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ABSTRACT

An experimental apparatus capable of making accurate
high temperature, high pressure vapor-liquid equilibria
measurements was designed, constructed, and evaluated by
measuring the vapor pressure of a pure fluid. Tﬁe basic
system is a flow equilibrium flash vaporization apparatus
similar to those used for petroleum liquids.

Temperatures are measured with a calibrated platinum
resistance thermometer and a Keithley digital multimeter.
Pressures are measured using a Ruska differential pressure
indicator/null indicator in conjunction with a series of
Heise bourdon tube gauges.

Step by step operating procedures for all equipment
and instruments are presented for use by future operators.

Vapor pressures of water were measured from 126 to
3O7OC to test the equipment. The overall accuracy of
the system is limited by the calibrations for the Heise
gauges. The thermometer calibration iw within + .OSOC.

Future use of the equipment will involve the measure-
ment of phase equilibria behavior of model binary mixtures
and coal-derived liquids. This data will then be used for

the development of a correlation for the purpose of

engineering design.
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INTRODUCTION

The decreasing supply of petroleum resources has lead
to a search for alternate energy sources. One major re-
source to be considered is coal. Coal-derived liquids
can be offered as a substitute to crude oil. However,
if optimum value is to be obtained from the coal liquids,
they need to be processed in a manner similar to crude
oil.

If processing equipment is to be designed optimumly,
engineers need information on a variety of properties for
coal-derived liquids. Accurate phase behavior data are
an essential element in design of processing equipment in
which phase transformations occur. Reliable correlations
have been developed for petroleum fractions; however,
there is a lack of experimental data or correlations for
coal-liquids.

The recent remarks of Mr. D.K.Clarke, Stearns-Roger
Corporation, to the Gas Processors Association Enthalpy
and K-Value Steering Commitee are very appropriate.(l)

"My remarks are framed in terms of design problems,

not research recommendations. These are design

problems in coal and shale processing plants.

The problems deal mostly with mixtures of hydro-

carbons from methane to tars, with water and

inorganic gases. The heavier hydrocarbon frac-
tions appear different from comparable boiling

ranges in petroleum. From a particular coal or
shale, and by a particular production process, can
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we predict the properties of liquid products?

Will current methods for characterizing petroleum

fractions in phase equilibria and enthalpy

calculations work satisfactorily with crude

shale 0il and coal-derived liquids?"

Several studies are in progress or have been completed
in the area of phase equilibria. These studies are listed
in Table 1.. At the present time this project is the only
program studying the vapor-liquid equilibrium of actual coal
derived liquid samples and selected model mixtures for the
purpose of preparing, from the data obtained, a correlation
suitable for engineering design.

The purpose of this thesis was to design, construct,
and evaluate an experimental apparatus capable of producing
phase behavior data of complex mixtures. The initial
evaluation of the equipment was performed using water to
test the temperature and pressure measuring devices.
Measurements were made over a temperature range of 126 to
307°C. This thesis entails a complete description of the
design and operational procedure for this apparatus.
Included also are test runs on water and calibrations of
specific instruments.

Future use of the equipment will involve the measure-
ment of phase equilibria behavior of coal-derived liquids.

This data will then be used for the development of a corre-

lation for the purpose of engineering design.
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TABLE 1
STUDIES OF COAL LIQUID PHASE EQUILIBRIA

Robinson/Oklahoma State University (2)

Measurement of volumetric properties and K values of
mixtures containing light gases and model aromatic
compounds.

Kobayashi/Rice University (3)
Measurement of K values, dew points, and hydrogen
solubilities of polyaromatic and heterocyclic model
compounds.

Chao/Purdue University (4)
Measurement of gas solubilities (primarily hydrogen)

in model aromatic compounds and in selected coal
derived liquids.
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PROCESS SELECTION

A wide variety of methods have been employed in the
determination of phase behavior data. Table 2 is a list of
methods discussed by W.C. Edmister. (5)

The first method is strictly for binary mixtures,
while the second method is used for mixtures with three or
more components. Both the first and second methods consider
the whole mixture as a sample.

Methods three, four, and six allow the mixture in its
vapor and liquid phases to be brought to equilibrium.
Samples of the vapor and liquid phases are then taken for
analysis.

The once-through flow method is preferable for studying
the high temperature vapor liquid equilibria of hydrocarbons
because the extent of decomposition or cracking can be
reduced to a minimum by virtue of the limited time of
exposure to high temperature and because the relatively
large samples required for analysis can obtained. The
only serious disadvantage in a continuous flow system is
the difficulty of reliable liquid level control in the
vapor-liquid separator at high temperature and pressure.

Large samples cf vapor and liquid are required due
to the difficulty in characterization of not only the initial

fluid, but also the vapor and liquid samples.
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TABLE 2
PHASE EQUILIBRIA EQUIPMENT

1. Measuring the phase boundary of binary mixtures.

2. Observing property discontinuities from volumetric
measurements and thermal measurements of mixtures.

3. Measuring the composition of samples in a batch system.

4. Measuring the composition of samples from continuous
remixing and separation in recirculating systems.

5. Gas-liquid chromatography.

6. Measuring the composition of samples from a once-
through flow system.
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The once-through flow method has been used previously
in determining the K values of petroleum fractions by White
and Brown (6) and Grayson and Streed (7).

The flow diagram used by White and Brown for determin-
ing K values of petroleum fractions is presented in Figure
1. O0il is forced by the high pressure pump, 1, through
the furnace, 2, where the temperature is raised to the
desired conditions. The fluid then flows into a separator
which is immersed in a constant temperature molten salt
bath, 4. The constant temperature bath maintains a uniform
temperature in the separator by eliminating radiation losses.
vapor is drawn from the top and liquid from the bottom of
the separator and transferred to the coolers where the
streams are cooled to room temperature. Capacitance is
used as the means of liquid level control. This apparatus
has been run at temperatures from 300 to 820°F and at
pressures from 50 to 700 psi.

The K values of crude o0il have generally been inter-
preted in terms of narrow boiling range properties. (6,7)
That is, the feedstock is distilled into a number of narrow
boiling range cuts and the volumetric quantitiy of each
cut is determined. Since the density and molecular weight
of each cut is also determined, the ''mole fraction'" of each

cut in the feed can be calculated. Similar distillations
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FIGURE 1
FLOW DIAGRAM OF VLE APPARATUS USED BY WHITE AND BROWN
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and analyses can be performed on the vapor and liquid. The
ratio of the mole fraction of the cut in the vapor to the
mole fraction of the cut in the liquid is the K-value.

In effect, a pseudocompound technique is used to character-
ize the complex mixture. Once the pseudocompound is i1denti-
fied, correlational methods for mixtures of pure compounds
are then applied.

Based on this previous work, the system for our project
was designed as a flow equilibrium flash vaporization
apparatus similar to those used for petroleum liquids.

This type of apparatus should provide relatively large
quantities of vapor and liquid samples in equilibrium. It
is capable of operating between 15 and 2000 psia and at

temperatures up to 350°cC.
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PROCESS FLOW

The overall flow diagram for the flow equilibrium
flash vaporization apparatus is presented in Figure 2.

The layout of the equipment was dictated by safety consi-
derations. The high temperature, high pressure equipment

is located the furthest away from the control panel and the
exit. The oven faces towards the outer wall of the labora-
tory, and has a wood and styrofoam barrier in front of it to
absorb any fragments that might exit from the oven, if the
equilibrium cell were to rupture.

Another safety consideration is the location of the
main power switch which is located near the exit.

The process piping layout was developed for the
possibility of two phase flow developing in the sample
line after heating. Once the heating process has begun,
the fluid stream has a constant downward movement to
prevent trapping of the liquid in a low spot and vapor
in a high spot.

The equipment is mounted on a frame of slotted angle
steel 4.5 feet wide, 10 feet long and 10 feet high. The
frame is bolted to the floor and two opposite walls. There
is a 2.5 feet extension on one end for the control panel.
Aluminum panels were used to mount the controls and to

construct the safety shield around the preheater bath.
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The floor is covered with galvanized metal to allow easy

clean up of spills.

FLOW SYSTEM

The process piping is made of 316 stainless steel to
handle the corrosiveness of coal-derived liquids. The
main lines are 1/4 inch and 1/8 inch outside diameter
tubing. The surge tank, manufactured by Whitey, is 304
stainless steel and has a capacity of 3.78 liters with a
pressure rating of 1800 psi. The cylinder has 1/2 inch
NPT openings at both ends and a 1/4 inch opening on the
upper body for venting purposes.

The fill port connects with the lower opening of the
surge tank to allow air to escape out the vent without
being trapped by the sample as it flows into the tank.

A drain valve is connected to the lower opening where the
feed line to the main pump originates. The surge tank
is located above the pump.

The pump is a Pulsafeeder diaphragm metering pump

with a maximum capacity of 2.4 gallons per hﬁur at 3000

psi. The diaphragm is made of 316 stainless steel.

A 250 micron filter is located on the suction line to

prevent particles from damaging the diaphragm. A 60
micron filter is located on the discharge line to remove

smaller particles.

11
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The fluid then flows into a 20 feet long, 1/8 inch
outside diameter coil located inside a Techne fluidized
sand bath. The 20 feet of tubing has ample surface area
for heat transfer to the process fluid. The bed has 3000
watts of power and can reach a maximum of 600°C if there is
no flow through the heat exchange coil. Heat up times
and energy settings are a function of the flowrate through
the coil. Table 3 shows the heater selection for approxi-
mate control if there is no flow through the coil. For
rapid heat up, the controls can be set at the maximum set-
tings and then adjusted downward as the required temperature
is reached.

The preheated fluid then flows downward through a
final heat exchanger into the equilibrium cell, both of
which are located inside of the oven. The oven is a Hotpack
mechanical convection oven capable of 350°C. The manufac-
turer states the temperature control is within .1°c. an 11
inch by 13 inch window is located in the door of the oven
for viewing the equilibrium cell. Four ports are located
on the right side of the oven. The two upper porfs are
for process fluid inlet and vapor outlet. The middle port
allows insertion of the platinum resistance thermometer into
the process stream. The bottom port is the liquid qutlet.
Figure 3 shows the controls on the oven, and the description

of the controls.
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TABLE 3
FLUIDIZED BED SETTINGS

Bath Temp. Heater Selection for Approx. Control
Heater Switch Energy Reg.
200°¢ Low 7-8
300°C Low 9-10
400°C Medium 2-3
500°C Medium 8-9

600°C High 4-5
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FIGURE 3
OVEN CONTROLS

O¢ O ¥

O~ L
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a. Main Switch, controls overall power of unit.

b. Temperature Control, automatically maintains desired
operating temperature. Controller dial is calibrated
directly in degrees centigrade for precise setting.

c. Heat Pilot Light, indicates when heater circuit is
energlzed by temperature controller.

d. Indicating Pyrometer, indicates actual temperature in
work chamber. The pyrometer is thermocouple actuated
and calibrated in centigrade and fahrenheit for full
range indication.

e. Limitstat, independently circuited safety device which
automatically prevents excessive chamber temperature.

f. Limit Pilot Light, indicates when limit circuit is
functioning and supplying power to the heater circuit.
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Located inside of the oven is a 20 feet coil of
1/4 inch outside diameter tubing. This allows the fluid
to come to an equilibrium temperature. The fluid then
flows past an in-line platinum resistance thermometer before
entering the equilibrium cell. The platinum resistance
thermometer will be discussed later.

The equilibrium cell is a series RL-10 Jerguson Gage
with a size 1 window. The material of construction is 304
stainless steel. Figure 4 shows the cell mounted in a frame
inside the oven. The cell vclume is 321 cubic centimeters
and three 1/4 inch NPT ports have been tapped. Each end
has one port and the third port is located one imch off
center at the back of the cell. The feed enters from the
back port, while the vapor exits from the top of the cell
and the liquid from the bottom port. Table 4 shows the
pressure and temperature restrictions of the cell. The
gage is the most sensitive point in the entire system and
the temperature and pressure restrictions should be followed
closely. The window is made of borosilicate glass and has
a gasket on each side of the glass. Standard gaskets are
of asbestos; however, special gaskets of graphfoil and
teflon are available. Instructions for replacing the window
are located in the Jerguson manual.

The vapor exits through the top port of the cell, then
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FIGURE 4

EQUILIBRIUM CELL

Ha pP£f# c0 -4
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TABLE 4

PRESSURE RESTRICTIONS

TEMPERATURE °F TEMPERATURE °C PRESSURE PSI
100 37.8 2000
200 93.3 2000
300 149.0 2000
400 204.0 1850
500 260.0 1690
600 315.6 1520
750 398.9 1250
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leaves the oven through two micrometering valves to reduce
the pressure to atmospheric. The two valves allow better
control over the vapcr flow. By reducing the pressure to
atmospheric, the vapor will not condense in the line to the
condenser. Condensation of the vapor in this line would
result in a reflux action and would seriously alter the
composition of the vapor stream if a mixture were being
studied. The vapor is condensed in the condenser and can be
returned to the feed tank or collected for characterization
after it is cooled.

The liquid exits from the bottom of the cell and is
kept under pressure, by a back pressure regulator, until
it is cooled in a heat exchanger. If the pressure were
reduced before the liquid was cooled, the liquid might
flash vaporize. The liquid is returned to the feed tank
or collected for characterization.

The temperature measuring system consists of an in-
line Omega 100 obm platinum resistance thermometer, located
at the feed entrance to the cell. The resistance is mea-
sured by a Keithley model 191 digital multimeter. Calibra-
tions of these are discussed later.

The pressure measuring systein consists of a Ruska
manometer, a Ruska differential pressure indicator (DPI) and

control box, and a series of Heise bourdon tube gauges.
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Once the liquid has left the oven, a static line is taken
off which runs through a 60 micron filter and across the
manometer and into the lower chamber of the DPI cell.

When a liquid is used in either chamber, an open tube
manometer must be connected into the system in such a way
that the pressure across the diaphragm may be adjusted

to zero and the meter zeroed. The filter is necessary

to prevent particles from entering the DPI cell and damaging
the diaphragm.

The DPI cell consists of two pressure chambers,
separated by a thin stainless steel diaphragm as indicated
in Figure 5. A difference in pressure in the two chambers
causes a deflection of the diaphragm and a resultant signal
to the electronic circuit. The principle use of the instru-
ment is intended as a null sensor/indicator with which
the pressure of one medium may be precisely adjusted to
that of another. The upper chamber has a volume of 29.5
cubic centimeters and can be used for any fluid inert to
400 or 300 series steels, low carbon iron, brass, copper,
PVC, cadmium-plated steel, or soft solder. For tﬂis reason,
only nitrogen is used in the upper chamber.

The lower chamber has a volume of .4 cubic centimeters
and can be used for any fluid inert to 400 or 300 series

steels. The process fluid is located in the lower chamber.
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FIGURE 5 DPI CELL
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SYSTEM

DPI CELL PARTS

DESCRIPTION

Upper Body

Socket Cap Screw
Socket Cap Screw
Terminal Block
Detent

Round Head Screw
Differential Transformer
Assembly
Adjustment Gear
Transformer Armature
Washer

Wave Washer

Washer

Diaphragm Assembly
Tube Plug

llon Ring
Adjustment Pinion
Middle Body

Dowel Pin
Transformer Block
Lower Body

Socket Cap Screw
Round Head Screw
Lead Thru Assembly
Coupling Body

Tube Nut
Receptacle

Round Head Screw

21
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Water is not recommended for the lower chamber and cannot
be used in the upper chamber.

The upper chamber of the DPI cell is in connection with
three Heise bourdon tube gauges by means of a Ruska hand
pump. The hand pump allows small changes in pressure in
the upper chamber of the DPI cell to help balance the
pressure on both sides of the diaphragm. 1/4 inch copper
tubing was used for the nitrogen lines.

In operation, the system is brought to approximately
the desired pressure and temperature. The pressure of the
system is then measured. The nitrogen side of the system is
pressurized and the appropriate Heise gauge is opened. The
final pressure adjustments are made using the hand pump
until the null indicator reads zero. At this point, the
upper and lower chambers of the DPI cell are balanced
and the pressure can be read on the Heise gauge. This
method of measuring pressure has several advantages, as
list=d in Table 5.

Iron constantan, Type J thermocouples are placed
throughout the apparatus. The temperature of each can be
read directly on an Omega digital readout through a rotary

switch. The thermocouple locations are listed in Table 6.



TABLE 5

ADVANTAGES OF THE DPI CELL

1. The process fluid does not enter the Heise gauges. This
eliminates corrosion and cleaning the gauges.

2. The Heise Gauges are thermally compensated to 125 °F.
The process fluid may exceed this temperature.

3. A long static line would be required if the process

fluid ran directly to the gauges. This may result
in compositional changes in the flowing liquid line.
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TABLE 6

THERMOCOUPLE LOCATION

Fluidized Bed

Feed inlet line to the oven.
Vapor outlet line from the oven.
Liquid outlet line from the oven.

Oven temperature.

Liquid outlet line from the heat exchanger.

Vapor outlet line from the condenser.

Liquid inlet line to the heat exchanger

24



T-2582 25

CONTROL PANEL

A photograph of the control panel is shown in Figure
6. All controls are located on the panel, except for the
back pressure regulator and the valve on the vapor line.
The oven controls are located on the oven. The main
power switches for all the equipment are located on the
panel. There are four strips of electrical outlets
located throughout the apparatus for instruments and tools.
These strips are also controlled from the main panel.

The digital multimeter can be placed on the panel
or can be moved closer to the oven for easier operation of
the equipment.

Also located on the panel are the Heise gauges, the
DPI null indicator, the hand pump, the thermocouple readout,

and the air flowmeter.
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FIGURE 6

CONTROL PANEL

26
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INSTRUMENTATION AND CALIBRATIONS

Temperature and pressure measurements are the most
important functions of vapor-liquid equilibria measurements.
This section will describe the instruments used along

with the calibration and operation of each.

TEMPERATURE

Temperature measurements are made using an in-line
platinum resistance thermometer (FRT) in conjunction with a
Keithley model 191 digital multimeter (DMM). The PRT is
located in the feed line to the equilibrjum cell.

The PRT is manufactured by Omega. It is a four lead

resistance thermometer which consists of a sensing element
made of high purity platinum wire wound upon a ceramic core
and mounted inside of a stainless sheath. The sheath
provides good thermal transfer and is pressure tight.
Due to its construction, the thermometer can be inserted
into the process fluid. By having four leads from the
PRT, the digital multimeter can subtract any resistance
due to the lead wires.

An average temperature versus resistance tatle is
provided by Omega (8) but.the-allowable;deviations from .
the average values were too large for vapor-liquid equilibria

measurements. To increase the accuracy of the temperature
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measurements, the Omega PRT was calibrated against Leeds
and Northrup platinum resistance thermometers. The Leeds
and Northrup PRTs were calibrated by the National Bureau of
Standards. The calibrations for the Leads and Northrup
PRTs that were used are located in Appendix A.

A considerable amount of time was spent calibrating
the Omega PRT. The first experimental procedure involved
placing both the Omega and the Leeds and Northrup PRTs
inside of an asbestos insulation and immersing them in the
fluidized sand bed. The asbestos insulation was used to
minimize the temperature fluctvation of the fluidized bed.

Resistance versus temperature should fit a second
degree polynomial; however, the data obtained from this
procedure fit very poorly. After examining the Omega
PRT, it was found that it is susceptible to a self-heating
error. The current passed through the Omega PRT by the
digital multimeter causes self-heating in the PRT, according

to the following equation.

2

I°R x S = Delta T
where I = current (amps)
. R = resistance (ohms)
S = self-heating error in 0C/mW

The current passing through the PRT was measured and
found to be approximately 1.8 mA at a resistance of 111 ohms.

For still air, the self-heating error, S, is .34°C/mw.
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Therefore, for still air an error of about .12°C would
result. Since the PRTs were insulated it is felt that
the error due to self-heating could be considerably higher.

When the self-heating error was discovered, the PRTs
were immersed in a constant temperature Dowtherm bath.

The bath had minimal temperature fluctuations (.01°0C).

The measurements were made using two Leeds and Northrup
platinum resistance thermometers in conjunction with a
Resistance Thermometer Bridge (see Appendix A for calibra-
tion). This‘data was fit to a second degree polynomial.
Table 7 presents the temperature as measured by the Leeds
and Northrup PRTs and the temperatures calculated by the
second degree equation using the resistance from the Omega
PRT. The maximum temperature difference is less than .03°c.
The calibration for the Omega PRT is presented in Appendix A
based on the second degree equation.

The Keithley digital multimeter used to measure the
resistance of the Omega PRT was calibrated by Ball Aerospace
Systems on June 6, 1981. Standard Leeds and Northrup
resistors were used to confirm the accuracy of the Keithley.
Listed in Table 8 are the results of this measurement.

The standard resistor calibrations are presented in Appendix
A.

It is advisable to leave the Keithley on at all times,
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TABLE 7

THERMOMETER CALIBRATION

LEEDS & NORTHRUP SECOND DEGREE POLYNOMIAL
o (o]
c FIT ~C
.13 .12
98.52 98.53
203.16 203.13

261. 30 261.31
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TABLE 8

KEITHLEY DMM VERIFICATION

Keithley DMM Standard Resistor
ohms ohms
10.001 9.9998

100.001 100.000

31
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unless the equipment will not be used for an extended dura-
tion. It was found that to obtain the rated accuracy,

the Keithley must be warmed up for at least two hours. It
is also advisable to reconfirm the calibration of the
Keithley on a regular basis using the standard resistors.
If the Keithley is found to be beyond the tolerance range,
it should be returned to Ball Aerospace Systems in Boulder,
Colorado for recalibration. A reasonable tolerance range

is + .02 ohms since there are approximately .4 ohms/°C.

PRESSURE

As stated earlier, the pressure of the system is
measured using a Ruska differential pressure indicator (DPI)
cell/null indicator in series with three Heise bourdon
tube gauges. The manufacturer's calibrations for the DPI
cell and specifications for the cell are located in
Appendix B. The manufacturer's calibrations for the Heise
gauges were within .1% of the full scale.

The pressure measuring system was evaluated by connect-
ing an air dead weight tester to the lower chambef of the
DPI cell. This arrangement is shown in Figure 7.

Pertinent information on the dead wzight tester is
presented in Appendix B. Table 9 presents the data taken.

Since all measurements are within the manufacturer's
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FIGURE 7

TEST ARRANGEMENT FOR HEISE GAUGES
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TABLE 9

PRESSURE TESTS

DEAD WEIGHT TESTER GAUGE
PSI PSI
41.9575 42.07 *
61.937 62.0 *
101.898 101.8
201.8 201.5
301.7 302.1

* These measurements were taken using a 100 psi Heise
gauge. All other data were taken on a 500 psi gauge.
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calibration for the Heise gauge used, this further verifies

the accuracy of the pressure measurements.
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EXPERIMENTAL PROCEDURE

The following section describes the experimental
procedure used in operating the equipment on a pure fluid.
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.

STARTUP PROCEDURE

1. Fill the feed tank with the liquid to be studied.
The valve to the sight glass should be closed during the
filling of the tank to prevent the sight glass from over-
flowing. The vent valve on the feed tank should be open
to allow the air to escape from the tank. Refer to Figure
8 for location of these valves.

2. The Keithley digital multimeter should be turned on
at this time. Actually it is best if it is left on continu-
ously so as to maintain its rated accuracy. The calibration
of the digital multimeter should be reconfirmed using
standard resistors.

3. Close all the valves to the Heise gauges. This
will prevent accidental overpressurization. Close the
nitrogen inlet and outlet valves located on the panel.

4. Turn on the air supply. The air can be controlled

at the source, at the regulator, on the panel, and at the
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fluidized bed. Normally the air is simply turned on and off
at the source. This prevents the necessity of making any
other adjustments. The conditions should be 30 psig and
approximately 120 scfh.

5. Turn on the water supplies. The water to the
liquid line heat exchanger requires a low flowrate to prevent
overflowing. Plug in the stirrer for the liquid line heat
exchanger.

6. Set the nitrogen pressure at the tank slightly
above the pressure at which the system will be operating.

7. The following power switches on the control panel
should be turned on: 1left, back, and center electrical
outlets.

8. Set the fluidized bed control on HIGH and an
energy setting of 10 to allow rapid heat up. When the
desired temperature is reached, turn the controls down.
The settings are determined by the fluid flowrate. For an
approximation of the settings use Table 10. The bed
temperature should be at least 50°C higher than the oven
setting. The main power for the fluidized bed is iocated
on the control panel.

9. Set the oven temperature approximately 20°¢C
higher than the desired operating temperature. The main

power switch on the control panel and power switch at the
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TABLE 10
FLUIDIZED BED SETTINGS

Bath Temp. Heater Selection for Approx. Control
Heater Switch Energy Reg.
200°¢C Low 7-8
300°C Low 9-10
400°C Medium 2-3
500°C Medium 8-9

600°C High 4-5



T-2582 40

oven must be on.

10. Decrease the back pressure regulator to zero and
close the vapor line valve.

11. Turn the pump on at the control panel and set the
flowrate using the calibration chart in Appendix C. The
flowrate should be determined by the following:

1. The flowrate should be low enough to mini-
mize the pulsation of the pump. Too high of a flowrate
will cause the fluid to enter the equilibrium cell in pulses
and possibly cause liquid entrainment in the vapor.

2. 1If operating at a high temperature, a low
flowrate will decrease heat up times for the fluidized bed
and oven.

3. The lower the flowrate, the longer it will
take for the back pressure regulator to adjust to a pressure
change in the system.

12. Once the flowrate has been set, the pressure can be
increased by the back pressure regulator to approximately
100 psi above the desired operating pressure. If operating
at high temperatures, the rupture disk valve should be
opened to protect the equilibrium cell from overpressuriza-
tion.

13. Allow the system to heat up to 10°c higher than

desired operating temperature. The temperature will drop
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when the vapor line valve is opened.

14. Once the system is at the desired temperature and
pressure, decrease the pressure at the back pressure regula-
tor until the liquid vapor interface is just visible. The
liquid level can now be controlled with the vapor line valve.
As the valve is closed, the liquid level decreases and the
temperature and pressure will rise. As the valve is opened,
the liquid level rises and the temperature and pressure
drop. Using the vapor line valve, adjust the liquid level
until the temperature becomes constant. Since there are
approximately .4 ohms/degree C, variations in the third
decimal place on the DMM are relatively insignificant.

15. Once the temperature is stabilized and a liquid
level exists in the equilibrium cell, the pressure of the
system can be measured. Open the bypass valve on the hand
pump and the valve for the appropriate Heise gauge. Open
the nitrogen inlet valve and slowly allow the pressure to
increase until the null indicator indicates overpressuriza-
tion in the upper chamber of the DPI cell. Close the bypass
valve and make the final pressure adjustments using the hand
pump. If the bypass valve is not closed, the hand pump
will not function properly. Once the pressure of the system
and the pressure gauges have balanced, as indicated by the

null indicator, the pressure can be read on the Heise gauge.
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16. If further measurements are to be made at different
temperatures, close the vapor line valve, reset the tempera-
ture controls on the fluidized sand bed and the oven, and

increase or decrease the back pressure regulator as required.

SHUTDOWN PROCEDURE

1. Turn off the fluidized bed and the oven at the
control panel.

2. Bleed the nitrogen lines and the pressure gauges.
Shut off the nitrogen supply at the cylinder. Close the
valves to the gauges.

3. Keep the pump running to allow rapid cool down of
the system.

4. Once the system is relatively cool, decrease the
pressure at the back pressure regulator to zero and shut off
the pump.

5. Turn off the water supplies and unplug the stirrer
for the liquid line heat exchanger.

6. Do not shut off the air, this will allow the fluid-
ized bed to finish cooling.

7. Shut off all power switches at the control panel
except for the center electrical outlet switch. Leave the

outiet on to keep the digital multimeter on.
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TEST RUN RESULTS

Initial evaluation of the system involved the measure-
ment of the vapor pressure of a pure liquid. This type of
measurement allowed the temperature and pressure measuring
systems to be tested. Since water is available in
relatively high purity and has a well documented vapor
pressure curve, it was chosen as the test liquid.
Measurements were made under several conditions and over

a range of 126°C to 307°C.

TEST RUN

The initial evaluation of the equipment involved operat-
ing the appartus as it was designed. The data taken on the
vapor pressure of water were not within errors that could
be justified. These data are presented in Table 11. The
calculated pressures result from assuming the measured
temperatures are accurate and calculating the pressure
from the steam tables. The calculated temperatures
are derived from assuming the measured pressures are accurate
and calculating the temperature from the steam tables (9).
Delta P and Delta T are the differences between the cal-
culated and measured values. It was found that at higher

temperatures, the measurements became less accurate. To

determine what part of the system was not functioning
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MEASURgD
C

TEMP.

134.
140.
140.
146.
176.
199.
202.
219.
227.

09

67
63
03
51

12
46

MEASURED

PRESS. PSI

44,
53.
53.
63.
133.
227.
242.
337.
408.

515
76
865
56
25
85
76
56
48

TABLE 11

TEST RuUN #1

CALCULATED
PRESS. PSI

44,
53.
53.
62.
132.
223.
237.
330.
386.

24
03
43
99
56
06
87
63
88

CALCULéTED AP

TEMP.

134.
140.
140.
146.
176.
200.
203.
220.
230.

C

33
91
98
95
26
52
59
21
42

.28
.73
44
.57
.69
.79
.89
.93
21.

60

44

AT

.24
.51
.31
.32
.23

.99
1.09
2.96
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properly, measurements were made were made using the

apparatus in a slightly different manner.

TEST RUN {2

In evaluation of the previous run, it was attempted to

locate sources of error. These were identified as:

1. Thermometer calibration inaccurate.

2. Inproper experimental technique with the
Ruska DPI cell.

To isolate the problem, the differential pressure
indicator was bypassed, and the pressure tap from the liquid
line was run directly to the Heise gauges. This arrange-
ment in itself created several difficulties. These difficul-
ties were found to be:

1. The Heise gauge had to be opened to the
atmosphere to allow for a true zeroing of the gauge. Other-
wise pressure heads due to liquid levels in the system
created a false zero.

2. The gauge was then bled of all air in the
bourdon tube.

3. A correction of 1.95 psi was made to account
for elevation difference between the equilibrium cell
and pressure gauges.

The data in Table 12 were then taken and found to be

outside justifiable errors, which suggested that the
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TABLE 12

TEST RUN #2

MEASURED MEASURED CALCULATED
TEMP. ~C PRESS. PST PRESS. PSI
125.44 34.23 34.13
146.02 62.68 61.96
190.70 187.93 184.74
220.86 347 .43 341.71

221.44 351.43 345.49
226.40 386.43 379.35

CALCULéTED &P

TEMP.

125.
146.
191.
221.
222,

227

C

55
L
49
73
34

.40

~N 00 W

.72
.19
.72
.94
.08

46

LT

.11
42
.79
.87
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thermometer calibration was inaccurate.

As previously described in the calibration section,
the thermometer calibration was analyzed and the most proba-
ble error was due to self-heating by the PRT. The

thermometer was recalibrated as described.

TEST RUN #3

Once the system was operating properly in Test Run {2,
the DPI cell was tested as previously described using the
air dead weight tester. The DPI was reinstalled into the
system, and another test run was made using the apparatus
as it was originally designed. The data taken are in
Table 13. A correction of .43 psi was made to account for
the difference in elevation between the DPI cell and the
equilibrium cell. As it can be seen, the apparatus is
capable of reproducing the vapor pressure curve of water
to within .11°C. For pressures under 100 psi the accuracy
is limited by the Heise gauge to .2 psi. The limit for
pressures between 100 and 500 psi is .5 psi and for pressures

greater than 500 psi, the limit of accuracy is 2 psi.

The flowrates were changed depending upon the pressure

and temperature at which measurements were to be made.

At higher temperatures and pressures, the flowrate was

reduced to allow for a more rapid heat up of the system.
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HEASURED
C

TEMP.
126,
136.
179.
210.
211.
266.
298.
304.
307.

06
94
490
94
542
94
03
81
91

48

TABLE 13

TEST RUN #3

MEASURED CALCULATED CALCULéTED AP AT
PRESS. PSI PRESS. PSI TEMP. ~C

34.81 34.77 126.1 .04 .04
48 .11 48.02 137.01 .09 .07
143.41 143.36 179.42 .05 .018
281.51 281.8 210.91 .29 .03
284.51 285.16 211.44 .65 .10
761.03 760.19 267 .02 .84 .08
1211.57 1210.44 298.09 1.13 .06
1329.45 1331.15 304.71 1.70 .1
1387.45 1389.45 307.81 2.0 .1
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The overall operation of the system was a bit difficult.
Since a pure fluid was used, there was only one degree of
freedom. Therefore, every time the pressure changed;
the temperature also changed. Changes in pressure had to
be made very slowly to prevent A major disturbance in the
system. Stability was also difficult to achieve for the same

reasons.
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CONCLUSIONS

A high temperature, high pressure vapor equilibrium
apparatus was designed, constructed and then evaluated by
reproduction of the vapor pressure curve for water.

The Omega PRT was calibrated against a Leeds and Northrup
standardized PRT. The calibration data was found to fit,
within .03°C, a second degree polynomial. The calibration
of the digital multimeter, used to measure the resistance
of the Omega PRT, was verified.

The accuracy of the pressure measuring system was
evaluated using a air dead weight tester and found to be
within the manufacturer's calibration for the Heise gauges.
Once all the equipment tested out, the vapor pressure of
water was measured to within .lloC.

The next logical step is to evaluate the equipment
using a binary mixture. This mixture will be ethanol and
water. After that evaluation, the equipment will be used
on binary mixtures of model compounds to obtain data that
will be beneficial in deriving a correlation for the K
values for coal-derived liquids. Coal-derived liguids will

then be studied.
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RECOMMENDATIONS

1. 1Install a high temperature Autoclave Engineer
valve inside of the oven. This will prevent any conden-
sation in the vapor line since the pressure will be reduced
inside the oven. Leave the micrometering valves in place
to allow for fine control over the vapor-liquid level in
the cell.

2. Install a line heater on the vapor line after it
leaves the oven. If condensation occurs, this line can
act as a reflux column and seriously affect the composition
of the vapor stream.

3. Determine how to zero the differential pressure
indicator without using the manometer. Then remove the
manometer from the system and move the DPI cell as close to
the oven as pcssible. Use very small inside diameter
1/3" tubing for the connection between the flowing liquid
line and the DPI cell. This will decrease the dead volume
of liquid. This is advantageous since the liquid in the
dead space may have a different composition than the liquid
in the flowing liquid line. This will prevent the composi-
tion of the liquid from altering due to diffusion with the

liquid in the dead space.
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APPENDIX A

PLATINUM RESISTANCE THERIIOMETER CALIBRATIONS

The Report of Calibrations from Leeds and Norttrup
Company for the platinum resistance thermometers are pre-
sented in this appendix. Also included is the calibration
report for the Resistance Thermometer Bridge used to measure
the resistance of the Leeds and Northrup PRTs. These
reports are followed ty the calibration for the Omega
PRT that is in the system. The Report of Cealibrations
for the standard resistcrs used to verify the Keithley
digital multimeter calibration are presented at the end

of the appendix.
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REPORT OF CALIBRATION
FOR
8163-B PLATINUM RESISTANCE THERMOMETER

SERIAL NO. 1547841
-00c-

The above designated platinum resistance thermometer was cali-
brated in  June, 1972 for use with continuous current of 1.0 milliamp
through the thermometer.

The following values were found for constants in the formulas
given in the International Practical Temperature Scale of 1968 (I1PTS-68):

Alpha (a) = 0.003926708 Ay = 7.407 x 1077
Delta (8) = 1.496192 €y, = 0.908 x 107*¢

The pertinent International Practical Temperature Scale formulas
are given in the discussion on the following pages.

The resistance at 0* C was found to be 25.5270 ohms.

The values given were determined from measurements at the triple
point of water, tin point, zinc point and the boiling point of oxygen.

All observations were made by comparison with platinum resistance
thermometer reference standards calibrated at regular intervals by the
National! Bureau of Standards. The most recent reference stancard calibration
is dated November, 1971; N. B. S. Test No. 204612.

For the Executive Vice President - Operations
Y
2. LT,

R. H. Verity .
Manager, Standards Laboratory
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8163-¢ PLATINUM RESISTANCE THERMOMETER 1547841 T.Co 1 M.a,
(LIPTS - 68) JUNE 1972
TENP. RESISTANCE INVERSE TEMP. RESISTANCE INVERSE
DEG. C RATIO DIFF. DEG. C RATIO ODIFF.
0. 1.000000 25C.74 50. 1.197840 254 .64
l. 1.€03987 250.84 51. 1.201766 254,72
2. 1.607972 25C.91 52. 1.205691 254.79
3. 1.011956 250.99 53, 1.20961¢% 254,87
4. 1.015939 251.07 54, 1.213537 254,95
5. 1.019921 281,15 55, 1.217458 255.03
6. 1.C23901 281.22 S6. 1.221373 255.11
7. 1.027881 251.30 57. 1.225296 255.19
8. 1.031859 251.38 S8. 1.229214 255.26
9. 1.035836 251.46 59. 1.233130 255.34
10. 1.C39811 251.53 60. 1.237045 255.42
11. 1.043786 251.61 61. 1.240959 255.50
12. 1.C47759 251.69 62, 1.244872 255.58
13. 1.051731 251.76 63. 1.248783 255.65
14. 1.055702 251.84 bbe 1.252694 255.73
15. 1.€59671 251.92 65. 1.256603 255.81
16. 1.0£3639 252.00 66. 1.260511 255.89
17. 1.C67607 252.07 67. 1.264418 255.97
l18. 1.071572 282.15 68. 1.268323 256.05
19. 1.€075537 2€2.23 69. 1.272227 256.12
20. 1.079500 282.31 70. 1.276131 256420
21. 1.0834¢3 252.38 T1. 1.280033 256.28
22. 1.C87424 252,46 72. 1.283933 256436
23. 1.091383 252.54 73, 1.287833 256444
24. 1.095342 252.62 Té. 1.291731 256.52
<, 1.€95299 282.69 75. 1.295628 256.60
26. 1.103256 282,77 76. 1.299524 256,67
27. 1.107210 2£2.85 77. 1.303419 256,75
28. l.111164 252.33 78. 1.307313 256.83
29. 1.115117 253.00 79. 1.311205 256.91
30. 1.1190¢8 253,08 80. 1.315056 256.99
21, 1.123018 283,16 8l. 1.318986 257.07
22. 1.126967 253.24 82. 1.322875 257.15
a2, 1.130915 253.31 83. 1.326763 257.23
34, 1.134861 283.39 84. 1.330649 257.30
35. 1.13€8C6 253.47 85. 1.334535 257.38
36. 1.142750 2583.55 86. 1.338419 257.46
37, 1.146663 253.63 87. 1.342302 257.54
38. 1.150635 283.70 88. 1.346183 257.62
35, 1.154575 2¢3.78 85. 1.350064 257.70
4C. 1.158514 253.86 90. 1.353943 257.76
41. 1.162452 253.34 91. 1.357821 257.86
42. 1.166389 2%4.01 92. 1.361698 257.54
43, 1.170325 254.09 93. 1.365574 258.02
w4, 1.1742%9 254.17 94. 1.369448 258.09
45, 1.178162 284.25 95, 1.373322 258.17
46. 1.18212¢4 254,33 96. 1.377164 258.25
a7, 1.186055 254 .40 97. 1.381065 258.33
48 . 1.18958¢6 254,48 98. 1.384935 258.41

“9. 1.193913 284.56 9G. 1.388803 258449
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REPORT OF CAL{BRATION
FOR
8167-25-8B PLATINUM RESISTANCE THERMOMETER

SERIAL NO. 1857355
-o0o-

The above designated platinum resistance thermometer was cali-
brated in March, 1979 for use with continuous current of 1.0 milliamp
through the thermometer.

The following values were found for constants in the formulas
given In the International Practical Temperature Scale of 1968 (IPTS-68):

Alpha (a) = 0.003925810 Ay = -1.567 x 1077
Delta (&) = 1.497081 €, = 1.440 x 10-"%assumed value)

The pertinent International Practical Temperature Scale formulas
are given in the discussion on the following pages.

The resistance at 0° C was found to be 25,4817 ohms.

The values given were determined from measurements at the :riple
point of water, tin point and zinc point.

All observations were made by comparison with platinum resistance
thermometer reference standards calibrated at regular intervals by the
National Bureau of Standards., The most recent reference standard calibratior
is dated December, 1977; N. B. S. Test No. 217855,

For the Yice President - Instrument Group

Manager, Standards Laboratory



T-2582

Temp, C Resistance Temp. C Resistance
Ratio Ratio

0.0 1.000000 44.0 1.174220
1.0 1.003986 45.0 1.178152
2.0 1.007970 46.0 1.182033

3.0 1.011954 47.0 1.186013
4.0 1.015936 48.0 1.189942
5.0 1 019917 49.0 1.193869
6.0 1.023896 50.0 1.197796

7.0 1.027875 51.0 1.201721

8.0 1.031852 52.0 1.205645
9.0 1.035828 53.0 1.209567
10.0 1.039803 54.0 1.213489
11.0 1.048776 55.0 1.217409
12.0 1.047743 56.0 1.221323
13.0 1.051719 57.0 1.225246
14.0 1.055689 58.0 1.229182
15.0 1.059658 59.0 1.233078
16.0 1.063625 60.0 1.236992
17.0 1.067592 61.0 1.240906
18.0 1.071557 62.0 1.244817
19.0 1.075520 63.0 1.248727
20.0 1.079483 64.0 1.252637
21.0 1.083444 65.0 1.256545
22.0 1.087404 66.0 1.260452
23.0 1.091363 67.0 1.264358
24.0 1.095321 68.0 1.268263
25.0 1.099277 69.0 1.272166
26.0 1.103233 70.0 1.276068
27.0 1.107187 71.0 1.279969
28.0 1.111140 72.0 1.283869
29.0 1.115091 73.0 1.287768
30.0 1.119042 74.0 1.291665
31.0 1.122991 75.0 1.295562
32.0 1.126939 76.0 1.299457
33.0 1.130885 77.0 1.303350
34.0 1.134881 78.0 1.307243
35.0 1.188775 79.0 1.311135
36.0 1.142719 80.0 1.315025
37.0 1.146561 81.0 1.318914
38.0 1.150601 82.0 1.322802
39.0 1.15454%1 83.0 1.326689
40.0 1.158479 84.0 1.330574
41.0 1.162416 85.0 1.334459
42.0 1.166352 86.0 1.338942
43.0 1.170287 87.0 1.342224
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Temp. C

88.0

89.0

90.0

91.0

92.0

93.0

94.0

95.0

96.0

97.0

98.0

99.0
100.0
101.0
102.0
103.0
104.0
105.0
106.0
107.0
108.0
109.0
110.0
111.0
112.0
113.0
114.0
115.0
116.0
117.0
118.0
119.0
120.0
121.0
122.0
123.0
124.0
125.0
126.0
127.0
128.0
129.0
130.0
131.0

Resistance

Ratio

1.356104
1.349984
1.353862
1.357740
1.361616
1.365490
1.369364
1.373237
1.377108
1.380978
1.384847
1.388714
1.392581
1.396446
1.400310
1.404173
1.408035
1.411896
1.415755
1.419613
1.423470
1.427326
1.431181
1.436084
1.438287
1.442738
1.445588
1.450437
1.454284
1.458184
1.461976
1.465820
1.469663
1.473584
1.477345
1.481184
1.485022
1.488859
1.492695
1.496530
1.500363
1.504195
1.503026
1.511856

Temp. C

132.0
133.0
134.0
135.0
136.0
137.0
138.0
139.0
140.0
141.0
142.0
143.0
144.0
145.0
146.0
147.0
148.0
149.0
150.0
151.0
152.0
153.0
154.0
155.0
156.0
157.0
158.0
159.0
160.0
161.0
162.0
163.0
164.0
165.0
166.0
167.0
168.0
169.0
170.¢
171.0
172.0
173.0
174.0
175.0

Resistance

Ratio

1.515686
1.519512
1.523339
1.527164
1.530988
1.534811
1.538632
1.542453
1.546272
1.550090
1.553907
1.557723
1.561538
1.565351
1.569163
1.572974
1.576784
1.580593
1.584401
1.588207
1.592012
1.595816
1.599619
1.603421
1.607221
1.611021
1.614819
1.618616
1.622412
1.626206
1.630000
1.633792
1.637583
1.641373
1.645162
1.648969
1.652736
1.656522
1.660806
1.664080
1.667879
1.671651
1.675431
1.679209
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Temp. C Resistance Temp. C Resistance
Ratio Ratio
176.0 1.682986 221.0 1.851750
177.0 1.686762 222.0 1.855473
178.0 1.690537 223.0 1.859196
179.0 1.694810 224.0 1.862917
180.0 1.693083 225.0 1.866637
181.0 1.701854 226.0 1.870356
182.0 1.705624 227.0 1.874074
183.0 1.709393 228.0 1.877790
184.0 1.713161 229.0 1.881676
185.0 1.716928 230.0 1.885220
186.0 1.720693 231.0 1.888933
187.0 1.724457 232.0 1.892645
188.0 1.728220 233.0 1.896356
189.0 1.731982 234.0 1.900065
190.0 1.735743 235.0 1.908774
191.0 1.739503 236.0 1.907481
192.0 1.743261 237.0 1.911187
193.0 1.747019 238.0 1.914892
194.0 1.750775 239.0 1.913596
195.0 1.754530 240.0 1.922298
196.0 1.758283 241.0 1.926000
197.0 1.762036 242.0 1.929700
198.0 1.765787 243.0 1.933399
199.0 1.769538 244 .0 1.937097
200.0 1.773287 245.0 1.94079%4
201.0 1.777035 246.0 1.944490
202.0 1.780782 247.0 1.948184
203.0 1.784527 248.0 1.951878
204.0 1.788272 249.0 1.955570
205.0 1.792015 250.0 1.959261
206.0 1.795757 251.0 1.962951
207.0 1.799498 252.0 1.966639
208.0 1.803288 253.0 1.970327
209.0 1.806977 254.0 1.974013
210.0 1.810714 255.0 1.977699
211.0 1.814451 256.0 1.981383
212.0 1.818186 257.0 1.985066
213.0 1.821920 258.0 1.988747
214.0 1.825653 259.0 1.992428
215.0 1.829384 260.0 1.996107
216.0 1.833115 261.0 1.999786
217.0 1.836844 262.0 2.003463
218.0 1.840572 263.0 2.007139
219.0 1.844299 264.0 2.010813

220.0 1.843025 265.0 2.014487
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26.0
27.0
28.0
29.0
30.0
31.0
32.0
33.0
34.0
35.0
36.0
37.0
38.0
39.0
40.0
41.0
42.0

@]

Resistance

100.0424
100.4431
100.8236
101.2140
101.6043
101.9945
102.3846
102.7745
103.1644
103.5541
103.9437
104.3331
104.7225
105.1117
105.5009
105.8898
106.2787
106.6674
107.0561
107.4447
107.8331
108.2213
108.6095
108.9976
109.3855
109.7733
110.1610
110.5486
110.9360
111.3234
111.7106
112.0977
112.4846
112.8715
113.2582
113.6449
114.0314
114.4178
114.8040
115.1902
115.5762
115.9621
116.3479

OMEGA THERMOMETER CALIBRATION

Temp. C

43.0
44.0
45.0
46.0
47.0
48.0
49.0
50.0
51.0
52.0
53.0
54.0
55.0
56.0
57.0
58.0
59.0
60.0
61.0
62.0
63.0
64.0
65.0
66.0
67.0
68.0
69.0
70.0
71.0
72.0
73.0
74.0
75.0
76.0
77.0
78.0
79.0
80.0
81.0
82.0
83.0
84.0
85.0

Resistance

116.7336
117.1191
117.5046
117.8899
118.2751
118.6601
119.0451
119.4299
119.8147
120.1993
120.5838
120.9681
121.3524
121.7365
122.5044
122.5044
122.8882
123.2718
123.6553
124.0388
124.4221
124.8052
125.1883
125.5712
125.9541
126.3668
126.7193
127.1018
127.4841
127.8664
128.2485
128.6305
129.0123
129.3941
129.7757
130.1572
130.5386
130.9199
131.3011
131.6821
132.063

132.4438
132.8245
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Temp. C

86.0
87.0
88.0
89.0
90.0
91.0
92.0
93.0
94.0
95.0
96.0
97.0
98.0
99.0
100.0
101.0
102.0
103.0
104.0
105.0
106.0
107.0
108.0
109.0
110.0
111.0
112.0
113.0
114.0
115.0
116.0
117.0
118.0
119.0
120.0
121.0
122.0
123.0
124.0
125.0
126.0
127.0
128.0
129.0

Resistance

133.2051
133.5855
133.9658
134.3461
134.7261
135.1061
135.4860
135.8657
136.2453
136.6248
137.0042
137.3834
137.7626
138.1416
138.5205
138.8993
139.2779
139.6565
140.0349
140.4132
140.7914
141.1695
141.5474
141.9252
142.3030
142.6806
143.0580
143.4354
143.8126
144.1897
144.5667
144.9436
145.3204
145.6970
146.0735
146.4500
146.8262
147.2024
147.5785
147.9544
148.3302
148.7059
149.0815
149.4569

OMEGA THERMOMETER CALIBRATION

Temp. C

130.0
131.0
132.0
133.0
134.0
135.0
136.0
137.0
138.0
139.0
140.0
141.0
142.0
143.0
144.0
145.0
146.0
147.0
148.0
149.0
150.0
151.0
152.0
153.0
154.0
155.0
156.0
157.0
158.0
159.0
160.0
161.0
162.0
163.0
164.0
165.0
166.0
167.0
168.0
169.0
170.0
171.0
172.0
173.0

Resistance

149.8323
150.2075
150.5826
150.9576
151.3324
151.7072
152.0818
152.4563
152.8307
153.2049
153.5791
153.9531
154.3270
154.7008
155.0745
155.4480
155.8215
156.1948
156.5680
156.9411
157.3140
157.6869
158.0596
158.4322
158.8047
159.1771
159.5493
159.9214
160.2934
160.6653
161.0371
161.4088
161.7803
162.1517
162.5230
162.8942
163.2652
163.6362
164.0070
164.3777
164.7483
165.1188
165.4891
165.8593
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OMEGA THERMOMETER CALIBRATION

Temp. C Resistance Temp. C Resistance
174.0 166.2294 217.0 182.0317
175.0 166.5994 218.0 182.3966
176.0 166.9693 219.0 182.7614
177.0 167.3391 220.0 183.1260
178.0 167.7087 221.0 183.4906
179.0 168.0782 222.0 183.8550
180.0 168.4476 223.0 184.2193
181.0 168.8169 224.0 184.5834
182.0 169.1860 225.0 184.9475
183.0 169.5551 226.0 185.3114
184.0 169.9240 227.0 185.6752
185.0 170.2928 228.0 186.0389
186.0 170.6615 229.0 186.4025
187.0 171.0301 230.0 186.7659
188.0 171.3985 231.0 187.1293
189.0 171.7668 232.0 187.4925
190.0 172.1350 233.0 187.8556
191.0 172.5031 234.0 188.2186
192.0 172.8711 235.0 188.5814
193.0 173.2389 236.0 188.9442
194.0 173.6067 237.0 189.3068
195.0 173.9743 238.0 189.6693
196.0 174.3418 239.0 190.0317
197.0 174.7092 240.0 190.3940
198.0 175.0764 241.0 190.7561
199.0 175.4436 243.0 191.4801
200.0 175.8106 244.0 191.8419
201.0 176.1775 245.0 192.2035
202.0 176.5443 246.0 192.5651
203.0 176.9109 247.0 192.9265
204.0 177.2775 248.0 193.2878
205.0 177.6439 249.0 193.6490
206.0 178.0102 250.0 194.0101
207.0 178.3764 251.0 194.3411
208.0 178.7425 252.0 194.7319
209.0 179.1084 253.0 195.0927
210.0 179.4743 254.0 195.4533
211.0 179.8400 255.0 195.8137
212.0 180.2056 256.0 196.1741
213.0 180.5710 257.0 196.5344
214.0 180.9364 258.0 196.8945
215.0 181.3016 259.0 197.2545
216.0 181.6667 260.0 197.6144
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OMEGA THERMOMETER CALIBRATION

Temp. C Resistance Temp. C Resistance
261.0 197.9742 304.0 213.3320
262.0 198.3338 305.0 213.6866
263.0 198.6934 306.0 214.0410
264.0 199.0528 307.0 214.3953
265.0 199.4121 308.0 214.7495
266.0 199.7713 309.0 215.1036
267.0 200.1303 310.0 215.4575
268.0 200.4893 311.0 215.8114
269.0 200.8481 312.0 216.1651
270.0 201.2068 313.0 216.5187
271.0 201.5654 314.0 216.8722
272.0 201.9238 315.0 217.2255
273.0 202.2822 316.0 217.5788
274.0 202.6404 317.0 217.9319
275.0 202.9985 318.0 218.2849
276.0 203.3565 219.0 218.6378
277.0 203.7144 320.0 218.9905
278.0 204.0721 321.0 219.3432
279.0 204.4298 322.0 219.6957
280.0 204.7873 323.0 220.0481
281.0 205.1447 324.0 220.4004
282.0 205.5029 325.0 220.7526
283.0 205.8591 326.0 221.1046
284.0 206.2152 327.0 221.4566
285.0 206.5731 328.0 221.8084
286.0 206.9299 329.0 222.1601
287.0 207.2866 330.0 222.5116
288.0 207.6431 331.0 222.8631
289.0 207.9996 332.0 223.2144
290.0 208.3559 333.0 223.5657
291.0 208.7121 334.0 223.9168
292.0 209.0682 335.0 224.2677
293.0 209.4242 336.0 224.6186
294.0 209.7800 337.0 224.9693
295.0 210.1358 338.0 225.3200
296.0 210.4914 339.0 225.6705
297.0 210.8769 340.0 226.0209
298.0 211.2023 341.0 226.3711
299.0 211.5575 342.0 226.7213
300.0 211.9127 343.0 227.0713
301.0 212.2677 344.0 227.4212
302.0 212.6226 345.0 227.7710
303.0 212.9774 346.0 228.1207
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Temp. C

347.0
348.0
349.0
350.0

OMEGA THERMOMETER CALIBRATION
Resistance

228.4703
228.8197
229.1690
229.5182
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LEEDS & NORTHRUP COMPANY Samineylown Pike » Nonn Waies, Pennsylvamia 19454

A UNIT OF GENERAL SIGNAL

REPORT OF CALIBRATION
FOR
8067 RESISTANCE THERMOMETER BRIDGE

SERIAL NO, 1870772
-000-~

The above designated apparatus was tested in January, 1980 at
a room temperature of 25° C, with the ratio arms adjusted to equality and
witn the bridge thermometer reading 25.2° C. When the bridge is used
under these conditions to measure resistors as described in Directions
(77-2-1-2), the resistance, X, in ohms is given by the following equation:

X =93 - S2

Here S} is the sum of the dial readings and corrections added to
the designated resistance at the C terminal and its correction. Sy is the
2zcro correction of the bridge as determined in accordance with Section &4
of the Directions,

The corrections to the dial readings and C terminal designations
were found to be as follows:

C Terminal 1 Dial
Desianation Correction Reading Correction
co 0.0000 0 0.0000
cio -0.0004 1 0.0000
€20 -0.0006 2 0.0000
€25 -0.0010 E 0.0000
C25.5 -0.0008 4 0.0000
€30 -0.0007 5 0.0000
cu0 -0.0014 6 0.0000
€50 -0.0011 7 0.0000
c60 -0.0015 -8 -0.0001
c70 -0.0018 9 -0.0001

X -0.0001

Corrections to the ,1, .0l and ,000! dials were found to be 0,0000,

2 Sheets
Sheet i/l

Do UEPHONL J15 odd Y00 s CAREE ADIHN S 1 DSNOR T
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LEEDS & NORTHRUP COMPANY sumneyiown Fike - North Wales, Pennsylvania 19454

REPORT OF CALIBRATION
FOR
STANDARD RESISTOR

CATALOG NO. 4025-8B

SERIAL NO. 1865668

The four- terminal resistance value uf the above designated
Standard Resistor at 25.0° C, as measured in January, 1979 was

9,99998 ohms

RESISTANCE UNCERTAINTY: 0.001%
TEMPERATURE COEFFICIENT CONSTANTS®
Alpha (a) = +0.000CC88

Beta () = -0.00000C60

The value of resistance given 1s 1n terms of the U.S. Legal Unit
and 1s traceable to a set of reference standards maintained by this Company
and calibrated at regular intervals by the Nationnl Bureau of Standards.
These reference standards were calibrated in September, 1978; N, B. S.
Test No, 219238,

For uadd:tional infurmation concerning res:stors, sec back of

report.,

*Corrections to the value at 25.0 C. expressed in ppz are
tabulated on the second sheet of this report.

For the Vice President - [nstrument Group

la)
\Lf( -{11-7/{{27/——
D.H. Gallagher

Manager Standards Laboratory
2 Sheets
Sheet !}

*ELEPMONE 215 630000 ¢ CAB.E ATZRITT  _TEZSNORTRT

CRM ctige -t (FEL E
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LEEDS & NORTHRUP COMPANY Sumneyiown Fike » Novth Wales, Pennsyivania 19454

REPORT OF CALIBRATION
FOR
STANDARD RESISTOR

CATALOG NO. 4030-8

SERIAL NO. 1860966

The two- terminal resistance value of the above designated

Standard Resistor at 25.0° C. as measured in October, 1978 was

100,0000 ohms

RESISTANCE UNCERTAINTY: 0,001%
TEMPERATURE COEFFICIENT CONSTANTS®:

+0.0000003

Alpha {a)

Beta (p) = -0.00000050

The value of resistance given 1is in terzs of the U.S. Legal Unit
and 1s traceable to a set of reference standards ma:ntained by this Company
and cal:brated at regular intervals by thé Nat:ona! Buremu of Standards.
These reference standards were calibrated in September, 1978; N, B. S.
Test No. 219238,

For additional information concerning resistors, see back of
report.

*Corrections to the value at 25.0° C. expressed in ppm are
tabulated on the sccond sheet of this report. ’

For the Vice President - I[nstrument Group

S Foudting
D.H. Gallagher
Manager. Standarcs Laboratory
2 Sheets
Sheet #I

sy At
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APPENDIX B

PRESSURE INSTRUMENT DOCUMENTATION
The calibration and dccumentation for the dead weight
tester is presented in this appendix. Also included are the
test reports for the apparent displacement of the diaphregm
versus working pressure for the differential pressure in-
dicator. Thke heise pressure gauge calibrations indicated
that the calibrations are within .1% of the full scale of

the gauge.
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RUSKA INSTRUMENT CORPORATION ¢+ HOUSTON, TEXAS

TABLE 1
TEST RIZIPORT

DEAD-WZICKT CAGE

TIPZ: 2465-751-00 SZIRIAL X0. 19391 DATZ: 4-26-73
SUBMITTZD 3Y: COLORADO SCHOOL OF MINES P. 0. C16097
MANUTACTURZR: RUSKA J0Z N0, A=3436/C-3252

INSTRUMEGT CCHSTANTS

Piston and Cylinder

Assezbly iumder V-393
Range 2 to 600 psi
A et 23°C 0.0130060 jn2
(<}
b (in?/in?) 0.0 /psi
-€

Toerzal Coefficient (in?/in?) 9.1 x 10 “/°¢
Piston Meterial TUNGSTEN CARBIDE
Crlinder Material TUNGSTEN CARBIDE
Plane of Reference (Distance below

Top Loadiang Zdge of wWeignt Tadle) 2.1 inch
Tare Cozponents (Pound) Apparezt Mass True Mass

Piston Assexzbly 0.0260159 0.0260153

Wt. Loading Table 0.0 0.0 -

Otoer 0.0 0.0

1
Surface Tension 0.0 0.0
Total 0.0260159 0.0260153

Fluid used in this test Nitrogen Cas

Observed Sink Rate (600 PSI) 0.06 ic/miz (mexicu=) at 25 °¢

1
Estinated total effects of surlace tension and of lubricating oil on the
veight table spindle.

Q-268-L4 Rev. A Page 1 of 2
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RUSKA INSTRUMENT CORPORATION ¢+ KOUSTON,TEXAS

TYPE: 2465-770-00 SIRIAL D0: 19391 PISTON;:; V=393 DATE: 4=26-73

Tois calitretion wves male ©y intercomparinz the zbove Deeld Welgzt Gege
witn Ruska Inostruszent Corporetion Leberatecry Gzze Pistes lHo. V=79
Tnis piston is referezced to Naticnel Zureau ¢f Standards Test

wu=ber P7036B/TN 194533 , which was issued fcr the

stazuerc pistou &v Fuska Ianstruszeat Corgporatien.

Tae systezctic error in tne reportec value cf A, is esiizatel to De
94 parts per milllon. Toe stencard cevieticn of itie rancorn errors
of 6 independezt coserveticns in toc cozparisor is 5.1 poi,

Tae uncerteinty in tihe reported value of © is estimated to pe NA

Toe reported vaiue cof ness for the suz of tae tare corpronents Is esti-
metled Lo De correct within 20 PPl eni is referczced to HBS Test

Nuuder 198182,

JOE §0. A-3436/C-3252

L bl
C. E. Miks
Vice President - Technical Services

Q-268-4 Rev. A Page 2 of 2
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RUSKA INSTRUMENT CORPORATION ¢ HOUSTON, TEXAS =———=

TEST REPORT

CALIBRATION~~PRESSURE GAGE WZIGHTS

PURCHASER: COLORADC SCHOOL OF MINES TEST COMPLETDD: 4-26-73
CATALOG NO. 2465-780-00 SERIAL NO: 19382
MANUFACTURER:  RUSKA JOB KO: A-3531/C-3252
DESIG- DENCMINATION APPARENT MASS VS,
NATION PSI DENSITY SRASS STANTARDS TEUE MASS
0.013 in? 0.520 in2
Piston Pistoc e/’ Pounds Pounds
1 100 2.5 7.8 1.30073 1.30074
2 100 2.5 7.8 1.30078 1.30079
3 100 2.5 7.8 1.30073 1.30074
L 100 2.5 7.8 1.30076 1.30077
5 100 2.5 1.30076 1.30077
6.
7. Lo 1.0 7.8 0.520289 0.520295
8 Lo 1.0 7.8 0.520284 0.520290
9 20 0.5 7.8 0.260148 0.260151
10 10 0.25 7.8 0.130081 0.130082
11 L 0.1 7.8 0.0520379 0.0520385
1z L 0.1 7.8 0.0520353 0.0520359
13 2 0.05 7.8 0.0260110 0.0260113
1k 1 0.025 7.8 0.0130099 0.0130100
15 0.5 0.0125 7.8 0.0065094 0.0065095

®Rot included in standard veigkt set.

Q-08T72-2
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RUSKA INSTRUMENT CORPORATION * HOUSTON TEXAS =———=

STATL:NT CF ACCURACY
HMODZL 2L€5-7E0

MADSZS FOR AIR PISTOU GACE

Thne valuls of muss linted inm o Lhis rerort were cerived frem
Fusaa Inctroment Corporziien zmaster welpsnts. These welights
wvere czlilrutes 0y tae Lasicenal 3ureau of Ltancardc uncer
Test ldo. &.6/1CTT16 Sex A & Set =, and leilll.
Tne totel uncertuinty in the rezorzed values of zass will
not exceed tonat chovn in tae {ollewing wctle:

Penge Unceriainty

0.1 Pound and ip 0.0025%

. . = . < A=b .
Less tnan 0.1 Fcuncd 2.2 x 10 Peound

Refercnce: SERIAL NO. 19382

RUSKA JOB NO. A-3531/C-3252

ate April 26, 1973

|9

RUSKA DLISTRWIZNT COFPCRATICH

éfg)azd

C. z. Miks
Vice President - Technicel Services

Q-1265-1
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CONSTRUCTION DETAILS AND PERFORMANCE CHARACTERISTICS

CELL PRODUCT NO. 2413-705 PRODUCT NO. 2417-706
Maximum Operatirlg Pressure 15,000 psi 40,000 psi
Static Pressure Test 22,000 psi 50,000 psi
Uoper | 28.5¢cc 34.5cc
_Cjamt_)?ijfl_l”_"le__ o Lower: ~  0.6cc 2.4 cc
' FEMALE FEMALE
Pressure Connections . RUSKA B60° cone with | NBS type 9/16"-18

1 3/8" - 24 straight | thread. Furnished with
| thread. Furnished with | 9/16”-18 thd adapter
13/87-24 tnd male to { {nut and collar} for
! male adapter for 3/16"° | 1/4"* 0.D. coned
i0.0. Flared tubing. | tubing.

! Sensitivity is continuously variable from approx-

“imately 2 x 10°* psi AP per meter division to

Sensitivity 10.01 psi AP per meter division. The maximum
i value may exceed 2 x 10°* psi/division because
of variations in diaphragm characteristics and
) circuit parameters,

- Accuracy is defined as the error in the null
i indication. tt is expressed as the ratio of AP
' existing, when the meter indicates a null, to the
Accuracy . toal cell pressure in parts per million, or as a
| constant AP: whichever is greater.

) PPM AP psi
| Error with calibration corrections 5 0.01
f Error without calibration corrections 20 0.1

e —— e e i v —

O\A/er-rang;kpires“sire ' o ! 1§OOO pgi A_P gither s‘idg_c_&f_tﬁg_di_aghragm
Change in Null with Overpressu_rs o Ton psi maximum
_Temperature Range __ | 40° F 10 160° F

I mately * 2 Apsi. The electronic circuit can

| indicate no more than = 0.25 A psi.

Approximate Range of AP

"The diaphragm is active over a range of approxi-

Construction Material '(body) T TSeries 400 heat treated stainiess steel.
CONTROL BOX/NULL INDICATOR | PRODUCT NO. 2416711
Panel Meter i Center zero with zero adjust and adjustable gain.

Galvanometer Type! — Piug in direct. Signal 0 to * 0.5 ma, 1.5 K impedance.

R i : .
ecorder Qutput Differential Type 1-— Signal 010 0.75 VDC with 1.5 K resistor across jack.

Change in null with working pressure: included in accuracy.

The stress from the applied pressure produces a displacement of the core within the
transformer even though the pressure across the diaphragm may be zero. The displacement
results in a shift of the apparent null with the true null and is approximately a linear
function of the pressure. A calibration curve is supplied with each instrument to indicate the
magnitude of the null shift.

Change in null with over-range pressure:

The null change with over-range pressure arises from dimensional variations within the
cell body. The value shown represents the maximum expected change when the cell is
over-ranged from alternate sides of the diaphragm. In practice, a technique is used that
permits intentional over-ranging from only one side. After several such applications of
over-range pressure from the same side, null indication becomes stable. |f the cell is
accidentally over-ranged from the opposite side, there is no harm sustained except for a
temporary loss of the original null setting. The cell must then be over-ranged from the
original side to reestablish the true null.
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APPENDIX D

PUMP CALIBRATION
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APPENDIX D

SUPPLIERS OF MAJOR EQUIFMENT

OVEN

HEISE GAUGES

REGULATOR AND

AIRLINE FILTERS

FLUIDIZED SAND
BATH

RUSKA EQUIP.

JERGUSON GAGE

GAUGES

THERMOCOUPLES
DIGITAL READOUT
OMEGA SWITCH

ELECTRICAL
SUPPLIES

Hotpack

c/o Nate Bushnell Sales

7175 S.

Grant

Littleton, CC 8C1l22

Heise Gauges
c/o Rocket Components
P.0. Box 1175

Englewoo

d, CO 890110

The Wild Company

4675 Jol
Denver,

American Scientific Products

4910 Mol
Denver,

Ruska

iet
CO 802329

ine Street
CO 80239

c/o Rocket Components
P.0. Box 1175

Englewoo

Jergusorn
c/c WM,
5785 N.
Arvada,

d, CO 80110

Murphy and Co.
Sheridan
CO 80002

78

Ashcroft Fressure arcd Temperature Inst.

c/o Sullivan and Clark Co.

2336 Dayton St.

Aurora,

Omega En
c¢/o Radc
1899 W.

Littleto

Ryall E1
2627 W.
Denver ,

CO 38001C

gineering, Inc.
o Electronics
Littleton Blwvc.
n, CO 80120

ectric
6th Ave.
CO 802904
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STIRRER Cole Parmer
7425 N. Oak Park Ave.
Chicago, Illinois 60648

VALVES AND Denver Valve and Fitting Co.
FITTINGS 970 Simms
Denver, CO 80215
VALVES Autoclave Engineers
HIGH TEMP. c/o D.D. Frederick Co.

115 W. 3rd. St.
Tulsa, Oklahoma 74103

HEAT EXCHANGER American Standard Industrial Products
c/o Airmac
1158 S. Jason St.
Denver, CO 80223

INTERLAKE VMvrray Equipment Co.
SLOTTED ANGLE 4809 Colorado Blvd.
Denver, CO 80216

STAINLESS STEEL Kilsby Tubesupply
TUBING 3737 Troy St.
Denver, CO 80239

NITROGEN U.S. Welding
RLGULATORS 600 S. Santa Fe Dr.
Denver, CO

RUPTURE DISK Fike Metel Co.
c/o L.A. Christopher Co.
P.0O. Box 5339
Denver, CO 80206

GALVANIZED STEEL M.L. Foss Steel Co.
AND ALUMINUM Zth and Curtis
Denver, CO

PUMP Pulsafeeder
c/o Centennial
Lakewocd, CG

BACK PRESSURE Tescom Corporation

REGULATOR c/o Rocket Components
P.0. Bcx 1175
Englewood, CO 80110



