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ABSTRACT

Experimental heat capacity data have been obtained for
n-pentane in the liquid region for temperatures from 140°
to 300°F and pressures between 400 and 3,000 psia by using
a flow calorimeter system. The apparatus consisted of a
calorimeter and constant temperature bath through which the
fluid is circulated at a steady rate. The volumetric flow
rate is measured with a turbine flowmeter and digital counter.
The electrical energy to the main calorimeter heater is applied
by a D.C. power supply. The heat capacity of the fluid is
calculated from the fluid temperature rise, the mass flow
rate, and the energy input.

The heat capacity data for n-pentane are estimated to
be accurate to within 1%. The experimental values have been
compared with those resulting from density and enthalpy data

for the substance and those calculated from generalized
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CHAPTER II
LITERATURE SURVEY

A. Experimental Methods

The experimental determination of the isobaric heat
capacity of fluids can be dated back to the late 18th century
when Crawford (15) attempted to measure the relative heat
capacities of gases to water by immersing a heated flask
which contained gases into cold water and noting the tem-
perature rise of the water. 1In 1924 Partington and Shilling
published the book entitled "Specific Heats of Gases" (48).

A detailed description of each worker's method and apparatus

as well as tabulation of their results was presented. Masi

(40) presented a survey of all literature reports of experimen-
tal determination of heat capacities of gases for the period
1925 to 1952, Yesavage et al (78) supplemented earlier work
by Faulkner (20) and Barieau (3) in an effort to describe the
various experimental methods for the determination of heat
capacities of fluids.

There are two categories -of experimental methods for the
determination of the heat capacities of fluids, namely, direct
methods and indirect methods. In the indirect methods, heat
capacity values are obtained either from other measured phys-

ical properties through an equation of state, or by compar-



ison with a calibrating fluid having a known heat capacity
and/or known latent heat. The indirect methods utilized
include the isentropic expansion method (7, 8, 28), sonic
velocity method (14, 23, 47, 65, 66), resonance method (13),
self-sustained oscillations method (29), flow comparison meth-
od (5), and P-V-T method (18). In the direct methods, heat
capacity values are obtained with the employment of calorim-
eters, A measured amount of energy, Q, in the form of heat
is added to or withdrawn from the fluid having mass m which
is enclosed in the calorimeter. The resulting temperature
change of the fluid, AT, is noted. The heat capacity of the

fluid is calculated by the simple expression

c=—2_ (1)

m aT
where C is the heat capacity of the fluid. Corrections have
to be made due to imperfections of the calorimeter. Recently
a description of various kinds of calorimeters was given by
Ginnings (21).

Basically the direct methods involve two different types
of calorimeters: non-flow calorimeters and flow calorimeters.
The former are usually called constant volume calorimeters
and are used to measure the heat capacity at constant volume.
Michels and Strijland (43), DeNevers and Martin (17), and
Voronel' and Strelkiv (73) were among the workers who used

this kind of calorimeter. Flow calorimeters can be designed






under steady flow conditions, no correction for the heat
capacity of the apparatus is required; (II) the size of the
apparatus can be relatively small, thereby maintaining a
small heat loss and providing a quick response to a change of
conditions; (III) flow of the fluid itself supplies agitation,
elimination a stirring device; and (IV) heat loss can be
reduced by jacketing each part of the apparatus with its own
flow."

Osborne, Stimson, and Sligh (44) built a refined flow
calorimeter capable of measuring heat capacity of gases at
pressures up to 100 atmospheres and temperatures to 150°C.
Their calorimeter system has the outstanding characteristics
of having a size appropriate for a moderately small quantity
of test fluid, negligible thermal leak, and precisely control-
led constant flow rate. Results having an accuracy of better
than 0.1% were obtained with this calorimeter (45).

Krase and Mackey (30, 31, 38) used a different electric-
heating method to measure the heat capacity of nitrogen at
pressures up to 700 atmospheres and temperatures to 150°C.
Nitrogen gas was passed through a coil of steel tubing embed-
ded in an electrically heated copper casting. The electric
heat was to keep the copper casting at isothermal conditions
while the nitrogen gas took away heat from it. The heat
capacity of nitrogen was obtained by measuring the electrical

power supplied to the casting, the gas temperature rise, and



gas flow rate. Corrections were made for heat loss due to
conduction and heat gain from electrical induction.

Pitzer (50) initiated the design of a non-adiabatic type
of flow calorimeter. For this kind of flow calorimeter the
fractional heat loss of the calorimeter proper is inversely
proportional to the flow rate of the test fluid. Improve-
ments in this type of calorimeters have been discussed by
workers at U, S. Bureau of Mines (42, 74). However, most of
these calorimeters are designed for low pressure operations.

At high pressures, especially at conditions when high
temperature is also called for, metering, circulation, and
regulating of the test fluid are only part of the major dif-
ficulties in flow calorimetry. Other difficulties involve
the sealing of the electric heating element in the pressurized
chamber, measuring the true temperatures which represent the
states of the flowing fluid, and minimizing the heat leak,

Schrock (64) built a flow calorimeter to measure the
isobaric heat capacity of carbon dioxide over the range of
pressures and temperatures from ambient conditions to 1,000
psig and 1,000°F in an open cycle. The use of a heat exchanger
to cool the hot gas leaving the calorimeter enabled the mea-
surement of the gas flow rate with a volumetric meter. Radia-
tion shields as well as guard heaters were used to eliminate
the heat loss from the calorimeter which is enclosed in an

evacuated casing., Accuracy of the results were estimated to



be within 0, 5%,

The flow calorimeter system built by workers at the
University of Michigan (20, 24, 39, 79, 80) is a closed-flow
system capable of measuring heat capacity of gases or gaseous
mixtures at temperatures from -280° +to 300°F and pressures
from 100 to 2,000 psia., Mass flow rate was calculated using
an empirical equation for the volumetric flow rate determined
with a linear flowmeter. Buffer tanks were employed to ensure
essentially constant flow rate. Heat leak of the calorimeter
was reduced using devices simiiér to that used in Schrock's
experiments. Accuracy of the heat capacity measurements was
about 1%.

Experimentalists in Russia have also been interested in
flow calorimetry. Sirota and coworkers at All-Union Heat
Engineering Institute (67, 68, 69, 70, 71) developed a closed-
loop flow calorimeter system for measuring heat capacity of
water and steam at pressures from 20 to 1,000 kg/cm2 and tem-
peratures from -10° +to 700°C. Circulation of the high pressure
water was provided by a gear pump which was immersed in the
compressed water. The calorimeter proper was located in a
thermostatted bath and consisted of a double-coiled tubing.
Water first flowed through the outer spiral tubing then through
the inner spiral tubing where the fluid took up heat supplied
by the main heater which was located at the center of the inner

coil., Heat loss was reduced to a minimal amount with this



design. Temperature measuring elements were located at the
inlet of the outer spiral tubing and the outlet of the inner
tubing respectively. A specially designed calorimeter-
flowmeter was used in their experiment to measure the mass
flow rate of water, The fact that the isobaric heat capac-
ities of water at ambient temperatures are known with a high
degree of accuracy and are affected little by pressure made
the flow rate measurement by calorimetric means possible.

Rivkin and Gukov (56) built a closed circulation flow
calorimeter system to investigate the isobaric heat capacity
of carbon dioxide at pressures up to 250 kg/cm2 in the tem-
perature range 10° to 130°C. This system was similar to
Sirota's except that the calorimeter-flowmeter was operated
at a mean temperature of about 300°C to measure the mass flow
rate of carbon dioxide., Data reported has a maximum error of
1 to 2 %4, Other flow calorimeters include those built by

Altunin and Kuznetsov (1) and by Sheindlin and coworkers (63).
C. Thermodynamic Data for n-Pentane

Young and coworkers (58, 81) determined the pressure-
volume-temperature relation of n-pentane from 104O to 536°F
at pressures up to 10,000 psia. Young (81) and Timmermans(72)
studied the density of the saturated liquid at much lower tem-
peratures, Sage and coworkers (61, 62) investigated the

volumetric behavior of this hydrocarbon at temperatures



between 70° and 460°F and pressures up to 10,000 psia and cal-
culated enthalpy-pressure coefficients and isothermal enthalpy
changes from the volumetric data and other information.
Beattie, Levine, and Douslin (4) measured the compressibility
of n-pentane from 200°to 300°C and from a density of 1 to 7
moles per liter and determined constants of the Beattie-
Bridgeman equation of state to represent the data. ILi and
Canjar (36) determined the pressure-volume-temperature rela-
tionships of n-pentane over a temperature range from 212° to
572°F for pressures up to 3,200 psia and found that their
results to be in good agreement with those of the other inves-
tigators. Brydon, Walen, and Canjar (9) used the experimental
volumetric data of Sage and Lacey (61), of Beattie, Levine,
and Douslin (4), and of Li and Canjar (36) to evaluate ther-
modynamic properties of n-pentane by numerical methods over a
range of 100° to 570°F in temperature and 10 to 3,000 psia in
pressure. Brydon, Walen, and Canjar (9) fitted the volumetric

data in the liquid phase by the equation

v = (ftUT) + (N+NT)P + (@+@TIPZ + ry (2)
where g4's, N's, and ¢'s are constants and ry is the residual
volume necessary to have the equation fit the data exactly,
and calculated enthalpy values from 100° +to 380°F at six pres-

sures between 500 and 3,000 psia.

Lenoir, Robinson, and Hipkin (32) measured the enthalpy
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of n-pentane from 100° +to 700°F with pressures up to 1,400
psia. Pattee and Brown (49) measured the Joule-Thomson
coefficient of the gas for temperatures from 200° to 900°F at
pressures up to 10,000 psia, Pitzer (50, 51) and Pitzer and
Kilpatrick (52) measured the heat capacity of the gas at
atmospheric pressure for temperatures from 298o to 1,500°K.
Sage and coworkers (60) measured the constant volume heat capac-
ity of this fluid in the two phase region and used volumetric
data to calculate the heat capacity of the saturated liquid.
American Petroleum Institute Research Project 44 (59) listed
the ideal gas heat capacity for n-pentane in the temperature
range -200° to 2.200°F.
D, Methods for Prediction of
the Isobaric Heat Capacity

Lydersen, Greenkorn, and Hougen (37) have used the crit-
ical compressibility factor z, as a third parameter in addition
to TR and PR to develop generalized correlations for several
thermodynamic properties. Lydersen, Greenkorn, and Hougen (37)
differentiated their tables for the reduced enthalpy departure
(ﬁ—ﬁo)/Tc with respect to reduced temperature at constant
reduced pressures to develop a correlation for the departure
of the heat capacity from the ideal gas heat capacity, Ep—ﬁg,
only for z,=0,27, Lydersen et al (37) did not prepare tables

of 6p~6; values for other values of z. because they felt that
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CHAPTER III
EXPERIMENTAL APPARATUS

A schematic diagram of the experimental system is shown
in Figure 1. The apparatus consists primarily of a flow
calorimeter and a constant temperature bath through which the
test fluid flows at a steady rate. A pressure generator is
used to maintain the supply of high pressure fluid in the high
pressure vessel, From this high pressure vessel, the test
fluid is circulated at constant flow rate by means of the tur-
bine pump through a helical coil of stainless steel tubing
immersed in the constant temperature bath. The test fluid
exchanges heat with the bath so that at the inlet of the
calorimeter the test fluid maintains a constant temperature.
The fluid temperatures are measured at both the inlet and the
outlet of the calorimeter proper by means of thermopiles. An
electric heater is installed around the inner part of the
calorimeter to heat the test fluid. Pressure transducers are
mounted at the ends of the calorimeter for accurate measurement
of the fluid pressure. A volumetric flowmeter is located down-
stream of the calorimeter for the purpose of measuring the flow
rate of the test fluid., Then the test fluid returns to the
high pressure vessel to form a closed-loop for the flow calorim-
eter system. Details of the components of the experimental

apparatus are described as follows:
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the inside surface of the outer tube. The outer tube was
divided into three sections, ZEach section was wrapped with
chromel wire serving as a guard heater to minimize radial heat
conduction losses of the calorimeter. The end-guard heaters
were also provided with chromel-glumel differential ther-
mocouples and were wrapped with chromel heating wire. The
purpose of the end-guard heaters was to minimize axial heat
conduction losses in the test section, Two A.W.G.#20 copper-
constantan thermopiles, one each at the inlet and the outlet
of the test section, were used to measure the fluid temperatures.
Each thermopile consists of two thermocouple junctions and was
installed in its place using Conax MTG-20-A4 thermocouple fit-
tings with lava seal. The wiring of the thermopile is shown
in Figure 3.

Each guard heater was independently controlled using one
of five variable autotransformers (Model 10-B, Powerstat).
Regulated manually, each autotransformer could deliver a max-
imum output of 300 watts at 132 volts, The calorimeter mainh
heater was connected to a regulated D.C. power supply (Model
1-136-9, Deltron) which can deliver a maximum current of 9
amperes in the adjustable voltage range of 128 to 144 volts.
Voltage taps of the main heater were connected to a differen-
tial potentiometer (Model 7564, Leeds and Northrup) for ac-
curate measurement of the voltage drop across the main heater.

The current in the main heater was accurately measured with
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counter, The turbine flowmeter (Model FT-8M-2LB, Flow
Technology Inc.) is essentially a velocity sensing device.

It contains a freely-suspended, bladed rotor, positioned
axially in line with the flowing fluid, which rotates at a
speed directly proportional to the average velocity of the
flowing fluid, The tips of the rotating blade pass through
the field of an externally-mounted magnetic pick-off coil
agsembly and induce an alternating electric current with both
frequency and amplitude proportional to rotational speed of
the rotor, Since the flow passage area at the rotor is fixed,
the frequency or amplitude of the alternating current re-
presents the volumetric flow rate of hte fluid. The frequency
of the output of the flowmeter ranges from 160 to 1,800 cycles
per second over the usable range of 0.2 to 2.0 gallons per
minute. The flowmeter has a pressure rating of 3000 psia.

The output signal from the flowmeter is fed into the fre-
quency counter (Model 5230K, Berkeley). This electronic
counter is capable of measuring frequency from D.C., to 100 kHgz,
It contains an electronic gate and a chain of decimal counting
units, When this counter is operated for frequency mea-
surements two pulse sources are used. One of the input trig-
ger channels in the counter converts the sinusoidal signal
received from the flowmeter into sharp pulses., A time base
generator in the counter produces similar pulses separated by

a precise time interval., The decimal counting units then
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determine and display the number of pulses provided by the
input trigger channel over the known time interval between

start and stop pulses from the time base generator,
D, Constant Temperature Bath

The fluid coming out from the discharge end of the turbine
pump enters a coiled tubing immersed in a constant temperature
bath (Model TEB-45-300HT, Neslab Instruments, Inc.). The
coiled tubing was made of type 304 stainless steel high pres-
sure tubing having dimensions of 9/16" 0.D. x 5/16" I.D.. The
coil was about 10 inches in diameter and had a heat transfer
area of about 2 square feet.

The bath has a working space of 10" w x 17" 1 x 12" h
and contains about 45 liters of bath fluid, Distilled water
was used as bath fluid for the temperature range 130°to 210°F
while silicone o0il (SF-96-50, General Electric) was used for
the temperature range 210° to 300°F. The temperature uniform-
ity of the bath fluid was controlled to within 0.01%% by
agitation with a pump, The bath uses a quartz heater and a
solid state relay in conjunction with mercury thermo-regulator
to achieve temperature control of better than tO.OOSOC. In
this study, for temperatures below ZOOOF, it was necessary to
pass cooling water through a coil immersed in the bath to
remove the excess heat as the test fluid entered the coiled

tubing at a slightly higher temperature than that of the bath
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fluid. The temperature of the test fluid at the inlet of the
calorimeter was controlled to within 0.01°F by this bath at

all times.
E. Pressure Measurement System

A Bourdon-tube gauge (Model WB-7-1, Astra) was employed
in this study to indicate roughly the system pressure. This
gauge was located at the upstream side of the calorimeter.

It had a usable pressure range of 0 to 7500 psig with 50 psi
resolution. The pressure in the calorimeter was accurately
determined by using two pressure transducers (Model GT-70-118,
General Transducer Company). One transducer was located at
the inlet of the calorimeter while the other was located at
the outlet.

Each pressure transducer was virtually a balanced bonded
strain gage forming four active arms of a Wheatstone-bridge
circuit., The pressure applied to the sensing element of the
transducer caused the resistance of the circuit to change and
thus unbalanced the circuit., The resulting potential dif-
ference across the output terminals of the unbalanced circuit
was therefore a measure of the magnitude of the applied pres-
sure. The potential differences were measured with the Leeds
and Northrup differential potentiometer., A low voltage D.C.
power supply (Model IP-27, Heath Company) was used to provide

the 10,000 VDC excitation voltage required for the transducers.
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CHAPTER IV
EXPERIMENTAL PROCEDURE

A, Calibration of Thermocouples

Two thermopiles, one at the inlet and the other at the
outlet of the.calorimeter test section, were used to measure
the temperatures of the test fluid. Each thermopile consisted
of two copper-constantan thermocouples. These thermocouples
were calibrated before being installed in the thermocouple
fittings. A precision thermometer having resolution of 0.1°
and the four thermocouples were immersed in the constant tem-
perature bath using distilled water as bath fluid. The outputs
of all the thermocouples agreed with each other within 0,5
microvolts at the same temperature and agreed to the Interna-
tional Practical Temperature Scale of 1968 (IPTS) within 2
microvolts throughout the calibration temperature range of
50° to 90°c.

Due to the difficulty of selecting a suitable bath fluid
which must contact the bare-wire thermocouples no calibration
was made at higher temperatures. It was assumed that the ther-
mocouples would retain the 0.5 microvolts maximum difference
at higher temperatures., The calibration data for these ther-
mocouples are shown in Table A-1 in the Appendix. The ther-
mopile located at the inlet of the calorimeter testsection was

composed of thermocouplés No.,1 and No.2, while that at the
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outlet of the test section was composed of thermocouples No.3
and No.4, Because of this combinations minimum differences
between the outputs of the thermopiles would be obtained when
they were at the same temperature, thus reduced the magnitude
of the probable errors in temperature difference calculations.
Since the maximum discrepancy of two microvolts between the
outputs of the thermocouples and the values in the IPTS tables
corresponds to only 0.04°C which is less than the resolution

of the thermometer, the IPTS tables are used directly to inter-
pret the outputs of these copper-constantan thermopiles.

The chromel-alumel thermocouples used for the guard
heaters were not calibrated. However, it has been observed
that for each pair of these differential thermocouples at the
same temperature one thermocouple always gives higher output
than the other, and the differences are less than two micro-
volts,

The copper-constantan thermopiles located at the upstream
and the downstream of the turbine flowmeter to determine the
fluid temperature in the flowmeter were also calibrated
against the precision thermometer over the temperature range
of 50° to 90°C. The calibration data are presented in Table
A-2, Deviations of the outputs of the thermocouples from the
International Practical Temperature Scale of 1968 were less
than 2 microvolts which corresponds to an uncertainty of only

0.04°C., Therefore the IPTS values were used to calculate the
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temperature of the fluid in the flowmeter.
B. Calibration of Flowmeter

The turbine flowmeter was calibrated at the factory.
The calibrating fluid (MIL-C-7024B) has a density of 0,766
grams per cubic centimeter and a viscosity of 1.446 cen-
tipoises at 80°F, the calibration temperature. The calibra-
tion data are presented in Table A-3, Calibration flow rates
ranged from 0,19 to 2,10 gallons per minute. The frequencies
of the corresponding sinusoidal pulses generated by the flow-
meter ranged from 164 to 1811 cycles per second. Using the
supplied calibration data a plot of frequencies against flow

rates was drawn. The linear eguation
V = -0,000335678 + 0,001160316 f (11)

where V is the volumetric flow rate in gallons per minute
and f the frequency in cycles per second, obtained through
least squares method fitted all data points within *0,5%.
Further scrutiny showed that for the range of flow rates of
interest in this study, approximately 0.5 to 1.6 gallons per

minute, the equation
V = 0,001160316 f (12)

obtained by omitting the constant term from Equation 11 would
fit the data within +0, 2%,

Calibration with water was also performed for the flow-
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meter., The resulting data showed that Equation 12 would give
flow rates approximately 2% too low., However, it is believed
that this discrepancy is caused by errors in timing and weigh-
ing and the pressure fluctuation in the pipe line. Therefore
Equation 12 has been used throughout this study to calculate

the volumetric flow rate.
C. Calibration of Pressure Transducers

The pressure transducers used for measuring the pressures
at the inlet and the outlet of the calorimeter were calibrated
by the manufacturer and were shown to have accuracies of bet-
ter than 2.5 psi over the pressure range of 0 to 5,000 psi,.
After the pressure transducers were mounted in the system it
was found that tightening of the transducers in the fittings
had caused zero point shifts and therefore re-calibration
became necessary.

Re-calibration was performed against a calibrated 0 -
3,000 psig Heise gauge having accuracy of 0.1% of full scale
reading and resolution of 2 psi., The calibration data are
presented in Table A-4, Two linear equations were obtained
from the calibration data by the least squares method to show
the relationships between the outputs of the transducers and
the applied pressures. The pressures calculated from the
equations deviate from the calibration data by no more than

2.5 psi as shown in Table A-4, Therefore these equations
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charging assembly, tubing, valves, fittings, and the high
pressure vessel were cleaned using standard solution (35 ml,

of saturated potassium dichromate solution mixed with 1,000

mi, of sulfuric acid) and rinsed with distilled water to

remove all dirt and grease. The calorimeter proper was cleaned
by passing detergent solution through it and rinsed with
distilled water. The pressure generator and the high pres-
sure turbine pump were disassembled into parts and cleaned
using acetone and n-pentane. The intensifying cylinder of the

high pressure pump was cleaned and filled with n-pentane.
2, Evacuation

The vacuum pump was started to remove the air trapped in
the closed system after all equipment parts had been put
together., Although the vacuum pump is capable of achieving
an ultimate absolute pressure of 0,0001 mm Hg as specified by
the manufacturer, the system pressure could only reach 20 mm
Hg because of the diffusion of n-pentane from the intensifying

cylinder to the inside of the pump through the stuffing box,.
3. Pressure Test

After the system was first assembled it was filled with
n-pentane and pressurized to 3,000 psig at room temperature.
The system pressure dropped about 15 psi after twelve hours.

This leakage, believed to be through the stuffing box of the
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turbine pump, was considered negligible. After several runs
leakage was found in the calorimeter and this was eradicated

before any further experiment was conducted.
F. Operating Procedure

The actual experiment began when the system was filled
with n-pentane and the constant temperature bath was heated
to a temperature a few degrees Fahrenheit lower than the
desired average temperature of the calorimeter., The high
pressure turbine pump was then started to circulate the test
fluid at constant flow rate while at the same time the D.C.
power supply was turned on to apply electrical energy to the
main heater of the calorimeter. All five autotransformers
were also turned on and regulated manually to apply appro-
priate amount of electrical energy to the guard heaters,

The temperature gradients across the insulations between the
main heater and the outer tube, as well as those along the
axial direction at the ends of the calorimeter, were reduced
to a very small amount. The temperature gradient was consid-
ered to be small enough when the output of the corresponding
differential thermocouple was less than one microvolt, In
terms of temperature difference, this is equivalent to approx-
imately 0.025°C. During these operations the pressure gen-
erator was also manipulated in order to reach the desired

system pressure.
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The system was considered to have reached a steady state
when the outputs of the main thermopiles and the pressure
transducers remained constant for at least five minute. Out-
puts of the differential thermocouples were checked during
the five minutes interval to make sure all of them were with-
in the one microvolt tolerance. Since the heat losses were
reduced to a minimum amount by the use of the guard heaters,
the electrical power applied to the main heater was considered
entirely to provide the heating of the test fluid. No correc-
tions for the heat losses were needed.

The frequency of the pulses generated by the flowmeter
was displayed by the frequency counter. Constant flow rate
in the system was assured by the virtually constant frequency
shown, The voltage across and the current through the main
heater, the temperatures of the fluid at the inlet and outlet
of the calorimeter test section, and the temperatures of the
fluid entering and leaving the flowmeter were measured at
this time using the differential potentiometer.

Then the thermo-regulator of the constant temperature bath
was set at a higher temperature. The system pressure was kept
constant by releasing the fluid through the pressure generator
as the system temperature was increasing. The output of the
pressure transducer located at the upstream side of the
calorimeter was measured from time to time to ensure that the

pressure at that point was always the same throughout the
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CHAPTER V
EXPERIMENTAL RESULTS AND TREATMENT OF DATA

In order to check the reliability of the calorimeter
system, the isobaric heat capacity of water was initially
determined. The calorimeter was connected to the water main,
Water at room temperature flowed through the calorimeter and
the flowmeter, then discharged to the atmosphere. The pressure
in the calorimeter was not more than a few pounds per square
inch higher than atmospheric pressure as indicated by a mer-
cury manometer, The experimental data are included in Table
I. The results obtained agree with the literature data for
saturated water (46) at the experimental temperature within
1%. Since the flowmeter uses carbon steel bearing, no attempts
were made to test the calorimeter using water at high tem-
perature and/or high pressure as the bearing would probably
be damaged at these conditions. However, It is believed that
the calorimeter system has generated reliable data and with
some revisions it will be suitable for the measurement of heat
capacities of fluid at more severe conditions,

Experimental data have been obtained for the isobaric heat
capacity of n-pentane in the dense liquid region, A total of
20 runs were made over the temperature range of 1300 to 300°F,
at approximately 15°F to 20°F intervals, for pressures of 400,

560, 800, 1,000, 1,500, 2,000, and 3,000 psia, A total of 95
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data points have been obtained, In Table II the experimental
results are presented in raw data form.

In order to present heat capacity values for n-pentane
at various temperatures and pressures for the entire region
of this study, interpolation methods were applied., The values
of Cp-Cg, where Cp is the experimental heat capacity and C%
the ideal gas heat capacity of n-pentane at the corresponding

temperature for C_, were obtained and and equations having

1Y
the form

(CP B C,‘g)calc = d (TR - {-)2 +@ (14)

were used to fit these values. The coefficients d, P' and ¥
are functions of pressure and were obtained by the least
squares method by the use of computer. The functional form
of &, B, and ¥ are presented in Table III,

Comparisons of the experimental heat capacity values
with the smoothed values calculated by using Equation 14 are
included in Table II, For the entire set of data, an average
percentage difference of 0.29% and a standard error of estimate
of 0,0025 Btu/1b °F were obtained. These results indicate that
the error in the smoothed heat capacity values are within the
experimental error and that Equation 14 can be used to calculate
the heat capacity of n-pentane at pressures and temperatures
within the region of this study.

Table IV shows heat capacity values for n-pentane cal-
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culated using Equation 14 at 10°F intervals from 140°F to
300°F for ten pressures between 400 and 3,000 psia. Curves
showing the smoothed heat capacity values as functions of
temperature are presented in Figures 8 through 14 for the

seven experimental pressures.
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TABLE I

Experimental Heat Capacity Data for Water

W t1 2 n tave Cp

Btu/sec OF Op 1b/sec Op Btu/1b°F

0.5653 69,05 74,17 0,1103 71,61  0.9996
n,5648 68,86 73,97 0.1103 71.42  1,0027

Calorimeter inlet pressure =5 psig
Cp are calculated through Equation 13 neglecting the
pressure correction term

Literature value: Cp = 0.9992 Btu/1b°F at 72°F, (Ref. 46)
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TABLE ITI

Coefficients of Equation 14

i=1 i=2 i=3
a,  3.03332  -0.17768 x 1072 0,335543 x 107°
by 0.16399  -0.18618 x 107" 0.264286 x 1070
c, 0.74125 0,50351 x 1074 -0.262730 x 1078

Equation 14:
(Cp = CQare = o (Tg =17 +B

where o = o(P)
B= p(®
= 7

P are pressures in psia and Cg, the ideal gas heat capac-

2
a4 + a, P + a3 P

by + by P + by P2

cqg t co P+ C13 P2

ity values, are obtained from API Technical Data Book(2).
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error is

t 0,0
Aot - 0% 4 100% = 0.36%

The maximum possible uncertainty in the isobaric heat

capacity of n-pentane is calculated to be

dCp
c

0.058% + 0,022% + 0,31% + 0,30% + 0,36%
1.05%

p

Since the above figure represents the error which would exist
for the worst condition, in actuality some errors may cancel
out and the accuracy of the experimental results is believed
to be better than 1%. The probable error in Cp, calculated
as the square root of the sum of squares of the individual
uncertainties discussed above, has the value of 0,56%,

It should be noted that it was very difficult to reach
the steady state and to obtain a point, and that the room

temperature was not controlled, consequently the precision

was of the same order of magnitude as the experimental error,
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19 through 21 with the values for n-pentane also included.
It can be seen that the behavior of n-pentane agrees with
those for other non-polar fluids, and it is obvious that the
graphs presented by Edmister (19) need to be refined so that
more reliable predicted values can be obtained., Based on
these four substances, suggested lines are drawn in Figures
19 through 21,

It is obvious that almost all calculated heat capacity
values are highervthan the experimentally determined values
as the temperature approaches the critical point. This could
be because for this region the volumetric behavior of the
liquid is more sensitive to temperature and the calculated
values become less reliable., Although the experimental
enthalpy data of Lenoir et al. (32) are the quantities which
are most closely related to the heat capacity values, the
possible lack of precision or errors in their enthalpy values
have reduced the reliability of the derived heat capacity
values, A plot showing the point values of heat capacity
obtained by numerical differentiation of the enthalpy values
of Lenoir et al, {32), the smoothed heat capacity values
obtained by differentiation of the least squares polynomial
for the enthalpy values of Lenoir et al. (52), and the
experimental results obtained in this study is presented in

Figuré 22 for the pressure of 1,000 psih.
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NOMENCLATURE

Heat capacity, Btu/1b°F

Heat capacity at constant pressure, Btu/lboF

Ideal-gas heat capacity at constant pressure, Btu/lboF
Heat capacity at constant pressure, Btu/lb-mole°F

Ideal gas heat capacity at constant pressure,
Btu/1b-mole°F

Heat capacity of saturated liquid, Btu/lb-mole°F
Cs-Cp+ Btu/1b-mole’F
Voltage drop, volts

Frequency, cycles/sec

Enthalpy, Btu/lb-mole

Enthalpy at ideal-gas state, Btu/lb-mole
Enthalpy, Btu/lb

Enthalpy at ideal-gas state, Btu/lb
HCO-H, Btu/lb

Current, amperes

Mass, 1b

Mass flow rate, 1lb/sec

Molecular weight, 1b/lb-mole

Pressure, psia

Critical pressure, psia

Reduced pressure, P/P.

Energy, Btu

Gas constant, 1.987 Btu/lb-mole®R



r, = Residual volume, £t3/1b

t = Temperature, 0F

T = Absolute temperature, °r

To = Critical temperature, °r

Tgr = Reduced temperature, T/T,

AT = Temperature difference, Op

v = Specific volume, ft3/1b

v = Volumetric flow rate, gal/min

W = Power, Btu/sec

X = Parameter, defined in Equation 10
7 = Compressibility factor

ze = Critical compressibility factor
Zo = Derivative compressibility factor

Greek Letters

d, B and ¥ = Coefficients in Equation 14

Mo U, 1 N ¢, and ¢ = Coefficients in Equation 2
@ = Density., 1lb/ft3
W = Acentric factor, defined in Equation 4

Subscripts and Superscripts

1 = Calorimeter inlet condition

2 = Calorimeter outlet condition

(0) = Simple fluid function

(1) = Normal fluid correction term

(2) = Polar fluid correction term

(3), (&), (5) = Coefficients for higher order terms for

series expansions in w and x
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APPENDIX A

Calibration Data
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Calibration Data of Main Thermocouples

TABLE A-1
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Temperature Thermoelectric Voltage in Millivolts *
°c IPT3 No. 1 No, 2 No. 3 No. 4
Value

50.85 2,0775 2,0773 2,0769 2,0770 2,0771
60,23 2,4771 2,4787 2,4783 2.4785 2,4786
69,88 2,9031 2,9050 2.,9045 2,9047 2,9047
80.05 3.3592 3.3610 3.3606 3.3607 3,3608
89.95 3.8107 3.8124 3.8120 3.8122 3.,8123

* Reference junctions at 0°c.



TABLE A-2
Calibration Data of Thermocouples for

Measuring Flowmeter Temperatures

Reference Junctions at OOC

Temperature Thermoelectric Voltage in Millivolts
Oq IPTS Value Thermopile Thermopile
#1 #2
50,30 . 2,0479 2,0498 2.0495
59.54 2,4672 2,4690 2.,4685
70.25 2,9192 2,9210 2,9206
80.14 3,3633 3.3649 3. 3644

90.35 3.8291 3.8309 3.8305
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TABLE A-3

Calibration Data of Flowmeter

Run f \'s \')

No cycles/sec GPM GPI\CI:Ialc
1 1811 2,1000 2,1013
2 1672 1.9390 1,9400
3 1404 1.6290 1.6291
Iy 1075 1.2480 1.2473
5 953.6 1,1070 1.1064
6 789.9 0.9182 0.9165
7 646.8 0.7510 0,750k
8 487.9 0.5652 0.5661
9 348, 3 0.4021 0.4041

10 341, 6 0. 3947 0.3963

11 221.6 0.2560 0.2571

12 164,1 0.1909 0.1904
v = 0,001160316 f

calc
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TABLE A-4

Calibration Data of Pressure Transducers

Excitation Voltage : 10,000 + 0,005 VDC

Applied Transducers' Outputs Calculated Pressures
Pressure
psia v, millivolts Pcalc’ psia
#4318 #4319 #4318 #4319
500 3.283 4665 5018  499.3
1000 6,338 8,095 1000,2 1001,0
1500 9.391 11,510 1498,4 1500,5
2000 12,453 14,920 1998,0 1999.3
2500 15,525 18,340 2499,2 2499,5
3000 18,610 21,765 3002, 5 3000.5

(Pcalc)4318 = 163-158 v - 33-855

(Pcalc)4319 = 146,266 v - 183,023



101

APPENDIX B
Derivation of Equation 12
and

Sample Calculation
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