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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 ^00 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



correlations for the heat capacity departure of non-polar 

fluids. The experimental data agree most closely with the 

values derived from the experimental density data (maximum 

deviation of approximately 3%). and are consistent with 

experimental data for the heat capacity of the saturated 

liquid.

The generalized correlation presented by Edmister for 

the prediction of heat capacity values of normal fluid has 

been tested with experimental data for methane, nitrogen, 

propane, and n-pentane. The predicted values do not show 

good agreement with experimental results. More reliable 

prediction method is to be developed.
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CHAPTER I 

INTRODUCTION

The heat capacity of fluids is one of the most important 

thermodynamic properties as evidenced by its being so fre­

quently used in engineering calculations and studies of ther­

modynamic and transport properties. Nevertheless, the deter­

mination of liquid heat capacities at temperatures above the 

normal boiling point has received very little attention. Not 

only that there are only sparse experimental data in this re­

gion, but also that the existing correlation methods for 

predicting the heat capacity of liquids at elevated pressures 

and temperatures need detailed comparisons with experimental 

data.

Therefore, in this study a flow calorimeter system has 

been constructed with a view to measure the isobaric heat 

capacity of polar and non-polar fluids at their liquid and 

dense gaseous regions. The experimental data obtained will 

be used to check the reliability of existing methods for 

prediction of heat capacity of fluids and, when sufficient 

data have been gathered, to establish more reliable correla­

tion techniques for the calculation of the heat capacity val­

ues. Because there are extensive thermodynamic and volumet­

ric data available for n-pentane, and there are no experimen­

tal heat capacity data for this fluid, it is therefore chosen 

as the initial substance for this investigation.
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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. In 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-
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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 "" m AT (1

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
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in a number of ways to suit the different operation modes 

which lead to the data of interest. Besides their being used 

to measure the isobaric heat capacity, flow calorimeters have 

been used to measure Joule-Thomson coefficient (25, 27, 49, 

57), the isothermal throttling coefficient (26, 41), the 

enthalpy of pure fluids (12, 24, 32, 33, 34, 35, 39, 76, 78, 

80), and the enthalpy of mixtures (33, 34, 35, 79).

B. Flow Calorimeters

Callendar and Barnes (11) used a continuous flow elec­

tric calorimeter to determine the isobaric heat capacity of 

water. In this calorimeter, fluid at constant flow rate 

passed through an electrically heated tube with a temperature 

measuring device located at both the inlet and outlet of the 

tube. By measuring the electric energy input, the mass flow 

rate, and the temperature rise, the apparent heat capacity 

of the fluid was obtained. The true heat capacity of the 

fluid was obtained by making corrections for the heat leak 

from the calorimeter.

Since then quite a few flow calorimeters have been devel­

oped for the determination of the isobaric heat capacity. 

Partington and Shilling (48) reviewed and described in detail 

several of the early designs. Callendar (10) enumerated the 

following advantages for the use of a flow calorimeter: "(I)

since the temperature of each part of the apparatus is steady
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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
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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, ?4). 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 l,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 similar 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
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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 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 104° 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
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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. Li 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 57O°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 = (y/.+ytiT) + (^+r(T)P + ( f.+ fT)P2 + rv (2) 

where ^'s, i^'s, and ^'s are constants and rv is the residual 

volume necessary to have the equation fit the data exactly, 

and calculated enthalpy values from 100° to 3S0°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 ?00°F with pressures up to 1,^00 

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 298° to l,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 (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 zc as a third parameter in addition 

to and PR to develop generalized correlations for several 

thermodynamic properties. Lydersen, Greenkorn, and Hougen (37) 

differentiated their tables for the reduced enthalpy departure 

(H-H°)/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, Cp-Cp, 

only for zc=0.27. Lydersen et al (37) did not prepare tables 

°f ^p'^p values for other values of zc because they felt that
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the inherent inaccuracy in the double graphical differentiation 

of compressibility factor data did not warrant the inclusion 

of the effects of a third parameter for this property, Weiss 

and Joffe (75) used values of ^p~Cp obtained analytically from 

the Benedict-Webb-Rubin equation of state for methane, ethane, 

ethylene, propane, and normal butane to produce a plot of 

Cp-Cp as a function of TR and PR for reduced pressures from 

0.2 to 15 and reduced temperatures from 1.0 to 5.5. Weiss and 

Joffe (75) found that substantial differences exist between 

their correlation for Cp-^p and that of Lydersen, Greenkorn, 

and Hougen.

Curl and Pitzer (16) expressed the dimensionless effect 

of pressure on enthalpy (H^-H)/RTC as functions of Tr, Pr, and 

to by the equation

H°-H _ ZH°-H^< 
RTC ( RTC} 

zH°-H^> lZH0-Hx^ 
where (—{^) and( R^c) are 

the acentric factor defined

" (3)

functions of and PR, and co is 

by Pitzer and coworkers (53) as

to = -log PR - 1.0 (4)

with PR the reduced vapor pressure at TR=0.7,

Edmister (19) expressed the heat capacity departure as

c -c° = (c -£0)<<u + co (C -c°)<o (5)
p P P P P P

~C>A0)
and developed plots of (Cp-Cp) and (Cp-Cp) as functions of 

reduced temperature and reduced pressure by the use of the
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functions for the derivative compressibility factor Zm pres­

ented by Reid and Valbert (5^), through the relationship

,P
__ f R Tr azm

^p-cp = -R/ ~Pr^STr^Pr^ Pr (6)
y0

where z^ = z + TR(-^^)p = zTt0> + zTt0 (7)

Edmister also obtained values for (Cp-Cp^ ? and (Cp-Cp/^ by 

differentiating the functions for the dimensionless effect of 

pressure on enthalpy presented by Curl and Pitzer (16). Sim­

ilar results were obtained by the two methods. API Technical 
q°_0 (0)

Data Book (2) presented both tables and graphs of (■and 

t—p—^) for the gas region only.

Yen and Alexander (77) have used experimental and derived 

enthalpy data for 28 non-polar and polar substances to improve 

and extend the correlation of Lydersen, Greenkorn, and Hougen 

(37) for the reduced enthalpy departure. Both graphs and 

analytical expressions were presented for values of the crit­

ical compressibility factor of 0.23, 0.25, 0.27, and 0,29. 

These analytical expressions are differentiable to produce 

functions for the heat capacity departure. However, they are 

yet to be tested with experimental data.

For normal liquids, Yuan and Stiel (83) expressed the 

saturated liquid heat capacity departure, C^-C^, as

C,-5p = co (C^-C°)‘a (8)
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Yuan and Stiel (83) obtained the coefficients of Equation 8 

by correlating the experimental heat capacity data for 21 nor­

mal liquids for reduced temperatures between TR=0,4 and TR=0.96. 

For polar fluids, Yuan and Stiel (83) expressed the saturated 

liquid heat capacity departure, ACy as

(o) n) 9 C3> 9 (4) ^5)
AC^ = ACrf + Cd ACj ' + XAC^ + X^AC^ + UJ^AC^ + 0) xA^ (9) 

where x is a parameter defined by Halm and Stiel (22) as

x = log Pr|Tr=0.6+1.700)+ 1.552 (10)

Yuan and Stiel (83) obtained the coefficients of Equation 9 by 

correlating the experimental heat capacity data for 21 normal 

fluids and for 16 polar liquids for reduced temperatures 

between TR=0.44 and TR=0.9^.

Other generalized methods for the estimation of heat 

capacity of liquids were discussed by Reid and Sherwood (55)» 

Bondi (6), and Yuan (82).



1^

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 followst
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Key to Figure 1

1. Pressure Vessel

2. High Pressure Turbine Pump

3. Constant Temperature Bath

4- . Calorimeter

5. Turbine Flowmeter

6. Pressure Generator

7. Charging Assembly

8. Pressure Transducers

9. Pressure Gauge

10. Vacuum Pump

11. Frequency Counter

12. Low Voltage D.C. Power Supply

13. Differential Potentiometer

14. D. C. Power Supply
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A, Calorimeter

A diagram of the flow calorimeter is presented in Figure 

2. The calorimeter (custom built by Thermo-Physics Company) 

is about six feet long and five inches in diameter. It 

consists of a test section, which is approximately four feet 

long, and two end-guards, which are connected to the test 

section using fittings. The test section consists of three 

concentric tubes having dimensions of 0.500" O.D. x 0.260" I.D., 

0.8?5" O.D. x 0.745" I.D., and 1.750" O.D. x 1.500" I.D., 

respectively. All tubes were made of type 304 stainless steel. 

At each end of the inner tube a chromel-alumel thermocouple 

was welded to the surface. Nichrome ribbon having resistance 

of 0.93 ohms per foot was uniformly wrapped around the inner 

tube at four and one-half turns per inch after the tube had 

been insulated with a layer of 0,031 inches thick asbestos 

paper. The total resistance of this heating element which 

served as the main heater of the calorimeter was about 27 ohms 

at room temperature. Stainless steel screens were silver sol­

dered to the inlet and outlet of the inner tube to enhance 

turbulent behavior and hence insure good mixing of the test 

fluid. Twisted stainless steel ribbon was also installed in­

side the inner tube to promote the heat transfer rate.

Three differential thermocouples made of chromel-alumel 

were attached to the outside surface of the central tube and
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the inside surface of the outer tube. The outer tube was 

divided into three sections. Each 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-alumel 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 main 

heater was connected to a regulated D.C. power supply (Model 

L-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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the potentiometer in conjunction with a current shunt box 

(Model 4385, Leeds and Northrup), A diagram showing the wir­

ing of the main heater is presented in Figure

All thermocouple outputs were measured with the differen­

tial potentiometer using a rotary switch. The reference 

junctions for the thermocouples were immersed in a Dewar 

flask containing mixtures of distilled water and compacted, 

crushed ice made from distilled water.

B. High Pressure Turbine Pump

The high pressure turbine pump (custom built by Pressure 

Products Industries)' is a unit for circulating the test fluid 

in the closed system. It can withstand a system pressure of 

^,500 psig at 300°C. A 3/^ horsepower electric motor was used 

in conjunction with a variable gear box to drive the pump shaft.

The pump uses a packed stuffing box drive assembly to 

provide both seal and lubrication at high pressures as well as 

high temperatures. The stuffing box as shown in Figure 5 was 

packed with one set of Teflon asbestos rings, a lantern ring, 

and an "0" ring seal. Lubricant supplied by the intensifying 

cylinder entered the stuffing box and spread to the packings 

through the lantern ring. The Teflon asbestos rings and the 

"0” ring seal prevent the lubricant from leaking to the pump 

and to the atmosphere respectively. The drive shaft of the 

pump was guided by the bottom bearing and the packing back-up
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so that it could rotate concentrically in the packing. The 

drive shaft was drilled for the length of the packing area 

and cooling water was able to circulate in it to reduce the 

operational and frictional heat. A floating hub shaft assem­

bly permitted the shaft to adjust itself for any slight mis­

alignment.

The intensifying cylinder which supplied lubricant to 

the stuffing box is shown in Figure 6, It was fitted with a 

piston which isolated the lubricant from the fluid being pumped, 

The piston rod extended out through the cover of the lubricant 

end of the cylinder not only served as an indication of the 

lubricant level but also reduced the effective area of the lu­

bricant side of the piston. The intensifying action of 

differential areas of the intensifying cylinder thus forced 

the lubricant into the stuffing box at the lantern ring. The 

pressure within the system was released and lubricant was added 

manually to the cylinder after the removal of the top main nut 

and cover of the cylinder. The piston was then pushed to con­

tact the bottom of the cylinder. Since no contamination of 

the test fluid is permitted in this study, the lubricant used 

is the same as the test fluid in the pump,

C. Flow Measurement System

The apparatus for measuring the flow rate of the test fluid 

consists of a volumetric turbine flowmeter and a frequency
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Key to Figure 5

1. Bearing Support

2, Bottom Bearing

3. Teflon/Astestos Packing

4, Lantern Ring

5. "0" Ring Seal

6. Packing Back-up

7. Packing Gland Nut

8, Bearing Housing

9. Stuffing Box

10. "0” Ring

11. "0" Ring

12, Snap Ring

13. Pump Body

14, Drive Shaft

® Lubrication Port
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PISTON ROD

-PISTON

"0" RING

TOP COVER

TOP MAIN NUT

CYLINDER BODY

QUAD RING

BOTTOM COVER
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LUBRICATION PORT
STUFFING BOX

-PISTON SEAL ASSEMBLY

BOTTOM MAIN NUT

to process port
ON PUMP

Figure 6, Intensifying cylinder



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 

assembly 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 3,000 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 kHz. 

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" lx 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 oil (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°C 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 ±0,005°C, In 

this study, for temperatures below 200°F, 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 7,500 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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The transducers can be used from ambient temperature to 

750°F with the provisions for water cooling. Calibration 

data furnished by the manufacturer shows that repeatabilities 

of better than +2,5 psi can be obtained for the usable pres­

sure range of 0 to 5.000 psig.

F. Pressure Generator

The pressure generator (Model 62-6-10, High Pressure 

Equipment Company) is basically a manually driven fluid injec­

tor. Its body was constructed from type 316 stainless steel 

and rated for a pressure of 10,000 psi. About 30 ml, of fluid 

can be injected into the high pressure system when its plung­

er makes a full stroke displacement. Figure 7 shows this unit 

and other necessary fittings. Valve 2 is closed at all times 

except when charging fluid into the high pressure vessel or 

releasing the pressure is necessary. To fill the pressure 

generator with test fluid, valve 2 remains closed while valve 

1 is kept open. By rotating the handle counterclockwise the 

plunger moves backward and the pressure generator is filled 

with the test fluid. Then valve 1 is closed and valve 2 is 

kept open while rotating the handle clockwise and the plunger 

moves forward to displace the fluid into the high pressure 

vessel. By repeatedly doing this, the system will reach the 

desired pressure.
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Figure 7. Pressure generator
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G. Auxiliary Equipment

1. Pressure Vessel

The pressure vessel was constructed from type 316 stain­

less steel and rated for a maximum working pressure of 5.000 

psi at 650°F, It had a 2,000 ml. capacity and served as a 

surge tank to smooth the pressure fluctuation in the flowing 

stream. It also served as a storage vessel for the high 

pressure fluid.

2. Valves, Tubing, and Fittings

All valves, tubing, and fittings were constructed from 

either type 304 or type 316 stainless steel and rated for a 

working pressure of 10,000 psi. Standard coned and threaded 

type connections were used for both 9/16" 0.D, x 5/16" I.D. 

and 1/4" O.D. x 1/12" I.D. tubing, while taper seal connec­

tions were used for 1/4" O.D. x 1/8" I.D. tubing, 

3. Vacuum System

The vacuum system consisted of a vacuum pump (Model 2AAR2, 

Marvac Scientific Manufacturing Company) and a mercury manom­

eter (Model 20A10WM, Meriam Instrument Company). It had a 

capability of drawing to 0.1 microns and served for evacuating 

the closed-loop calorimeter system.
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4. Charging Assembly

The charging assembly was a Pyrex glass container 

supported by a ring-stand. Test fluid at atmospheric pres­

sure and room temperature was stored in the 600 ml, container. 

The funnel-shaped outlet of the container was connected to the 

low pressure side of the pressure generator. Practically no 

air was trapped in the charging assembly. However, a very 

small amount of air might dissolve in the test fluid when it 

was added to the container,

5. Thermocouples

A total of four bare-wire copper-constantan thermocouples 

were used to determine the fluid temperature in the flowmeter. 

Two were upstream and two downstream of the .flowmeter. Since 

the temperature drop across the flowmeter was only about 1°F 

the temperature of the fluid inside the flowmeter was taken 

as the arithmetic average of the temperatures measured by 

these thermocouples. Conax MTG-24-A^ type transducer glands 

were used to install these thermocouples into the flow system. 

The outputs of these thermocouples were also mesaured with

the Leeds and Northrup differential potentiometer.
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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 O,1°C 

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-l in the Appendix. The ther­

mopile located at the inlet of the calorimeter testsection was 

composed of thermocouples No.l and No,2, while that at the
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outlet of the test section was composed of thermocouples No. 3 

and No.^. 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 0.0^-°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 equation

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-^. 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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have been used to calculate the actual pressures in the 

experimental system throughout this study.

D. Preparation of n-Pentane

The n-pentane used in this study was supplied by Phillips 

Petroleum Company. It was of pure grade with maximum one mole 

per cent impurities which consisted primarily of isopentane 

and cyclopentane. No attempt has been made to further purify 

this fluid as the effect of these impurities on the heat 

capacity measurements is negligible as compared with other 

sources of error.

The n-pentane was stored in the metal drum in which it 

was shipped until used to fill the charging system. The very 

small amount of air which might be dissolved in the n-pentane 

is believed to have negligible effect, if any, on the 

experimental results.

E. Preparation of Experimental System

Preparation of the experimental system involve the 

following operationst

1. Cleaning

All equipment parts which must contact the test fluid 

were throughly cleaned before being assembled together to form 

the closed-loop system. The Pyrex glass container of the
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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.



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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isobaric run. The measurement procedures were repeated when 

the system reached the new steady state. After enough data 

had been obtained for one pressure level, the system pressure 

was changed and experiment was conducted at the new pressure 

level in a similar manner.

It was necessary to replace the ”0" ring in the stuffing 

box of the high pressure pump after, and sometimes during, 

each isobaric run as the wear and tear of the "0" ring caused 

leakage through the stuffing box. The system was cooled down 

to room temperature and the pressure was released before tak­

ing the pump apart to do the replacement work. It was also 

necessary to change the bath fluid from distilled water to 

silicone oil or from silicone oil to distilled water from time 

to time depending on whichever was suitable for the temperature 

region of interest.

G. Calculation of Heat Capacity Values

The heat capacity values of n-pentane were calculated 

from the measured quantities by using the equation

P -P
CP - 566.727 (13)

where E = voltage across the main heater, volts

I = current through the main heater, amperes

v = specific volume of n-pentane at flowmeter 

temperature, ft^/lb
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f = frequency of the flowmeter output signal, Hz 

t = temperature of n-pentane, °F

P = pressure of n-pentane, psia 

MT
= enthalpy-pressure coefficient, Btu/lb psi

Cp= heat capacity of n-pentane at the average temperature 

of t^ and t2 and the pressure Pp Btu/lb °F 

Subscripts 1 and 2 refer to, respectively, the inlet and outlet 

of the calorimeter proper, The constant is a conversion factor.

E and I were obtained directly from the potentiometer 

readings. The temperatures t| and t2 were obtained by convert­

ing the outputs of the thermopiles into temperatures using 

International Practical Temperature Scale of 1968, The specific 

volumes as well as the enthalpy-pressure coefficients were 

obtained by interpolation of the data presented by Sage and 

Lacey(61). Since the enthalpy-pressure coefficients were very 
P1-P2 

small in the region of this study, a 10% error in "t^tj value 

would contribute an error of only 0.025% of the heat capacity 
pl”p2 

value. Therefore the values of t—t— have been taken as 0,5 
t2”tl

psi/°F which is very close to the actual values throughout 

the calculation.

The derivation of Equation 13 as well as a sample calcula­

tion using this equation is presented in Appendix B.
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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 130° to 300°F, 

at approximately 15°F to 20°F intervals, for pressures of 400, 

500, 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-Cp, where Cp is the experimental heat capacity and Cp 

the ideal gas heat capacity of n-pentane at the corresponding 

temperature for Cp, were obtained and and equations having 

the form

(Cp ' ^’cale = ^(TR -<)2 (1Zt)

were used to fit these values. The coefficients d, and T 

are functions of pressure and were obtained by the least 

squares method by the use of computer. The functional form 

of <X, p, and if 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/lb °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

Btu/sec °F
t2
Op

m

Ib/sec

t ave
Op

c 
p 

Btu/lb°F

0.5653 69.05 7^.17 0.1103 71.61 0.9996

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/lb°F at ?2°F. (Ref. 46)
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TABLE III

Coefficients of Equation 14

i = 1 i = 2 1 = 3

ai
3.03332 -0.17768 x IO-2 0.335543 x 10"6

b.
1

0.16399 -0.18618 x 10"^ 0.264286 x IO-8

ci
0.74125 0.50351 x 10*^ -0.262730 x 10~8

Equation 14:

where

<Cp - Cp’calc = 0<<Tr -f)2 +P 

d = d(P) = + a^ P + P2

P are

P= p(P) = bt + b2 P + b3 P2

/(P) = C1 + c2 P + c3 P2

pressures in psia and Cp, the ideal gas heat capac-

ity values, are obtained from API Technical Data Book(2).
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Figure 8. Comparison of experimental results for

n-pentane with calculated values
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n-pentane with calculated values
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Figure 10. Comparison of experimental results for

n-pentane with calcinated values
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Figure 11, Comparison of experimental results for

n-pentane with calculated values
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Figure 12, Comparison of experimental results for

n-pentane with calculated values
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Figure 13. Comparison of experimental results for 

n-pentane with calculated values
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CHAPTER VI

ERROR ANALYSIS

The experimental errors in the measured isobaric heat 

capacities of n-pentane are estimated as follows:

The isobaric heat capacity, Cp, is calculated using the 

equation (see Appendix B)

= w _ pH x 
p ID At At I dP (15)

where W is the electric power input, m the mass flow rate,

At the temperature rise of the fluid in the calorimeter, 4P

the pressure drop of the fluid 

dH(~gjp— the enthalpy-pressure

through the calorimeter, and

coefficient of the fluid at

the system pressure and the temperature tg. It has been shown

that the second term is very small compared with the first 

term hence the error in the second term will not be discussed.

The total differential of Cp can be written as

dcp - <^’dw + (-^’d*+ <^t")dAt (16)

This equation can be reduced to

dCP = dW dm dAt f17x
Cp W m At k '1

The maximum error estimated for Cp will be the sum of the 

uncertainty in the measurements of the power input, the mass 

flow rate, and the temperature rise. Since the power input

is the product of the voltage applied to the main heater and
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the current through it, the uncertainty of the power input is 

the sum of the uncertainty in the measurements of the voltage, 

E, and the current, I, The uncertainty in the measurements 

of volumetric flow rate and the probable error of n-pentane 

density data, taken from the work of Sage and Lacey (61), 

constitute the uncertainty of the mass flow rate.

Rewrite Equation 17 in the form

dCP _ , dB . di x , dV , d? x dit
"c^" " (~E~ + I 1 " ( V + pt- ”TF

The maximum possible uncertainty in the isobaric 

capacity is therefore

dCP = | dE | di I , dV I . | dP . dAt 
Cp I E I II V||e At

(18) 

heat

(19)

The voltage drop across the calorimeter main heater was 

measured with the differential potentiometer. Referring to 

Figure 4, there were no errors to be considered for the leads. 

The error in the voltage measurement is therefore the summa­

tion of the error in the potentiometer reading at the voltage 

range and the stability of the D.C. voltage applied by the 

power supply;

dE
E = 0.008% + 0.05% = 0.058%

Similarly, the error in the current measurement is the 

summation of the accuracy of the current shunt box and the 

accuracy of the potentiometer reading:

= 0.02% + 0.0016% = 0.0216%I
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The equation used for calculating the volumetric flow 

rate from the frequency of the output signal of the flowmeter 

has an accuracy of 0,2% in the flow rate range of this study. 

The frequency counter has an accuracy of +1 count, which is 

equal to 0,11% at the frequency range of this study. The 

error in flow rate measurement is consequently

= 0.2% + 0.11% = 0.31%

The error in the density value is due to interpolation 

of the density data of Sage and Lacey (61), and the error in 

the original density data. Sage and Lacey (61) claimed that 

their data have accuracy of better than 0.25% except in the 

neighborhood of the critical region where larger error may 

exist. It is believed that the interpolation of the data of 

Sage and Lacey (61) would produce errors no larger than 0,05% 

for the region of this study. The uncertainty of the density 

values is

= 0.25% + 0.05% = 0.30%

The non-ideality of the thermocouples resulted in an 

error of 0,5 microvolts between the outputs of the ther­

mocouples. The error in the potentiometer readings was 0.5 

microvolts. The maximum probable error in the temperature 

difference is the sum of these two quantities which is equiv­

alent to 0,0^°F, The temperature differences were approx­

imately 11°F during the experiments. Therefore the percent
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error is

x 100% = 0.36%

The maximum possible uncertainty in the isobaric heat 

capacity of n-pentane is calculated to be

dCp 
--  = 0.058% + 0.022% + 0.31% + 0.30% + 0.36%
Ip 

= 1.05%

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 0$, 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.



CHAPTER VII 

COMPARISON OF RESULTS WITH CALCULATED VALUES

There are no experimental heat capacity data for n-pentane 

for the region of this investigation. In order to determine 

the accuracy of the experimental results obtained in this 

study, it is necessary to compare the data with values cal­

culated by various methods.

Theoretically, the isobaric heat capacity can be derived 

by simply taking the derivative of the enthalpy with respect 

to temperature at constant pressure or from experimental 

P-V-T data by using rigorous thermodynamic relationship. 

Since the differentiation of enthalpy with respect to tem­

perature is a straight-forward method to obtain heat capacity 

values, it is of interest to compare the enthalpy values 

provided by different investigators. Therefore, enthalpy 

values of n-pentane have been calculated from the isothermal 

enthalpy difference values presented by Sage and Lacey (61), 

from the generalized equation presented by Yen and Alexander 

(77), and from the generalized tables prepared by Curl and 

Pitzer (16), and are compared with the experimental values of 

Lenoir, Robinson, and Hipkin (32),

A, Comparison of Enthalpy Values of n-Pentane

Sage and Lacey (61) presented the calculated isothermal
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enthalpy difference values, &H(t,P), for n-pentane at seven 

temperatures between 100° and 460°F over the pressure range 

of 0 to 10,000 psia. The enthalpy values can be calculated 

using the simple equation

H(t,P) = H°(t) -AH(t,P) (20)

where H(t,P) is the enthalpy at temperature t and pressure P 

and H°(t) the corresponding ideal gas enthalpy.

The equation presented by Yen and Alexander (77) for the 

reduced enthalpy departure of compressed liquids in the zQ = 

0,27 group (zc= 0.269 for n-pentane) is

= -0.1368774 (PR-4.664)

-14.56975 (TR-0.79749) 
o 

-7.812724 (td-o.79749) Ja
-0.1642482 (TR-0.79749)664)

+1.036851 ln(PR)

+4,463472 ln(Po) ln(TD)

+4.525831 ln(PR) [ln(TR)j 2

+10.86085 (21)

where 0.01<PR<30 and 0.5<Tr<1,0, The enthalpy values of 

n-pentane are obtained through the equation

H = H° - -^(^) ’ (22)

where Tc is the critical temperature and M the molecular 

weight of n-pentane.
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To calculated the enthalpy values from the tables

prepared by Curl and Pitzer (16) for the reduced enthalpy

departure of non-polar fluids, both RTC; and are

interpolated from the tables, and the reduced enthalpy depar­

tures are calculated using Equation 3* For n-pentane the 

acentric factor,W , has the value of 0.252 (55) • The enthalpy 

values of n-pentane are calculated through the equation

where R is the gas constant.

The ideal gas enthalpy values, H°, which are required in 

all of the above calculations are obtained from API Technical 

Data Book (2). Consequently, the calculated enthalpy values 

have a enthalpy basis of zero for the saturated liquid at 

-200°F.

The enthalpy values of n-pentane presented by Brydon, 

Walen, and Canjar (9) were calculated from the experimental 

P-V-T data of Sage and Lacey (61) for temperatures of 100° to 

212°F and of Li and Canjar (36) for temperatures of 212° to 

347°F, The enthalpy values have a basis of zero enthalpy for 

the ideal gas at 0°R. No attempt has been made to convert 

the enthalpy basis to that used in the API Technical Data 

Book because it is felt that additional errors would be 

introduced. However, the enthalpy values from this reference

have been smoothed and differentiated with respect to tem-
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perature to obtain heat capacity values, as discussed below.

The only experimental enthalpy values for n-pentane are 

those presented by Lenoir, Robinson, and Hipkin (32). These 

investigators used a flow calorimeter to measure the enthalpy 

of n-pentane above a datum of liquid at 75 °F and the system 

pressure. Through conversions of the enthalpy basis they 

reported the enthalpy values on a basis of zero enthalpy at 

-200°F and saturated liquid.

Since the differences between the calculated enthalpy 

values and the experimental data reported by Lenoir et al. (32) 

are not large enough to allow comparisons by plotting, the 

enthalpy values are presented in tabular form as shown in 

Table V. It can be seen that generally the values are in 

good agreement except for temperatures near the critical 

point where larger differences are observed. It should be 

noted that although the differences between the enthalpy 

values obtained through various methods are small, significant 

deviations should be expected for the heat capacity values 

which are the slopes of the enthalpy-temperature curves at 

constant pressure.

B. Comparison of Heat Capacity Values of n-Pentane

To calculate the heat capacity values from enthalpy 

values derived from the work of Sage and Lacey (61), the 

following equation is applied:
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TABLE V

Enthalpy Values for n-Pentane, Btu/lb

Pressure, 

psia

Data

Sources

. —   ---- ... .. —r---- 07;— —  
Temperature, F

100 160 220 280 340 400

I — — 219.5 258.6 306.4 419.3

II — — 217.3 258.5 305.6 419.3
400

III 144.5 180. 6 218.6 259.6 306.6 418.1

IV 145.1 182.0 222.0 265.0 310.8

I — — 219.6 258.7 304.5 400.6

II — — 217.1 258.2 304.6 401.2
500

III 144.7 180.8 218.6 259.4 305.2 402.0

IV 145.5 182.1 221.6 264.0 309.1

I — — 220.4 259.0 302.4 355.6

800
II — — 216.6 257.3 302.4 353.0

III 145.4 181.4 218.9 259.1 303.1 351.2

IV 146.5 182.5 221.0 262.1 305.8

I — — 220.5 259.6 302.0 350.8

II — — 216.3 256.6 301.4 348.9
1000

III 145.9 181.8 219.2 259.0 302,2 347.7

IV 147.1 182.9 221.0 261.5 304.5

I Curl and Pitzer (16)

II Lenoir, Robinson, and Hipkin (32)

III Sage and Lacey (61)

IV Yen and Alexander (77)
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C = r°cp
AH(tb,P) - AH(ta,F)

In the above equation Cp is the heat capacity of n-pentane at

the average temperature of t and t^ and the pressure P, and 

C° the corresponding ideal gas heat capacity. The equation 

presented by Yen and Alexander (77) for the reduced enthalpy

departure, i.e., Equation 21, has been differentiated with

respect to reduced temperature to generate a generalized 

equation of heat capacity departure for compressed liquids in

the zc=0.27 group. The equation has the form

C° - 'Cp = -14.56975

-15.625448 (Td-0.79749) a
-0.1642482 (PD-4,664) 

A

+ 4,46^22 ln(p )

+ 05X662 ln(pR) in(TR) (25)

The heat capacity values of n-pentane at the desired reduced

temperature Tp and reduced pressure Pp is calculated as

c -CO
Up P M (26)

The generalized graphs prepared by Edmister (19) for the

heat

were

capacity departure functions 

derived from the values of (

CP)

and

and (Ep-'CO)0* 

which

were presented by Curl and Pitzer (16). Both the reduced

enthalpy departure tables presented by Curl and Pitzer(16)
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and the heat capacity departure graphs presented by Edmister 

(19) are not applicable for reduced temperatures lower than 

0.8. For n-pentane, T^=0.8 at 216°F. The differentiation 

of the enthalpy values calculated from the tables of Pitzer 

et al. (16) have generated heat capacity values in agreement 

with those calculated from Edmister*s graphs for the region 

of this study. To calculate the isobaric heat capacity values 

using the graphs prepared by Edmister(19), the values of 

(Sp-Cg)*" and (Cp-Cp)<O were read from the corresponding 

graphs for a number of reduced temperatures at a fixed 

reduced pressure. Similar procedures were followed at other 

reduced pressures. The values so obtained produced plots of 

(Cn-C°)co> versus TR and (CT1-C°)<,‘> versus Tp for each reduced 

pressure. Then values of (Cp-Cp)(0) and (Cp-Cg)<b were obtained 

by interpolation at 20°F intervals. The heat capacity depar­

ture is calculated through Equation 5. and the isobaric heat 

capacity is calculated as

(Cp-Cg)
Cp = Cp + M (27>

In the above calculations, the ideal gas heat capacity values 

are obtained from API Technical Data Book (2).

It has been found that the enthalpy values presented by 

Lenoir et al. (32) do not seem to be smooth enough to warrant 

calculation of isobaric heat capacity values by numerical 

differentiation of the enthalpy values at two adjacent
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temperatures. Therefore, polynomials in temperature have been 

used, to fit the enthalpy values through least squares method. 

The polynomials for 400, 500, and 1,000 psia are 5 th order 

while that for 800 psia is 4th order. For each isobar, at 

least ten data points have been used to develop the least 

squares polynomial. The heat capacity values are then obtained 

by differentiation of the polynomials with respect to tem­

perature .

The calculated heat capacity values are plotted in 

Figures through 17 to compare with the experimental values 

obtained in this study. The values derived from the work of 

Sage and Lacey (61), from the enthalpy data of Lenoir et al. 

(32), and from the graphs of Edmister are presented in Figures 

8 through 14, while those derived from the calculated enthalpy 

of Brydon et al. (9) and from the equation of Yen and Alexander 

(77) are presented in Figures 15 through 17.

As shown in Figures 8 through 14, the maximum differences 

between the values calculated from Edmister*s graphs and those 

derived from the work of Sage and Lacey amount to 5%. This 

discrepancy is more obvious for the low pressure region. In 

the region of this study, the differences between the heat 

capacity values derived from the work of Sage and Lacey (61) 

and those calculated from the enthalpy data of Lenoir et al. 

(32) are small. It can be seen that at low temperature region 

those calculated from the work of Sage and Lacey (61) have
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larger values, while at high temperature region larger values 

are observed for those derived from the work of I enoir et al. 

(32). It is expected that as the temperature approaches the 

critical point, the differences would be more significant. 

The experimental values obtained in this study fall between 

the values calculated by these methods for the low temperature 

region while at high temperature region the experimental 

values are smaller than the calculated values. The experimental 

values agree with the values calculated from the work of Sage 

and Lacey (61) within 1% except at the low pressure and high 

temperature region where differences as high as 3% are observed.

Both the values calculated from the equation of Yen and 

Alexander (77) and the values calculated from the enthalpy 

values of Brydon et al. (9) do not show good agreement with the 

experimental values. It is interesting to know that these 

calculated values do not agree with each other although that 

Yen and Alexander (77) used the enthalpy values presented by 

Brydon et al. (9) to develop the equation of the reduced 

enthalpy departure. It can be seen from Figures 15 through 17 

that the disagreements become more serious as the temperature 

approaches the critical point,

The generalized correlation presented by Yuan and Stiel 

(83) for the prediction of the heat capacity of saturated 

non-polar liquids has been used to calculate the heat capacity 

of saturated liquid n-pentane. Their method has been tested
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Figure 15. Comparison of experimental results for 

n-pentane with calculated values
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Figure 16. Comparison of experimental results for 

n-pentane with calculated values
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with 21 non-polar liquids over the reduced temperature range 

of Tr=0,4 to Tr=0.96 and found to be quite reliable (83). 

The calculated heat capacity values of saturated liquid 

n-pentane are plotted against pressure as shown in Figure 18, 

The smoothed isotherms of experimental heat capacity values 

and the values calculated from the works of Sage and Lacey 

(61) and of Edmister (19) are also plotted in Figure 18, The 

experimental isotherms are extrapolated from 400 psia to the 

saturation pressures at respective temperatures and intersect 

the saturation line at almost the exact heat capacity values 

for the saturated liquid at all temperatures while large 

deviations would happen for the calculated heat capacity 

values. The consistency of the experimentally determined 

heat capacity values and the heat capacities for saturated 

liquid helps to substantiate the reliability of the experimen­

tal data obtained in this study.

The disagreement between the heat capacity values cal­

culated through Edmister's generalized graphs and the 

experimental data obtained in this study has prompted the 

comparisons of experimental heat capacity values for other 

substances. Therefore, experimental heat capacity values of 

methane (24), nitrogen (39). and propane (80) were obtained 

and the heat capacity departures are calculated at reduced 

pressures of 0.817, 1.022,and 2,043 and reduced temperatures 

of 0,80, 0.85, and 0,90. The results are plotted in Figures



80

SA
G

E &
 LA

C
EY

io^/'UO “*3

F
i
g
u
r
e
 
1
8
.
 

H
e
a
t
 
c
a
p
a
c
i
t
y
 
o
f
 
n
-
p
e
n
t
a
n
e



81

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 higher than 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. (32), and the 

experimental results obtained in this study is presented in 

Figure 22 for the pressure bf 1,000 psih.
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Figure 22. Comparison of experimental results for n-pentane 

with values calculated from the enthalpy values 

of Lenoir et al. at 1000 psia
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CHAPTER VIII 

DISCUSSION AND CONCLUSIONS

The isobaric heat capacities of n-pentane in the liquid 

region have been experimentally determined using a flow 

calorimeter system. The use of a closed-loop system has 

limited the accuracy of the determination of the mass flow 

rate. It can be seen that over one-half of the total error 

in the heat capacity value are due to the error in the 

calculation of the mass flow rate which is the product of 

the volumetric flow rate and the density value. However, 

the advantages of minimum test fluid consumption, smaller 

space requirement, and comparably easier attainability and 

control of steady state have offset this disadvantage. As 

indicated in Chapter IV, the "0" ring seal in the stuffing 

box of the turbine pump has caused difficulties in the 

experiments. It is recommended that, for future work, a 

sealless and leak-proof pump, such as a magnet-driven pump, 

be used in place of the turbine pump to eliminate the 

imperfection of the experimental system.

Comparisons have shown that the experimental results 

agree most closely with the values derived from experimental 

density data, and are believed to be more reliable than any 

of the calculated values. The following conclusions can 

be drawn from this study:
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1) If accurate density data are available, reliable enthalpy 

values and therefore good heat capacity values can be cal­

culated using rigorous thermodynamic relations. Since a 

double differentiation is involved in this method, loss of 

accuracy should be expected. The greater difference (maximum 

difference of 3%) existing in the low pressure and high tem­

perature region between the experimental heat capacity values 

and the values derived from the experimental P-V-T data pre­

sented by Sage and Lacey (61) may be due to the error in the 

derivatives of volumetric data. The volumetric behavior of 

liquid n-pentane is more sensitive to temperature in this 

region and consequently larger error may be introduced by a 

differentiation process. More experimental heat capacity 

data for n-pentane at higher temperatures are required to 

help ascertain the reliability of the calculated heat capacity 

values in this region.

2) The large difference found between the values calculated 

using Edmister’s generalized graphs (19) and the experimental 

data is most likely due to the fact that any generalized 

correlation is inherently subject to error and that differ­

entiation of the generalized equation with respect to any of 

its parameters will inevitably increase the order of magnitude 

of the error in the derived correlation. The fact that the 

heat capacity data determined in this study are consistent

with experimental data for the heat capacity of the saturated
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liquids not only has substantiated the reliability of the 

experimental apparatus and results, but also has revealed 

the necessity of a more reliable generalized method for the 

prediction of heat capacity departure of non-polar liquid. 

3) The equation presented by Yen and Alexander (77) for the 

reduced enthalpy departure of compressed liquid should not 

be differentiated to produce equations for heat capacity 

departure. Although fairly good agreement has been found 

for the enthalpy values (77), large errors may result for 

the heat capacity values.

4) The experimental results have shown that at pressures 

greater than 2,000psia (Pp=^.O8) the effect of the pressure 

upon the heat capacity of n-pentane liquid becomes less 

significant. For temperatures below 200°F (Tr=0,78) the 

heat capacity isotherms as shown in Figure 15 are almost 

independent of pressure for pressures greater than 2,000 psia. 

At 300°F, the highest temperature investigated, less than 

1,5% change of values are observed while the pressure is 

increased from 2,000 psia to 3,000 psia.

5) The accuracy of the heat capacity data obtained using a 

closed-loop flow calorimeter system can be considerably 

enhanced when density-independent mass flowmeter becomes 

available and is applied.
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NOMENCLATURE

C = Heat capacity, Btu/lb°F

Cp = Heat capacity at constant pressure, Btu/lb°F

C° = Ideal-gas heat capacity at constant pressure, Btu/lb°F

Cp = Heat capacity at constant pressure, Btu/lb-mole°F

C^ = Ideal gas heat capacity at constant pressure, 
Btu/lb-mole°F

C^ = Heat capacity of saturated liquid, Btu/lb-mole°F

= ^-0°, Btu/lb-mole°F

E = Voltage drop, volts

f = Frequency, cycles/sec

H = Enthalpy, Btu/lb-mole

H° = Enthalpy at ideal-gas state, Btu/lb-mole

H = Enthalpy, Btu/lb

H° = Enthalpy at ideal-gas state, Btu/lb

AH = H°-H, Btu/lb

I = Current, amperes

m = Mass, lb

m = Mass flow rate, Ib/sec

M = Molecular weight, Ib/lb-mole

P = Pressure, psia

Pc = Critical pressure, psia

P$ = Reduced pressure, P/Pc

Q = Energy, Btu

R = Gas constant, 1.987 Btu/lb-mole°R
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ry = Residual volume, ft^/lb

t = Temperature, °F

T = Absolute temperature, °R

Tc = Critical temperature, °R

TR = Reduced temperature, T/Tc

AT = Temperature difference, °F

v = Specific volume, ft^/lb

V = Volumetric flow rate, gal/min

W .= Power, Btu/sec

x = Parameter, defined in Equation 10

z = Compressibility factor

zc = Critical compressibility factor

zT = Derivative compressibility factor

Greek Letters

d, , and X = Coefficients in Equation 14

a yU* v n- e- and £ = Coefficients in Equation 2

6 = Density, lb/ft^

0) = 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), (4), (5) = Coefficients for higher order terms for 

series expansions in a) and x
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APPENDIX A

Calibration Data
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TABLE A-l

Calibration Data of Main Thermocouples

Temperature Thermoelectric Voltage in Millivolts *

°C I PT S 
Value

No. 1 No. 2 No. 3 No. 4

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.
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TABLE A-2

Calibration Data of Thermocouples for

Measuring Flowmeter Temperatures

Reference Junctions at 0°C

Temperature 

°C

Thermoelectric Voltage in Millivolts

IPTS Value Thermopile

#1

Thermopile

#2

50.30 2.0479 2.049.8 2.0495

59.54 2.46?2 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 
No.

f 

cycles/sec

V

GPM
V n calc

GPM

1 1811 2.1000 2.1013

2 16?2 1.9390 1.9400

3 1404 1.6290 1.6291

4 1075 1.2480 1.2473

5 953.6 1.1070 1.1064

6 789.9 0.9182 0.9165

7 646.8 0.7510 0.7504

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

Vcal= = 0.001160316 f
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TABLE A-4 

Calibration Data of Pressure Transducers

Excitation Voltage : 10.000 + 0,005 VDC

Applied 
Pressure 

psia

Transducers’ Outputs

v, millivolts

Calculated

Pcalc*

Pressures

psia

#4318 #4319 #4318 #4319

500 3.283 4,665 501.8 499.3

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

^calc^lB = 163.158 V - 33.855

^calc^l? = 146'266 V - 183.023
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APPENDIX B 

Derivation of Equation 12 

and 

Sample Calculation
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(1) Derivation of Equation 13

The first law of thermodynamics, applied to a flow 

calorimeter with negligible heat leak and in which the changes 

of kinetic and potential energies of the fluid are negligible, 

is

H. -H. p = (B-l)

where H is the enthalpy per unit mass of the fluid at the 

indicated temperature and pressure, -W the rate of energy 

input, and m the mass flow rate. Subscripts 1 and 2 refer

to the inlet and the outlet of the calorimeter respectively.

Equation B-l can be rewritten as

H. p - H. p + H. p - H. p =4- (B-2)
X2’F2 x2’hl t2’rl tl’Fl m

Rearranging and dividing through Equation B-2 by tg-t, 

we have

~ Pt ~ ^P« ^t
( . 11.) = -w v _ *2 pi

t2 - t^ P1 A(t^t7P t2 - tj

The left-hand side of Equation B-3 can be interpretted 

as the isobaric heat capacity of the fluid at the pressure P^ 

and the average temperature of t^ and tg. The second term on 

the right-hand side of Equation B-3 can be expressed as

P2 - 

t2 *

where is evaluated at tg and the average pressure of



103

and Pg. The rate of energy input, -W, is the product of 

the voltage applied and the current through the main heater 

of the calorimeter. Therefore we obtain

Expressing the mass flow rate, m, by the product of the 

volumetric flow rate and the density and introducing conver­

sion factors, we have

r = 0.948x10"5x?.481x60 v E"I P2~F1
p 0.001160316 f t2-t1 tg-t^dP'tg

= 366.727- - T^r(ap)t (B-5)

where v is the specific volume of the fluid and f the fre­

quency of the flowmeter output signal.
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(2) Sample Calculation

Consider a point at 1,500 psia;

= 1500 psia

= 1495 psia

= 206.85°F

t2 = 217.81°F

E =131.40 volts

I = 4.450 amperes 

f = 904 cycles/sec

v = 0.02880 ft^/lb (at 218.4°F and 1495 psia)*

= 0.0016 Btu/lb psi (at 217.8°F and 1498 psia)*

CP
366,727.131.40x1+. 450x0.02880 . „ ,v -" ------ 904x(2i7.81-206.85)----- + 0.5X0.0016

= 0.6241 Btu/lb°F

* Both v and are obtained by interpolation of

tabulated values presented by Sage and Lacey (61).
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