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ABSTRACT

Zn experimental apparatus capable of making accurate
measurements of solid-vapor pressures was designed, con-
structed and tested. The basic system consists of a copper
equilibrium cell suspended in a constant temperature bath.
The bath temperature is controlled by balancing liquid ni-
trogen refrigeration with a heater on proportional control.

Temperatures are measured with a calibrated platinum
resistance thermometer and a Mueller Bridge. Vapor pres-
sures are measured on three bourdon tube pressure gauges
with ranges of 0 - 100 psi and 0 - 100 atm,

Step by step operating procedures for all the equip-
ment and instruments are presented for use by future opera-
tors. After adding a gas chromatograph to analyze equili-
brium vapor samples, future operators will use the system to
obtain solid-vapor phase equilibria data.

Vapor pressures of carbon dioxide were measured from
-75 to 0 deg C to test the equipment. The overall accuracy
of the system is limited by the pressure measurements,
Literature values of CO2 vapor pressures were reproduced
within + 0.03 atm using the Heise 0 - 100 atm gauge and with-
in + 0.5 psi using the Heise and Seegers O - 100 psi gauges.
The temperature of the bath can be measured accurately to
+ 0.00i deg K. The temperature controller can be set to con-
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trel within + 0.003 deg K of a desired temperature. During

a l2-hr temperature stability test run, the maximum devia-

tion from the average temperature was + 0.012 deg K.
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INTRODUCTION

Presently there is a lack of phase equilibria data,
especially at low temperatures, and this information is
needed for the successful and efficient operation of liqui-
faction and refrigeration cycles, as well as separation and
purification units; These data are also needed for molecular
interaction studies; ’

The purpose of this project was to design and construct
an experimental apparatus capable of making.accurate measure-
ments of solid and liquid vapor pressures. The apparatus
was tested by measuring the vapor pressure of co2 from -75
deg C to 0 deg C and compariné the data obtained with that in
the literature. Carbon dioxide'was chosen for comparison
purposes because it is easily obtained in a pure state, apd
reliable vapor pressure data may be found in the literature.

In the future a gas chromatograph will be added to the
system so that vapor phase composition can be determined, and
thus, phase equilibria data obtained.

This thesis presents a complete description of how the
apparatus was designed and constructed. Included are test
run results describihg the operating characteristics, and
accuracy of the measurements made. The thesis also contains
complete calibration data for the platinum resistance ther-
mometer and pressure gauges, and complete operating instruc-

tions for the apparatus and instruments.

1
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PROCESS FLOW

Figure 1 is a schematic diagram of the experimental ap-
paratus. The basic system consists of a copper equilibrium
cell suspended in a well-stirred constant temperature bath.
The bath temperature is controlled by balancing excess re--
frigeration (liquid nitrogen) with a heater on proportional
control. A calibrated platinum resistance thermometer and
Mueller Bridge are used to measure the temperature of the
bath. Any temperature differences between the bath and the
interior of the equilibrium cell are detected by a copper-
constantan thermocouple ihside the cell with a reference
junction in the bath.

Another commonly used system, gene;ally referred to as
a cobper block cryostat, has a large copper equilibrium cell
suspended in an evacuated container. The copper block has
liquid nitrogen coils and heating elements wrapped around
the outside with various arrangements for balancing refri-
geration and heating rates to control the block temperature.
A constant temperature bath has the following advantages
over the copper block cryostat: (1) a well-stirred bath mini-
mizes any temperature gradients in the equilibrium cell,

(2) a large bath provides good thermal inertia for tempera-
ture stability, and (3) the bath arrangement costs less to build.

Figure 2 is a piping and instrumentation diagram for the
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FIGURE 1

Experimental Apparatus for the Measurement of
Solid-Vapor Phase Equilibria
Process Flow Diagram
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Symbol Index for Figure 2

A) Platinum resistance thermometer for controller
B) Calibrated platinum resistance thermometer
C) 125-w controller heating element, 32-in, long

D) LN, refrigeration coil, 1/4-in. copper tubing,
20-ft long

E) Feed preheater, 1/8-in. copper tubing, 9.5-ft
long

F) Inlet vs. exif streams counter current heat ex-
changer, 1/8-in. copper tubing, 8-ft long

G) Equilibrium cell

H) Fill line for equilibrium cell, 1/4-in, copper
tubing, presently capped
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FIGURE 2

Experimental Apparatus for the Measurement of
Solid-Vapor Phase Equilibria
Piping and Instrumentation Diagram
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experiﬁental apparatus, The bath is contained in a vacuum-
jacketed cryogenic dewar 9 3/8 in, in diameter and 24-in,
deep with a 27-1liter full liquid capacity. Liquid nitrogen is
fed from a 25 psi pressurized storage dewar through a 1/4-in.’
insulated copper transfer line to the bath. The total dis-
tance from the storage dewar to the bath is about 4 ft. Tbe
liquid nitrogen then enters 20 ft of ;/4-in. copper tubing
in the bath where it vaporizes and exits close to the bath
temperature. The nitrogen fiow rate is controlled downstream
of the bath with a 1/16-in. port throttle valve. From the
throttle valve the nitrogen paéses through:a rotometer, and
then is vented to the atmosphere. The rotometer was not in
use for any of the test runs reported here. When large flow
rates are required for rapid cool-down, the nitrogen bypasses
the throttle valve and is vented to the atmosphere through a
1/4-in. globe valve. |

Carbon dioxide, or any desired gas, is fed to the system
from a hiéh pressure regulator. After exchanging heat in a
1/8-in. counter-currept heat exchanger 8-ft long, the CO,
enters the bath and passes through 9.5 ft of 1/8-in. copper
tubing and into the bottom of the equilibrium cell, The gas
then exits the top of the cell, leaves the bath, and passes
through the countercurrent heat exchanger., A throttle valve!
;/8-in. port, presently blocks any further gas flow, but in
the future the gas will be taken to a gas chromatograph for

analysis.
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The vacuum pump is used to evacuate the system before
filling the cell with the desired material.

The valve system for the pressure gauges allows pressure
measurements on either the inlet or outlet side of the cell,
and for measurement by either the 0-100 psi gauges or the
0-100 atm gauge. The low pressure relief valve allows vent-
ing the 0-100 psi gauges when making high pressure measuré-

ments on the 0-100 atm gauge.
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EQUIPMENT DESIGN-

The purpose of the secticn is to describe the design and
construction of the equipment built for the experiment. In-
cluded in this section are the equilibrium cell, the refri-

geration system, and supporting equipment.

Equilibrium Cell

The equilibrium cell has four major parts: A) the cell
block, B) the equilibrium tray assembly, C) the cell cap and,
D) the lead sealing gasket (Photo 1).

The cell block (Figure 3) is a 6 3/4-in. long, 2 3/4-in,
diameter copper block with'an inner space bored to hold the
equilibrium tray assembly. The 1/8-in. feed line enters 1/2-
in. below the bottom tray and 1/2-in. ébove the bottom of the
bore., The line is sealed with soft solder. The wall thick-
ness is 5/8~in., on the sides and 3/4-in. on the bottom with
3/4-in. of S.A.E. threads for the cap.

The equilibrium tray assembly is 1 1/2-in. in diameter
and contains seven equilibrium trays. The 1/2-in. tray spac-
ing between each tray is filled with copper wool to provide
more surface area for solid-vapor contacting. Gas flows
through the cell from bottom to top through passages of
1/4-in. copper tubing extending 1/8-in. below and 1/4-in.
above each tray. Passages are placed alternately on oppo-

site sides of the cell. The tray assembly was constructed

7
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PHOTOGRAPH

Equilibrium Cell
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D)

Cell Block
Equilibrium Tray Assembly
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Lead Sealing Gasket
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FIGURE 3
Equilibrium Cell Assembly
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by stacking 7/16-in. spacing rings alternately with the
1/16-in. thick trays and packing eaéh space loosely with
copper wool. The assembly was silver soldered together and
placed in the cell block with soft solder seals at both the
top and bottom. The total liquid capacity of the trays is
about 200 cc.

The cell cap is 3/4-in. thick, plus 3/4 inches of
S.A.E. threads. The 1/8-in. exit line and the l/4-in.
£ill line are both copper tubing and sealed with soft sol-
der. The cap also has three threaded holes for the stain-
less steel tubing which supports the cell in the bath. The
tubing is 1/8-in., 304~stainless steel used to minimize the
heat transferred to the cell, "Molykote" (Molydenum di-
sulfide) was used as a thread lubricant to tighten the cap.

The lead sealing gasket is 1/16-in. thick and was used
to avoid soldering the cap in place, and thus, allow easy
opening of the cell in the future. Flats have been machined

~on both the cap and cell block so that a vice and wrench
can be used to close and seal the cell.

The copper-constantan thermocouple is mounted in the
exit vapor space 3/8 in. above the top tray. The thermo-
couple wire has a 304-stainless steel shield packed with
magnesium oxide powder for insulation., Soft solder was

‘used to seal the shield in the cell block.

The equilibrium cell was been hydrostatically pressure

tested using equipment at the National Bureau of Standards

in Boulder, Colorado. The system was pressurized to 2500 psig,
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.at which point, a leak developed in the lead gasket. The
pressure was dropped to atmospheric, the cap torqued down
approximately 1/8 turn, and pressure re-applied to 1500 psig.
No leak developed at this pressure.

The total weight of the equilibrium cell is approximately
12.5 1b, and was built this large to provide sufficient ther-

mal inertia and temperature stability.

Refrigeration System

The bath is a 50 vol percent mixture of carbon tetra-
chloride (CC14) and chloroform (CHCl3) contained in the
cryogenic dewar. This mixture was recommended by Kanolt
(1926) as a nonflammable liquid for cryostats. It has a free-
zing point of -8l1.4 deg C, and the mixture is a liquid at
room temperature and atmospheric pressure., Also, the vis-
cosity of the mixture does not hamper effective stirring at
low temperatures;

A search was conducted to consider other possible fluids
with a lower toxicity level than the CC14-CHC13 mixture. A
suitable fluid should have at least -80 deg C freeze point,

a low vapor pressure at room temperature, and it should be
nonflammable and nontoxic, Using both a list of cryogenic
fluids prepared by B; S. Kirk (1958) at the National Bureau

of standards, and Dangerous Properties of Industrial Materials,

Sax (1966), many possibilities were considered. The flamma-
bility of possible materials was considered to be more

dangerous than the toxicity of the CCl4-CCI-I13 mixture., No
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problems were encountered while running the equipment with
this bath mixture.

Ligquid nitrogen (LNZ), used for the refrigeration, was
obtained from the Cryogenics Division of U, S. Welding in
1601 pressurized dewars. These dewars have vapor relief
valve set at 25 psi and provide a constant flow of LNZ
which can be throttled to provide low flow rates for tem-
perature control, or vented to the atmosphere at high rates
for rapid cool down, Tﬁe transfer line to the bath from the
dewar is insulated with 3/8-in. rubber hose and 3/4-in, fiber-
glass.

ExXcess refrigeration is balanced with a 125-w heater on
proportional control, The heater was sized by calculating
how much power-would be required to change the temperature
of the bath and the equilibrium cell by 0.2 deg C per min.
This rate of change was estimated and the calculations are
presented in the appendix.

Figure 4 shows the arrangement of equipment in the bath,
The main objectives in placement in the bath were: (1) to
keep heating elements as far as possible from temperature
sensors, (2) to evenly distribute the refrigeration coil and
heating element‘to minimize temperature gradients, (3) to
keep moving parts away from the Pyrex tubing of the thermo-
meter, and (4) to insure a well stirred bath.

The platinum resistance thermometer, Mueller Bridge,

and null detector will be discussed in detail in the
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FIGURE 4

Arrangement of Equipment in the Bath
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"Tnstrumentation and Measurement" section.

Supporting Equipment

This section will be used to discuss and describe all
supporting equipment i.e., equipment not directly related
to the process flow, but ;nherent in the operation of the
equipment. The following are discussed below: supporting-
framework, dewar support and lift system, overhead mounting
plate.

The entire system is mounted in a 6-ft high, 4-ft wide,
and 3-ft deep framework constructed with angle iron, and has
a 4x3-ft front instrument panel and an 18x48-in. work bench.,
The framework is mounted on 4x6-in. blocks during Operatiop,
but it has caster wheels for easy moving. On either side
chains are provided to hold the required gas storage cylinders
upright.
| The support and lift system for the bath dewar was de-
signed to-ease removal of the bath, and to provide stable sup-
port when in place, The dewar isllifted into place using a
hand winch with 3/16-in. steel cable. The dewar can be re-
moved by unscrewing the three_wing nuts on‘the ring which
fits over the top of the dewar.

The entire process flow system is supported by a
1/4-in. copper plate which in turn hangs from the frame by
three 1/4-in, steel rods. This three-point system provides
simple but stable support. The LN2 transfer line passes

through the plate insulated by a nylon bushing pro-
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viding 1/2-in., of nylon plus the 3/8-in. of rubber insula-
tion. The equilibrium cell hangs from the plate by three
l/8~in,, 304-stainless steel rods with allen set screws at
the top. The well for the platinum resistance thermometer
has a beveled bottom shaped to fit the thermometer., This
well is l-in, deep and prevents excessive movement but dogs
not hold the thermometer rigidly. The stirrer passes through
a l-in. hole in the plate providing ample room for adjusting
the stirrer position and prevents transmission of vibrations
to the plate,

At the right hand side of the apparatus is a power ter-
minal capable of six 3-prong plugs thus giving a common
ground to all instruments. The terminal has a total power
"ON-OFF" switch and a break reset switch to be used if the

system is overloaded.
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INSTRUMENTATION and MEASUREMENTS

Temperature measurement, temperature control, and pres-
sure measurement are the most important functions to be con-
sidered for these vapor pressure measurements. This section
will describe the instruments used for each function and the
calibration and operation of each, Discussed below are: 1)
the platinum resistance thermometer, 2) the Mueller Bridge,

3) the temperature controller, and 4) the pressure gauges.

Platinum Resistance Thermometer

The platinum resistance thermometer used in this experi-
ment is satisfactory as a defining standard in accordance
with the text of the International Practical Temperature Scale
of 1968. It is a four-lead resistor thermometer manufactured
by Leeds and Northrup Company. The platinum wire element is
mounted in an air-filled Pyrex tube, 7.35 mm in diameter, ex-
tending approximately 46 cm from the head. The sensitive por-
tion is about 33-mm long with a temperature range of -183 to
500 deg C. The wire element has a resistance of 25.5071 abso-
lute ohms at 0 deg C with a resistance change of about 0.1 ohm
per degree C.

The thermometer should be protected from any mechanical
shocks and excessive temperatures, both of which strain the
platinum wire resistor and may change the characteristic con-

stants of the thermometer.

16
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The current flow through the thermometer when making
measurements results in some heating of the resistor. Thus,
the current used in making measurements is the same as was
used for calibration, i.e., 1 ma. A current supply was built
using 2 type D dry cells, a potentiometer, and a milliamp-
meter so that the current can be set at 1 ma.

The calibration for the thermometer is presented in the
appendix. The table lists resistance ratios, i.e., the ratio
of the resistance at the stated temperature to the resistance
at 0 deg C at intervals of 1 deg K. A linear interpolation
will not introduce an additional error greater than the equi-
valent of 0.0001 degree at temperatures above -200 deg C. The
table also lists the reciprocal of the difference between suc-
cessive resistance ratios to facilitate interpolation. The
pertinent International Practical Temperature Scale (1968)
formulas and characteristic constants are also given and dis-
cussed in the appendix.

Certain precautions must be observed if reliable tempera-
ture detepminations are to be made with a resistance thermo-
meter. The coil must be immersed to a depth sufficient to
prevent significant error due to heat conduction down the
thermometer leads and Pyrex tubing. The thermometer is pre-
sently immersed 11 inches (about 60%) and no heating is ob-
served when the thermometer is raised to 7 inches immersion

depth.
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Making temperature measurements will be discussed in the

next section after discussing the Mueller Bridge.

Mueller Bridge

The thermometer resistance is measured with a Rubicon
Mueller Bridge. For a more complefe discussion of the prin-
ciples of the Mueller Bridge desigﬁ than it is feasible to
include here, the reader is referred to Mueller (1916)}.

Description: The bridge has an internal resistance range

of 0 to 141,1110 ohms in. steps of 0.0001 ohm. The 141,1110
ohm rheostat arm has one plug switch and five dial-type
decade switches. The plug switch controls six 10-ohm, and
one 70-ohm resistor and the five dial switches are calibrated
in 1.0, 0.1, 0.01, 0.001, and 0.0001 ohm.

The bridge'has a built-in mercury-contact commutator to
eliminate the effects of lead resistance on the measurement,
The function of the commutator is to reverse the thermometer
leads in such a way that the average of resistance measured
with the commutator in the N (normal) position and the R (re-
verse) position is the resistance of the thermometer.

The resistance of the leads is completely eliminated only
if the N and R measurements are madé at the same temperature.
By making a series of four measurements, at equal time inter-
vals in the order NRRN any change of the difference of the
lead resistance is computable and the average of the four
measurements is independent of any linear drift in temperature.

The commutator has eight mercury contacts each of which
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require a small drop of mercury on them before any measure-
ment can be made. The contacts can Bg reached by removing the
Phillips head screw on the commutator and lifting the cover,
No more mercury than will be held by surface tension is placed

on each post, and excess is removed.

Célibration

The overall limit of error of the bridge, according to
the manufacturer, is 0.002 percent of its setting or 0.00005
ohm, whicpever is larger. At 0 deg C the bridge setting
is 25.5071 ohm, therefore, the bridge error is 0.0051 ohm.
This corresponds to approximately 0.051 deg C. 1In order to
reduce this uncertainty, the Bridge was calibrated according
to a procedure described by Riddle (1967, p.7).

Although a Mueller Bridge may be calibrated in any
convenient unit of résistance, absolute ohms were required in
this case because all measurements must be referred to the
resistance of the thermometer at 0 deg C, i.,e., 25.5071 ab-
solute ohms. Regardless of the units of calibration, it is
essential the bridge be self-consistent, that is, that the
resistance change corresponding to each decade step be ex-
pressed in terms of a single unit of resistance.

To calibrate the bridge in terms of absolute ohms, a 10-
ohm standard resistor was connected to the bridge, just as
a four lead thermometer, and measured in terms of the X. of
the l-ohm decade. The standard resistor used was a Honey-

well Rubicon, 10-ohm standard with a maximum error of
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+ 0.01 percent, The resistance measured by the Mueller Bridge
was 10,0004 ohms.

After the value of X. is determined in absolute ohms,
the resistance change corresponding to each decade is ex-
pressed in terms of absolute ohms. The method of calibration
is to compare the resistance of each decade step with the re-
sistance of the X (sum of all ten steps) of the next lower
decade. This comparison is made by alternately including in
the variable arm of the bridge either the step being cali-
brated or the X of the next lower decade. The lower decades
of the bridge are used to make the variable arm balance an
external resistance. From these alternate balances, a rela-
tion between the step being calibrated and the X of the next
lower decade is obtained. The complete calibration consists
of repeating this process for each decade step.

The external resistance required must remain adequately
constant §uring the short time required for each comparison.
A resistance box variable in 0.1 ohm steps up to 100 ohms
was used as recommended by Riddle (1969, p.8). Steps in the
calibration are presented in the appendix along with the re-
sulting equations repreéentiﬁg the relationships between each
decade step.

The results of the Mueller Bridge calibration showed a
maximum correction (in the range of measurements made) of

+0.0007 ohm, However, under normal operating conditions tem-

perature fluctuations of 0,005 deg C, or about 0.0005 ohms
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occur, Also, when making temperature measurements, 1 ma is
used and the sensitivity at this current level is about 0.0002
ohm. For these reasons, it was felt to be unnecessary to try
and apply a correction of 0,0007 ohm to the Muller Bridge mea~
surements. This correction would be equivalent to an approxXi-
mate increase in vapor pressure of 0,025 psi or 0,0015 atm.
oEerééion: Connect the four leads of the resistance |
thermometer to the four binding posts marked CctT. Connect
the leads from the thermoﬁeteé current supply to the BA bind-
ing posts. Using the shiélded leads, connect the Null detec-
tor to the GA Post. Connect the ground post on the Null
detector and the lead shield to a common ground. (The ap-
paratus framework was found to be satisfactory.) Depress
the 0 kxey on the Mueller Bridge and set the thermometer cur-
rent supply at 1.0 ma. Zero the Null detector and set for
maximum sensitivity.

Before making temperature measurements, it is necessary
to balance the ratio arms of the bridge and to zero the bridge.
Both these operations should be done once a dav}

To adjust the ratio, insert the plug into position marked
RATIO. Place the commutator in a neutral position, i.e.,
midway between N and R, Set the plug switch and the Xl1l. and
X.1l dials to 0. Balance the bridge by adjusting the lower
three dials (X.0l1, X.001, X.0001) to minimize the deflection
of the null detector as the 0 key is held down., Set the X1.

and X.1l dials to R and depress the 0 key. If the deflection
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is the same as before, the ratio is in.proper adjustment, If
however, the deflection is different,/adjust the ADJ. RATIO
dial until the deflection is the mean of the two deflections.
Return the Xl. and X.l dials to 0, and check the deflection
again. It may be necessary to adjust the RATIO dial once
more until the deflection is fhe same for the Xl. and X.1
dials.

After having adjusted the bridge ratio to equality, in-
sert the plug in the ZERO position and set the plug switch and
all dial switches to 0, With the commutator in the N posi-
tion, press the "O" button and bélance the bridge using the
ADJUST ZERO dial. Change the commutator to the R position and
check the balance. If the bridge is not balanced, then the
ratio equality adjustmept is not correct and must be rechecked.,

The current may be increased to 4 ma to obtain greater
sensitivity while édjusting'the ratio arm and zeroing the
bridge. However, reset the current supply to 1 ma before
making any temperature measurements.

The instrument is now ready to make a measurement. With
the three position plug in the measure position, set commu-
tator on N and balance the bridge with the rheostat dials.

Set the commutator on R and rebalance the bridge. The aver-
age of the two readings thus obtained ié the resistance of

the thermometer, not including the resistance of the leads.

Temperature Controller

The controller, manufactured by Bayley Instrument Company,
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is a proportional controller with an overall control accuracy
of 0.001 deg C from -200 to 100 deg C. The sensing element
is a platinum resistance thermometer and the heating element,
~as discussed earlier, is the 125-w tubular probe,

ﬁ This unit has a proportional bandwidth adjustment cali-
brated from 0 to 100, 100 being the maximum bandwidth and
minimum gain or sensitivity of the instrument. At 100, the
bandwidth is approximately 2 deg C and at 0 the bandwidth is
approximately 0,01 deg C., This adjustment is used to reduce
the sensitivity of the controller and permit operation without
osciLlation.

The instrument also has a gain control. The gain should
be set at a maximum té get a stable control without oscillation’
of the control meter, but high enough to prevent low sensitivi-
ty and drift from the control point. The bandwidth and gain
control settings wére found by trial and error to work best
with both set at 5.

The tﬁermometer sensing probe is immersed 5 inches into
the bath as recommended by the manufacturer.

Because operatiné the controller must be coordinated
with other parts of the apparatus, setting the controller at
a fixed temperature for control wi;l be discussed in the "Ex-

perimental Procedure" section.

Pressure Gauges

Three bourdon tube pressure gauges are presently mounted:

a Heise 0 - 100 psi, a Seegers 0 - 100 psi, and a Heise
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0 - 100 atm. The manufacturers stated accuracy on both Heise
gauges is + 0.1 percent of the full scale reading. All three
gauges have been calibrated at the National Bureau of Stand-
ards using a dead weight tester, and the test results are
shown in the Appendix., The 0 - 100 atm Heise gauge and the
0 - 100 psi Seegers gauge have no calibration correction.
However, the 0 - 100 psi Heise gauge shows deviations from
0.03 to 0.15 psi above the true pressure, and thus, a cor-
rection must be subtractea from reading on the gauge. A
correction curve has beeﬁ plotted and is also in the Appen-
dix.

All three gauges have zero adjustments, but only the at-
mosphere gauge can be zeroced at 0 pressure and used as an

absolute pressure gauge.
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EXPERIMENTAIL PROCEDURE

The following section describes the experimental pro-

cedure used in operating the equipment. The purpose of this

section is not only to describe what was done, but to give

a step by step procedure to be used by future operators.

PreEarétion

1)

2)

3)

4)

5)

6)

Fill the dewar with equal volumes of CCl, and CHCl

4 3

to 4 in. from the top. The total liquid volume re-
required is about 6.5 gal. When not in use the liquid
can be stored in the dewar by placing a plastic cover
under the ring clamp. '

Connect a 160-1 liquid nitrogen dewar (U, S, Welding -
LS 160) to the LN2 transfer line and insulate the con-
nection.

Lift the dewar slowly into place using the hand

winch. .

Place the platinum resistance thermometer in the well
and connect the CctT leads to the corresponding posts
on the Mueller Bridge. .
Connect the thermometer current supply leads to the
BA posts on the Mueller Bridge.

Connect‘the null detector to the GA posts on the
Mueller Bridge using fhe shielded leads. Ground the
null detector and lead shield. Allow 15 min,., for

the null detector to warm up.

25
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7) Balance the ratio arms and zero the Mueller Bridge
as described in the "Intrumentation and Measure-
ment" section.

8) Connect the desired gas supply to the feed inlet
line.

9) Zero the potentiometer and connect thermocouple
leads.

10) Select a temperature to introduce ligquid into the
cell. Check the approximate vapor pressure at this

temperature to be sure liquid can be formed.

Cool Down and Temperature Control

1) Turn on the stirrer and set the speed control on
approximately 3. Check the platinum resistance
thermometer for excessive vibration,

2) Start cool down to desired temperature by fully
opening LN2 bypass valve and opening LN2 throttle
valve about 10 turns, Fully open the liquid
withdrawal valve on the LN2 dewar,

3) Close the bypass valve when the desired tempera-
ture is reached, and adjust the throttle vaive
so that just enough refrigeration is supplied so
that the bath temperature tends to drop slowly.

4) Turn on the temperature controller. Turn the
Main Temperature Range dial up until the power
output meter swings to the right, then back down

on the dial until the meter swings left to zero,
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5)
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Allow the instrument to bring the temperature back
up by itself., Check the temperature; if it is
slightly higher or lower than desired, adjust the

Fine Temperature Control,

6) Check the controller power output. For the great-

est sensitivity, the meter should read between 10
and 40. Make small adjustments in the LN2 flow rate

using the throttle valve to establish this condition.

Purge and Fill the Cell

1)

2)

3)

4)

5)
6)

Open the low pressure relief valve and the four

pressure gauge valves on the front panel. Zero

the pressure gauges, and record the barometric

pressure., Close the reliéf valve.

Start the vacuum pump and evacuate the total system.

Three to four minutes of pumping is usually suffi-

cient. Close the valve to the vacuum pump.
Pressurize the system slowly with desired gas to
approximately 80 psig.

Vent the system to about 5 psig using the low pres-
sure relief valve.

Repeat steps 2, 3, and 4, four or five times.

Pressurize the system with the desired gas to about
10 psi above the vapor pressure at the bath tempera-
ture. Close the shut off valve on the feed line and

observe the pressure change. (Allow several minutes

for the temperature to come back to equilibrium.)
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7) Repressurize the cell, and again observe the pres-
sure change when the system is closed. Keep adding
small amounts of gas to the system until the pres-
sure remains constant.

Care must be taken to avoid overfilling the cell. If the
cell is overfilled, the liquid vapor interface is outside the
cell and this may result in errors in the vapor pressure méa—
surement., Gas can be vented from the system through the low

pressure relief valve to remove excess liquid.

Temperature Measurement

After filling the cell, allow several minutes for the
system to come to equilibfium. Measure the resistance of the

platinum thermometer as described in the Muller Bridge.

Pressure Measurement

When the pressure range is above 100 psig, close the
valve to the 100 psi gauges and vent the gauges to about 5
psig. For a flow system, the pressure is measured on the in-
let side of the cell by opening the valve marked "INLET" and
closing the "EXIT" valve., The pressure is measured on the
exit side of the cell by opening the "EXIT" valve and clos-~
ing the "INLET" valve, For a non-flow system, both valves

are open.
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TEST RUN RESULTS

A total of six test runs was made with carbon dioxide
to determine the system operating characteristics. The vapor
pressure of carbon dioxide was measured from i98 to 268 deg K
and compared with literature values to determine the error .
limits of the system. Data were aiso taken to determine tem-
perature stability, cool down rates, LN2 consumption, and tem-

perature gradients between the cell and the bath.

Vapor Pressure Data Comparison

The carbon dioxide used in the expefiment was Coleman
grade (99.95 mole peréent COZ) and was obtained from Mathe-
son Company, Inc. The observed vapor pressures were compared
with National Bureau of Standards data (Meyers and Van Dusen,
1933, p. 409). The Meyers and Van Dusen data were chosen by
Din (1956, p. 123) to represent the most accurate vapor pres-
sure data for CO2 available., The Meyers and Van Dusen data
are also presented in Perry's Chemical Engineers Handbook 4th
ed. and in the Handbodk of Chemistry and Physics 45th ed.

To compare the vapor pressure data taken in this experi-
ment with that of Mevers and Van Dusen,-it was necessary to
convert to a common temperature scale. The platinum resis-
tance thermometer used in this experiment is calibrated on
the 1968 International Practical Temperature Scale. However,

the Meyers and Van Dusen data are based on the 1927 Interna-

29
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tional Temperature Scale. In order to inferpolate in the
tables presented by Meyers and Van Dusen, the 1968 tempera-
tures from this experiment were converted to the 1948 Inter-
national Practical Temperature Scale using data presented by
Hust (1969, p. 453). Below 630 deg C the 1948 and 1927 tem-
perature scales are the same, Vapor pressures from this
experiment are therefore compared at equivalent temperaturés
with vapor pressures from Meyers and Van Dusen, Note, the
temperatures from this ekperiment were converted to the 1948
temperature scale only fbr comparison purposes. All temper-
atures reported here are based on the 1968 International
Practical Temperature Scale,

Atmosphere Gauge: The vapor pressure data from the

Heise 0 - 100 atm gauge are compared in Table 1 with the
literature values. Figure 5 shows the deviation of the ob-
served vapor préssures from the literature values as a func-
tion of temperature.

With fhe exception of two data points (run No. 1), all
of the observed vapor pressures lie within 0,07 atm of the
true or literature values. The manufacturers stated ac-
curacy of the Heise gauge is +0.1 percent of the full scale,
which corresponds to an error of + 0.1 atm,

The observed vapor pressures from the atmosphere gauge
are generally high, and thus, the possibility of some syste-
matic error is suggested. However: an error of + 0,03 atm
(approximate average error) would correspond to + 0.48 psi

and would have been seen as an obvious error in the same
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TABLE 1

Comparison of Observed Vapor Pressures of CO2 using the Heise
0-100 Atm Gauge with Vapor Pressures from Meyers and Van Dusen

(1933, p. 409).

Temp. Observed Meyers and
IPTS . 1968 Vapor Pressure Van Dusen Error A
Run No. (Deg. K) Atm. (abs) (Atm) (Atm) - & 1¢6¢
R .}
1 221.274 6.30 6.24 +.06
228,801 8.47 8.42 +,05 —
233,723 10.20 10.13 +.07 -
244,920 15.02 14.95 +.07 11.08 2337
243.478 14.30 14,25 +.05 -
252,757 19.34 19.20 +.14° ‘Tﬁ(o 243,44
266,298 28.74‘ 28,56 .+.18 +2.65 7
2 202.267 1.87 1.82 +.05 —
209,153 3.10 3.04 +.06
218.888 5.70 5.65 +.05
221,236 6.30 6.23 +.07
226.010 7.62 7.56 +.06
3 219.722 " 5.86 5,85 +.01
223,597 6.89 6.86 +.03
223.995 6.99 6.97 +.02
4 219.469 5.81 5.79 +.02
223,027 6.71 6.71 .0
236,520 11.20 11.21 -.01 .01 22
254,437 20,22 20,02 0
260.880 24.47 24.49 -.02
268.542 30.36 30,39 -.03 <0844 22
5 219.118 5.71 5.70 +.01
217.015 5.23 5.21 +.02
213.821 4.25 4,23 +.02
210.979 3.49 3.46 +.03
207.671 2,74 2,73 +.01
203.756 2,07 2.04 +.03
199.759 1.51 1.44 +.07
202.674 1.89 1.88 +.01
207.172 2,63 2,63 0
211,348 3.59 3.56 +.03
213.201 4.09 4.05 +.04
215,609 4.81 4.717 +.04
218.718 5.61 5.60 +.01

222,386 6.57 6.53 +.04
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direction on the psi gauges. Since errors of this magnitude
and direction were not observed on the psi gauges, errors
must be due to only the atmosphere gauge.

If the test run data and the calibration data (Appendix
B) for the atmosphere gauge are carefully compared, a consis-
tent gauge error can be observed. The calibration data show
that this gauge tends to read high, especially at low pres-
sures, as 25 out of the 30 calibration points are positive or
zero, The average error from-the calibration is + 0.015 atm. .
A calibration curve was ﬁot plotted for the atmosphere gaﬁge
because most of the errors from the calibration were small
and considered to be reading error.

It can also be seen from Table 1 or Figure 5 that
errors for all data points of a given run deviate by no more
than 0,03 atm from other points in that same run, With this
information and fhe consistant readings between the calibra-
tion and vapor pressure data, it can be concluded that the
atmosphere gauge has a reproducibility of approximately
0.03 atm.

PSI Gauges: Considerably more error was observed on the

psi gauges., However, small systematic errors which cannot
be detected on the atmosphere gauge are prominent on the psi
gauges. Data frdm the first five runs is presented in Table
2 and Figure 6. Figure 6 shows the deviation of the ob-
served vapor pressures from the literature values as a func-

tion of temperature. The vapor pressures measured during the
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TABLE 2
Comparison of Observed Vapor Pressures of CO2 using the Heise
and the Seegers 0-100 psi Gauges with Vapor Pressures from

Meyers and Van Dusen (1933, p.405).

Observed
Temp. Vapror Pressure  Meyers &
Run  IPTS 1968 (psia) Van Dusen Error (psi)
No, (Deg K) Heise* Seegers _ (psia) Heise Seegers

1l 197.623 18,72 - 18.67 +.05 -
208,886 43,73 - 43.82 -.09 -
219,801 86.17 - 86,25 -.08 -
221,274 91.83 - 9171 +.12 -

2 202,267 26,61 26,63 26.81 -.20 -,17
209,153 44,37 44,41 44,65 -.28 -.28
218,888 82.75 82.75 82.98 -.23 =,23
221,236 91,23 91.22 91.56 -.33 -.34
226,010 110,62 110.65 111.06 -.44 -.43

3 219,722 85.90 85.78 85.96 -.06 -,12
223,597 100.78 100.78 100.82 -.04 -.05
223,995 102,28 102.33 102.48 -.20 =,15

4 219,469 85.11 85.06 . 85.05 +.06 +.01
223,027 298.60 98.59 98.55 +.05 +.04

5 219.118 83.70 83.70 83.79 -.90 -,90
217.015 76.52 76.45 76.57 -,05 «,12
213.821 62.13 62,04 62.16 -.03 -.14
210,979 50.99 50,93 50,90 +.,09 +.,03
207,671 40.18 40,14 40.13 +.05 +,.01
203,756 30.10 30,05 30.02 +.07 +.03
199,759 22,14 22.11 22,11 +.03 0
202,674 27.70 27.65 27.66 +.04 -,01
207.172 38.68 38.64 38,67 +.01 -,03
211.348 52.16 52,15 52.25 -.09 -,10
213,201 59.44 59,35 59.50 -.06 -,15.
215.609 70.15 70.11 70.33 -.18 -.22
218,710 82.28 82.22 82,36 -.08 -.14
222,386 96,00 95.93 96.01 -.01 -.08

*NOTE: Calibration corrections have been applied to

this Gauge
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first five runs were generally low and thus suggested the
possibility of some'systematic error in the system. As a
result of these runs, possible sources of error were evalu-
ated and the problem was found and corrected, Sources of
error are discussed in the next section,

The low vapor pressures observed in the first five
runs were caused by poor refrigeration distribution in the

bath., All the LN, was vaporizing in the top 3 or 4 refri-

2
geration coils in the batﬁ causing lower temperatures in that
region. Vapor in the exit line from the equilibrium cell was
condensing and refluxing back to the cell, The problem was
corrected by reversing the refrigeration coil, i.e., intro-

ducing the LN, to the bottom of the bath first., This cor-

2
rected the problem in vapor pressure measurements as shown
by Run No. 6 (Table 3 and Figure 7).

Reversing the refrigeration coil probably does not elimi-
nate the 0.05 deg K temperature gradient, but places the gra-
dient at the-bottom of the bath where it will not affect vapor
pressure or phase equilibria measurements. These measurements
are not affected as long as the equilibriﬁm gas is never cooled
below the temperature at which it leaves the cell. In other
phase equilibrium apparatus, he;ters are sometimes used on the
exit lines to ensure that cooling of the vapor does not occur.
Therefore, as long as the cold region is in the bottom of the

bath and does not create differentials between the thermometer

and the inside of the cell, no problem will arise. However,
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TABLE 3

Comparison of Observed Vapor Pressures of CO2 using the Heise
and Seegers 0-100 psi Gauges with Vapor Pressures from Meyers

and Van Dusen (1933, p.409) for Run No, 6.

Observed
Run Temp. Vapor Pressure Meyers and
IPTS 1968 (psia) Van Dusen Error (psia)
No. (Deg K) Heise* Seegers (psia) Heise Seegers
6 219,000 83.34 83.36 83.38 -.04 ~-.02
215,525 71.73 71.67 71.62 +.11 +.05
212,278 55.76 55.71 55.78 -.02 -.07
210.838 50.42 50.35 50.40 +.02 -.05
208,985 44,13 44,10 44.13 0 -.03
206.137 35.85 35.84 35.84 +.01 0
201,851 26,04 25,97 25.98 +.06 -.01
207,997 41.04 41.03 41.08 -.05 -.06
217.789 79.13 79.12 79.17 -.04 -.05
219.971 86.83 86.75 86.85 -.02 -.10

*NOTE: Calibration corrections have been applied to this

Gauge.
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this situation suggests that a thermocouple be placed at the
bottom of the equilibrium cell to measure any temperature gra-
dients between the top and bottom of the cell.

From Run No, é it can be concluded that Run Nos, 1
through 5 represented a system with some syétematic error.
However, when loocking at all six runs the following conclu-
sions about the psi gaﬁges can be made.

1) The Seegers gauge consistently reads lower than the
Heise gauge. Although corrections have been applied to lower
the Heise gauge readings, discrepancies between the two
gauges of as much as 0,10 psi still occur, These differences
between the gauges are usuallf more than can be attributed to
simple reading error. This suggests that both gauges should
be recalibrated. The calibration on the Seegers gauge con-
sisted of only three points, and a more complete calibration
is desirable.

2) Considering Run No. 6, the gauges are reading within
their expected accuracy. For this run, eight out of the ten
data points had errors of + 0.05 psi or less., Errors of this
magnitude are considered as reading error,

Runs 1 through 5 show some relationship between error
and temperature. At the higher temperatures the observed
vapor pressures are low; and at the lower temperatures (solid
region) the obsefved vapor pressures are high. This relation-
ship is not as pronounced in Run No. 6, and no conclusion can

be drawn.
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Sources of Error: Possible sources of error are: 1)

errors in the temperature measurement, 2) liquid-vapor or
solid-vapor interfaces outside the equilibrium cell which

are not at the measured femperature, 3) temperature gradients
in the equilibrium cell and bath, 4) impurities in the sample
gas , and 5) errors in the pressure gauge calibration.

To produce an error of 0.1 psi at 218 deg K would re-
quire an error in temperature of about 0.03 deg K or aboﬁt
0.003 ohm, Both of these errors are an order of magnitude
greater than is expected from the thermometer and Mueller
Bridge calibrations. Therefore, an error in temperature
measurement is unlikely to be a source of error.

If the cell were overfilled a liquid-vapor or solid
vapor interface would be in the exit or inlet lines near
the top of the bath., This would result in low vapor pres-
sures if this portion of the bath was at a lower temperature.
The thermometer was raised about 6 in., and a temperature
0.05 deg k colder ﬁas recorded., Incremental amounts of
CO2 were removed from the system. However, no changes in
the observed vapor pressures were found that would indicate
overfilling the cell.

It was established, however, that a temperature gra-
dient existed in the bath. The excess cooling in the top of
the bath was caused by all the LN2 vaporizing in the top
three of four coils of the refrigeration coil. As a result,

a new refrigeration coil was built 9-ft long (about one-half
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as long as the original coil) with the LN, still entering
the top and spiraling to the bottom of the bath. With the
new coil installed the thermometer was again raised 6 in,
and the temperatures in the top of the bath were 0.02 to
0.03 deg K colder. However, no change in vapor pressure
data was noted. The shorter coil increased LN2 consump-
tion and was replaced with the original 20-ft coil.

It was then hypothesized that the vapor in the exit
line was being condenseq‘in the top portion of the bath.
Although the equilibrium.cell was not overfilled, the liquid-
vapor interface being measured was outside the cell and in
a cold spot. Two 710-ohm resistors were attached to the exit
line in an attempt to heat the cold spot. Again no change
in vapor pressure was observed.

The 20-ft refrigeration coil was then reversed so that
LN2 spiralled ffom the bottom to the top of the bath. When
raised 6 in., the thermometer showed temperature deviations
of only + 0.0002 deg K from the normal measurement position.
Therefore, with the cold spot around the exit vapor line
eliminated, Run No, 6 was made.

An impurity such as water in the carbon dioxide would
lower the observed vapor pressures, The carbon dioxide
used in this experiment had a nominal purity of 99.95 mole

percent CO If the 0.05 percent impurity is assumed to

2.
be all water, and Raoult's Law is assumed, the liquid vapor

pressure of the system would be lowered by 0.04 psi. If
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there was 0.10 mole percent water present, the liquid vapor
pressure would be lowered by 0.09 psi., If the impurity was

N the vapor pressure would be higher than for pure coz.

20

Errors in the pressure gauge calibrations could yield
either high or low cbserved vapor pressure, ‘These errors
may also be dependent on the range of pressures being mea-
sured. Usually, the maximum error on a bourdon tube gauge
occurs at either the high or low region of the scale,

Summarz: To summarize the results of the vapor pres-

sure measufements, the Heise atmosphere gauge has a repro-
ducibility of + 0.03 atm. The average error observed on this
gauge was +0.03 atm with a maximum error of +0.07 atm. Affer
a temperature gradient (which was small enough not to affect
measurements on the atmosphere gauge) in the bath was eliminated,
80 percent of the data from the Heise and Seegers psi gauges

had errors of + 0.05 psi or less. This error can be attributed

to uncertainty in reading the gauges.

System Characteristics

Two tests were conducted to determine the tempergture
stability which can be expected for both short and long
periods of time. For the short term temperature stability
test, the temperature was measured every 5 minutes for 1 1/2
hours. The long term stability test lasted for 12 hours with
the temperatures recorded about every 1 1/2 hours. Figure
8 shows plots of the deviation of each measured temperaéure

from the average run temperature, The short term stability
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test had maximum deviations of + 0,006 deg C and - 0,004 deg

C, and the long term stability test showed a maximum deviation

of £ 0.012 deg C.

The stability tests represent the system operating by
itself with no adjustments being made by the operator. Small
changes can be made on the Fine Temperature Adjustment of t?e

controller, and the temperature can be set within % 0,003

deg K of the desired temperature.

Figure 9 is a plot of temperature vs, time to determine
the rate of cooling using LN2 with the bypass fully open.
The average cool down rate is about 0.7 deg K per min. To
heat the bath the 125-w heater from the controller was
rlugged into a 110 volt outlet. This heater was used only
for short periods of time to heat the bath 5 or 10 deg K.
The average heating rate was about 0.4 deg K per min. For
faster heating of the bath, an auxillary 500-w heater will
be installed and the 125-w heater will be used only with the
controller., -

Liquid nitrogen consumption varies between runs depend-
ing, of course on the time spent cooling to a given tempera-
ture vs. the time spent controlling at a set temperature. ©On
the average a 160-1 dewar of LNz'was used for 25 to 30 hr.

To cool down from 25 to -50 deg C required about 20 1 of

LN2.

Differences in temperature between the inside of the

equilibrium cell and the bath were measured with the copper-
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FIGURE 9
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constantan thermocouple. With the Leeds-Northrup potenfio-
meter the smallest temperature difference that can be de-
tected is 0,002 mv or aﬁout 0.05 deg K. During maximum cool
down rate the temperature inside the cell lagged the bath
temperature by about 0.75 deg K. The cell would reach
equilibrium with the bath within 2 to 3 min. after setting
the bath temperature, and further temperature differences
between the inside of the equilibrium cell and the bath could
not be detected.

During the test runs it was noted that the outside of
the bath dewar would get colder than expected. After the
test runs had been completed the dewar was tested by‘filling
it half full of LNZ' The LN2 boiled vigorously indicating ‘
that the dewar does not have a good vacuum. It is, therefore

recommended that the dewar be evacuated,
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CONCLUSIONS

The temperature of the bath can be measured with a preci-

sion of +0.001 deg K. The long term temperature stability test

(12 hrs with no manual adjustments) showed fluctuations in tem-
perature of +0,01 deg K; The short term temperature stability
test (1% hrs) showed fluctuations of +0.006 deg XK. Manual ad-
justments can be made with the temperature controller to set

the temperature within +0.003 deg K of the desired temperature.

The operating range of the apparﬁtus is from -75 to 25 deg
C. The low end of the operating range is limited by the freez-
ing point of the CCl 4-CHC1, mixture (-81 deg C).

The HeiseiO-lOQ atm gauge'showed an average error in vapor
pressure measurements of +0.03 atm, with a maximum error of +0.07
atm. The average calibratioﬁ error for this gauge was +0.015
atm, thus indicating the gauge tends to read high. Although
a calibration correction was not applied to this gauge, it can
be noted that the average error in vapor pressure measurements
can be reduced to +0.15 atm using the average calibration
error as the correction.

Eighty percent of the data from the Heise and Seegers psi
gauges have errors of +0.05 psi or less. Calibration correc-
tions were applied only to the Heise gauge, and hysteresis
effects were neglected. The Mueller Bridge calibration was
not considered; but if applied it would raise the literature
vapor préssures by approximately 0.025 psi.

47
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RECOMMENDATIONS

1) Recalibrate the Heise 0-100 psi gauge and
the Seegers 0-100 psi gauge.

2) Install a differential thermocouple between
the top and bottom of the equilibrium cell.

3) Install a refrigeration coil with better tem-
perature distribution.

4) Calibrate the Mueller Bridge.

48
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APPENDIX A

Platinum Resistance Thermometer Calibration

The Report of Calibration from the National Bureau of
Standards for the platinum.resistance thermometer is pre-

sented in this appendix.

49
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Temperatures between 0 °C and 631.74 °C on the new International
Practical Temperature Scale of 1968 (IPTS-68) are defined by the
indications (resistance values) of standard platin;E'resistance
thermometers and tﬁe following expressions:

t =t + M(t') (1)

£'=%(§'§-1)+5 (%5—1)%5 (2)

u(et) = 045 (3p) g5 -1 (s ) gz -1 )

where t is the temperature, at the outside of the tube protecting the
platinuh resistor, in °C on the International Practical Temperature
Scale of 1968 and Ry and R, are the resistances of the platimm resistor
at t° and 0 °C respectively, measured with a continuocus current through
the platinum resistor. The value of this cur;ent and the values of the
constants ¢ and 3 found for this thermometer are given on the previous
page. The value of M(t'), given by expression (3), is the same for all
thermomete;s and is a function'only of the quantity t'. The addition
of the small value represented by (3) serves to make the IPTS-68
conform more closely to the thermodynamic scale than caﬁ be done with
only the simple quadratic of expression (2).

An alternate form which is completely equivalent to expression (2)

is
Ry = Ry (1 + At! + Bt'?) (4)

In some instances expression (4) is less difficult to calculate than
(2). The constants A and B used in (4) are related directly to
a and 3.
A=aqa (1 + 3/100) (5)
B = -ab/104 (6)
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CAUTION: The values of 4, B, and » on the new 1968 scale are
distinctly different from the corresponding values on the old 1948
or 1927 scale. The values of o and R, are also different but only
trivially so.
Temperatures below 0 °C on the new 1968 scale are calculated using
a standard reference table which gives values of Ry/Ro for a fictitious
"mean" standard thermometer. This reference table and a specified
deviation equation are combined to give the values for a particular
thermometer. The standard reference table used for IPTS-68 is referred
to as the "CCT-68" table., It is convenient to use the symbol Wy in
place of Rt/Ro' For tﬁé special reference values of Ry/R, tabulated
in CCT-68 the special symbol W.* is used. The table giving values of
W, for a particular thermometer from O °C down to -182.962 °C may be
calculated from the following expressioms,
Wy = Wp* + AW (7)

8y = 4t + Ct3 (6 - 100) (8)

Expression (8) is the specif&ed deviation equation in the range 0 °C
to -182.962 °C. The constants AA_and CL to be used in expression (6)
for this particular thermameter are given on the first page.

A table calculated from the constants for this thermometer is on
the following pages. If no value for C, is given, the table below O °C
was calculated with an assumed value of this constant. The first column
of the table gives values of temperature. Unless & different function
' is requested, the second column gives R /R, (i.e. the ratio of the
resistance at the stateditemperature to the resistance at the ice point).

The third column gives the inverse (reciprocal) of the difference between
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successive values in the second column. These reciprocal first
differences are included to facilitate interpolation. The error
introduced by using linear interpolation will be less than 0.0001 ©C.

The range of this table does not imply-that this thermometer is
necessarily a satisfactory instrument over exactly the same range.
The range was selected to cover an interval believed to include the
needs'of the majority of users of this type of thermcmeter.

USCOMM-NBS-DC
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469
%70
471
4f2
473
G74
475
476
477
474
479
4o
4ot
4ol
4495
LBY4
455
4ue
wo7
465
469
49y
@21
422
93
494
435
@496
497
(71
w9%
Suu

ReESISTCe

KATIO
leoSnlds
le0d99un
1le09304d14
leu37udns
1731223
17,4995
1.7,870+
1.712531
1.7102%0
1.7200005
1.723627
1.7275%%9¢
1675135
1735113
1.758872
1.742631
l1.746388
1.75014%
1.753899
1.75765
1.7616455
1 e 765136
1.76H8%9ud
1.77265%
1776403
1.73015¢
1.753859%
1.737644
1.7913805
1e79%120
10798600
1.89260u0
lec 34

"lesliiloa2

1.313Ei48
16517553
lesc1287
lenzbhuiz
len26751
1.6324431
leadozll
1e039C59
le53360d
1e0i873%1
100&1110
leaSHut, 3%
lecnishog
lecin2e3on
leastdnQU
lednn9722
1ea73439

IPTS=vo TAdLE

INVERSE
UIFF.
zol « B
2olie92
£6.01
20H.U%Y
205625
20353
205.42
20550
26553
20460
265.75
205483
2691
205499
206.G7
260416
200024
20632
206 e 40
26049
260457
26665
200.7H
266482
2606490
20699
26T7.07
26715
2u7.23
26732
20740
26740
26757
26765
coleld
267.82
20790
20796
263407
264“) [ ] 1 5
26&)023
200 e 32
26340
263649
260ue 57
203665
20874
20562
2bi3e9U
2nhe¢99

FOF RESISTALCF

TEYP.
KELVIN

500
501
5G2

/503
504
505
506
507
508
549
510
b11
512
513,
514
515
516
517
518
519
520
521
522
523
524
525
526
527
528
529
530
531
532
533
534
535
536
537
538
539
540
561
542
543
S5u4
545
5446
547
548
549
50

58

THERMO-ETER 1547841

RESISTANCE

RATIO
1.873439
1.877156
1.880471
1.85450%
1.888278
1.892010
1.895721
1.89943%0
1.903138
1.906846
1.910552
1.914254
1.917900
1.921663
1.925364
1.9290564
1.932763
1.936401
1.940158
1.943854
1.947548
1.951241
1.954933
1.958624
1.962314
1.966003
1.969630
1.,973376
1.977061
1.980745
1.984428
1.988110
1.991720
1.,99547n
1.999148
2002825
2.006501
2.010178
2.013£49
2.0175H21
2021123
2.024853
2.028532
2.032199
2.035856
2.039531
2.0U43196
2.046359
2.050521
<+ 054151
2.057841

INVERSF
DIFFe«
268.99
269.07
269.16
269.24
269.33
269.41
269.49
269.58
269.66
269.75
269.33
269,91
270.00
270.09
270.17
270.25
270.34
270.42
270.51
270.59
270.68
270.76
270.35
270.93
271.02
271.11
271.19
271.28
271.36
271.45
271.53
271.62
271.70
271.79
271.87
271.96
272.05
272.13
272.22
272.30
272.39
272.48
272.56
272.65
272.73
272.82
272.91
272.99
273.08
273.16
27325
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AUGUST 1909 IPTS=00o TALLE FOR RESISTANCF THERMOMETER 1547841

TE-Fe. RESISTAGCE IiswENRSE TEMP. RESISTANCE INVERSE
nEwv iy xaTIO iFFe KELVIN RATIO DIFF. .
SaU ceuh7o4l 27329 600 7/ 2.239344 277.65
551 ZeunlbJU 213.34% 601”7  2.242944 277.74
532 2eU9D107 273.42 602 2.24655%4 277.83
953 caudBHLS 274.51 6n3 2.250142 277.92
Do+ 2euT2Libb 21560 604 2253739 278.01
505 ceulirlle 2723.69 60% 2257335 278410
556 079775 273.77 606 2.260929 278.19
557 2eU33426 273,866 607 2.264523 278.28
5553 2.037076 273.95 608 2.268115 278.37
559 2.u907206 274403 609 2.271706 278.46
560 209437 cT5%e12 610 2275297 278-55
50l 2+ 438020 274.21 611 2.278835 278.64
S0 2e1Ll1l600 2745229 612 2.282473 278.73
563 2:105311 274 .38 613 2.286060 278.82
564 2¢10895% 2T +e47 614 2289645 278.91
505 2+1125%0 274 .56 615 2.293229 279.00
5606 2116237 274 .64 616 2.290812 279.09
567 2119877 . 27he73 617 2.300394 279.18
Seo 21235106 274482 618 2.303975 279.28
569 26127154 274.91 619 2307554 279.36
570 2413079y 274.99 620 2311133 279.45
571 20134425 27518 - 621 2.314710 279.55
572 24138000 279447 622 2.318286 279.564
573 2141695 27526 623 2.321861 279.73
574 2+145324 275435 624 2.325435 279.82
375 20143935 275.43 625 2329007 279.91
576 24152584 27552 626 20332579 280.00
577 2e196215 27Le01 627 2336149 280.09
574 241599840 2The70 . 628 2.339718 280.18
579 24163406 27579 629 20343266 280.28
$¢0 2eln7071 27337 630 2.346853 28037
hol 2170714 27596 631 2.350418 280.45
62 261743357 27009 632 2353953 28055
D33 2¢177900 270.14 633 24357546 280.64
Sob Zel#157v 27523 634 2.3631108 280.73
50 2e1i5190 27532 635 2364609 280.R2
566 Z¢138810 27640 036 2368229 280.92
567 SelY240 27049 637 24371788 281.01
[oY=Ts) 20126046 275458 638 2375345 2R81.10
589 20199602 27067 639 2378901 281.19
57u 22008275 e¥ue76 640 2.382U56 281.28
591 2e2LOEBS 270465 641 2386010 281.38
5%¢ 2210094 27: 694 642 2389553 281.47
© 593 2ecziltius 277.03 o643 2393115 281.56
-3 2217717 277.11 6Ly 24396635 2hle65
Y95 Ze21324 277.21 o45 2.400215% 261.75
54¢, cec2h331L 27129 O46 2.403703 2R81.64
697 érclbbuo 27708 647 2+4073106 261.93
B c2e2%214y 27747 648 2.4106855 2R2.02
59 208742 277.50 649" 2+414849n0 2H82.12

LU Zea3954w ¢77+.05 650 2.4179%4 2R2.21
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ALGJST 19,59

Te P
Aol vIi,
850
o1
bue
033
ob4
B 1!
oLo
oLb7
653
333"
600
bol
boz
063
vol
665
bdd
oo
668
o9
670
o7l
672
673
674
675
al6
&e77
o676
o079
630
ool
Lol
Bod
ol
vobd
o080
s’
0G3
o59
090
o%i
oY
* )
Rx L
6vb
oYo
o097
o9
oYY
Tl

HdeST&HCE

";‘T I 0
2417944
2ev2l430
2es290a7
Zed288507
204932100
Een3D04S
204391050
2¢442715
C 4624y
2euli49782
2¢45331i4
2450845
200374
2453902
2ekhidTH3
2¢470955
e T30
2473004
24431520
Ced5044
20488500
2492387
2.4956uy
2499124
2532650
ceD06151
2¢951)9004
29515176
2516637
2eb2l1%0
2523704
2527212
2530718
ZeDH3U22%
2537720
Ze54%41229%
2244750
2948823}
2¢55173540
24995227
2e5887ew
2e9502220u
2000571
Ze 339207
CeD7269
ceDTHIYU
2 en79880
202::.3100
Ze250BLD
Ze0Y01Y2
Se093627

60

IPTo=6d TAVBLE FOR RESISTANCF THERMOYETER 1547841

LiivERSE
DiFF.
2832.21
26230
282439
28249
26050
208260
26277
28280
262095
203.05
23514
203.24
283¢33
2835.4¢2
265452
285.61
285.71
285.80
2b5.90
28399
2b4 .08
28u.ll
284%.27
2845037
284446
234 ¢ 56
204 ¢65
284.74
2E4 e 8Y
284 .94
28503
269512
28922
282632
265e41
28551
286560
20570
28279
23069
203095
260008
edhHe 18
20027
200¢37
28040
206« 50
2bo 86
20070
20085
2dho95

TENP,.
KELVIH,
7OQ/
701
702
703
706
735
706
707
708
ne
710
711
712
713
714
715
716
717
718
719
720
721
722
723
724
729
726
727
728
729
730
731
732
733
734
735
736
737
738
739
T40
741
742
743
744
745
746
747
748
749
750

RESISTANCE

RATIO
29593627
2597110
2.600593
2.604074
2.607555
2.611034
2.614512
2617958
2¢621454
2624938
2.628411
2.631883
2.635354
2.638824
2642292
2.045760
2.649226
2:652691
2.656155
2.659617
2663079
2666539
2669998
2.673456
2.676912
2.680348
2.683822
2687275
2690727
2.694178
2697628
2701076
2e704524
2707970
27114185
20714858
2.718301
2.721742
2725182
2.728621
2732059
2.7354926
2738931
2742305
S T745T7I8
2749230
20752661
2.7560S0
2759519
2762946
2766372

INVERSE
DIFF.-
286.95
287.05
2€7.14
287.24
287 .34
28743
287.53
287.63
287.72
287.82
287.92
288.02
288.11
288.21
288.31
c88.41
28850
288.61
288.70
288.40
288.90
289.00
289.10
289.20
289,29
289.39
289.49
269.59
289.569
289,79
289.89
2R9,.,99
290.09
290.19
290.28
290.33
290.48
290459
290,69
z90.78
290.A8
290.99
291.08
291.19
291.28
291,39
291 .49
291.59
291.69
291.79
291.89
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AUGUST 1vo9  IPTS-6b TALLE FOR RESISTANCE THERMO-ETER 1547841

TEH“P, RESISTAMICE INVERSE TEMP, RESISTANCE INVERSE
KELV1n KATIO VIFF. KELVIN RATIO " DIFF.

750 2.756372 291 .89 :
751 24 109797 291.99

752 2773220 292.10

753 2o t7T0B4S 292.19

T54 2780004 29+ 30

795 20783404 29240

o6 2750905 292 .49

757 2790320 292 .60

758 20733737 292.70

759 20737152 292.81

700 2.000500 292.99

7ol 2503979 293,01

762 2807391 293.11

763 6510301 283.21

764 2eblU210 29331

765 2617619 2935.42

To6 2:8210eH 293.52

767 2824431 293.62

768 20827836 293.73

769 2¢83123%9 295.82

T7u 2834641 293.93

771 2838042 294 .03

772 2+841442 294,13

773 ZebHilid4]) 294 24

774 2648230 294 . 34

775 2851654 294 44
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APPENDIX B

Pressure Gauge Calibrations

The two Heise gauges were calibrated together and the

Seegers gauge was calibrated at a later date,

Calibration of Heise Gauges

The calibration was done by Rolf Prydz and A.J. Kidnay
at the National Bureau of Sténdaéds, Boulder, Colorado on
12/31/70. A Ruska Instrument QOmpaﬁy, Catalog No. 2400HL
0il dead-weight tester was used for the calibration. The
two Heise gauges cal;bfated.were H355§2 (0 to 100 psi) and
€58810 (0 to 100 atm).

Barometric pressure at the start of the calibration
was 623,1 mm Hg'at 20 de§ C: at the end of the calibration
the barometric pressure was 623.7 mm Hg at 21.3 deg C. Thus
the average barometer was 623.4 mm Hg at 20.8 deg C., When
corrected for temperature and gravity, this is 0,.8163 atm.
Both Heise gauges were adjusted to zero when open to the at-
mosphere at the start of the calibrations.

The dead weight tester readings are believed accurate

to the significant figures shown on the next page.
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TABLE 4

63

Calibration Data for the Two Heise Pressure Gauges

Point Dead Weight Heise Gauge Heise Gauge Remarks
Tester Reading H35532 c58810
(Corrected) . .. psi atm
psi atm

1 29,97 2,039 30.00 2.09
2 44,96 3.059 45,05 3.10
3 59.94 4,079 60.05 4,11
4 75.92 5.166 76.05 5.19
5 95,90 6.526 96,05 6,55
6 75.92 5.166 76.15 5.20
7 59.94 4.079 60.15 4.11
8 - 44,96 3.059 45,12 3.10
9 19.98 1.359 20.15 1.39
10 9.990 0,680 10.10 0.71
- open to atmosphere 0.10 0.00 Note Zero shift

11 145.85 9.925 - 9,91

12 205,79 14.004 - 14,00

13 305.70 20.802 - 20,85

14 405,60 27.601 - 27.69

15 495,52 33,719 - 33.75

16 305.70 20.802 - 20.80

17 145.85 9,925 - 9.89

- open to atmosphere - 0.00

18 605.42 41.197 - 41.25

19 705,32 47.996 - 48,09

20 805.23 54,794 - 54,80

21 905.14 61.593 - 61.65

22 1005.05 68,392 - 68,39

23 1104.96 75.191 - 75.19

24 1204.87 81.989 - 81.90

25 1304.79 88.789 - 88,79

26 1404.70 95.587 - 95.60

27 1454,.66 98,987 - 99,00

28 1204.87 81,989 - 81.90

29 905.14 61,593 - 61.60

30 605.42 41.197 - 41.15
open to atmosphere - 0.00
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TABLE S

Heise Gauge H35532

Actual Pressure Gauge Error
29.79 +0,03
44,96 +0.09
59.94 40,11
75.92 +0.13
95,90 +0,.15
75.92 +0,13*
59,94 +0.,11%*
44,96 +0.06%*
19.98 +0,07*

9.99 +0,01*

*Since there was a zero shift of 0,10 psi, and
since the values descending in pressure are higher by
0.1 than the values for ascending pressure, it will be
assumed thét the zero shift took place as the pressures
were dropped from 95,90 psig. Thus, all of the Heise gauge
feadings for descending pressures have been reduced by 0.10

psi in computing the gauge error.



Actual Pressure (psig)
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FIGURE 10
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TABLE 6

HEISE GAUGE C58810

Actual Pressure Gauge Error
atm atm
2.039 +0.05
3,059 +0,04
4,079 +0.03
5.166 +0.02
6.526 +0,02
5.166 . +0.03
4,079 +0.,03
3.059 +0.04
1.359 +0,03
0.689 +0.03
9.925 -0.02

14,004 0.00
20.802 +0.05
27.601 +0,09
33,719 +0.03
20.802. 0.00
9.925 -0.04
41,197 +0,05
47,996 +0,.09
54,794 +0.01
61,593 +0.06
68,392 0.00
75.191 0.00
81,989 -0.09
88,789 0.00
95,587 +0.01
98.987 +0.01
81,989 -0.09
61.593 +0.01
41,197 -0.05

'Avg. = +0,015
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TABLE 7

Seegers Pressure Gauge Calibration

The calibration of the Seegers 0 - 100 psi gauge was
checked using an oil dead weight tester at the National
Bureau of Standards, Boulder Colorado.

The gauge was set to zero at a barometric pressure of
615.2 mm Hg (corrected).

Date of calibration: 2/4/714

gauge tester

(psig) (psig)

69,92 69.93 (going up)
. 89.90 89.91 (going up)

59.92 59.94 (coming down)
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APPENDIX C

Results of the Mueller Bridge

Calibration

The procedure used to calibrate the Mueller Bridge is
described by Riddle (1969, p.7). The bridge was calibrated
in absolute ohms using a Honeywell-Rubicon, 10-ohm standard

resistor. The manufacturers stated error for this resistor

is + 0.01 percent of % 0.001 ohm. In terms of X. of the 1-
ohm decade of the Mueller Bridge, the resistance measured
was 10,0004 ohms.

The equationsobtainéd from the calibration are of the
following form.

10, + a, = X. + b

1 1

10x + ax = X. + bx

Where: 101, 102, o o . 109, 10x refer to successive steps of
the 10-ohm decade,

a and b are obtained in the calibration.
The equations representing the calibration are presented

below.
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10-Ohm Decade

a

10l + 0.0461

10, + 0.0648

2

103

+

0.0705

1-0Ohm Deéade

N
W N e U N W N R

R

%

+

0.0i22
0.0114
0.0117
0,0117
0.0103
0.0107
0.0133
0.0106
0.0104
0.0104

.1l=-0Ohm Decade

0.1l

0.12

0.1,

0.14
0.1
0.1

0.1

~N 0y

0.18

4

+

0.0068
0.0067
0.0066
0.0065
0.0063
0.0066
0.0061

0.0059

]

[

!

]

0.X
0.X
0.X
0.X
0.X
0.X
0.X
0.X
0.X

O.X

0.0X
0.0X
0.0X
0.0X
0.0X
0.0X
0.0X

0.0X

b
0.0468

0.0655

0.0711

0.0122
0.0115
0.0116
0.0117
0.0104
0.0108
0.0132
0.0106
0.0105
0.0104

0.0068
0.0067
0.0065
0.0064
0.0063
0.0065
0.0061

0.0050

(b-a)
+0.,0007

+0.0007

+0.0006

0.0000
+0.0001
-0.0001

0.0000
+0.0001
+0.0001
-0.0001

0.0000
+0.0001

0.0000

0.0000
0.0000
-0.0001
-0.0001
0.0000
-0.0001
0.0000

0.0000
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O.l9 + 0.0057 = 0.0X + Q.0057 0.0000

0.1x + 0.0055 + 0.,0X + 0,0055 0.0000

The external resistors required for calibration of the
lower decades were not available. However, errors in the lower
decade resistors are usually very small.,

X. is known as a result of measuring the standard resis-
tor. Since the measured value of the standard resistor was
within the error of the resistor, X. will be assumed to be
10.0000 absolute Ohms. The above relations will then vield
the resistances of 101, 102, 103 etc., and by adding these
successively the resistance of 10, 20, 30 etc., can be ob-
tained. )

The values of 0.X and 0.0X may be found by the following

equations:
0.X = X. + (a-b)
10
= 10.0000 + .0002 = 1.00002 ohm
10
.0X= 0.X + (a-b)
10
= 1.0002 + -.0001 . = .10001 ohm
10

It can be seen that the largest and most significant errors
occur in the 1l0-ohm decade, The largest correction to be ap-

plied is +0,0007 ohm.
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APPENDIX D

Refrigeration Analysis

Presented below is an analysis of the refrigeration
system which was used to determine the LN2 consumption that

could be expected, and to size the controller heating element.

« 0.25 cal/g deg C

I. Cp N,
Hvap N, =% 1335 cal/mole
Q liquid Hz at 76 deg K ~ 0.8g/cc

Refrigeration capacity of 1 liter of liquid nitrogen
leaving the system at 200 deg K as a gas.

@3_%%%)(289 %%_g_ (J_Oll_tQa?_CC) * 1I|ter‘ (Qgégl)(ms K)

. = 63143 cal/ liter
II. Copper (Initial temperature 300 deg K)

Cp %~ 4.8 cal/mole deg K

assume 20 1b copper

(201b) (453,69) (moe gl ’gg’g)’ooo" -~ 68576 cal
.5y

THIS REQURES:  —$8358 = 11 liters LN,
III. Carbon Tetrachloride - Chloroform mixture

C CC14 ~ 0.2 cal/g deg C
P 0 deg C

Cp CHC13% 0.23 cal/g deg C

use Cp % 0.22 cal/g deg C

cCi, = 1.49 g/cc
CHCI3 1.59 g/cc
dewar is 9 3/8-in. in diameter and 24-in. deep

(;-49.3752)24 - 1657 in3 I 27200 cc

average density = 1.54 g/cc

average Cp . - 0.22 cal/g deg C

20 deg C

"
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liters of LNZ required = 921,536

E3143 A 15 lite;s

IV) REATER CAPACITY TO CHANGE TEMPERATURE OF BATH 0.2 °K

(27200 cc) (1,5&5;) (022 cal) (o 2'|<)

- 1843 cal

(20 Ib) (4536g (48 cal)[1mo!e)(o,2’K> = 137 aal
mole K/ ' 63,5¢ )
TOTA L = 1980 a

Thus to change temperature 0.2 deg C per min requires

(1950 cal (69.79 x 1073 watts)

min Gl mn -, 138 watts

therefore use l1l25-watt heater.
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APPENDIX E

Equipment Suppliers

Carbon Tetrachloride and Chloroform

Copper Cylinder (for cell)
Copper Plate

Copper Tubing (1/8 in. and 1/4 in.)

Hoke Valves

Insulation (Tubular)

Liquid Njitrogen

Swagelok Fittings and
Whitey Valves

Structural Angle Iron and Bolts
Tubular Heaters

Winch

73

Chemistry Dept., CSM

Instrument Shop CSM

McCombs Supply Co.
215 Wazee Market

P, O. Box 5304
Terminal Annex
Denver, Colo, 80217
Phone: 244-6674

James B, Drummond Co.
3201 S. Broadway
Denver, Colo. 80110
Prone: 789-2281

Steam Plant CSM

United States Cryogenic Div.
U. S. Welding

600 S. Santa Fe Drive
Littleton, Coloradeo

Phone: 777-6671

Denver Valve & Fitting Co.
P. O, Box 15636

980 Simms Street

Denver, Colorado 80215
Phone: 238-1319

Murray Equipment Co.
1845 Federal Blvd.
Denver, Colorado 80204
Phone: 433-3314

Van Waters and Rogers, Inc.
4300 Holly Street

Denver 16, Colorado

Phone, 388-5651

Genuine Parts Co.
900 Washington Ave.
Golden, Colo. 80401
279-4579
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APPENDIX F

PROCESS CONTROL MODEL

Q

\

\,w... ]
[ e remperature
Qs gﬁ' ¢_ﬁ Controller
m ¥
Liquid Nitrogen
Notation:
T = Temperature of the bath
Tc = Temperature of the equilibrium cell
bp = Boiling point of liquid nitrogen
Vb = Volume of the bath

Pb = ‘Density of the bath

(9]
Ul

Heat capacity of the bath

W = Weight of the equilibrium cell

Cpc = Heat capacity of the equilibrium cell

Qr = Heat removed from the bath by LN2

Ql = Heat leak to equilibrium cell from outside
the bath

Qd = Heat leak into dewar

e = Heat input by cOntrbller into bath

U = Overall heat transfer coefficient between
equilibrium cell and the bath fluid

A = Surface area of the cell

m = Mass flow rate of liquid nitrogen
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AH = Heat of vaporization of liquid nitrogen
C = Heat capacity of gaseous nitrogen
Py
2
Assumptions

1) The bath is perfectly stirred.

2) There are no temperature gradients in the
equilibrium cell.

3) The heat capacity and density of the bath and
equilibrium cell are constant.

Transient Equations:

Bath Fluid
%, F . Qg + @ + VA(T_ = T)
- m(AH) - me*N;T - pr)
Equilibrium Cell .
prcgg% = Ql - UA(Tc - T)
Steady State Equations:
Bath Fluid |
0 = sts = UA(TCSS' Tss)
- msb(AH) - mcﬁk(Tss - pr)
Equilibrium Cell 2
0 =Q, -UA(T, -T)
ss ss
Deviation Variables:
T = T'+ T Q. = Qc+chs
Te = Te* Tss Q = Q1 +Q
ss
Q = %@+ sts m o= m'o+m

(+) refers to a pertabation from steady state
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Dynamic Equations:

Bath Fluid

vabc gz- = Q) +9Q.+ UA(Té - T1)
-m*(AH + C+T_ _~-C.T, )
ss bp

pﬂz p“z

Equilibrium cell

wcpc dTé = Ql' - UA(Té - Tt)
dt
Constants
as= %Vbc Pb
b= (ALH+C-T -C-T )
( Py ss Py bp
2 2
Cc = wC
pc

Laplace Transforms

Bath Fluid
(as + UA)T'(s) = Qé(s) + Qé(s)

+ UATé(s) - bm*(s)

Equilibrium Cell
(cs + UA)Té(s) = Ql'(s) + UAT'(s)
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Qi(s)————4> 1

FIGURE 11

Block Diagram
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R _*+ €
set poin

UA B
i
1@ + 1
m'(s)—— 5 b
K 1/UA
K - L
1€ %s 7 1 TS + 1
Controller Heater Process
R-Thermo
K3
538 + 1

controller gain

heater gain

measurement lag

a/UA
c/UA

> T'(s)
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