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VAPOR-LIQUID EQUILIBRIA
IN THE SYSTEM HYDROGEN-NITROGEN

Arturo Maimoni

-Radiation Laboratory
University of California
Berkeley, California

- September 1, 1955

ABSTRACT

A recirculation-type apparatus with a novel liquid-sampling
system was used to obtain liquid-vapor equilibrium data for the system
hydrogen-nitrogen at 90° and 95° K and pressures up to 700 psia. The
data obtained show an average scatter in liquid compositions of the
order of 0.01 %, thus proving the feasibility of the new liquid-sampling
system.

. The vapor samples are shown by thermodynamic analysis to
scatter less than 0.1 % and may have a systernatic error smaller t}}an
0.2%. Several possible methods of gas analysis capable of giving high
accuracies in a minimum time are carefully examined.

Data on other systems were also obtained and will be found

in a forth-coming University of California Radiation Laboratory Report.
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INTRODUCTION

This report is divided into three main sections dealing,
respectively, with details of the experimental technique used to obtain
the liquid-vapor equilibrium data, with presentation of the data obtained
and their thermodynamic analysis, and a detailed discussion of the
methods used for gas analysis.

The section on equipment describes an apparatus of the re-
circulation type, designed for the operating range 14.5 to 2000 psia
and 80° to 180° K, together with the considerations leading to its
design and details of the experimental technique.. It also describes
the necessary auxilia.ry equipment, which includes a sensitive liquid-
level indicator.

The presentation of the data is followed by a discussion of the
possible methods for testing thermodynamic consistency, which points
out the difficulty in analyzing liquid-vapor equilibrium data when the
vapor cannot be treated as an ideal gas and one of the components is
much above its critical temperature, leading to questionable extra-
polations of its vapor pressure curve. An inferential method is
developed, in which the limiting behavior of the activity coefficient
of the heavy component is examined, and the data are considered to be
thermodynamically consistent if the activity coefficient follows a simple
relationship with concentration.

The section on analytical techniques deals with the different
methods for obtaining accurate analysis of hydrogen-nitrogen mixtures
and examines in detail the technique of. gas analysis by optical inter-

ferometry.
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EQUIPMENT

Vapor-Liquid Eqﬁilibria Equipment

The accurate rneavsurement of vliquid-vapor equilibrium
compositions is not a simple experimental problem. Attempts to V
solve this problem have resulted in a number of designs of experi-
mental equipment, designs which vary a great deal in tﬁeir intrinsic
capabilities as to type of systerm that may be handled and in their
accuracy. Thus, it is not unusual to find deviations of + 1_0% between
different investigators using essentially the same'vtechniques on the
same system. ‘This lack of consistency between data of different
investigators, which may be due in part to basic design faults of their
equipment and in part to individual factorls, has led gradually to the
development of basic thermodynamic methods to check the internal
. consistency of the data, until it is now becoming standard practice to
‘test the data for thermodynamic consistency before accepting them.

- Most of the equipment described in the literature is adapted
for operation on binary mixtures not much above room temperature,
since the experimental problems are greatly enhanced by 'Qpération on
ternary and multicomponent mixtures and i;‘,e;mpératures farther removed
from room temperature. These, however, are regions of potential
industrial practice, :

The equipment to be described is well adapted to obtaining
binary and ternary liquid-vapor equilibrium data at low temperatures
and moderately high pressures; it has a novel liquid-sampling system
and the data thus far obtained with it are thermodynamically consistent
to the limit of accuracy of thé equations of state used to test them.

Some of the considerations leading to its design are described in the
following sections.

Equipment and techniques adaptable to obtaining liquid-vapor
equilibrium data at low temperatures and for systems above the .
critical temperature of one of the components may be divided into
three main groups, as follows:

{2) Equipment of constant total volume charged with a known amount

of mixture of known composition, which allows obtaining the PVT data .
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for the mixture, and from these data the boundaries of the liquid-
vapor curve. For a binary mixture, the corhpositions of the equilib-
rium phases can be obtained graphically from the intersections of the
phase-boundary curves. Although this method is basically sound, it
is limited by the accuracy of graphical techniques, especially since’
the phase-boundary curves are difficult to smooth accurately.

(b) Equilibrium-bomb techniques, in which samples are obtained of

the coexisting phases in equilibrium. This method involves several
experimental difficulties which are met with varying degrees of
success by the different investigators.

The contents of the equilibrium bomb must be agitated to
reduce the time required for a given approach to equilibrium, but
extensive testing is required to determine empirically if the time
allowed is sufficient. This is further complicated because the time
of approach to équilibrium varies with the experimental conditions,
especially with the relative volatility, the viscosity, and other trans-
fer properties of the phases. During sampling there are pressure
changes due to the removal of material, and these pressure changes
can be large in magnitude, thus affecting the composition of the phases
being sampled. It will be shown in another section that the hydrbgen—
nitrogen liquid-vapor equiiibria obtained by Ver schoyle4 give con-
sistently low hydrogen concentrations in the liquid at low pressures,

a fact that could be explained if it were assumed that flashing of the
liquid occurred during sampling of the vapor phase. Some investigators
operating near room temperature avoid this difficulty by introducing
mercury into the system while the samples are being removed, but
this technique is not applicable below -40°C.  Another difficulty with
the method is that in most cases it is necessary to use sampling lines
of small cross sections. These may fill up with liquid during the
initial part of the operation and introduce: an error into the concen-
tration of the liquid or of the vapor sampies. It is then necessary to
purge the sampling lines to remove such liquid, or to design the
eqﬁipment so as to avoid dead volumes in the sampling lines.

- {c) Dyné,mi“c methods, in which a means is provided for circulating

the gas in the’e_quipmént, The dynamic method may be further sub-
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divided into recirculation methods in which the gas is recirculated over
the liquid, or once-through methods in which the gaé_is made to bubble
through successive vessels filled with liquid. In either case the basic
principle is the gradual apprbach of the two phases to equilibrium,
and subsequent sampling of the phases for analysis.

The once-fhroughl method is more suited to low-pressure
operation, \&herein the number of moles of any component in the vapor
phase is negligible compared to the amount in the liquid, resulting in
very slow changes in the composition of the liquid phase. Very often
the vapor prAessure of the solution is low compared with the total pres-
sure over the system which is supplied with an inert carrier gas. As
the total pressure is increased, and with it the solubility of the carrier
gas in the liquid, the method can give erroneous results if the true
liquid-vapor equilibria for the mixture without carrier gas are desired.

For operations without carrier gas, the once-through method
is well adapted to deterfninations of multicomponent liquid-vapor equi-
libria., since it allows control of the temperature, the pressure, and
the composition of the liquid phase; however, for binary systems the
.method is overdefining, because temperature and pressure are in
general sufficient to define the state of the system, and it may be ex-
tremely difficult to obtain a true approach to equilibrium.

The recirculvationbmethod, which was the method used in this
investigation, is now considered in more detail.

The recirculation method, in which the vapor is repeatedly
pumped through the liquid, is better adapted to binary and ternary than
to multicomponent systems, because in the latter case it is difficult
to fix the composition variables according to the Phase Rule to obtain
a completely defined system.

In the determination of the liquid-vapor equilibrium compositions
inbinary mixtures the system is loaded with a given amount of gas of
given cbmp_ositi_on, and the temperature is controlled while the pressure
is the free variable. For ternary mixtures it is more convenient to
' control the temperature and the total pressure, and let the composition
variables adjust themselves. . ‘

After a given amount of time has been allowed for the system

v
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to come to equilibrium, samples of the liquid and vapor phases are
taken. - While the system appears simple, in actual practice it involves
a number of complications::.37

(1) The system must be completely leakproof, otherwise the total
quantity of material in the system will vary and with it the equilibrium
compositions. (Of course, this condition also applies to any of the
methods described above.) :

(2) This type of system is best applied when the vap'or does not
condense at room temperature, otherwise it mnay be necessary to heat
the pumping system to a high temperature .to avoid condensation of the
vapor, and difficulties may be encountered due to vapor pressure of
mercury (pump fluid) or any other pump-sealing material. Also, it
is always necessary that the pumping section be at a higher temperature
than the equilibrium section, which contains the liquid, otherwise local
condensation in the vapor line after the pumps may occur.

(3) The quantities of liquid and vapor, when equilibrium is obtained,
must remain constant and should not vary during the circulation. To
assure this condition it is necessary to keep constant the total volume
of the system and the temperatures in the different sections of the
vapor lines. In particular, the pump design should preferably be one
that does not introduce volume changes in the system, and the reservoir
from which the vapor sample is taken should be thermostated.

(4) It is necessary to ensure that there is no entrainment of the
liquid by the vapor leaving the equilibrium chambe.r, otherwise the
vapor sample will be contaminated. This calls for low vapo‘r velocities
and baffles to reduce entrainment, and is a factor that contributes
materially to the nonapplicability of this type of equipment to regions
close to the critical conditions of the mixture, when the density
differences between liquid and vapor phases become small.

(5) The choice of pumping equipment is somewhat difficult. Al-
though a double-acting reciprocating mercury-piston type pump is.
perhaps the easiest to achieve experimentally and maintains a constant .
total volume for the system, it introduces undesirable fluctuations in
the pressure and flow rate of the gas. The effect of these fluctuations

is twofold; the pressure fluctuations change the distribution of gas in
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the different sections of the system and.may have some effect on the
material balance relationships that should apply at equilibrium, and
also, these pressure fluctuations of the vapor in contact with the
liquid may lead to slightly different values for the equilibrium
compositions than will be obtained if the pressure is maintained v
steadily at the arithmetic mean pressure, which is the value measured
by the pressure transducers. |
The above effects would be especially noticeable at low
pressures, where the fluctuation is an appreciable fraction of the
total pressure, and in the critical region where the properties of the
phases change very rapidly with slight changes in ekperimenfal
conditions. '
By proper design of the pumping system it may be possible
“to-"filter" most of the fluctuations before they reach the 11qu1d and
thus eliminate some of the above ob_]ect1ons

(6) A definite advantage of the recirculation equipment is that
‘the time required for a given approach to equilibrium is short and can
be predicted for the'x‘different experimental conditions, a matter which
is discussed in a later section.

(7) There is another small uncertainty connected with the
measurement of the pressure at equilibrium which arises from the
bubbling of the vapor through the liquid. This bubbling action implies
that‘the pressure of the gas coming in contact with the liquid is higher
thah the pressure of the gas leaving the liquid by the amount of liquid
head. Under most experimental conditions this effect can be neglected,
but limits the operation of the equipment in the region of low pressure
- or very near the critical region.

(8) Probably the greatest disadvantage of recirculation equipment
is its complexity,' which is enhanced by all the auxiliary equipment,
such as that for purification and storage of the raw gases, the vacuum
system for withdrawing and handling the vapor and liquid samples, ”
and the analytical equipment. The above considerations are perfectly
general and apply to all the types of recirculation equipment reported
in the literature, including the one to be described shortly.

Perhaps the only claim for novelty of the equipment used in -
\
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this work is the liquid-sampling system. Most of the equipment
described in the literature follows the design of Dodge and Dunbar, 8
which avoids the complication of having a valve in the low-temperature
section for sampling the liquid by having a long capillary line immersed
in the liquid in the low-temperature section, and having the liquid- v
sampling valve outside the cold thermostat. This procedure introduces
uncertainty in the composition of the liquid sample due to purging and
the possibility of flashing of the liquid in the capillary line.

The liquid-sampling system used in this work is discussed
with reference to Fig. 1, which is a simplified flow diagram of the
recirculation equipment. The equipment is filled with gas by opening
valve V-15 leading to the purification and storage manifold. Once the
desired amount of gas is inside the equipment, the double-acting
mercury-piston pump is turned on, forcing the gas to circulate along
the path indicated by the heavier line in Fig. 1. Meanwhile all the
bypass valves V-6, V-10, and V-11 are closed. After the gas leaves
the pump it passes through a rotameter to the cold thermostat, where
the cooling coil cools it to the operating temperature of the thermostat.
The gas then follows the path through V-7, PV-3, V-8, the liquid-
sampling valve V-1, and V-9, and bubbles through the liquid in the
equilibrium cell PV-1l., After the vapor leaves the liquid, it goes
through a series of baffles inside PV-1, which remove the liquid
entrained. The gas leaving PV-1 goes through V-3 and then outside
the cold thermostat to a heating coil in the intermediate water bath.
From there it goes back into the main water ba’th and through V-4,
V-2, PV-4, and V-5 back to the inlet of the pumps.

After sufficient time has been allowed for the vapor and
liquid phases to come to equilibrium, the bypass valves V-6, V-10,
and V-11 are opened to flush the small amount of gas present in those
lines with equilibrium gas. After about two minutes of flushing the
normal circulating path is resumed for another five minutes, and
again the bypéss valves are flushed. Then, after sufficient time is
allowed for the system to‘go backlto equilibrium condivtbions, the -
liquid and vapor samples are taken as follows:

1.- Valves V-11, V-10, and V-6 are bpen,éd consecuti'yel'.y’.
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2. The Gas sample. Valves V-4 and V-5 are closed which isolates

the equilibrium vapor in PV-4. This vapor'is sent later to the
vacuum system for analysis by opening V-2 and V-16, Of'caurse the
line between V-15, V-16, and V-2 is pumped out of raw gas before
the gas sample is sent to the vacuum system.

3. The Liquid sample. The liquid-level indicator in PV-3 is turned

on and édjusted as described in the section on liquid -level indicators,
then V-7 is closed, forcing the gas to circulate through V-10. The
line coming from V-10 into PV-1 terminates well above the liquid
surface, so that no active mixing of the liquid and vapor occurs during
sampling. Then V-3 is partiallf élosed and the pressure drop through
it forces'-th:e.lliquid at the bottom of PV-1 into theyline leading to PV -3.
When the liquid reaches PV -3, as indicated by the liquid-level in-
dicator, valves V-8 and V-9 are closed, trapping about 2 ml of liquid
in the line. The liquid sample is sent to the vacuum system for
analysis by opening V-1. The valves V-l., V-8, and V-9 were
specially designed to minimize the possibility of trapping small bubbles
of vapor in the line as the liquid flows up the line into PV-3, and are
described in another section.

While this liquid-sampling procedure is certainly more
complicated than the method used by Dodge, it removes all the un-
certainties in the composition of the liquid sample mentioned before.

It introduces uncertainties of its owh,, however, because of
the possibility of having a vapor bubble trapped in the liquid-sampling
line. This actually occurred befvoré_the correct adjusting procedure
for the controls of the liquid-level indicator in PV-3 was found.
Fortunately, the c‘omposition of the liquid samples' thus obtained was
in error by quite a few percent, whereas the usual scatter in liquid-
sample compositions was of the order of 0.01%, so that these off
sanfiplesvwere very easy to..identify. Some of the other features of
the equipmén_t shown in Fig. 1 are as follows: o

The gas sample reservoir PV-4 is a vessel of adj;ustable
total volume, which allows fdr making small pressufe adjustments
in the system when running te'rnary or multicomponent mixtures.,

The volume adjustmeht is made with mercury, which comes from a
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high-pressure mercury reservoir located inside of the main water
bath, and can be drained to the outside. Also, since PV-4 is located
very near the inlet of the reciprocating pump, its capacitanc'e acts to
damp the pulsations originating in the pump.

The main water bath is used to keep a constant temperature
in the gas reservoir and adjacent gas lines. It is also used to keep
. the resistance bridge of the temperature controller for the cold
thermostat at constant temperature so as to eliminate slow drifts in
the control point.

The intermediate water bath is used to warm the gases
coming from the cold thermostat to room tempefature, especially
the vent lines from the liquid nitrogen cooling tanks located inside the
cold thermostat.

The high-pressure rotameter was used as a qualitative in-
“dication of flow through the equipment. ' T .
| The section of equipment comprising the main and intermediate
water baths and the high-pressure rotameter is shown in Fig. 2.

The equilibrium cell PV-1 is shown in more detail in Fig. 3.
The vapor coming from the bottom of the cell bubbles through the
liquid and leaves through a fitting in the cap of the vessel. The
temperature of the liquid is measured with a two-junction copper -
constantan thermopile, which has at least two inches of bare wire
in contact with the liquid to ensure a true reading of liquid temperature.
The normal liquid leavel, as determined by the liquid-level indicator,
is about 1 cm above the inlet holes for the.thermocouple wires,
corresponding to an operating liquid volume of about 20 ml. The gas
tube coming from V-10 ends just below the baffles.

The remaining seétions of thé equipment require a more
detailed description: '

Pumps

As mentioned above, the pumping system for recirculating
the gas used mercury pistons to avoid contamination of the gas with
oil from the packing of the pump. The pump used was a double-acting

reciprocating Hills-McCanna type U#* proportioning pump. It was

¥ Manufactured by the Hills-McCanna Co., 2438 W. Nelson St.,
Chicago 18, Ill.
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connected to the system as indicated in Fig. 4, in which only one
side of the pumping equipment is shown. The mercury displaced by
thlék piston of the pump goes into the tempering vessel PV-9 and then
to the pumping vessel PV-14, where it pushed the gas through the
outlet check valve. The tempering vessel is used to prevent cold
mercury from coming in contact with the thermostated gas. V-21 is
the mercury fill valve for the pumping system.

The operation of the pumping equipment was not very
satisfactory for two reasons: First, it was not possible to develop
an entirely trouble-free pump packing, and mercury leaks through
it were very common. These leaks increased the volumetric
clearance of the pump, which decreased the pumping rate below its
design value of IOO ml/min per piston, thus increasing the time re-
quired for a given approach to equilibrium. V

Second, the liquid-vapor equilibrium equipment was always
completely evacuated before the pu?_i;fied gases were admitted after
a shutdown. Since the highest section of the mercury line is above
the level of the gas lines in the water bath, these lines filled with
mercury which had to be blown out before the operation of the equip-
ment was started, so as to avoid rhercury plugs in the lines leading
to the cold thermostat. This probiem was accentuated by any air
leaks into the section of line leadiﬁg to V-21, ‘

After the mercury present in fhé gas lines was blown out
from the equipment, the pumps were refilled with mercury to their
oper’lating level (indicated by an electrical contact located in PV-14.)

For future operation of the equipment, it would be desirable
to replace the present i)umping system by an electromagnetic high-
pressure reéiprOCating: pump, which would eliminate the above ob-

jections. From the standpoint of filtering the pulsations, it would

be advantageous to have a small volume displacement per stroke and

a relatively high number of strokes per unit time. The upper limit.
would be dictated by the maximum operating speed of the check valves.
Cold Thermostat . : 5

The choice of type of thermostat to be used in this investigation

" had to be made very eérlf;r__"' in the design. The main requirements
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desired of the thermostat were a large operating temperature range,
which was later restricted to the region between 80° and 180° K; a large

thermostated volume, of the order of 3 ft. 3;' small temperature gradients

_across the thermostat; and good temperature control. In addition, it

was desired to have a relatively fast-moving thermostat, to allow for

.changes in the operating temperature and for shutdown at night to

minimize the consumption of refrigerant. The main characteristics of
liquid and gas thermostats adaptable for operation in this temperature
region are as follows.

Temperature gradients. Since the liquid has a larger heat capacity

than the gas, smaller heat leaks produce larger temperature gradients
in a gas thermostat. Vigoroué stirring or a well-defined flow path is
a necessity for either type of thermostat if it is desired to minimize
random temperature fluctuations.

Heat transfer. The heat transfer to equipment located inside the

thermostat is much better in a liquid thermostat. The temperature of

the liquid in a well-designed bath is a good measure of the temperature

. of any piece of equipment submerged in the bath--with no heat dissipation

inside the equipment--whereas this may be far from true in a gas

‘thermostat.

" Temperature control. Liquid baths are in general much easier to

control, because the larger heat capacity and density of the liquid
results in a larger time constant for the bath, while the better heat-
transfer coefficient decreases the time constant of the control elements.
The problem of temperature control in a gas thermostat is discussed

in gréater detail later in this section. ‘

The above conditions favor the use of a liquid rather than a
gas thermostat; however, a liquid thermostat to be used in this
temperature region has a number of operating disadvantages.

Substances that remain liquid in this temperaturé region have
large vapor pressures at room temperature, therefore, the thermostat
has to be built as a pressure vessel, or suitable provisions have to be
made for draining and storage of the thermostat liquid. If the operating

pressure of the thermostat is not'to exceed one atmosphere, a number

of different thermostat liquids may have to be selected, thus complicating
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the storage problem. Probably the best liquid for ‘operation in the.
region between 80° and 180° K is a mixture of propane and propene,
which would have vapor pressure below 1 atmosphere up 'to'aboﬁt' -45°C,
and a melting 'p"oint very close to 80° K; however, this is a highly
flammable mixture and very careful design would be required to avoid
air contamination during low-temperature operation.

The liquid—vapor equilibrium equipment has a large number of
valves, high-pressure vapor lines, and electrical lead wires leading to
the cold thermostated section, and provision has to be made to obtain
adequate seals. For high-pressure tubing and electrical lead wires
the problem is not so complicated as for the valve stems, which have
to be free to rotate. An experimental study was made of a number of
possible valve packings for operation at low temperatures, * but none
was found adequate. This difficulty could perhaps be circumvented by
bringing up all the lines and valve stems through the top of the thermostat
- and making all the necessary seals at room temperature; but this was
not considéered a very practical solution, since it would involve a number
of gears or flexible shafts, leading to a ver;r complicated mechanical
assembly. '

The cooling of thermostat liquid could be achieved by an ex-
ternal heat exchanger, or if a liquid of high vapor pressure such as
oxygen or nitrogen were used, the necessary .cooling could be obtained
by controlling the vaporization rate. For a gas thermostat the cooling
problem is much simplified, since it is then possible to cool the gas
by direct injection of liquid nitrogen. The! larger heat capacity of
liquids requires larger cooling and .heatirig elements if it is desired to
ha‘ve a relatively fast-rhoving thermostat. After considerable discussion
of the above considerations, it was decided to 'build a gas thermostat.

_ - There is very little information available in the literature
concerning the design of gas thermostats, 12 consequently the design
~ of the present thermostat proceeded almost by .trial and error, with.

progressive changes in design as increasing operating experience at

low temperatures was accumulated.

Section on valves, pp 46 °
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The layout of the thermostat is shown in Figs. 5, 6, 7, and 8.
Figures 5 and 6 show the thermostat as it was before the last modification,
while Figs. 7 and 8 are photographs of the presex'ltl equipment.,

‘ The thermostated region, about 11 x 12 x 36 in., is completely
surrounded by a thickness of at ieast 12 in. of Fiberglas insulation. *
The gas inside the thermostat is circulated in a closed loop by a blower.
-Cooling is obtained by direct injection of liquid nitrogen into the gas
stream at the inlet of the blower, which breaks up the liquid nitrogen

jet into a fine spray. The excess nitrogen vapor is vented from the
thermostated region into a heat shield at the right of the thermostat
{Fig. 6) where the sensible heat of the vapor is used to decrease the heat
leak into the. thermostated region. The ducting below the blower has

a reversal section (Fig. 5), which increases the contact timme between
liquid- nitrogen and the vapor to avoid having any liquid nitrogen in
contact with the temperature-control element or inside the thermostated
region. Below the duct-reversal section is the control heater and right
_after it, but shielded from direct radiation, the temperature-sensiﬂg
element of the temperature controller. ‘

The liquid nitrogen tanks F and G located at the top of the
thermostat served for storage of liquid nitfogen coolant; they are
provided with centrifugal vapor-liquid separators for use during filling
and have an approximate capacity of 14 liters each.

At the time Figs. 5 and 6 were drawn, tank F was used to
provide the main thermostat cooling and tank G for the auxiliary cooling
of the return gas stream. This arrangement was later found to be'
unsatisfactory and the thermostat was modified by operating tanks G. -
and F in parallel, thus providing additional storage capacity and there-
fore longer operating times before refilling, The vent line from tank
F leads to a pressure gauge and a 16 psig back-pressure-regulating
valve, which kept constant the pressure in the vapor space of tank F
and thus also the pressure drop across the liquid nitrogen control
valves C..

In order to decrease the ‘heat leak into the thermostated region,
a set of three heat shields was placed around it, which when operated

in conjunction with the shield at the right of the thermostat completely

ko
‘Manufactured by the Owens-Corning Fiberglas Corporation.
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ZN-1300

Fig. 8. Cold thermostat, thermostated region.
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enclosed the thermostated region, The inner section of each shield,
located about 2 in. from the thermostated region, was a long rectangular
can which contained liquid nitrogen. The nitrogen vapors originating
in the can were taken to the outer section of the shield, located 2 in.
inside the outer walls, where some of the sensible heat of the nitrogen
vapor was used to decreése the heat leak. The shields were very
effective in decreasing the liquid nitrogen consumption of the main
cooling system, but were not used when the operating temperature of
the thermostat was above 85°K, because it was found _thaf they in-
troduced undesirable temperature gradients in the thermostated region.
The cooling action derived from the shield was sufficient to maintain
the thermostat ;.t --1250C(1480K), with the blower bﬁ and no additional
cooling from the main cooling system. When in use, the shields were
refilled évery 7 hours.

Cooling of the return gas stream. The first design for cooling the high-

pressure ifeturn gas is shown in more detail in Fig. 9, Tank E is a
hollow tank of minimum capacity which houses the cooling coil. The
cooling coil was wound with a logarithmic taper to have equal con-
trollability for all levels of liquid nitrogen inside the tank. The high-
pressure gas leaving the coil went through a ten-junction thermopile, |
‘ which had the cold junétion inside the thermostated region, immediately
adjacent to the equilibrium cell PV-1 (Fig. 1). The signal from the
thermopile went to a Brown>=< circular-chart témperature recorder
controller, which actuated the control valve regulating the flow of
nitrogen vapor coming from tank E, and thus the level of liquid nitrogen.
The storage tank G was vented to the atmosphere, and was located about
four feet above ‘E, to provide a relati{rely constant liquid nitrogen head
independent of the level in G. With this control system it was hoped
that the temperature of the return gas stream could be controlled -
slightly above the.temperature; at the bottom of the thermostat, where
the equilibrium cell was located. This control system was very un-
stable, however, and it was not possible to obtain the desired results.

It was found, though, that the cooling of the return gas by heat

conduction from the insulation and longitudinal heat conduction along

Minneapolis-Honeywell Regulator Co., Philadelphia, Pa.
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the high-pressure tubing was quite effective. Thus, for a nitrogen

flow rate of 200 ml/min and without any additional cooling, the tem-
peratﬁre of the incoming gas as measured in the thermocouple block

was 8.1°C higher than the bottom when the thermostat was operated at
about 151°K and 1112 psig gas pressure, and 6.5°C at 90°K and 38 psig.
Therefore, the next few degrees of cooling could well be taken care of
by heat transfer from the gas inside of the thermostated region, and

a nine foot long section of finned tube was installed at the top of the
thermostated region, in the space formerly 6ccupied_by-the thermocouple
block, as seen in Fig. 8. '

Blower. The blower was used to circulate the thermostat gas at the

" rate of about 60 cfm through the thermostated space.

Some difficulty was experienced in selecting the bearing
material for the cold side of the blower shaft, which had to operate at
3600 rpm unlubricated, .throughout the entire operating temperature
range. The most satisfactory bearing material found was Rulon
plastic, which showed no appreciable wear after more than six nionths'
operation. . |

Temperature gradients in the thermostated region. Most of the

measurements on temperature gradients inside the thermostated region
were obtained vei"y early in this investigation, before the temperature
controller for the cold thermostat was properly adjusted and the
temperature-méasuring equipment was entirely reliable. Therefore,
the information that follows is mostly qualitative.

The temp'erature gradients inside the thermostat vary with
changes in operating conditions and degree of approach of the thermostat
to steady state. Operation at 90° K, with the shields full of liquid
nitrogen and with cooling of the high-pressure return gas by the coil
in tank E, resulted in temperature differences of the order of 0.03°C
at steady state between the outlet and inlet gas; while operation without
external cooling from the shields and the additional heat load of cooling
the return gas in the finned section of tube, increased the temperature-

‘difference to a maximum value of 1.5°C. The temperature at the center

E : .
- ~Manufactured by Dixon Lubricating Saddle-Co. Bristol, Rhode
Island.
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of the thermostat was practically independent of gas flow in the high-
pressure tubing, and was of the order of 0.1°C above inlet for operation
without the shields.

Temperature control. The temperature of the thermostat was controlled

with a proportional reset controller, devised by the Electronics Section
of the Laboratory, which is represented in a block diagram in Fig. 10.
The temperature of the thermostated gés stream is measured by the
change in resistance of the sensing element located in the path of the
gas stream, after the heater. The resistance of the sensing element
is measured with a resistance bridge and the error signal from the
bridge goes to the amplifier, which cont’rols the heat dissipated in the
heater. The output from the amplifier also goes to a set of relays
which control the motor valve regulating the flow of liquid nitrogen
coolant.

The sensing element is a Globar type 304B resistor, chosen
because it has a large temperature coefficient of resistance in the
range 80° to 180° K.

. The resistance bridge was wound with manganin wire and had
coarse and fine adjustments for range. It was enclosed in a watertight
| box immersed inside the main water bath, which kept its temperature
constant.

The amplifier regulated the phase shift in a gas tube providing
~up to 100 watts power to the heater. ‘ '

The reset feature was incorpordted into the control system
through the control of the liquid nitrogen cooling rate, which was ad-
justed with the motor valve to keep the power output to the heater, and
thus the operating range of the amplifier, within narrow limits.

The liquid nitrogen control valve was a Hoke needle valve
No. 2RB280 which requires 23 turns to open and provides for good
flow-rate control in the range 4 to 900 ml/min. with a maximum flow
rate of 1300 ml/min at 14.5 psi pressure drop (tested with water). It
was driven with a l-rpm-reversible motor, shown in Fig. 7.

The operation of the control system was not very satisfactory,

-

due to the following reasons;

{a) Time constants. It was mentioned earlier that a gas thermostat
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has adverse control characteristics owing to the low heat capacity of

the gas and its poor heat-transfer properties, which increase the time
constants of the control elements, the heater, and the Globar. This
factor, when coupled with the need for a very close temperature control--.
that is, a very high gain in the amplifier-- results in an unstable system
which requires very elaborate feedback loops in the am_plifief to obtain
good proportional control.

The development of the temperature controller took a great
deal of time and effort, and delayed appreciably the completion of the
project; however, it finally gave satisfactory operation, except as
noted below.

(b) Noise originating in the sensing element. The choice of a Globar

resistor as sensing element was unfortunate because its resistance
at constant temperature drifted with time in a random fashion, thus
upsetting the control. ' |

The data obtained with the equipment were taken when the
resistance of the Globar remained fairly steady, resulting in a tem-
perature control which was at best within 0.002°C, but usually drifted
up and down by about 0.0l or 0.02°C during a few minutes, resulting
in a temperature drift in the equilibrium cell of about 0.005°C.

Access to the thermostated region. The thermostat was designed for

easy access to the thermostated region. The insulation was laid out
in three separate sections; port of access to the bearing of the blower,
therrnostat door and insulation leading to the thermostated section,
and the insulation of the main body of the thermostat. The main body
of the thermostat was insulated with four -inch horizontal sections of
Fiberglas, separated by wax paper to minimize the vertical convection
currents inside the insulation. ‘

Each section was mechanically separated from the others, as
may be seen in Figs. 6 and 8, so that repairs could be easily carried
out in the blower or in the thermostated sections.

Proposed modifications. The present thermostat is unsatisfactory

because of the difficulties experienced with the temperature controller
and the relatively large temperature gradients present in the thermo-

stated region owing to heat leak from the outside and the cooling of the
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high-pressure return gas stream.

The proposed scheme would retain the flexibility of a gas
thermostat, while incorporating the ease in controllability and the .
small temperature gradients of a liquid thermostat; however, it would
.i'equi-re, larger capacity for the liquid nitrogen storage tanks to provide
for longer operating periods between fillings.

The high-pressure equipment now located inside the thermo-
stated region is to be soldered to 3/8-in. -thick copper plate in such a
way that it will be completely enclosed by copper. The thermostat gas
is to circulate on the outside of the copper plates, which will have to
be provided with fins for additional area for heat-transfer to the gas.
The problem of cooling the high-pressure return gas stream would be
solved by soldering the coil directly onto the copper plates. By the use
of this device, the entire thermostated region would be essentially
~isothermal. - | _

The problem of instability of the temperature controller would
be solved by attaching a nickel or platinum resistance thermometer to
the copper plate somewhere in the vicinity of the inlet of the thermostat
gas stream. This would make the temperature of the sensing element
identical with the temperature of the equipment and would give a very
long time bconstant for the sensing element, which is very advantageous
for control. |

Since the thermal mass of the high-pressure equipfnent plus
copper plates will be very large compared with the heat-transfer
coefficients between the gas and the copper, it would be advantageous
to have very long operating periods between fillings of the liquid
nitrogen storage tanks, because small temperature upsets occur during
filling, |

The present liquid-nitrogen-filled heat shields would be removed
‘and supplanfed by vacuum jackets, which should be very efficient in

reducing the heat leak at the low operating temperature of the thermostat.

“
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Auxiliary Equipment

Temperature Measurement

Temperatures at various locations were measured with copper-
constantan thermocouples and read with a Leeds-Northrup type K-2
potentiometer. The constantan wire was continuous from the hot to the
cold junction, while the copper wire was interrupted by the thermocouple

selector switch, from which the wires went to the potentiometer. The

 switch was a Leeds-Northrup l12-position, 2-pole thermocouple switch,

“which was properly shielded and thermally insulated from the surround-

ings to minimize thermal emf's.

While techniques and methods used for reading thermocouple
emf's are hardly in need of further description, some related aspects,
such as thermocouple shielding and ice-bath temperature have not been
emphasized as much in the literature as perhaps they should. The re-
producibility of the ice-bath temperature is known43 to be about £0.0001°C,

if corrections are applied for pressure. However, most ice baths do

not maintain this degree of reproducibility over long periods of time,

owing to the melting of the ice and convection currents originating at
the walls of the Dewar. These effects were qﬁite noticeable during the
testing of the temperature controller for the cold thermostat, appearing
as slow drifts of the emf values obtained when a simple ice bath con-
sisting of a Dewar filled with finely crushed ice and distilled water was
used. The amount of drift was decreased by stirring the ice bath or by
pumping the water from the bottom to the top of the ice bath, but was
still quite noticeable.  Finally an ice bath was designed according to
the suggestions of White; 48 it is shown in Fig. 11.

It comnsists of two séparate ice baths, one inside the other. The
thermocouple junctions are made with 24-gauge constantan wire and
36-gauge copper wire wound in a coil such that at least 10 inches of

thermocouple wire are inside a tube filled with a low-viscosity organic

- liquid, which is located inside the inner ice bath. The long length of

wire immersed reduced the effect of thermal conduction along the wire
to the point where a change of 1 inch in the length of wire immersed
did not change the potentiometer reading. The inner ice bath is com-

pletely surrounded by the outer, and the only heat leak coming into it
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arises frofn the relatively small amount of heat flowing along the
thermocouple wires. White recommended that the water in the inside
bath be changed frequently. Accordingly, the inner bath has provision
for draining and filling with fresh air-saturated distilled water without
removal from the outer bath. The ice in the inner bath does not melt
appreciably over periods as long as a week, provided the outer bath is
always kept filled with ice. This design of ice bath seems to be very
'stable and reproducible, as evidenced by tests in which the water in the
inﬂer bath was drained after remaining undisturbed for 24 hours, and
the bath filled again with precooled air-saturated distilled water. The

‘ thefmocouple readings before and after filling were i'&entical, to the
limit of accuracy of the potentiometer, which for this test was reading' .
a 2-junction thermopile with a reading error of about 0.1 pv, which |
corresponds to * 0.001°C. Good thermocouple shielding and the use of
a common electrical ground for the entire experimental equipment were
found eésential to eliminate noise in the thermocouple circuits.

- Pressure Measurement.

The operating pressure for each run was determined to the
nearest 0.02 psia with the dead-weight gauge shown in Figs. 12 and 13.

Figure 12 is a photograph of the pressure- and temperature-
measuring station, showing the dead-weight gauge, three pressure
gauges for the different ranges, the control panel and the K-2 poten-
tiometer, ice baths, and galvanometer. Figure 13 is a schematic flow
diagram of the pressure-measuring system. The piston of the dead-
weight gauge was connected,;to a rocking mechanism to reduce the static
friction and drag in the vertical movement of the piston.

The ultimate limit of sensitivity of the gauge was about
06.002 psia, equivalent to less than 50 mg vertical drag on the piston.
The reproducibility of the gauge, as shown by repeated calibrations,
was better than 0.02 psia, and the maximum measurable pressure
about 2200 psia. The set of stainless steel weighté used with the gauge
was calibrated at the Standards Laboratory of the Univérsity. .

The piston-cylinder combination was operated and aged for
about one year before final calibration of the gauge, which was carried

out at low pressures against a mercury manometer and at the carbon
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dioxide point (505.557 péia). The carbon dioxide used in the calibration
was specially purified, analyzing better than 99.993 % by mass spectro-
graphic analysis. A further check of its purity was the reproducibility
of several gauge calibrations made with different carbon dioxide
samples. ' U

Eqﬁipment for Purification and Storage of Gases.

The section used for purificatidn and storage of the gases

used in this investigation was built in as a permanent part of the equip-
ment. The piping manifold, purification equipment, Toepler pump, and
storage cylinders for the purified gases are shown in Fig. 14. It may
be ln’oted that the piping arrangement allows for three raw-gas cylinders
and three purified-gaé cylinders, together with an additional storage
cylinder to be used for mixture storage. This arrangement was built
in for future use in running t.ernary systems. Figure 15 is a photo-
graph of the equipment. - The purificati.on of the gases, in this case
hydrogen and nitrogen, was accomplished by passing the raw gas at
high pressure and a slow rate through a bed of activated charcoal held
at a low enough temperature to remove most of:the higher-boiling im-
purities of the raw gas; thus, for nitrogen purification the bed was held
- at dry ice temperature, while for hydrogen purification the bed was
cooled with liquid nitrogen. The purification vessel PV-23 was heated
to 100°C to help in outgassing the charcoal while the entire manifold
and purification syétemsv'wer'e evacuated before starting the purification
procedure | '

. Thls method of purification seemed to be qu1te effective, as
ev1denced by the followmg mass spectrographic analysis of a typical
sample of purified gases. It should be noted that the amounts of im-

purities recorded below are the maximum 11m1ts of impurities in the

sample, assuming that the mass spectrograph has zero background. -
Gas _ H2 : N2
A f -- 0.022 ' o
O, ‘ : 0.004 - 0.004
N, ' 0.009 99.974
H; 99.970
D 0.002
HD 0.015

100. 100.
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Fig. 15. Gas manifold and purification equipment.
1- PV-23, 2- PV-24. 3- Low-pressure mercury
reservoir.
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The Toepler pump was used to pump gases from the raw- to
the purified-gas cylinders and to pump pure gases into the liquid-vapor
equilibrium equipment when the latter was operated at higher than
- cylinder pressure. The main consideration in the design of the Toepler
pump was avoiding contamination of the gases with pump packing. Fof
this reason the Toepler pump principle was used, in which the gases
are pumped by mercury displacement.

In this case the pump was designed for semiautomatic
operation; all the high-pressure valves have to be operated manually,
buﬁ the low-pressure mercury—étorage tank has built-in electrical
contacts that shut off the pump at the end of each pumping cycle. An
oil trap, PV-25, is built into the inlet mercury line to avoid any carry-
over of oil into the gases.

Vacuum System.

The vacuum system designed for the liquid-vapor equilibrium
equipment is adapted to the handling of individual components and
mixtures that exist as vapors at room temperature, and is shown in
Fig. 16. '

The vapor sample coming from the main water bath is held
in a 500-ml receiver for further analysis. Operation of the manual
Toepler pump allows for pumping gas into the line leading to the
analytical equipment. The liquid sample coming from the cold thermo-
stat is pumped with an automatic Toepler pump into a 2-liter receiver,
where it is held for ahalysiso '

Since the liquid sample is obtained by flashing the liquid con-
tained in the section of tubing between two valves, the composition of
the first vapor reaching the sample reservoir is richer in the lower-
boiling componenf, while the remaining vapor is richer in the higher-
boiling one. For this reason it is desirable to have some provision for
mixing the liquid sample before analysis. This mixing was done as
follows:

The Toepler pump was operated until the pressure in the line
leading to the cold thermostat was below 35 microns, as indicated by
a thermocouple vacuum gauge located near the cold thermostat. Then

the bypass around the pump was opened, allowing the gas from the
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reservoir to fill the line. The pumping operation was again started,
until the pressure in the line dropped below 50 microns. At this stage
valve V-1 in the cold thermostat was closed and the bypass around the
purr{p opened.

The liquid sample was held in the reservoir and line until it
was sent to the analytical equipment by proper operation of the stop-
cocks and the automatic Toepler pump, operation which provides
additional mixing.

r’I'he vacuum system has connections to the purified-gas
cylinder manifold and to the analytical equipment, and an addit‘ional
outlet for leak testing or sending gas samples for mass spectrographic
analysis. ‘

. Electrical Connectors

Suitable means of introducing thermocouple lead wires inside
pressure vessels had to be developed, once it was found that the soap-
stone cones supplied by the American Instrument Company gave a
much higher leak rate than could be tolerated.

For temperatures in the vicinity of room temperature it was
easy to find adequate seals. Thus, the design sfmwn in Fig. 17 can
be machined out of polyethylene or Teflon or leather, giving a seal which
is tight to the helium mass spectrograph leak detector under vacuum
or 2000 psig pressure. '

The development. of an electrical connector that could be
cooled repeatedly to liquid ﬁitrogen temperatures without developing
leaks proved to be considerably more difficult.

The design finally adopted, shown in Fig. 18, consists of a
glass-to-Kovar type of seal, which seems to be stable to slow tem-
perature changes. The outer nut is soft-soldered to the body of the
pressure vessel, for which reason it is preferable to have the pressure
vessel made out of brass rather than stainless steel. This type of
electrical connector requires skillful glass blowing and careful out-
gassing of the Kovar before the glass is bonded to it, but those
" connectors which were s‘atisfactory on an initial vacuum test before
assembling into the pressure vessels were satisfactory thereafter.

The weakest part of the assembly is the soldered joint between the
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electrical lead wire and the inside of the Kovar tube, as evidenced by
the occasional appearance of pinhole leaks, which fortunately can be
‘easily repaired.
~ Other types of glass-to-metal seals for use at low temperatures

have been described by Corak and Wexler.
-Valves. .
"~ All the sections of the equipment operating at room tempera-
tﬁre used the high-pressure valves supplied by the American Instrument
- Co., which gave very satisfactory service. It was not possible, how-
ever, to develop a suitable packing for operation at liquid nitrogen
temperatures, therefore the bellows valves shown in Fig. 19 were
developed, using 1/4-in‘ch i.d.. "Supraflex" stainless steel tubing, of
the U.S. Flexible Metallic Tubing Company.

As may be seen in Figv._ 19 , the three-way valve offered a
straight-through passage with no dead volume to trap vapor bubbles,
which Was a very important consideration in the design of the liquid-
sampling system. . The bellows valves were the most common source
of leaks in the entire apparatus, and are in need of further development
work. The leaks appeared in the solder joints between the bellows tube
and the stainless steel parts serving as gasket and point of the valve
and were probably due to the combined effects of temperature and
pressure stresses, | since extensive testing showed that leaks did not
appear when only one of these sources of stress was present.

Improvement in the valves might result from using welded
and annealed type of construction instead of the solder joint presently
used, or by using soldered construction with brass rather than stainless

steel for the gasket and the point of the valve.
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Fig. 19. Valve.
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L1qu1d N1trogen Level Ind1cators

A number of ways have been developed for controlling the level
of low-boiling liquids as applied to automatic filling of cold traps. Of
the proposed dev‘i_ces, perhaps the simplest is a commiercial bimetallic
the_.rm_o.regula.tor24 used to control a solenoid valve. Most of the other
devices measure the change in resistance of a wire or a ¢carbon re-
sistor when immersed in the liquid.

- Equipment for measurement of level, rather than an on-off
indication, may use the change in resistance of a wire, 47 the change
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in capacity of a condenser having the two-phase fluid as dielectric,
or the scattering of x-rays. 19 |

Of the above methods, the measurement of change in re-
sistance is perhaps the simplest. It was used to measure the level
of liquid in the equilibrium cell, and to indicate when liquid nitrogen
reached PV-3 during sampling.

The sensing element is usually a fine wire heated by a small
electric current so that it rides at a temperature slightly above ambient
temperatureg . The magnitude of this temperature difference between
the wire and the medium is a function of the thermal properties of the
medium surrounding it; and for a liquid-vapor mterphase, it is a
definite function of the liquid level.

. The variations in average temperature of the wire with vari-
atmns in liquid level are reflected in changes in the re51stance of the
wire; whlch can be measured with a sensitive br.ldge __c1rcu1t, or can
give. a direct indication of level if an unbalanced bridge is used.

Theory. Consider a section of heated wire dissipating a certain amount
of hea’t, q; surrounded uniformly by a fluid of heat-transfer coefficient-
h. From a heat balance on a section of the wire we can write

A h

U - q s K ] U Ny

57+ - Ut —— (—)=0 (1)
. where ~

.U = temperature difference between wire and medium,

-8 = time,

[Ya]
1

heat dissipation per unit length,
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'p = density,
Cp = specific heat,
AC = cross-sectional area,
As = surface area per unit length,

h = heat-transfer coéfﬁ:_iént of the fluid,

K= thermal condu,ctivity"o'f the wire,

x = distance along wire.b
For steady-state conditions we have (8 U/06) = 0, and the equation
simplifies to

au 2

——-z—a - a U - "bs (2)
9x :

where a® = A_h/KA_and b = q/KA _.

For a semi-infinite wire, with one end clamped so that at x = 0

U= 0, Eq. (2) can be integrated to

Ux) = U o {1 e %), (35

U o = b/a” = q/A_h, (4)

where U oo is the steady-state temperature difference between the
wire and the medium at x = co. |
For a finite wire of length L, with both ends clamped; U = 0

atx =0 and at x = L,

_ 1 ax a -ax
Ux)=Uo(l -qpga—e" - 43— & ) (3
where
a=el, (6)
and the average temperature of such a wire is given by
- 2 1-a
Uav = U oo (1 +a_f- [Ta ). (7

The general case, when a wire of length L is immersed in liquid to a
depth 1, requires separate equations for the vapor and liquid phases,

which have to meet the following boundary conditions:

x=0 Uu=0.
x =L U'= 0.
x =1 U =0’
x=1 dU/dx = dU'/dx,
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and the resulting coefficients for equations of the form . -

U:Uoo+.C-leaX+C12e—ax -~ (8)

are functions of L, ‘1, a, a', U 00, U"ob, whére the pr{i_fne‘d quantities
apply to the vapor phase. |

Design considerations, h_owevér, require ovr_ll‘y the solutions for .
the finite and semi-infinite wires surrounded by a uniform medium. '

‘Design considerations. The liquid-level indicator for the equilibrium

cell was requiréd to indicate liquid level to better than ‘0.1 in., in a
total span of 2 in., with a very small power dissipation.

Table I is a comparison of calculated values for several
possible sensing elements, operating on the system acetone-air at
room tempevrature‘. '

The sensing elements were compared under conditions which
.gave the same values of temperature difference between the element and
the fluid, conditions which also yield approximately the same values
for the heat-transfer coefficients.

Under these conditions, Eq. (4) indicates tha_t‘the power re-
quired to obtain .’;_1 given temperature difference at a large distance from
one of the terminals is directly proportional to the surface area; thus
we see it is advantageous to operate with a very fine ‘wire..

The sensitivity of the liquid-level indicator, however, depends
not only on the power dissipated, but also on the ratio of heat transferred
to the fluid to heat transferred longitudinally along the wire--a factor
which appears exponentially in Eq. (3) through (8). This factor-"a"
was calculated for the different sensing elements and appears in table
I together with its reciprocal, which for the semi-infinite wire is the
distance along the wire necessary for a 63% a__pproach to U co. On the
same table appears the average températwre that the 2-in. sensing
element would assume in contact with air under the same conditions.

Thus it appears. that either a 0.0005-in." platinum wire or a !
platinum ribbon would be the most advantageous sensing elements. The *
0.5-mil wire requires a smaller power input than the ribbon to mé.i'ntain g
the same temperature difference, but the ribbon gives a more linear
response near the ends of the filament, an effect which is more

noticeable in short sensing elements. The platinum wire should not



Table I

Characteristics of different liquid-level indicators for the
system acetone-air at room temperature
"Sharpness" ‘Uav)G

: , _ .
Sensing Element (U ) (U ) q a
L TG . -1 1 .
~ (°C) (°C) (watts/in) ft (1/a in. )
No. 40 copper wire 1 39 1.1x1073 8.3 1.45 . 5.2
2-mil platinum wire 1 39 7.1x10°%  24.4 0.51 19.8
1 -mil quartz, silver- 1 39 2.6x 1084 46.8 0.25 29.2
plated ‘ _
1-mil platinum wire 1 39 2.6x10°% 345 0.35 25.5
0.5-mil platinum wire 1 39 1.8x10°%  48.9 0.25 29.2
platinum ribbon 1 39 25x10"%  61-81.0 0.19-0.15 31.6
0.001 by 0.0002 in. |
C‘F, which is approximately the gas-film heat-transfer

#
Calculated using h = 1 Btu/hr x sq. ft. x

coefficient.

_Ig_
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be silver coated (Wollaston wire), however, because the thermal
conductivity of silver is about six times that of platinu’m, 'thus offsetting
some of the advantage of the small diameter.

A platinum ribbon approximately ! mil x 0.2 mil was used as
the sensing element and was made by rolling 3-mil Wollaston platinum
wire into a ribbon 1 mil thick. This ribbon was wound on a glass tube
and the silver dissolved with nitric acid. The resﬁlting ribbon has a
resistance of about 22 ©/inch at room temperature' and is very uniform
throughout its length. |

The liquid-level indicator was mounted as indicated in Fig. 20
and its resistance was measured by means of the bridge circuit shown
in Fig. 21. The 20-pa full-scdale meter was calibrated directly in
inches.

~ Although the bridge vé;'a»s operated with rectified ac, it is shown
battery-operated, because the reading is very -sensitive to variations
in operating current and battery operation p.robably would be more
satisfactofy.

Calibration and results. The instrument is calibrated by adjusting the

Helipot R-4 so that ME-1 reads zero when the sensing element is com-
pletely immersed in liquid, then, by adjusting the current and the sensi-
tivity, the 20-pa meter can be made to read full scale when totally out -
side the liquid. It may be necessary to readjust the settings until the
meter reads correctly at the two ends of the scale,.

The calibrating procedure given above is satisfactory when the
instrument is to operate always in the same liquid and the same gas, -
under identical conditions of temperature an& pressure; however, it
was desired to obtain a method of calibration ‘whereby the instrument
could be calibrated rapidly, without resort to visual indications, and
under widelydifferent conditions of pressure, temperature, and com-
position of the phases. | |

The procedure adopted, which gave satisfactory-r;esults for the
systems acetone-air at room temperature and liquid nitrogen-nitrogen
vapor at lbat'mospvhere pressure, is as follows:

(a) Adjust R-5 for maximum sensitivity.

(b) With the sensing element totally immersed in liquid, and the
lowest current (about 1.5 ma), adjust the Helipot R-4 to balance the
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Fig. 20, Liquid-level indicator.,
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Fig. 21, Circuit diagram for liquid-level indicator.
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bridge. . Record the Helipot reading, R,.
- (¢) Gradually increase the current and plot bridge unbalance versus
sensing-element current, Curve A in Figs. 22 and 23.
(d) Plot bridge unbalance versus current with the sensing element
completely in contact with the gas, Curve B in Figs. 22 and 23.
-(e) Note the current Il at which thé_ bridge gives full scale in the
gas, and from the plot read the corresponding reading in the liquid,

th . .Extrapolate curve B for the gas until L. as = Lyt 2 (the 2

. gas liq
being the full-scale reading desired.)
(f) Reduce the current until the reading in the gas is the same as
Lliq. mentioned under (e).

(g) Adjust the Helipot R -4 until bridge is balanced (zero) and record
the Helipot reading R,.

(h) Set the Helipot at the intermediate value (R1 + RZ)/Z and adjust
the current to obtain full-scale deflection in the gas.

(i) Record the current I This is the correct operating current for

the sensing element. :
The instrument is then adjusted to read correctly at the two ends of the
scale for the given liquid and gas phases.

The above procedure is especially advantageous when the heat-
transfer properties of the liquid phase change slowly with pressure,
temperature, or composition, since it is then possible to prepare a
family curves of bi-.idge unbalance versus current for the liquids, and
variations in the properties of the gas phase can be taken care of by
individual calibrations under the different conditions. Step (h) of the
calibration procedure gives rise to some error, especially at the
higher pressures, when the deflection-versus-current curves are more
nearly parallel and a higher operating current is required. -

The linearity of the sensing element is satisfactory, as can be
seen in Fig. 24, which compareé the platinum ribbon with 1-mil
platinum wire, showing that, as predicted, the ribbon gives a more
linear response. The data were obtained in the system acetone-air
at room temperature, with the power dissipated by the wire about four
times as great as the power dissipated by the ribbon.

Also ‘shown in Fig. 24 is the response of the 1-mil platinum
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Acetone-Air at Room Temp.
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Fig. 22. Curve for calibration of liquid-level indicator,
acetone-air at room temperature.
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Fig. 24. Linearity of liquid-level indicator.
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wire under nonisothermal conditions such as would be obtained in
measuring the level of liquid nitrogen in an open container, where
appreciable temperature gradients exist in the gas phase. The deviation.s
from linearity are then quite appreciable.

The scatter in the experimental data shown is due to variations
in the operating current, and a part of the deviations from linearity
could be adscribed to the difficulty in obtaining a perfectly taut filament
out of such fine wire., _

The power dissipation of the liquid-level indicator under
operating conditions at liquid nitrogen temperatures was about 3.4
milliwats pef inch or 6.8 milliwatts for the total length.

The calibrating procedure given above was found to be fairly
reliable at low pressures or for operation with pure nitrogen vapor.
Thus reliable results were obtained with pure nitrogen at 100 psig;
however, the addition of hydrogen to the vapor phase increased the heat-
transfer c_oefficienf of the vapor to the point where the above calibrating
procedure was not reliable at operating pressures of about 300 psig,
with hydrogen concentrations in the vapor of the order of 75%.
Liquid-level indicator for PV-3. The liquid-level indicator in PV-3,

used during samp,llirig', is a simple "on-off" device using as sensing
element a Globar type 304B resistor;, chosen because of its large
temperature coefficient of resistance in the region - IOOD_to - 200° C.
The Globar resistor was ground to an outside diameter of 1/16 inch for
ease of assembly inside the pressure vessel, and its resistance was
measured with a bridge very similar to that shown in Fig. 21.

The adjustment of the bridge to obtain a liquid sample free
from vapor bubbles was rather critical and merits discussion in more
detail, with'bFig. 21 as a reference for the circuit diagAram and Fig. 25
for the flow diagram. o

- When a sample is taken, the liquid flows up into PV -3, pushing
ahead of it the vapor contained 1n the-tubes and valves, and it is desired
to close the liquid-sample valves. V-8 and V-9 when the liquid level in
PV-3 is high enough to cover the Globar, but not before, thus flushing
the vapor bubbles from the line. Therefore the meter should read full

scale when the Globar is completely immersed in the liquid, but should
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Fig. 25. Flow diagram of liquid-sampling section,
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not give full-scale readings in the moving vapor or when a slug of
liquid wets the globar, o _

The adjustment of the circuit constants is .besty made by trial
with the given liquid and vapor phases, after the pressure in the equip—
ment is brought to operating value, before a run is made. This also
insures that an adequate amount of liquid is present in the equilibrium
cell to take a sample after the run is made.

The bridge is operated at maximum sensitivity by decreasing
R-5, and R-4 is adjusted to zero the bridge very shortly after the
current is turned on; before the Globar reaches its equilibrium tem-
perature in contact with the vapor. With this adjustment; the meter
reading will be negative when the Globar is in contact with stagnant
vapor. Now the flows in the equipment are adjusted for sampling, as
described elsewhere, and the valves are closed after the meter goes
off scale, indicating that liquid is present in PV-3. After the valves
are closed the meter should remain off scale for at least 30 seconds,
indicating that the Globar is covered with liquid. If this is not the case
the value of R-4 is changed, because the meter indication was ‘due to
vapor flow or to a slug of liquid.

‘The adjustment of the circuit constants becomes incréasingly
difficult at the higher pressures, in the vicinity of the critical point of
the mixture, because the liquid and vapor phases have nearly the same
thermal properties. The upper limit of applicability of the liquid-level
indicator in PV—3 is not known; however, it gave reliable indications
at 95°K and about 1200 psig for hydrogen-nitrogen mixtures containing

more than 70% H, in the vapor phase.
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T1me for Approach to Ethbnum

- The time requlred for a given approach to equ111br1um in a
recirculation type apparatus is short, and can be calculated if we
assume that all the vapor is “concentrated in a reser(v:oir and that there
is perfect mixing of the gas in the reservoir. ‘ |
For a leaktight system, a material balance (F1g 26) y1e1ds

m,x + m,y = :C = totalmoles of comp. 1, ’ - (9)

| m, + m, =-Q1, R (10)
where _ _ ’ _ '
m, is the number of moles in the liquisl :phasei,
m, is the number of moles in the vap“o; phase,

€ and C are constants,

x compos1t1on of the liquid, mol fract1on,

vy = composition of the vapor, mol fraction.

The above material-balance eqﬁatio_ns, negiect the small amount
>c‘)f vapor .of composition Yl in the tubing between the liquid and vapor
reservoirs. _

In addition, we can write the following 'relations between the

vapor and liquid compositions:

% , » B
vy = Kx A ‘ (11)
and
Y1 -V '
E e, (12)
Yy =Y
where

y* is the vapor in equ111br1um w1th a liquid of comp051t1on X;
E is the Murphree plate eff1C1ency, which is the ratio of
actual enrichment to the enrichment obtained in ideal
contacting;
Kis the vapor-liquid equilibrium constant.
From Eq. (11) and (12) we have
_ yl—EKx-F(l—E)y (13)
. From Eq. (9), o
y = »C/mz - my x/mz. - (14).



-63-

m, Yy | m,
x [ 7 vy
— _ <
V,y

Fig. 26. Recirculation equipment, block diagram.
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Combining Eqs. (13) and (14), we get

my

C , ‘ A

y =< (1-E)+ [ER-(-B) 2 x (15)
2 2

Now we can write the equations describing the transient beéhaviour of

the system. For the liquid,

Vy - Vy - my G = 0. (1e)
For the vapor,

However, it can be shown that Eq. (16) and {(17) are not independent,
since they are related by the material balance,- Eq, (9). Therefore
we can work with either one of them; let us take Eq. 5(_‘16).

- We can substitute the values of y and y, obtained in Eq. (14)
and (15), obtaining '

T IE k= S (18)
toomyp T omyt s mpmy

An equation which can be easily solved if it is assumed that

my and m, are constant, giving

2 ,
s=2 +ae®, | (19)
where
_ VE
a = (m2K+_m1),
172
b-=.VEC/m1m2,
a _ c .
"m,K +m,
)Y m, K'+'m),

- A is the integration constant.
A can be evaluated from the following boundary conditions:

t=0 X = X
0

t=o X=X
' ‘ e
where X is the final equilibrium composition at steady state, so that

_ ; -at ‘
X=X, + (_x_o - X.e) e . (20)

The value of a can be further simplified by writing Eqi (9) for the

equilibrium compositions,
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mlxe- + mZK xe = Cf

therefore we have

e = c
e vml + m2
and a2 becomes
RSB ey
1727

The assumption of perfect mixing in the gas reservoir is very
éonservative, since shorter equilibrium times would be obtained for
-f'slug" flow. |

We can now apply Eq. (20) to two typical cases to find the
order of magnitude of time required to reach equilibrium.

. The total volume of the recirculation equipment used was

600 ml, of which 500 were located in the main water bath, at 35°C.
The design pumping rate of the vapor is 200 ml/min and the volume of
the liquid phase is smaller than 23 ml.

If we assume that the Murphree plate efficiency of contacting
is 50%, and that owing to leaks of mercury in the pumping system the
actual pumping rate is 100 ml/min, the following results are obtained

in the H‘2 - N2 sysj;em for x-- X, = 0.0001;

P T t
(atmos) (o K) {min)
5 79 6.6

70 109 : 14.3

Thus, the time required to approach the equilibrium com-
position within 0.01% is at the most 15 min, which is a relatively short

time for equilibrium measurements of this nature.
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EXPERIMENTAL RESULTS =

The time available for taking data in the vapor-liquid-equilib-
rium eqﬁipment was rather limited, therefore the fbllowing results
include only the 90° and 95° K isotherms up to a pressure of about
700 psia. The results are listed in Table Il and are plotted in a P-x-y
diagram in Fig. 27. This type of diagram is difficult to read accurately
because the lines expressing liquid compositions fall practically on top
of each other. Also, because of the large curvature of the vapor com-
position line, it is difficult to smooth the data.

The - K-value-type plot presented in Fig. 28 is convenient for
numerical calculations not requiring a high degree of accuracy, but is
not sensitive enough to show the scatter in the data presented here. |

‘ "What is desired is a method of plotting the data so that the
small amount of scatter may be readily detectable, and preferably one
that would not combine the liquid and vapor compositions in a complex
function, but deal with them independently, td avoid compounding the
the errors.

Liquid Compositions

One of th'e common ways of smoothing liquid compositions is
to plot the vapor pressure of mixtures of constant composition in a
reference-substance-type plot, 29 but this method is not applicable to
systems 1ike.the H2 - N‘2 systefn_, where one of the components is a
gas very much above its critical temperature, because in this case the
lines have slopes very different from those of the reference substance.
Thus, while the total pressure increases with temperature for pure
nitrogen and for mixtures containing less than 8% HZ’ it is practically
independent of temperature for mixtures containing 8% HZ’ and
decreases with an increase in temperature for richer mixtures.

Howéver, the concentration of hydrogen in the liquid increases
almost linearly with pressure at constant tempefature indicating that

Henry's law should be followed rather closely.



167-

Table II

Liquid-vapor equilibrium data
H —'N2 System -

2
Run T P P-PR x Ly _ Y x YP
o .. o Ny . K= X *_ YP_
No. - (Y K) (psia) (psi) {mol fractions) x P-PRIZ P-PISZ
90.00 52.14% 0 0 0
10 90.02 259.0 206.8 --- 0.7324 -— -—- 0.9173
l11-a 90.02 196.76 144.52 0.0248 ,0.6732 27.1 1.716 0.9165
11-b 90.01 188.20 136.02 0.0234 0.6619 28.3 1,720 0.9158
l11-¢c 90.03 171.91 119.62 0.0207 0.6367 30.8 1.730 0.9150
11-d 90.02 164,42 112.18 ---- 0.6247 --- --- 0.9156
l1-e 90.03 142.74 90.49 ---- 0.5791 _——— - 0.9135
11-f 90.04 148.07 95.76 0.0164 0.5903 36.0  1.713 0.9127
11-g 89.99 122.35 70.24 0.0119 0.5217 43.8 - 1.694 0.9087
11-h 90.01 88.96 36.76 ----  0.3753 --- --- 0.9082
18-a 90.01 146.00 93.80 0.0159 0.5855 36.8 1.695 0.9113
20-a 90.06 354.19 301.77 0.0534 0.7800 14.61 1.769 0.9155
20-b 90.04 666.51 614,21 0.1115 0.8304 7.447 1.815 0.9011
95.00 78.43% 0 0

19-a 95.02 160.87 82.32 0.0149 0.4492 30.1 1.810 0.8778
19-b 95.00 380.24 301.81 0.0566 0.7005 12.38 1.875 0.8825

2l1-a 94.99 657.44 579.07 0.1121 0.7643 6.818 1.936 0.8677

‘Vapor pressure of nitrogen by definition
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Henry's law can be written as . e
x = k PHZ, (22)
where x is the mol fraction of hydrogen in the liquid, ’

k is a constant,

ISH is the partial pressure of hydrogen in the vapor.
> _ .

The partial pressure of hydrogen in the vapor can be expressed
in terms of the total pressure and the partial pressure of nitrogen as
P, =P

-
'HZ NZ

(23)

and if Raoult's law applies to the liquid phase, the partial pressure of

nitrogen can be expressed in terms of the liquid composition,

o

P_=Po (l-x), o ) (24)
Ny Nz
where PISI is the vapor pressure of pure nitrogen. We can substitute
this value ?in Eq. (22), obtaining
x = -k[p-p° (1-x)] (25)
N, |
which can be further simplified to -
'x = k'(P-P (26)

o

N
which neglects the effect of the liquid composition. From Eq. (26) the
value of k' is '

. ,
kK'= =0 - (27)

The value of k! was used in the plots in preference to the value of k,

because it is a parameter simpler to calculate and the ratio k'/k is

practically constant at 1.009 through_ovut‘ the pressure range investigated.

The variation 6f k' with pressure.and temperature is shown in Fig. 29. .
expressed as mol fraction per psi partial pressure of hydrogen in the «
vapor, increases with both temperature and pressure. The shaded

region around each line indicates the limits of error in the values of k'
corresponding to an error of + 0.01% in the composition of the liquid

w

phase. k' was plotted versus P—PON instead the total pressure P,
2
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Fig. 29, Hydroge'n_—r.litr‘ogen system: liquid compositions.
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to allow for comparisons of solubility at the same values of partial
pressure of hydrogen.

Vapor Compositions

If the vapor phase were an ideal gas mixture, the following
relationship would hold:
= _ _ o
PH2 =yP =P PN2 (1-x), | (28)
which can be again simplified by neglecting the effect of liquid

composition to obtain .

P =yP=P - P . (29)
HZ NZ :
o]

Figure 30 shows the value of the function yP/(P-PN ) which differs

' ' . 2
from ! even at the lowest pressures and has a strong temperature
dependence. However, it is convenient for smoothing isothermal data
because it varies relatively slowly with pressure, 'excep't near the
critical point of the mixtures.

Temperature Scale

The temperatures of 90° and 95° K used in this work are
defined in terms of the vapor pressure of pure nitrogen and NACA-NBS

table of vapor pressure of nitrogen, 21 as folllows;

Temperature Vapor pi-es sure
(°K) | (psia)

90.000 52.140

95.000 - 78.430

Comparison with Literature Valves

The vapor -liquid équilibrium for the HZ—NZ system has been
determined by several investigators, and some of their results are
compared in Figs. 31 and 32. Verschoyle46 used the equilibrium-bomb
technique and investigated the vapor-liquid equilibrium between the
triple point of nitrogen and 85.7° K. * The volume of his equilibrium

bomb was only 9 ml, so that appreciable pressure changes must have

The temperature values mentioned may differ from those cited by
the original investigator because they were corrected to be in
agreement with the values of vapor pressure of nitrogen given by the
NACA-NBS tables. 27
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Fig, 30. Hydrogen-nitrogen system: vapor compositions.
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Fig. 31. Hydrogen-nitrogen system: liquid compositions;
comparison with literature values.
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occurred during the sampling of the vapor. This is confirmed by the
very low values of hydrogen concentration in the liquid reported at
the lower pressures, as can be seen in Fig. 31, which shows his
78.2° K isotherm. The same effect is noticed in his 85.7° K
isothermv (not shown). His data at higher pressures, however, seem

to be fairly reliable.

© and 90° K"

and pressures up to 50 atmos (735 psia). They used a dynamic

Ruhemann and Zirm38 report data at 78°, 83

method in which a mixture of known composition is cooled to the
desired temperature through a long cooling coil, and later the liquid
and vapor phases are separated and sampled. Unfortunately their
data were nvot tabulated and had to be read off a very small plot,
therefore the following conclusions may be colored by a possible
reading error. Their 90°K isothermal data can be seen to differ
apprecia‘biy from the rest of the literature values. The same is true
of their 78° and 83° K ciata (not shown).

Later data taken in the same equipment by Steckel and‘ Zinn40
seem to be of much higher quality, although subject to the same
poésible reading error mentioned above. Steckel and Zinn worked at
90°, 107.7°, and_lO‘?0 K and pressures up to 95 atmos (1396 psia.).
Their 90° K data agree fairly well with the data obtained in this work,
especially at the higher pressures. Their 107.7° and 109?K data are
not shown. :

| Gonikberg and his co—workers_II used the dynamic methbd in
an apparatus very similar to Dodge's. 8 They tried to duplicate the
78.2° and 85° data of Verschoyle, and also obtained data at 95.4° and
109°K. There is some question as to the actual temperature levels
at which they obtained their data, because they used the vapor pressure
of oxygen together with the vapor-pressure equation of Dodge and

Da.vis9 as their temperature reference; but when the temperature

The temperature values mentioned may differ from those cited
by.the original investigator because they were corrected to be in
agreement with the values of vapor pressure of nitrogen given by the
NACA-NBS tables. 27 _
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%
calculated from the Dodge and Davis equation is compared with the
temperature as calculated from the vapor pressures of nitrogen

reported, a small discrepancy exists.

Nominal Based on Based on
temperature oxygen nitrogen
(°K) (°K) (°K)
79.0 78.81 78.96
86.1 86.06 - 86.17
95.4 95.45 95.37
109.0 108.95 108.46

It is not known whether the above diserepancies point to an error in
the NBS tables or to an error in Gonikberg's vapor-pressure data.
The agreement between G0nikberg'-s data at 95.4° K and the data
reported in this work at 95.0°K is fair, considering the slight
difference in temperature levels. - Most of the discrepancy in the
liquid-sample compositions occurs at low pressures, where the
effect of errors in the analysis is more pronounced. The vapor
compositions at about 600 psia differ by about 1.5%, but the dis-
crepancy is smaller at the lower pressures. Goinkberg's data at

109° are also shown in Figs. 31 and 32.

Corrected to agree with the NBS values of vapor pressure of
oxygen.
*H ‘The temperature values mentioned may differ from those cited
by the original investigator because they were corrected to be in
agreement with the values of vapor pressure of nitrogen given by
- the NACA-NBS tables. 27
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Testing of the Data for Therfnod-ynamic Consistency

The usual methods of testing the thermodyna_mié consistency
of liquid-vapor equilibrium data cannot be _aéplied to the thermodynamic
analysis of the hydrogen-nitrogen system, or other systems where one
- of the components is above its critical temperature and the vapor phase
cannot be considered ideal. )
Thus, the "area condition" developed independently by Redlich33
and by Herington, 15

111 (Yl jdx, =0 (30)
[ et e |

where
v Y1 is the activity coefficient of component 1,

Y, is the activity coefficient of component 2,

Xy vis the liQuid—phase composition, mol fraction,
cannot be applied because the liquid-phase composition does not extend
‘throughout the entire range; besides, the function Q, related to the
excess free ehergy of the mixture, '
RT

from which. . Eq. (30) was derived, is not a definite function in the

=Q =x; logy, +x, logy,, ' : (31)

critical region. .

‘ The other criteria mentioned by Redlich et al. 34 cannot be
applied to th_e hydrogen-nitrogen system because they are derived on
the assumption of an ideal vapor phase and break down, even if some
corrections are applied by the use of their v"a‘dju.s'ted vapor pressure'.

Thus, their equation for testing isothermal data,

dIn P -x : .
e h el | ™
breaks down be'cé.;u‘se the slope d 1ln P/dy1 éssumes infinite and
negative values as the pressure is increased, but the right-hand side
of the equation yields only finite, positive values.
Similar considerazt;_or;(s) apply to the methods derived by

Kuo Tsung YuZ,2 Othmer and various others, which are based
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on ideal gas behavior. Other methods describing the limiting trend

13,17 are not of immediate

of activity coefficients in binary mixtures
applicability. Following the publication of equations based on the
Benedict-Webb-Rubin equation of state for the calculation of the partial

molal free energies and fugacities of components in mixturés, * 2 thus

- making possible the calculation of liquid-vapor equilibria from the

equations of state of the pure components, various attempts have been
made to calculate the vapor-liquid equilibria for actual systems.
Thus, Stotler and Benedict41 corr-elatéd the nitrogen-methane vapor-
liquid equilibrium data of Cines et al. 4, and Schiller and Canjar?’gv
calculated the nitrogen~carbon monoxide system and compared their
results with the expefimental data of Toroche'sh’nokov‘%‘l

The calculations are quite involved and tesult in a fit to the
data within about 2.%, even after the methodv of combining constants
was changed to fit some of the experimental points, B '

This method, then, could be used to obtain a rough check on
the consistency of my data, but could not be trusted to give results of
the same order of accuracy of the data; therefore some other testing
procedure had to be devised. ‘

The method finally devised is not entirely rigorous because
it checks the limiting behavior of the activity coefficient of only one of
the components; however, it is relatively sitﬁple and tested the
consistency of the data within about 0.2%.

The activity coefficient of nitrogen in the liquid phase was
calculated from the liquid-vapor equilibrium data and the equations
developed by RedliCh34, by use of the "adjusted vapor pressure"
calculated from the eciuation of state of Redlich and Kwong. The
calculations were considerably shortened by the use of the tables of
derived functions from the equation of state, supplied by Redlich. 36

The activity coefficient of a component in a mixture can be

- empirically expressed by a power series of the form =

_— o
log Y =X B + C(Xl - 3x2) + D(x1 - xz) (x1 - 5x2)+.- BN (33)
which simplifies to ‘

log y, = Bxl2 o » | (34)

for nearly ideal solutions.
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Thus, if the liquid phase is nearly an ideal solution, a plot
~of leg Y, VS x.lz ghould give a straight line going through the origin.
This is indeed the case for hydrogen-nitrogen mixtures, as can be
secen in Fig. 33. , . _ _ : ,
| Actually, the line representing the activity coefficients at
95° K goes through the origin, while the line f_orv 90°vK is parallel to it
and slightly displaced, having an intercept at x = 0 of 0.0024 éorre—
sponding to a yaluerf Y, of 1l.0055, but the values at low concentrations
indicate a definite curvature towards the origin. Further, Fig. 34
show's the range of error in log Y, correspondihg to an error of + 0.1%
in vapor composition, indicating that the vapor compositions are at
most 0.2% in error, if we assume that such a simple equation of state
as Redlich and Kwong's, together with the approximate intégrations
_ used to obtain the'adjust;dvvapor pressure, can be expected to hold
within that accuracy.. _
This method of pldfting the data is particularly sensitive to
errors in vapor composition,l because the activity coefficient of

nitrogen is obtained from

. - e, e (35)
| N2 Pa/p
“where
KNZ = vapor-liquid equilibrium constant of nitxjpgen
= (1-y)/(1-x),
Pa = adjusted vapor pressure of nitrogen,
P = total pressure, |

and the values of (1-x) are v.ery close td 1 whereas (1-y) is relatively
small. . Thus, any error in the vapor composition has a lar'ge' effect
in log YN, Likewise, a small error in the temperature at which the
data were obtained has a large effect in log YN, because it affects
directly the values of the adjusted vapor pressure.

The shift in the 90°K points, if real, could be explained by
assuming that a small amount of liquid is entrained by the vapor as
it leaves the -equilibrium cell. Actually, if the ratio of moles of
ligquid entrainea to total vapor flow is of the order of 0_.0003, the sh_ift

in composition of the vapor is about 0.2%. Data on other systems
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Fig. 33. Hydrogen-nitrogen system:“ac'tix}ity coefficient
of nitrogen in the liquid phase. '
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Fig. 34. Hydrogen-nitrogen system: effect of errors in
vapor composition on the activity coefficient.
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were also obtained, however, and they do not show a systematic

O

deviation when analyzed by similar techniques for thermodynamic
consistency.

The value of the constant B calculated for best fit to the
data going through the origin (95° K line) is 2.00

Arturo Maimoni and Donald N. Hanson, '"'Index of Refraction and
Liquid-Vapor Equilibria for Deuterium-Nitrogen Mixtures, "
University of California Radiation Laboratory Report No.
UCRL-3169, October, 1955,



-84-

ANALYSIS

Although the analysis of mixtures of hydrogen é_nd nitrogen
can be handled adequately by'a number of standard gas-analysis
’technique_s, a great deal of time . was devoted to the develbpment of a
method that would be

(a) accurate, because it was desired to know compositions of the
vapor phase to better than 0.1% and compositions of the liquid phase
to better than 0.05%, in order to obtain accurate values of the liquid-
vapor equilibrium constant;

(b) fast, or at least requiréng little of the operatoris time, which
‘was almost an essential condiltion in view of the complexity and fast
rate of approach to equilibrium of the main piece of equipment;

(c) essentially trouble-free, so that analysis could be run on a
routine basis;

(d) flexible, to allow for changes in the systems that are to be run
on the equipment. |

The above considerations eliminated a number of possible
analytical methods. Thus, while absorption and combustion analysis
in an apparatus of the Orsat type is probably the most flexible of all
the methods available for gas analysis, it is slow and requires
constant operator attention. - Also, obtaining the desired accuracies
by this method is somewhat difficult, especially if those accuracies
are to be obtained on a routine basis.

Among the physical methods the following ;were considered;
Mass spectrograph. Although a mass spectrograph was available for
occasional analysis, e‘s-pecially on the purity of the gases used, it
could not be used for routine analysis on a large number of samples.
Also, obtaining the desired accuracies would be somewhat of a
" problem, since accurate calibration blends are required.

Density. Although there is a large density difference between hydrogen
.and nitrogen, an ejxamination of the methods available for its meas-
urement did not offer much promise, falling short on accuracy or on

reliability.
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Effusion. A method of analysis involving the difference'in effusion
Aratesl4 was examined with the above criteria in mind; but seemed too
difficult to deQelop’ into an analytica‘l tool of high accuracy, since it
requires very accurate measurements of pressures of the order of

1 mm of mercury. ‘

Among the methods that appeared most p;'omising at the
beginning of this investigation was the measurement of the velocity of
sound. This method was investigated experimentally, using a sound
’in'terferorr':eter operating at 500 ké.‘ The experimental results showed
.J'tp.is method to be capable of very high accuracy. However, it could
not be developed to a trouble-free status suitable for routine analysis,
and was abaandoned.

The next method to be investigated experimentally was the
measurement of thermal ¢onductivity, a method that offered some
early promise but was not réproducible enough to meet the standards
of accuracy desired. ) |

Finally an optical interferometer was purchavsed‘ from
Carl Zeiss, and it solved the analytical problem in a fairly satisfactory
manner. The results of its calibration and details of the experimental
technique‘ are described in a later section. |

Common to the calibration of the above analytical instruments
was a gas-blending apparatus capable of producing synthetic mixtures
in which the composition was known to = 0.01%. The blending apparatus
was developed in this laboratory and is described in the following -
section. '

Blending Apparatus

An apparatus capable of preparing synthetic gas mixtures of
any composition with a high degree of accuracy was necessary for the
calibration of the analytical techniqués. A number of alternative
designs for such a piece of equipment have been reported in the
literature; especially in the last few years, in connection with methods
for calibrating infrared and mass spectrometers.

| An .e‘arly exampie of blending apparatus was that of Valentiner
and Zimmer, 45 which was used in connection with the calibration of |

a gas in_terférometer, Their design is fairly complex; not well
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adapted to vacuum techniques, and has some dead volume in the -
bores of stopcocks. The average scatter of their calibration data
was about 0.5%, which probably originated in the blending apparatus.

Taylor _and.Youngé2 and Busey et al. 3 describe mixing
apparatuses that are better adapted to making blends of liquids of high
vapor pressure or of easily condensible vapors than of the permanent
gases.

La.riger23 meésu_res the gases independently in the same gas
buret, and transfers them to a -sample reservdir; A small uncertainty
in the composition of the blend results from the ga.s‘ trapped in a |
fritted glass section, gas which cannot be removed when a sécond
constituent is added to the mixture. - He compares the a priori
composition of a 9-component blend with the mass spectroscopic
o analysis of the same. The maximum deviation between the two sets
of compositions is \-,0.79%’ the minimum 0.01%; but it is difficult to
ascertain whether the error originates in the blending apparatus or
in the subsequent analysis. |
: Opler and Smith28 describe a fa,ir.iy simple blending apparatus,
in which the gases are measured in two separate reservoirs and then
blended. The same stopcocks are used for admission of the pure
gases and removing the finished blend, however, and the small amount
of pure constituent trapped in the bore introduces some uncertainty
in the final composition. They do not quote an‘y limits of accuracy.
None of the above seemed suitable for this investigation, because it
was desired to have a blending a.ppa_ratus with an a pr‘iéri accuracy
of about 0.01%, and capable of 'mé.intaini’ng this accuracy over the
compositién range of 4% to 96% of any component, Further, it was
to be well adapted for making binary mixtures, alth‘ough_it was
anticipated that a few multicomponent mixtures might be made in it.

. The apparatus devised is shown diagramatically in Fig. 35
and was permanently mounted in an aluminum frame with "3-M"
Bedding Compound, * as shown in Fig. 36. The apparatus has two

calibrated burets in which the pure components are measured.

Manufactured by Minnesota Mining and Manufacturing Co.
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Each buret acts as one leg of a mercury manometer, the other leg
being open to the atmosphere. After the pressuré and the volume of
the individual gases are determined, the burets are interconnected
for blending.

The diameters of the tubes in the d1fferent sections of the
burets were chosen so as to minimize the percentage error in the PV
product. "This pomt can be clarified further as follows; if a standard
reading error of 0.1 mm is assumed, the diameter of the tubing is
selected so that the percentage error in reading the volume is about
the sameé as the percentage error in reading the pressure, taking
into consideration the additional source of error introduced by the
capillary correction. This point is discussed in more detail by
.Cook. >

A more detailed description of the blending apparatus follows,
together with the experimental procedure used in making a blend.

~ Calibration

The volume calibration of the burets was obtained by weigh-
ing the mercury drained from the appropriate sections. To avoid
gas bubbles, the apparatus was filled with mercury after the burets
had been evacuated to less than 10 microns. A small volume un-
certainty is present, due to small amounts of stopcock grease from
stopcocks A and B that may extrude and adhere to the top sections of
the burets; for this reason the above stopcocks were lubricated with
a minimal amount of grease. Successive volume calibrations were
internally consistent, and the volume uncertainty was below that
required to produce an error in composition of 0.01%.

Blending _ _

The apparatus is connected to the vacuu-mVS'ystem manifold and
pumped out before adm1ssmn of the gases to be blended ‘The gas that
is to be present in h1ghest concentration in the final mixture is ad-
mitted to buret No. 1. _

The mercury level in No. | is adjusted in the calibrated
section above stopcock D, and the first gas is.admitted. The pressure
" of the g‘a.s is adjusted to be very close to atmospheric. Stopcock A

is closed and the system evacuated for admission of the second
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constituent into buret No. 2. The mercury level in No. 2 is adjusted
to obtain the proper volume ratio between the two gases. After the
pressure .in the system is below 5 microns, as shown by a vacuum
thermocouple gauge in the vacuum-system manifold, the second gas
may be admitted to buret No. 2. Stopcock B is now closed and the
‘system is evacuated. |

Once the pressure in the system is below 5 microns, stop-
cocks E and H are .o.pened,-, letting the mercury rise in the intermediate
tube unt11 it is above stopcock €, which is now closed. The vmercuryv
level is allowed to rise until it reaches point K. '

At this point the blending apparatus is char’ge&' and ready for
the determination of the p'res.'s'u’re and volume of the gases in the
bure’té. This reading is accomplished by connecting each of the
burets to the manometer tube, by opening stopcocks G and D or F.

- For certain volume and pressure ratios it is possible to open the

threé st‘opc-ocks simultaneously and adjust the amount of mercury in
the system so that the mercury meniscus in each of the burets is in

a calibrated section. For the apparatus described presently, mixtures
containing about (’)%,; 17%, 4‘1%,- and 52% of either component could

be read in this fa_.éh_ion. For other mixtures, the determination could
not be carried out simultaneously.

The blending apparatus is disconnected from the vacuum
system and immersed in a well-stirred water bath. = This water bath
was designed specifically for this purpose and was provided with.
long plate-glass windows, to éllow accurate reading of the mercury
levels. -

The mercury levels and the position of the fidﬁciary mark
(Fig. 35) are read with a cathetometer to the nearest 0.1 mm; the
apparatus was always ca.refully' leveled before a set of 'rea‘ding's was
taken. v |

The atmospheric pressure and temperature of the water
bath are recorded and the blending apparatus is ready to be connected ’
to the va.cﬁum system for transfer of the blend to the apparatus to

be ca.'librated.
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Once the blending apparatus is connected, stopcocks G and
either D or F are closed, stopcocks A and B opéened, and the gas
transferred back and forth between burets Nos. 1 and 2 for mixing.

The amount of time devoted to this particular operation is
quite important. It was found that as much as 40 minutes was required
for proper mixing and that shorter mixing times resulted in in-
consistent results. This is probably the main drawback of this piece
of equipment; however, it can be improved appreciably by the in-
clusion of another bulb of about 100 cc capacity, below the calibrated
section of buret No. 1, to allow complete transfer of the gases from
one buret to the bther and to increase the amount of mixing in any
given transfer. After the gases are properly blendedvsbthe,mercury
level in the central tube is lowered below the mercury cutoff, and the
blend is introduced into the vacuum system manifold by opening stop-
cock C.

From the values of pressure and volume of the gases the
value of the PV product was calculated, by use of the ideal gas law.
The temperature of the water bath was noted to ascertain the mercury-
density correction factor, but was not used to reduce the PV product
to a standard temperature; since both gases are at the same temper-
ature and the percent correction would be the same for both gases.
The number of mols of each gas was computed from the PV product
and the value of the actual molar volume of the gas.

~For the gases used in this work--hydrogen and nitrogen-~
the above calculation procedure is justified, since the deviations
from ideal gas behavior would introduce errors smaller than 0.01%
in the final molal composition of the blend. '

The pressure readings were corrected for the capillarity
effects of the tubes of the burets. The diameter of the manometer
tube, 18 mm i.d., was chosen to eliminate the need for any correction .

The hollow bore of stopcocks A and B was partially filled
with sealing wax, to eliminate the dead volume and the possibility of
having an unmixed I.aocket» of gas. For the same reason the mercury

‘level in the central tube is raised to point K.
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This particular design of blending apparatus, in which the
gases are measured in two independent burets, performed very
satisfactorily after t.he' effect of mixing time was ascertained and
allowed for. It is believed that the average error in the composition
“of a blend was of the order of '0.01%,- as evidenced by the data
obtained in the calibration of the interferometer (which is described

in the follow1ng section. )
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GAS ANALYSIS BY OPTICAL INTERFEROMETRY

The possibility of using an optical interferometer for analysis
was apparent once the manufacturer's claims (Ca._r_l Zeiss, Jena) were
examined together with the known indices of ‘rvefraction of the pure
components. For a gas chamber 50 cm long, the limits of error
claimed correspond to about 0.03% error in composition for the
H_2 - N2 system, an error that is within the accuracy tolerances
specified.

‘ It was also known that the index of refraction of a gas mixture
is approximately linear with composition, although it was not known
if the linearity could be assumed to hold within 0.03%, since all
previous data on mixtures are of lower accuracy and very few extend
over the entire range of composition.

Edwardslo determined the sensitivity of his apparatus by fill%
ing both gas chambers with dry, CO.2 -free air, and obtaining the inter-
ferometer reading while pressures were different in the two chambers.
This reading, together with the known index of refraction of air, gave
him the desired value of interferometer sensitivity. He then prepared
a COZ—air mixture containing 2.52% CO2 and found that the calculated
index of refraction agreed with that found experimentally.

: Mohr26 analyzed flue gases containing from 4% to 14% CO2
for CO2 and 02, calibrating his interferometer by standard gas- |
absorption techniques. - He declared his accuracy to be + 0.5% and the
index of refraction to be linear in this range.

Cuthbertson and Cuthbertson7 measured th.e index of re-
fraction of mixtures of O2 and O3, analyzing their mixtures either by
the volume increase upon decomposition or by chemical absorption.
The scatter of their data ran from 1% to 3%, and the range of com-
positions investigated was limited to about 7% O,. _

The best values for the dependence of index of refraction on
composition are those of Valentiner and Zimmer. 45 ~They.r;1easured»
the index of refraction of synthetic gas mixtures, which they made by
measuring accurately the amounts of pure cbm;j“_onents and mixing them

inside their blending apparatus. Their data extend over the entire
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composition range, with an average deviation of about 0.5%. They
> = COZV‘, which

was almost completely masked by the scatter. Their data for the

found a small deviation from linearity for the ,syste!m H

ternary system He-Ne-H, are linear, thus contradicting an earlier

result of Ramsay and Trazver’s32 that had indicated deviations of the

order of 3% for 50% mixtures of He - H,.
Therefore the assumption of linearity of index of refraction

with composition is seen to require a more careful investigation if

uniform accuracies of the order of 0.03% are required.

Theory |

| . Even though equipment for obtaining the index of refraction

of gases has been described profusely in the literature, it is necessary

at this time to describe some of the features of the Rayleigh-Haber - |

Zeiss interferometer, inasmuch as they have a beéring on the

interpretation of the data. -

' As indicated in Fig. 37, light from the source A is

_ collimated into a very narrow beam at the slit Sl-’ which is locafed

~at the focal point of Ll’ . The parallel beam emerging from L1 is

divided into two parallel beams B'1 and BZ’ which after passing

through the sample reservoirs C1 and-,C2 go through two glass plates

PI and Pz, and are made to converge in the focal plane of LZ’ where

the two beams give rise to an.interference pattern, Also shown in

Fig. 37 is tH_e distribution of ligHt intensity in‘ the focal plane of L,

when a monochromatic light source is used and the length of the

~optical path of the two beams is identical. If a source of white light

is. used at A‘, the two central dips in light intensity appear bllac'k,-

while those farther removed from the center appear colored on a

white background. If the light paths of B1 and B2 are not identical,

the set of fringes will be displaced along the focal plane of LZ' In

the Zeiss interferometer the set of interference lines is actually ob-

served by means of a high—poweredvcylihd_rical lens, and only the

upper part of the beams goes through the sample reservoirs; the lower

part proceeds undernea’chvc1 and..C2 to‘an auxiliary compensating

plate which directs it to LZ’ giving rise to a set of fringes which is

unaffected by the contents of the sample reservoirs and therefore
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Fig. 37. Optical interferometer (diagram).
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always maintains its fixed position and appearance and serves as
1-efe:t"ence_° ‘The appearance of the field of view inthe ocular is in-
dicated diagrammatically in Fig. .38.

The sample reservoirs contain the unknown and reference
substances; for this work there were two parallel tubes 50 cm. long,
sealed at both ends with optically flat windows.

- The difference in the optical path of the beams B and B,
caused by differences in the index of refraction of the unknown and
reference gases is compensated by changing the tilt in the glass plate
P which changes the thickness of glass through which the beam B,
has to go. The inclination of P, is controlled by means of a graduated
micrometer screw, from which readings can be obtained that are a
function of the difference between the index of refraction of the un-
known and that of the reference substance. The procedure for making
a measurement consists of rotating the micrometer screw until the
upper and lower set of spectra are made to coincide, reading the
graduations on the micrometer, and subtracting from this value the
reading obtained when both sample r,esérvpirs are ﬁiled with the ‘
same subvs'tance,_ or are evacuated. |

Absolute calibration_ of the interferometer

As the reading.of the micrometer screw is a function of the
refractive index difference, it is necessary to ascertain the nature of
this function, or obtain what is called the absolute calibration of the

interferometer. The optical path P is defined by

P=2Znt _ (36)
where

n = index of refraction

t = thickness
and, for monochromatic lig’ht, a maximum in light intensity is obtained
when | '

P, - P, =h\ (37)

where \ is the wavelength and h the band number; and a minimum in
light intensity when

. P,-P = (h+ 1/2) \. (38)
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"When white light is used, the minimums corresponding to h=0 appear
black, those corresponding t6 h.= 1 are colored but readable, while
all the higher-order lines are very faint or completely indistinguishable.
With monochromatic light all the minimums or bands present the
same appearance, i.e., black on a colored background, and the zero-
order band cannot be distinguished.

The absolute calibration is done with monochromatic light
(5461 %). - It consists of obtaining the micrometer readings that
correspond to the successive bands that pass through the ocular as
the screw is rotated, and is usually expressed in the form of a
- calibration table in which values of band number h are listed versus
the corresponding values of R - Ro; where Ro"is the reading cor-
responding to the zero-order band--obtained with white light when
both chambers are evacuated. These readings correspond to equal
increments in thickness of the compensating glass plate Pl’ and
correspondingly to equal increments in index of refraction difference
between the unknown and r.efé.féme! substances, since

AR = n At = 14n = £(R) | (39)

- Although the band-number calibration thus obtained holds
only for a partiéula_r Value of \, it can be used with white light if
only a measure of equal increments in index of refraction difference
is required.

Molar refraction

- The Lorentz-Lorentz molar refraction is known to give a
very good approximation to the changes in index of 're.fra.ctic‘m with
vpr'e'ssure, temp‘erature, and composition, and was used to reduce
all the interferometer readingé to standard conditions. It is defined
by |
n -1 M

n2+1 P ’

N = (40)

where N is the molar refraction,
n is the index of refraction,
M is the molecular weight,

p is the density.
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The density can be expressed in terms of the ideal gas density given

by

p= ——— M, (41)

where P = pressure,
T = absolute temperature,

r = gas constant, expressed in appropriate units,

to obtain
2
N=2 1 x| (42)
n +2 _
which can be simplified by the introduction of .
e=n-1. . (43)

6

‘Since e is a very small quantity compared with unity (e = 299.8 x10"~
for nitrogen), its square can be neglectéd, so that we obtain
~2 rT

N '3—- e D ¢ (44)
or .
~3 NP )
e = 2- I'T o ’ (45)
The interferometer, however, measures
h=ale - eg) (46)
where a = interferometer sensitivity,

er= n-1 for the reference gas,
eg= n-1 for the unknown gas,

whereas we are interested in the values of

hy =2 Reo)r B (eo)g] ’ (47)
where the subscript 0 refers to some standard reference state like
OOC, 760 mm of mercury. The values of h can be transformed into
values of h, by

0
~ - Tr 760 Tg 760
[teo)y - teg)d = e 273 P, " %gz73 By 0 48
and for the particular case in which Pr = Pg = P; Tr = Tg =T,
Eq. 48 can be simplified to »



N 760 T :
[(eo)r B (eo)g] =273 B (& - eg)
- T
= 2.7822 1—3_(er - eg)
_ T h
=2.1822 5 — - (49)
Therefore . 1
_ T
‘hy =2.7822 5 h. (50)

This last equation expresses the functional relationship between the
values of h, P, T, and hO and was used to b_r.ing all data to the same
standard conditions. '

EP_#P butT_=T_ =T, then
T g r g

0

Thus, if the pressures in the two gas chambers are not identical, an

h =z7szth+(1Q_I?_r>(ey a. (51)
Reep T mp ) Colr

appreciable correction has to be applied, which involves the absolute
values of interferometer sensitivity and index of refraction of the
reference gas.

Equation (51} can be used, however, to det'ermine either the
absolute sensitivity or the absolute value of €5 for a gas, if the other
value is known.  Thus, for determining the value of the sensitivity
both chambers are filled with a gas of known index of refraction the
pressure in both chambers is determined, and since th =0,

_.2.7822 Th

(P, - Pyl (egls G2)

Experimental Procedure

. The experimental‘procedure recommended by the
manufacturers was modified to allow the use of relatively small gas
' s’amplés and of vacuum fechniques. ‘The interferémeter was
connected to the vacuum system manifold, and reference gas
cylinders as shown in Figs. 39 and 40. Figure 40 also shows the
gas-blending apparatus.connected to the interferometer.

The procedure for making a measurement is as follows.
- The system is first evacuated until the vacuum thermocouple gauges

Nos. 9 and 10 show a pressure smaller than 5u, at which point the
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gas sample may be introduced into the sygem.The hydrogen content
of the sample determines the reference gas and chamber to be used.
Take the case .ofba sample that is known to contain about 50 % HZ’ and
is to be read against nitrogen gas as reference. The sample is in-
troduced into chamber L, for a gas of low index of refraction, while
the reference nitrogen is introduced into chamber H, for a gas of
high index of refraction. . If the amount of sample is not sufficient to
bring up the pressure in L to atmospheric pressure, additional gas
may be pumped out from the line by manipulating stopcocks Nos. 2
and 3 and the mercury level in L. . The pressure in the gas cell is
shown by the height of the mercury column over the mercury seals
No. 11.  When the gas cell is at atmospheric préssure, and enough
gas is left in L for the purging procedure that is to be described,
stopcock No.3isclosed and the line is evacuated for admission of the
reference gas. into chamber H. Chamber H is filled by closing stop-
cock No. 1 and opening valve No. 7 by the reference nitrogen |
cylinder.

When both chambers have been filled with gas, a waiting
period of about 1 minute is allowed for the gases to reach approxi-
mately the same temperature in the gas cells. The pressure is then
raised in chamber L by admitting mercury, until the gas bubbles out
through the mercury seal. The pressure in L is now above atmospheric,
the mercury seal is lowered until the gas inside the chamber is
directly connected with the atmosphere through the long gIaés capillary
‘(about 1 mm in diameter) , which minimizes the diffusion of air into
the interferometer tubes. The same procedure is repeated for the
bgas in chamber H, and a period of 2 minutes is allowed for temperature
equilibration before‘reading the interferometer.

The interferometer reading is obtained by lining up all the
clearly visible bands of the upper spectra with the most prominent
band of the reference spectrum, denoted band 4 in Fig. 38. For
each of the successive bands in the upper spectra there is a corres-
ponding reading which is identified by the subscripts 1, 2, 3, or 4,
according to the relative intensity of the lines, 4 corresponding to the

blackest line, 1 to the most colored, 2 and 3 for intermediate degrees
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of blackness. The reading of any individual band is accomplished by
rotating the micrometer screw {always in the same direction, to
minimize the possible effects of backlash in the mechanism).

| The above procedure is carried out for two reasons: to
compensate for possible errors in the absolute calibration of the
interferometer, and to obtain a set of independent readings of the
same quantity, readings which are later brought to a common basis
in the calculations. The distribution of color in the different bands
of the upper spectru‘m is valuable in the identification of the zero
order band as is described under band shift.

After a preliminary set of readings is taken, the mercury
is allowed to rise in chamber H, thus purging the gas in th:e gas cell
with the gas contained in H. A new reading is taken on the zero-
order band. The same procedure is followed with the gas contained
in reservoir L. This purging procedure allows for the detection of
any lack of homogeneity of the gases in the chambers due to incomplete
evacuation, slow leak, diffusion, or--in the case of the calibration
blends--lack of homogeneity due to incomplete mixing in the blending
apparatus.

‘While the reference and unknown gases are being purged,
the necessary pressure and temperature readihgs are made.

After the readings are _takén,-,, the mercury seals are raised
until the tips of the capillary tubes are under mercury, and stopcocks
Nos. 1, 3, and 4 are opened so as to pump out all of the gas in the
system. After the pressure has decreased to below 100 microns a
new reading is taken, to establish the reading corresponding to the
zero-order band when both chambers are evacuated. This zero
reading is fa_ifly constant, although it seems to be somewhat depende.nt
on room terhperature.

Band Shift

‘The use of white light allows for the easy identification of

the zero-order interference band, whereas this identification is im-
possibié to make with monochromatic light. For this reason white
light is used almost universally when the interferometer is used for

analytical purposes. However, owing to the difference in the
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dispersive powers of the glass in the compensating plate and the
substances in the sample reservoirs, the distribution of energy in
the upper spectra shifts gradually with increasing difference in index
of refraction, changing the chromaticity of the different bands until
the zero-order band no longer corresponds to the two dips in light
intensity that appear black (cf. Fig. 37) but may be displaced from
it by one or more bands; i.e., the éero-order interference fringe
is now colored.

 The position of the zero-order band was determined during
~ the calibrations of the interferometer with gas blends of known ’
composition, by purging the blend with reference gas while following
the position of one of the bands by rotating the micrometer screw.
For the above example, where the unknown sample was in chamber L,
the procedure would be as follows. Stopcocks 1, 3, and 4 are closed
after the introduction of the gases in the chambers. Valve No. 7 is
opened until the reference gas pressure, indicated in the compound
gauge, ié slightly above atmospheric. Valve No. 6 is closed and
cock No. 3 opened. Valve No. 7 is opened. Then valve No. 6 is
opened slightly while the movement of the bands in the interferometer
field is followed. The band shift is established by the change in the
relative color intensity of the band, thus, for the above example, if
the bla'ckgst band is followed, it will gradually become more colored,
and when both chambers are filled with essentially the same gas--
reference nitrogen--the band will be found to lie one band to the left
of the blackest band, which for this case is known to be the zero-
" order interference band. Figures 38 and 41 show the pattern of
relative color intensity of the different bands versus composition and
interferometer reading, and were used to determine the position of
the zero-order band for unknown samples. This method of obtaining
and plotting the band shift is very similar to the one recommended
by Karagunis et al. 20 and allows for the identification of the zero-
order band regardless of how colored it may be.

Pressure and Temperature Measurement

Barometric pressure was read on a Fortin-type U.S. Signal

Corps barometer, and tabulated corrections provided by the manufacturer
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were made for temperature and local gravity: ~The error in the
pressure measurement is of the order of + 0.1 mm of mercury.
Temperature was measured by means of a c0pp¢f-constantan
thermocouple, 5 feet of which were wound around the gas cells inside
the interferometer case with the assembly insulated with 2 inches of
fiberglass insulation. The latter made for very slow changes in the
temperature of the gas cells, while winding the thermocouple wire
around them minimized the effects of thermal conduction along the
thermocouple wire. The thermocouple was read with a type K-2
Leeds and Northrup potentiometer, and was calibrated at the sodium
sulphate point and against a Bureau of Standards certified thermometer.
The error in temperature measurement was smaller than 0.01° C.

Sample Calculation

It was already mentioned that readings were taken on all the
clearly visible bands, and that all the readings were brought to a
common basis. To illustrate this point, and also to show the re-
producibility of the different readings, the results and calculations
on synthetic blend No. 70 are shown here.

Blend 70 was made in the blending apparatus, was known to
contain 51.71% HZ’ and was read against nitrogen as reference gas.
The interferometer readings follow(P=738.6 mm of Hg; T=294.50 K):

R> Ry R3 R)

2125.8 2162.2 2199.0 2235.6

2125.8 2162.0 2198. 2235.7

2125.5 2161.7 2198. 2235.9 .

2125.7 2161.8 2198. 2235.6
2162.2 2198. ‘ R
2162.1

After purging with reference
nitrogen : 2199.
E 2199.
2199.
2199.

After purging blend . 2198.
2199.
2198.
2198.
2199.
2198.
2198.
2199.1
2199.0

W uUtw O

WU woout oo Wn
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After the above set of readings was completed, the chamber con-
taining the blend was purged with reference hitrogen to determine the
band shift. The band des'ignated_above'as R; was kept fixed in position
in the interferometer field by rotating the micrometer screw, and was
found to become gradually blacker, becoming the zero-order fringe
when both chambers were filled with reference nitrogen. The values

of»R4 when both chambers were evacuated, designated as RO’ follow:

W<

DV VIV
Wb
oW O

24.8

From the values of R - Ro the corresponding values of band number h
‘were calculated from the table of absolute calibration of the inter-
ferometer. The values of h were brought to a common basis with
the following set of empirical values of the difference in h values

~ between the different bands;

hl - h4 = ‘2;99{
hz —.h4 = -1’,04,
h4 - h4.= 0,
h3 - h4 = +1.05,
. h1 -h4v= +2.10.
Thus the calculations proceed as follows
Band R-R0 h correction h'
R2 2100.9 66.02 +2.09 68.11
R 2137.3 67.06 +1.04 68.10 S
4 B! = 68.12
R3 2173.5 R 68.14 - 68.14 aver. Y
R, 2210.9 69.20 - 1.05 68.15
The value of h0 is now obtained by substituting the above into Eq. 50:
_ " 294.50 L
h0 =2.7822 e 68,125 = 75.57.

The results obtained with the above blend are representative of the

results obtainable with the interferometer; they show a small drift
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in the values of R, with purging, but the amount of drift is within
the limits of reproducibility stated by the manufacturer and represents
a possible composition error of 0.01%. Before the details of the
blending technique were perfected much larger drifts were found, as
large as 0.44 band numbers or 13.2 drum divisions.
Results

The results of calibrating the interferometer with gas blends
of known compositions are presented in Figs. 38, 41, 42, and 43 and
in Tables IIT and IV. Figures 38 and 41 present the general trend of
interferometer readings versus gas composition, and were used
mostly in the determination of band shift and as a help in selecting
thé zero-order interference fringe. It may be observed that the lines
presented in Figs. 38 and 41 have a slight curvature, which is due
entirely to the lack of linearity in the relationship between interferom-
eter readings and band numbers. . '

If a plot were made of composition versus band number, it

would appear as a straight line having the following equations:

H2 - N2 mixtures read versus reference hydrogen,
' x, = 0.99774 - .0068616 hys (53)

H2 - N2 mixtures read versus reference nitrogen,
x, = 0.0068476 h, - 0.00014. . (54)

The values of X=X, that is, mol fraction hydrogen in the synthetic
mixture as obtained in the blending apparatus minus mol fraction
calculated from the above expressions, are presented in Figs. 42
and 43.

In Figs. 42 and 43 distinction is made between the points
obtained before the blending technique was perfected and the later
values. While only two of the later values show deviations larger .
than 0.001, most of the earlier blends fall outside this range. The
points in Figs. 42 and 43 show the combined errors in making the
blend in the blending apparatus and errors in reading the' interferometer,
so that it is actually difficult to assign a definite value to either one
of the two sources; however, the scatter fbr most of the "good" points
is less than 0.0005.
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x_ = .997736 - .0068616 h

Table III .
H, - N, vs reference hydrogen; values of_ho_ v
Blend x hg xg' X - X
1.0000 - .33 1.0000 0
10 .5946 59.39 .5902 + .0044
11 .8233 25.36 .8237 - .0003
12 .5003 72.79 .4983 + .0020
13 .7015 41.80 .7109 - .0094
14 .4840 75.60 .4790 -+ .0050
17 3021 101.47 3015 + .0006
20 .5955 58.87 .5938 + .0017
21 5893 59.83 5872 +.0021
22 .6990 44.03 .6956 + .0034
23 .7200 41.09 .7158 + .0042
24 .9432 7.93 .9433 - .0001
25 .9384 8.65 .9384 .0000
26 .8197 25.89 .8201 - .0004
27 .6984 43.77 .6974 .4 .0010
28 5990 58.67 .5952 + .0038
29 .4957 73.79 .4914 4 .0043
73 5156 70.05 5171 - .0015
76 5099 71.00 5106 - .0007
77 5204 69.54 5206 - .0002
78 .4802 75.41 .4803 - .0001
79 5799 60.93 .5796 + .0003
80 .7020 43.23 .7011 + .0009
81 5871 59.85 5871 - .0000
82 .8346 23.77 .8346 .0000
83 4173 84.63 4170 + .0003
84 .5873 59.81 .5873 .0000
86 .7002 43.45 .6996 |+ .0006
87 . .7805 31.71 .7801 -+ .0004
bl
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Table IV
H2 - N25VS reference nitrogen; values of h0
o
Blend X h X X - X

. 0 c c
15 5020 - 71.84 .4918 +.0102.
16 4217 61.16 .4187 +.0030
18 .3015 44.26 .3029 -.0014
19 1744 25.59 1751 -.0007
30 0607 8.86 0605 +.0002
31 2971 43.47 .2975 -.0004
32 5079 75.09 .5140 +.0039
35 6007 87.85 .6014 -,0007
41 _ .4160 61.19 .4189 -.0029
69 4119 60.16 4118 +.0001
70 5171 75.57 5173 -.0002
71 2525 37.00 2532 -.0007
72 5219 76.26 5221 -.0002
74 5788 84.04 .5753 +.0035
75 5137 75.01 .5135 +.0002
85 5818 84.95 .5816 +.0002
92 1707 24.85 .1700 +.0007
93 .3038 44.40 .3039 -.0001

calculated from X, = .0068476 h0 - .000137
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Discussion of Sources of Error

The assumptmn of idea gas behavior as applied in Eqs. (42)
through.(52) introduces some error in the values of h.O’ however, for
the gases used (HZ, NZ) and the usual range of temperatures and
pressures (,15o to 30° C, 740 to 750 mm Hg}), the degree of error "
introduced is well below the limit of accuracy of the interferometer
with 50-cm-long gas chambers.

The tolerances of error in the measurements of temperature
and pressure are not very stringent provided the gases in the two
chambers are at exactly the same pressure and terﬁperature (see

. {51})); For H, - N mixtures, with 50-cm-long gas chambers, it
is necessary to measure concentrations below 60% H against nitrogen
gas as reference, ‘and mixtures containing more than 40% H, against
hydrogen gas as reference, thus obtaining a.certain amount of over -
1apping in the region near 50%.

_ For mixtures containing 60% H read versus reference

n1trogen, the value of h, is about 89, and the errors in temperature .

and pressure correspon%mg to an error of 0. 01% in composition-are
0.045°C and 0.12 mm of mercury. For lower values of ho the
allowable tolerances are correspondingly increased, as evidenced in
Eq. (50). Thus the errors in the measurfnent of pressure and
temperature are almost negligible compared with the lack of re-
producibility in the interferometer‘ reedings, which at best is about
0.5 units in drum reading or about 0.02% in composition.

The interferometer is very satisfactory as an analytical
instrument, however, and allows for fast accurate analysis of gas
mixtures.

The time required for analysis is of the order of 30 min per
sample, but most of that time is actually involved in pumping out the
lines and involves no loss of operator time.

Discussion of Results in View of Molar Refraction Theory and -

Vl;flal Coefficients

When discussing the experimental results obtained; I pointed
out that the results could be expressed in terms of a straight line,

within the limits of experimental error.
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The equation of that line is of the type’ L

x, = sho +b. (55)

- It was interesting to note that the values of the coefficients
s were different in the two equations; they were 0.0068616 for the
data read versus reference hydrogen and 0.0068476 for the data read
versus reference nitrogen, showing a discrepancy of 0.204% in the
absolute values of the slopes.

This discrepancy could have been partially explained by
assuming slightly different lengths for the two gas chambers, but the
difference between the two tubes required to account for the discrepancy
would be 0.5 mm. An alternate explanation for the difference between
the two slopes is the possibility that the lines of index of refraction
versus composition may have a small degree of curvature due to
deviations from ideal. gas-mixing behavior.

It is fortunate that for this case the second virial coefficients
of the pure components and the interaction coefficient have been ex-
perimentally determined, thus making it possible to calculate the
. density of the mixtures as a function of composition, values which

can be substituted into the molar-refraction equations to obtain correct
values of index of refraction of the mixture. -

Molar refraction theory predicts that the molar refraction of

a mixture is a linear combination of the molar refractions of the pure
components. For a binary mixture
Ny = Ny x; + N, x, ' (56)
" Where Ny is the molar refraction of the mixture, Ny, N, molar re-

fraction of the pure components. For a gas mixture

M M M .
M _ 1 2 (57)

Pm

M
If the components are ideal gases and mix without interaction, the
above ca.n_'{ be simplified to

(eM)I =e; %y + e, X, (58)

where the subscript I applies to ideal mixtures.
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Combining Egs. 57 and 58, we have

[' o) ] P My 1] s P My 1}
e - e zT e,X - . - - e._X ; ) —
M~ em'1 ¥ M, B %2 My 7,

(59)

- Expression which can be simplified by making the substitution

1

P -2 ‘ :
=3, (60)
where V is the molar volume, to obtain
[-e ‘-  fey,) J= e.x {V'l - 1}-&- e x [VZ' - 1} (61)
| ™ M’ Y 272V :

The values of the molar volume of the_mixture can be calculated from
the virial equation '
PV _,, B

| T = lt v (62)
where the second virial c_oéfficient is given by
- 2 . 2
BM = lel + 2 Bllex2 + BZXZ . (63)

The following values have been given in the literature for the second

virial coefficients:

Reference - . FB’ ' B‘v o B

, - . 5 . NZ_ 12

Keyes?! ¥14.54  -2.78

Hildebrand '® ' +14.5 -6.2 +13.7

calculated from '

data in Perry?’1 +13.7 -10.5

Lunbeck and ’ +13.5

Roerboom?25 +13.70. -4.71 +11.5 -
" Theoretical?? +11.5

Values used in the :

calculations +14.1 -6.05 +13°33
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The values of V obtained from Eq. (62) were combined with the

following values of e obtained from the International Critical Tables:18

A =5461 &
Hy:  e=n-1=139.65" 107,
NZ: e =n-1 =299.77 - 10—6,_
- R
°N, * °H, 160.12 - 107°,

to obtain the values of e presented in Fig. 44.

M - emls
Thus, additivity in the molar refraction, when combined with
the proper density values for the mixtufes, predicts a smali deviation
from linearity for the index of refraction. The maximum deviation,
of 8.3 - 10.8 index of refraction units, occurs at 45% HZ’ and should
be large enough to be ref‘lect'ed in a difference in the slopes of the
lines expressing composition versus refractive index. This is in-
dicated in Fig. 45, which shows the over-all pattern of index of re-
fraction versus composition, in which the deviations from linearity -
are greatly exaggerated. |
At this point, however, the information available is not
sufficient to show if the deviations from linearity predicted from molar
refraction agree with the experimehtal data, since the absolute
sensitivity of the interferometer is not known with sufficient accuracy
to convert 'e’ values in h values. Alternatively, if the point of

intersection of the lines of slopes s, and 55 (Fig. '45)> were known, the

calculated and experimental values 1c:ould be brought to the same

basis. However, since the maximum deviation from linearity occurs

at 45% H, and the fit of Egs. (53) and (54) to the data is good at this
concentration, it was decided to assume that the lines intersect at

x.-= 0.45. This is the only assumption that was necessary for the
following calculations. From this assumption and the slopes given

in Eq. (53) and (54), it is possible to calculate the value of h2 —.hl-,

from which the values of interferometer sensitivity a and average slope
s follow. Thus, the values of s was found to be 0.0068553, with

a corresponding value of interferometer sensitivity of 0.91102 . band
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Fig. 45. Index of refraction versus composition,
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"numbers per index of refraction difference 106, Once s is known;
values of h corresponding to the different concentrations of the
synthetic mixtures can be calculated and compared with the experi-
mental findings, giving Fig. 46, which shows values of h - (}-lM)I for
the experimental blends, and the values of hM - (hM)_I obtained from
Fig. 44 and the interferometer sensitivity. The agreement between
the two sets of values is quite good. : ' _

It may be concluded that, at least for the H2 - NZ syste_fn,
the assumption of additivity of molar refraction is a very good
approximation to fact, and that the pfob@ble deviation corresponds

to an error of less than 0.01% in composition.--
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