charge the cell with equilibrium
-H2 by either of the methods discussed previously. These times were much
longer than for the investigation with normal hydrogen. Consequently, by
the time the system was prepared for the collection of data, the bath liquid
hydrogen level had frequently fallen to the point where it was possible to
take only one or two data points. Refilling the cryostat must be done at
atmospheric pressure (20.3K) with subsequent long waiting periods for the
bath to again rise to the desired to the desired temperature. When these
problems were compounded by those of the vacuum leaks and also the inherent
difficulty of obtaining a point inside the samll two-phase loop at the high
isotherms, the results were often unsatisfactory. From the results, it will
be seen that the data at 31.0°K turned out extremely well, in spite of these
problems. The results for the vapor phase at 31.S°K, on the other hand, are
quite disappointing, and cannot be considered of the same quality as the

results obtained in the rest of the present study.
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IV. RESULTS IN THE SYSTEM NORMAL HYDROGEN-HELIUM AND COMPARISONS WITH PREVIOUS
WORK .
A. PRESENTATION OF RESULTS

The experimental results for the system normal hydrogen - helium have
been presented in the previous report, reference 7, by W.B. Streett, et. al.
They are also included here for convenience and for the purpose of comparison
with the system equilibrium hydrogen - helium.

The results of the experiment are summarized in Table I and Figs.

9-14. In general, points were taken along each isotherm at pressure intervals
of 25 psi up to 200 psia, and at the higher pressures 250, 300, 400, and 500
psia. The three pointsvrun at 30.60° were taken in an attempt to locate the
critical point for that isotherm.

Figure 9 is an isothermal pressure-composition diagram, representing
the projection on the P-x coordinate plane of curves cut in the P-T-x surface
by planes of constant temperature. A portion of this diagram, on which most
of the liquid lines cross each other, is shown on an expanded scale in Fig. 10.

Figure 11 is a plot of the data on a temperature-composition diagram.
These curves are projections on the T-x coordinate plane of curves cut in the
P-T-x surface by planes of constant pressure. Because the data were taken
at the same pressures at each temperature, very little interpolation of the
P-x isotherms was required to plot the curves in Fig. 11. Figure 12 shows
the liquid region of the temperature-composition diagram«onagn;expanded‘acale.

Figure 13 shows a cross-plot of the data from Figs. 9 and 11 on a pressure-
temperature diagram. These curves are lines cut in the P-T-x surface by planes

of constant composition.

Figure 14 is a plot of equilibrium constants K vs. pressure. The constant
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TABLE I

NORMAL HYDROGEN-HELIUM
SUMMARY OF EXPERIMENTAL DATA

Temperature Pressure Liquid Vapor

(°k) (psia) Mole % He Mole % Ho Mole % He Mole % Ho

49.5 . --- 93.78 6.22

75.0 0.29 99.71 95.51 L. ko

100.0 0.46 99,5k 96.31 3.69

125.0 0.51 99.49 96.77 3,23

15.50 150.0 0.55 99.L45 97.02 2.96

175.0 0.64 99.3%6 97.1k4 2.86

200.0 0.71 99.29 97.29 2.71

250.0 0.82 99.18 97.41 2.59

300.0 0.87 99.13 97.48 2.52

56.5 0.%6 99.6h 89.67 10.3%3

75.0 0.43 99.57 91.86 8.1k

100.0 0.57 99.43 93.30 6.70

125.0 0.72 99.28 9k,12 5.88

150.5 0.80 99.20 ol. 64 5.36

17.07 175.0 0.89 99.11 95.03 4.97

200.0 1.00 99.00 95.15 4.85

250.0 1.1k4 98.86 95.56 L.L4h

300.0 1.31 98.69 95.82 4,18

400.0 1.51 98.49 95.90 4.10

35.0 0.34 99.66 53,60 46.40

50.0 0.4l 99.59 65.45 34.55

75.0 0.61 99.39 75.40 24,60

100.0 0.84 99.16 80.30 19.70

125.0 1.05 98.95 83.20 16.80

20.40 150.0 1.30 98.70 84.80 15.20

175.0 1.54 98.46 86.03 13.97

200.0 1.67 98.33 87.13 12.87

250.0 2.05 97.95 88.41 11.59

300.0 2.3%6 97.6k 88.97 11.0%

400.0 2.96 97.0k4 90.08 9.92

500.0 3.39 96.61 90.35 9.65

50.0 0.3%8 99,62 37.00 63.00

75.0 0.75 99.25 53. Lk 46.56

23.00 100.0 1.15 98.85 62.90 37.10

125.0 1.36 98.64 67.87 32.13

150.0 1.72 98.28 TL.75 28.25

175.0 2.15 97.85 Th.35 25.65
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TABLE I (Continued)

Temperature Pressure Liquid Vapor

(°K) (psia) Mole $ He Mole % Ho Mole $ He  Mole % Ho

200.0 2.39 97.61 76.30 23.70

250.0 2.91 97.09 78.78 21.22

23,00 300.0 3.55 96.45 80.55 19.45

400.0 4,58 95.k42 82.34 17.66

500.0 5.46 ok, 54 83.30 16.70

81.0 0.67 99.33 22.60 77.40

100.0 0.97 99.03 33.50 66.50

125.0 1.43 98.57 43.37 56.63

150.0 1.92 98.08 L9. 77 50.23%

26.00 200.0 2.86 97.1k4 56.90 43,10

250.0 3,64 96.36 62.67 37,33

300.0 L.76 95.2k4 65.65 3l 35

L00.0 6.6k 93.3%6 68.58 31.k42

500.0 8.48 91.52 70.02 29.98

127.0 0.91 99.09 14.03 85.97

151.0 1.50 98.50 21.92 78.08

175.0 2.20 97.80 27.75 72.25

200.0 3.07 96.93 32.93 67.07

29.00 250.0 L.59 95.41 39.54 60.46

300.0 6.21 93.79 43.70 56.30

400.0 9.63 90.37 47.95 52.05

500.0 13.35 86.65 49.20 50.80

300.0 7.29 92.71 30.32 69.68

30.60 400.0 13.24 86.26 32.60 67.40

450.0 17.95 82.05 30.36 69.64

176.5 1.49 98.51 11.28 88.72

199.0 2.51 97.49 15.59 84,41

250.0 4.78 95.22 22.58 77.42

300.0 7.49 92,51 26.57 73.43

31.00 325.0 8.73 91.27 27.55 72.45

350.0 11.03 88.97 27.85 72.15

375.0 12.93 87.07 27.59 72.41

400.0 15.64 84,36 25.78 Th.22

413.0 - 20.87 79.13 21.85 78.15
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TABLE I (Concluded)

Temperature  Pressure Liquid Yapor

(°K) (psia) Mole $ He Molie % Ho Mcle % He Mole % Ho
177.0 1.27 98.73 T.67 92.33
200.0 2.30 97.70 11.94% 88.06
225.0 3.61 96.39 15.64 84,36
250.0 4.83 95.17 18.35 81.65

31.50 275.0 6.26 93. 7k 20.30 79.70
300.0 8.18 91.82 21.37 78.63
325.0 10.47 89.53 21.49 78.51
351.0 16.59 83,41 17.58 82.k42
174.5 0.81 99.19 L.00 96.00
200.0 2.07 97.93 8.31 91.69
220.0 3.17 96.83 11.75 88.25
238.5 4.29 95.71 13.86 86.14
250.5 4.99 95.01 14.82 85.18

31.90 261.5 --- -—- 15.62 8L4.38
275.5 6.87 93%.153 16.19 83.81
289.5 8.71 91.29 16.35 83.65
300.0 10.10 89.90 15.88 84,12
308.5 12.02 87.98 --- ce-
188.5 0.98 99.02 3.12 96.88
200.0 1.68 98.32 4.80 95.20

32.50 220.0 3.10 96.90 b 92.55
2k2.0 5.09 ol,91 - -
250.0 5.99 ok.01 - ---
258.0 65.75 93%.25 ——- c--
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K is defined as the ratio of the mole fraction of a component in the vapor

to its mole fraction in the liquid.

B. DISCUSSION

The behavior of this system, as shown by the curves in Figs. 9-13 {8 *
similar to that of other systems involving components whose critical points
are far apart. Similar behavior is exhibited, for example, by the systems
nitrogen-helium, 10, 11 and nitrogen—hydrogen.12

In the P-x diagram of Fig. 9 and the T-x diagram of Fig. 11, each curve
is divided into two branches, representing the equilibrium liquid and vapor
compositions. At fixed pressure and temperature (represented by a horizontal
line in either diagram) the two co-existing phases lie at the ends of a
horizontal line between the two curves. The region between the curves
represents mixtures consisfing of two phases, while points outside are in
a single phase region. The two branches of each equilibrium curve on these
diagrams merge at a point at which the two phases become indistinguishable.
These points are called critical points and their locus on the P-T-x surface
is called the critical curve. It projects as a smooth curve on each of the
three coordinate planes of the P-T-x diagram. In general, the critical curve
will appear on the pressure-temperature plot as an envelope (sometimes called
the critical envelope) which is tangent to each of the curves of constant com-
position; thus critical points will always appear as maiima or minima on the
curves in the P-x and T-x diagrams. A further discussion of this subject
may be found in the book by Ruhemann.]'2

Each of the closed loops in Fig. 9 includes a region of retrograde
condensation. This is that portion of the curve which lies to the right
of a vertical line through the critical point of the loop. For example, if

a low pressure gas mixture containing 25% helium is compressed isothermally
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at 31.00, condensation will occur first at a pressure of about 275 psia.
Condensation will continue upon further compression up to about 380 psia;
however at higher pressures the liquid will begin to evaporate and will
disappear completely around 405 psia, leaving a single vapor phase as in

the beginning.

In Fig. 10 the scatter in the liquid region of low helium content is
greatly magnified. In general, the deviation of points from a smooth curve
does not exceed 0.1 mole percent, which for most points does not exceed the
limits of accuracy of the mass spectrometer in this region.

In Figs. 11 and 12, the data exhibit reverse-order solubility in the
liquid region. This is defined as an increase in the solubility of a cons-
tituent with increasing temperature, at constant pressure, and is characterized
by a positive slope of the liquid lines on the T-x diagram.

The area on the P-x diagram of Fig. 9 in which the liquid lines cross
represents a region in which a minimum occurs in’the bubble point curves in
the P-T diagram. Thus a minimum would be expected in the bubble point curves
for mixtures with up to 4% helium. (The minimum in the 1% line in Fig. 13
is out of the range of the diagram to the left).

The critical curve shown in Figs. 9, 11 and 13 has been estimated from a
study of the trend of the data on the P-x, T-x, and P-T plots. Because of the
flatness of the P-T-x surface in the vicinity of the critical curve, it is
difficult to locate critical points accurately. No visual observatiéh of phe-
nomena in the critical region was possible in this experiment, due to the
nature of the apparatus.

Several runs were made at the higher temperatures in an attempt to complete
those loops which close at pressures below 500 psia. With an apparatus

of the type used in this work, the problem is somewhat difficult. At
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a given temperature, say 31.50, pure hydrogen is charged into the cell
and a predetermined amount of liquid is condensed. At this point the
contents of the cell are represented by the point in Fig. 9 at which the
31.5° loop touches the left edge of the diagram. Helium is added to the
loop and the pressure rises, and a curve of total composition vs. pressure
for the mixture extends into the loop. With further addition of helium,
the pressure and total helium content increase; however the path followed
by the line representing total composition is not accurately known, aud a two-
phase mixture will exist only as long as the curve remains inside the loop.
It may happen that it passes out of the loop and into a single phase region
before the critical pressure is reached. This would mean either that all
of the liquid had evaporated (exit on the vapor side), or that the cell
became swamped with liquid (exit on the liquid side); During the run at 32.5°
the cell apparently became swamped with liquid at a’preésure above 220 psia,
since the samples taken at higher pressure showed the same composition for
liquid and vapor, although the compositions fell along a smooth curve with
the liquid data at lower pressures. The same phenomenon was observed at
31.9° and 308.5 psia.

In general there is reasonable agreement between the critical curves
obtained on each of the three diagrams (P-x, T-x, and P-T). The critical
points indicated on these diagrams are estimated to be accurate to within

+ 10 psi, + 0.2°K, or + 0.2 mole percent.

C. COMPARISON WITH PREVIOUS WORK
The work of Smithl and of Roellig and Giese2 on the vapor-liquid equi-
librium of the hydrogen-helium system has been mentioned previously. A com-

parison of their results with the present work is shown in Figs. 15-18.
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Fig. 15. Comparison with previous work, liquid data at 20.4°K.
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Fig. 17. Comparison with previous work, liquid data at 17.L,
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Of the three isotherm studied by Smith, only that at 20.4° was dup-
licated in the Present work. A comparison with Smith's results at this
temperature is shown in Figs. 15 and 16. The agreement is quite good.
Smith's work shows somewhat more scatter, especially in the vapor phase
compositions.

To obtain a comparison with Smith's work at 17.4° and 21.8°, data at
these temperatures were obtained for the present work by graphical inter-
polation of the temperature-composition diagrams of Figs. 1l and 12. A
plot of this data on a large scale was used for this interpolation. The
comparison is shown in Figs. 17 and 18. The agreement is not as good as
that at 20.4°. A studydof the data indicates that smoofh curves through
Smith's data agree reasonably well with isotherms of the present work which
are about 0.3 to 0.40K lower than the temperatures reported by Smith. This
discrepancy may be due to the method of temperature measurement used by
Smith. He reported temperatures measured with a single copper-constantan
thermocouple referenced in an ice bath. The sensitivity of copper-constantan
thermocoﬁples at liquid hydrogen temperatures is about 5 uv/degree, and the
total EMF (reference junction at 0°C) is over 6000 v. An error of 1 uv
would introduce a temperature error of about 0.2°K. Accurate temperature
measurement would require very precise calibration of the thermocouple and
very accurate measurement of the EMF. To determine the temperature to within

0.010, as reported by Smith, the EMF would have to be measured towithin

I+

+ o.os°/iv, or + 0.008% of the total. Even then, the results would be

questionable. Scott13 states that the best copper-constantan thermocouples
!

are rarely free of stray EMF s due to inhomogeneities to better than 1 or 2

va in 5000.



-45-

Comparison with the data of Roellig and Giese cannot be made directly.
They reported nine separate points, giving only the temperature, partial
pressure of helium in the vapor, and mole percent helium in the liquid.

Total pressure and vapor phase composition can be determined for each point
by reversing the calculations they used to obtain the values reported.

To make the comparison given here, the values of temperature calculated
by Eckert and Prausnitz3 have been used with the data of Roellig and Giese.
Roellig and Giese measured temperatures indirectly, using experimentally
determined liquid and vapor phase compositions and assuming Raoult's law
valid for the liquid and ideal gas behavior for the vapor. They obtained a
value for the vapor pressure of hydrogen and took the temperature from the
hydrogen vapor pressure curve. Eckert and Prausnitz observed that the
assumption of Raoult's law and ideal vapor leads to significant errors in
the temperature. Using a rigorous thermodynamic equation in place of the
ideal relation, they recalculated the temperatures, assuming only that liquid
hydrogen is incompressible and that the Lewis-Randall rule can be used to
determine the fugacity of hydrogen in the liquid. The resulting temperatures
differ from those of Roellig and Giese by as much as 2.7°K. While these tem-
peratures are brobably more accﬁrate than those arrived at by Roellig and
Giese, they will still reflect any errors in the determination of the phase
compositions.

The liquid phase compositions for the two temperatures 20.6 and 20.9°
(calculated by Eckert and Prausnitz) are plotted in Fig. 15. The lack of
agreement is apparent. The three liquid points at 26.0, 25.6, and 25.9° are
plotted in Fig. 17, and agree reasonably well with the 26.0° isotherm of this
work.

The vapor\phase compositions for the above five points, along with that

of the 17.2° points are shown in Figs. 16 and 18. They show excellent agreement
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with the present work.
Roellig and Giese concluded from their limited data that the solu~
bility of helium in the liquid increases with a decrease in temperature—

just the opposite of the behavior observed in this work.

D. THERMODYNAMIC TREATMENT

The original work of Smithl on the hydrogen-helium system includes a
review of some thermodynamic relations used to calculate the fugacities of
components in vapor and liquid mixtures.

Smith applied several of these methods to the calculation of the fuga-
cities of each component in the vapor, and compared the results to ideal
behavior described by Henry's law and Raoult's law. His calculations are
somewhat difficult to follow. He first calculated the helium vapor phase
fugacity by the Lewis-Randall rule; and then calculated the fugacity of the
mixture, using a two constant virial equation of state. He used these results
to calculate the vapor phase fugacity of hydrogen, using an equation relating
component fugacities to mole fractions and total fugacity. He did not take
the obvious step of calculating the fugacity of hydrogen in the liquid and

comparing it to the calculated vapor phase fugacity.

Brazinsky and Gottfried5 have pointed out that Smith's vapor phase
hydrogen fugacities are in poor agreement with the liquid phase fugacities
calculated from the Lewis-Randall rule. They concluded that the disagreement
was due to incorrect values of the second virial coefficient for hydrogen-
helium mixtures used by Smith. They recalculated the hydrogen vapor phase
fugacities, using better values for the virial constants, and obtained rea-
sonable agreement between these values and the liquid fugacities calculated

from the Lewis-Randall rule. Eckert and Prausnitz3 have pointed out however
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that this is a very insensitive test, as five - or ten-fold changes in the

helium content of the liquid will not affect the results.
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RESULTS IN THE SYSTEM EQUILIBRIUM HYDROGEN - HELIUM AND COMPARISONS WITH THE
SYSTEM NORMAL HYDROGEN - HELIUM.
A. PRESENTATION OF RESULTS

Experimental results of the investigation conducted on the system equi-
librium hydrogen-helium are presented in the same manner as for those of the
first system studied. Since these results were collected for the purpose of
comparison with those found ;sing normal hydrogen, it was not considered
necessary to take as many data points as in that study. Six isotherrs are
reported here, covering the range 20.40 to 31.50%K at pressures from hydrogen
saturation to 500 psia. Early results indicated that temperatures below 20,40°
would not be of interest, in that differences between the two systems would be

negligibly small.

The data are summarized in Table II and in Figures 19-24. The points
were in general taken at the same values of pressure and temperature as run

for the previous system, for convenience in comparing the results.

Figure 19 is an isothermal pressure - composition diagram representing the
entire range of data for this system, while Figure 20 is the expanded - scale
liquid portion of this diagram. Figure 20 shows the solubility of helium
in liquid equilibrium hydrogen, the data of particular interest to the transfer

of hydrogen by helium pressurization.

Figure 21 shows the data on temperature - composition coordinates; the
expanded - scale liquid region of which is given in Figure 22. Figure 23
represents a cross- plot of the data of 19 and 21 on pressure - temperature
coordinates, showing lines of constant composition. Finally, Figure 24 is
a plot of the equilibrium constant K versus pressure, K being defined as the
ratio of vapor phase mole fraction of a component to its liquid phase mole

fraction.
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TABLE II
EQUILIBRIUM HYDROGEN-HELIUM

SUMMARY OF EXPERIMENTAL DATA

Témperature Pressure Liquid . Vapor
(°K) (psia)  Mole % He Mole % H, Mole % He  Mole % H,
34.7 0.23 99.77 49.40 50.60
50.5 0.58 99.42 62.79 37.21
75.0 0.60 99.40 72.80 27.20
100.0 0.87 99.13 78.21 21.79
125.0 1.02 98.98 80.83 19..7
150.0 1.17 98.83 83.00 17.00
175.0 1.55 98.45 84.71 15.29
20,40 200.0 1.77 98.23 85.79 14.21
250.0 1.92 98.08 —_— S —
2.04 97.96 86.64 13.36
300.0 2.25 97.75 86.80 12.20
400.0 2.66 1 97.34 88.72 11.28
2.94 97.06 88.56 11.44
500.0 3.08 96.92 —_— —_—
3.16 96.84 85.99 14.01
64.5 0.54 99,46 45.60 54.40
75.0 0.65 99.35 52.20 47.80
101.0 1.05 98.95 61.70 38.30
125.0 1.38 98.62 67.00 33.00
150.5 1.75 98.25 70.90 29.10
23.00 175.0 2.27 97.73 73.50 26.50
200.0 2.40 97.60 75.35 24.65
250.0 3.00 97.00 77.90 22.10
300.0 3.65 96.35 79.50 20.50
400.0 4,73 95.27 79.10 20,90
500.0 5.62 94,38 82.50 17.580
100.,0 0.79 99.21 29.66 70.34
150.0 2.00 98.00 45.57 54.43
200.0 3.03 96.97 53.55 46,45
250.0 3.67 96.33 58.77 41.23
26,00 3.90 96.10 59.52 40.48
300.0 5.08 94,92 63.00 37.00
400.0 5.95 94.05 66.51 33.49
6.37 93.63 65,05 34.95
500.0 7.82 92.18 67.15 32.85
8.10 91.90 68.04 31.96
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TABLE II (Continued)

Temperature  Pressure Liquid Vapor
(%) (psia)  Mole % He Mole % H, Mole % He Mole % H,
142.0 1.19 98.81 17.60 82.40
174.5 2.22 97.78 26.15 73.85
200.0 3.05 96.95 31.15 68.85
29.00 251.5 4,78 95.22 37.90 62.10
300.5 6.33 93.67 41.90 58.10
400.5 10.06 89,94 46,00 54.00
501.0 —— - 47.00 53.00
200.0 2.17 97.83 13.17 86.83
248.5 4.40 95,60 20.10 79.90
250.0 4.55 95.45 —_— _—
300.0 7.52 92.48 23.14 76.86
31.00 324.0 9.08 90.92 - —_—
' 332.0 —— — 23.68 76.32
350.0 —_— — 23.94 76.06
366.5 12.558 87.45 23.53 76.47
390.5 18.12 81.88 18.44 81.56
176.5 1.07 98.93 6.34 93.66
203.0 2.39 97.61 10.99 89.01
225.0 — — 14.02 85.98
31.50 250.0 4,55 95.45 15.68 84.32
* 275.0 —— — 16.97 83.03
300.0 8.08 91.92 17.13 82.87
315.0 9.28 90.72 18.70 81.30

332.0 14.90 85.10 16.57 83.43
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B. DISCUSSION

The results are, as expected, very similar to those for normal hydrogen~
helium, there being only minor differences in the behavicr of the two gystems.
The data arz in general self-consistent, and show little scatter, Individual
points that are not consistent with the results in general are mostly Vapor phase
samples. The vapor samples’at 29«400K, 500 psia and at QB,GGGKg 400 psia are
apparently low by spproximately 3 and 2 per cent, respectively. The vapor phase
curve at 26.00°K geems to be self-consistent cn a P-x diagrar, zs shown i Tigure
19. However, the T-x plot of Figure 21 and also a comparison with normal hydrogen-
helium results at this temperature indicate that the values are somewhat low at

pressures below 250 psia.

The liquid-phase sample at 29.0@0K, 500 psia, had to be discarded. The liquid
level in the cell had apparently fallen below the level of the sample probe when
this point was taken, such that a sample of vapor instead of liquid composition
was withdrawn. The vapor phase sample at that peint is consisternt with thé re-

mainder of the data at 29.OOOK.

The vapor phase compositions for the 31.50°K isotherm at pressures above ZSO
psia are questionable, with appreciable scatter being evident, although the liquid
phase results in this region seem acceptable. There was considerable difficulty
in obtaining points for this isotherm, as was discussed in detail in Section ITI

of this report.

From the expanded-scale liquid phase composition plots, Figures 20 and 22, it
is seen that throughout the experimental range of this investigation the ligquid
compositions are very consistent and show almost no scatter. This is also evident
from the plot of equilibrium constants in Figure 24, especially for the helium,
where the values are large, because of the small concentration of helium in +he

liquid. Any scatter in liquid composition values would be greatly magnified on



58~

this plot.

Difficulties encounterad in experimertal phase eguilibrium investigaticns are
commonly associated with the liquid phase, particularly in sampling. No such
problems are evident from the results of this study. Instead, what scatter is
apparent is concerned primarily with vapor phase results at the points mentioned
above. The cause of these minor inconsistencies is not knows, and these problems

&

were not evident in the study of the system normal hydrogen -~ helium. It is felt

that since these incomsistent values occurred at only isolated points, anc for culy

one phase, the cause must be associated with a poor sampling technique at those

points.

C. COMPARISONS WITH THE SYSTEM NORMAL EYDROGEN - HELIUM
Comparison of the experimental results in the system equilibrium hydrogen -
helium with those for normal hydrogen - helium is best made in graphical form.

The two systems are shown in Figures 25-30, isothermal P-x diagrams for the six

isotherms studied using equilibrium hydrogen.

It is seen that with the exception of those few experimental points discussed
in the previous section, the differences between the systems are consisternt and
increase with increasing temperature. If the systems behaved ideslly, then

Racult's Law would describe the ligquid phase and the ideal gas law the vapor

o

phase. Differences between the two systems could thea be explained and calculated
entirely in terms of the difference in vapor pressure between normal hydrogen
and equilibrium hydregen. At any temperature, equilibrium hydrogen has a somewhs®
higher vapor pressure. Therefore, it would be expected that the isotherms for the
equilibrium hydrogen - helium system should be shifted slightly from those for

normal hydrogen - helium in the direction of increasing temperature. The *wo syst

do not behave ideally, so that differences in P-V-T behavior for the two varisties

ems
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of hydrogen in both the liquid and vapor phases will also contribute o differences
in the behavior of the two systems. Differences in P-V-T behavior between normal

and equilibrium hydrogen are not large, however. Consesquently, the vagor pressure
difference must be the prircipal factor accounting for differsnces between the two

systems.

° @

The qualita?ive difference between the two systems discussed above is, in
fact, the rasult observed Ffor the vapor phase at the various tewperatures. The diffe-
rences between isotherms om P-x ccordinates become larger as temperature i-creases,
and do so in a regular manner, with the exception of the 26.00°K isotherm, for which
the vapor phase results are apparently low. This isctherm shown ia Figure 27,
consequently indicates a wider separation than doss the 29.00° igotherm plotted in
Figure 28. It was previously concluded from the T-x diagram cf Figure 21 that the
26.00° values were somewhat too small. At 31,000, Figurs 29, separation between

. e . 0
the two vapor-phase curves becomes significant, and is even larger zt 31.50°, as

€13

shown by Figure 3¢. At temperatures below 29. 40° » it would be evpected that vapor

phase differences between the two systems would become nagligibly small.

°

From the qualitative analysis given sbove, it Is to ba expsactad that the
liquid phase compositions are also slightly different for the two systems investi-
gated, with isotherms for equilibrium hydrogen -~ helium on & P-x plot being shifted
somewhat in the direction of higher temperature. Thie presumption is believed to
be correct, although the results in the range 20.40 - 29.3fﬂl9 Figores 25 - 28, do
not indicate any differences between the two systems. It must be concluded that in
this temperature range any differences in liquid'compasiti@r r the two systems

-

are smaller than the scatter in the experimentsl data. Thus, caly a single curve
. R . e s o .
representing the liquid data has been drawn in Figure 25 -28. A% the 31.00° iso-

therm, however, the data indicate a measurable difference in liguid phase helium
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concentration. This result, shown in Figure 29, is as expected, with the curve
for equilibrium hydrogen - helium being shifted slightly in the direction of
higher temperature, crossing the curve for normal hydrogen ~ helium at about

300 psia. The same trend is also indicated at 31,5009 as shown in Figure 30.

At the higher isotherms the magnitude of the difference in vapor pressure between
equilibrium hydrcgen and normalhydrogen becomes significant, which must be the
primary factor contributing to the measurable liquid - phase differences between
the two systems.

From the results obtained, it can be concluded that liquid phase compositions
in the system equilibrium hydrogen - helium at temperatures below 20.40°K are, at
least within the limits of experimental accuracy, the same as for the system normal
hydrogen - helium. The phase inversion phenomenon observed in this low temperature
region for normal hydrogen - helium would be expected to occur for equilibrium
hydrogen - helium at approximately the same pressure at each temperature, because

of only small density differences between the two varieties of liquid hydrogen.

While no liquid composition differences were observed in the temperature
range below 290K, it may be possible that such differences would be found at
higher pressures than those studied in the present investigation. It is not
possible at the present time to make quantitative predictions of such values, or
for that matter quantitative analytical comparisons of the two systems in the
range studied. Such calculations require P-V-T data for the liquid-phase solution,

which are not presently available.



12.

13.

—B7 -
BIBLIOGRAPHY

Smith, S.R. ; Ph.D. Thesis, Ohio State University (1952).
Roellig, L.0. and C. Giese ; J. Chem. Phys., 37, 114 (1962).
Eckert, C.A. and J.M. Prausnitz ; J. Chem. Phys., 39, 246 (1963).

Drayer, D.E. and T.M. Flynn; NBS Tech. Note 109 (1961).

Brazinsky, I. and B.S. Gottfried; NASA Tech. Note D-1403 (1962).

Streett, W.B. ; Ph.D. Thesis, University of Michigan (1963)/

Streett, W.B., R.E. Sonntag and G.J. Van Wylen; Report 0-5664-1-T, NASA Contract
NAS 8-5256, (September 1963).

Streett, W.B., R.E. Sonntag and G.J. Van Wylen; J. Chem. Phys. 40, 1390 (1964).

Chelton, D.B. and D.B. Mann; Cryogenic Data Book, University of California
Radiation Laboratory (1956).

%uzyng, G., R.A. Macriss and R.T. Ellington; Chem. Eng. Prog. Symp. Ser. 59,.101
1963).

De Vaﬁey, W.E., B.J. Dalton and J.C. Meeks ; J. Chem. & Eng. Data, 8, 473 (1963).

Ruhemﬁnn, M. ; The Separation of Gases, 2nd Edition, Clarendon Press, Oxford
(1949).

Scott, R.B. ; Cryogenic Engineering, D. Van Nostrand Co. Inc., Princeton (1959).




