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INTRODUCTION

Masi(ee) has succinctly introduced the field of gas calorimetry
as follows:

"The specific heat is one of the most important thermo-
dynamic properties of pure substances, and at the same time it
is one of those measurable in the laboratory to a degree of
confidence proportional to the expenditure of care and the re-
finement of technique. In the particular case of gases, ac-
curate heat-capacity measurements, at several pressures and
over a range of temperatures, are valuable in at least two ways:
(a) They may be extrapolated to zero pressure at the several
temperatures to obtain a set of values of the ideal-gas heat
capacities. For gases of any complexity the heat capacities
thus obtained frequently may be used to decide questions of
structure or vibrational frequency. Once a reliable set of
molecular constants is available, the zero-pressure thermo-
dynamic properties may be calculated over a temperature range
far larger than that of the heat-capacity experiments. (b) The
values obtained for the change of heat capacity with pressure
may be an order of magnitude more accurate than the same quan-
tity calculated from data of state of good accuracy. Thus
there is provided an opportunity to check or modify existing
equations of state."

Comparison of Constant-Pressure and
Constant-Volume Calorimetry

Flow calorimetry, the measurement of the constant-pressure heat
capacity of gases, Cp, at various temperatures and pressures has reached
a high state of development. As early as 1924, a flow calorimeter was
built by Osborne, Stimson and S1igh(27) which produced heat capacity data
reliable to plus or minus O.l%. Constant-volume calorimetry, the measure-
ment of the heat capacity of gases at constant volume, C,, has not been
equally well developed.

The fundamental problem which has hindered progress in constant-
volume calorimetry may be illustrated by briefly considering the direct

methods for measuring C, and Cy. A flow calorimeter, for measuring C

Y P’
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consists in principle of a tube, in which a measured, steady flow of gas
is maintained. The temperature of the gas is determined at two polnts

of the tube, between which points the temperature of the gas is raised
by adding a known amount of heat. The apparatus operates at steady state,
i.e., measurements are made when temperature is not changing with respect
to time at any place in the system. Because only the gas is changing
temperature, thebheat capacity of the tube and accessory apparatus does
not enter the calculations, nor affect the accuracy of the results.
Constant-volume calorimetry, however, must be carried out in a closed
vessel of fixed volume. The method is applied to liqulds and solids by
placing a contalner of sample, together with a heater and a thermometer,
in adisbatic surroundings. The temperature is measured, a known amount
of heat is added, and the temperature is again measured. This method
requires that the heat capacity of the container and accessory apparatus
be known, since this must be subtracted from the measured heat capacity
to obtain the heat capacity of the substance under investigation. When
the method of constant-volume calorimetry has been applied to gases at
low pressures the heat capacity of the contalner and accessory apparatus
has been many times that of the contained gas. When the heat capacity
of the contailner, etc., is twenty times that of its contents - see for
example Hoge(lh) - an error of 1% in the overall heat capacity of the
calorimeter plus 1ts contents leads to an error of 20% in the heat capac-
ity of the gas. As the pressure of the gas is increased, the mass of the
contained gas increases; so does the mass of the contalner, designed to
withstand the pressure with an adequate margin of safety. One obvious

way to improve existing Cy calorimetry is to find ways of lowering the



heat capacity of the calorimeter and accessory apparatus without sacri-
ficing overall accuracy.

The zero-pressure heat capaclty at constant volume, C#, is
readily calculated from the corfesponding zero-pressure heat capacity
at constant pressure C¥ by the ‘relation C} = Cf - R, where R 1is
the universal gas constant. Since C; can be determined in a flow calo~-
rimeter to an accuracy of about O.l%? there has never existed much Inter-
est in direct measurement of C$. However, as & cfiterion for the ac-

curacy of an equation of state, or as a check on state data, C, data

over a range of temperatures and densities are more useful than Cp data.

The ObJjectives of this Research

The purpose of this research was to explore the possibility of
directly measuring C, as a function of temperature and density. The
method chosen was adlabatic calorimetry. All efforts were directed
toward having the lowest possible calorimeter heat capacity, for a given
volume and pressure rating. The objectives were:

1. to design, build, and test an accurate, adiabatic C,

calorimeter of the lowest possible heat capacity;

2. to collect data on Cv as a function of temperature and -
density over as wide a range of these varlables as
practical, for several gases; in particular data were to
be collected as near to the critical state as possible; and

3. to compare these data with the avallable state data apd the

avallable equations of state.



THEQRETICAL BACKGROUND

The Relation Between the Constant Volume
Heat Capacity and State Behavior

The following is an exact thermodynamic relation for a single
phase of a pure substance. From it stems the great utility of Cv as a
check on state data and equations of state:

(1)

Al =_P’0{CV Tizf_

av /r T d TZ

where V 1s the specific volume, T is the absolute temperature, P is the
préssure and f} is the density. This relation is derived in Appendix D,
page 132,

The significance of Eqpaﬁion (1) 1is best explained with refer-
ence to the state data for a single,;% pure substance, as shown on a
pressure-temperature plot. A fypical plot of this type 1s shown in
- Figure 1, page 5. On this plot PVT (pressure-specific volume-tempersture)
data are shown by drawing lines of constant specific volume (or constant
density), on a presspre-temperature plane. These lines of constant®
vspecific volume, called isochores (or isometrics) all end in the vapor-
pressure curve, which represents the states of eqpilibrium between 1iqpid
and vapor. For a single phase of one component, fixing any two independ-
ent varlables fixes the state completely, so that for a fixed specific
volume, P can be represented as function of T alone. The isochores
represent this function. |

Equations of state are algebraic relations between P, V and T.

They are constructed to represent the experimental PVT data as accurately

I
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as possible. When such an equation has been constructed, it may be used
to interpolate accurately between measured PVT points, and to compute the
various partial derivatives of P, V and T with respect to one another.
Furthermore, because of the similarity between various substances, an
equation which satisfactorily represents the PVT relations of one sub-
stance can be adjusted to represent the PVT relations of similar sub-
stances, or in some cases of quite dissimilar substances. Thus equations
of state may be used to predict PVT data which have not been measured.

Two common forms of equations of state are P = £(V,T) and V =
f(P,T). For either of these forms, when V is held constant, i.e., for
an isochore, a relation P = f(T) results. The earliest equations of
state used s linear relation, e.g.,

P=A+BT or P =BT (2)

where A and B are constanfs. Using relations of this sort it is possible
to represent wide ranges of PVT data with errors no greater than plus or
minus several percent. The most accurate PVT data, however, show that
most of the isochores are not straight, but slightly curved. (Véry low
specific volume isochores, very high specific volume isochores and iso-
chores very near to the critical density appear to be straight or nearly
so - all other isochores appear to be slightly curved.) This curvature
is borne out by the available Cv data. If the isochores were all straight,
(dzp/de)v‘would be zero, as would (de/dV)T. Hence C, would not be a
function of specific volume; experimental data show that Cv varies with
varying specific volume. Modern equations of state ;epresent most of the

isochores as being curved. Three relatioﬂs which have been used to



represent P = f(T) for an isochore are:

c
P=A+BT+ 3 (3)
c
P=A+BT+EE ()
and
P = A+ BT + C exp(-DT) (5)

vwhere A, B, C and D are arbitrary constants. All of these forms show
increasing curvature with decreasing temperature, which is in accord
with the PVT data.

Determining the proper curvature of an isochore from the PVT
data is difficult; it requires two differentiations of state data.
According to Equation (1) the same curvatufe can be determined by a
single differentiation of Cv data. If the available PVT data and Cv data
are of the same order of accuracy, then the latter method should yield
more accurate results. |

The heat capacity at constant pressure, Cp, is also useful in

checking state data, by means of the relation

o Cp d*V

dP I7 dT%/p
However,(dQV/dTQ)P is not as directly applicable to the problems of con-
structing an equation of state as is (dEP/dTe)V. Furthermore, near the
eritical state C_ increases without limit, so that it cannot be used to

P
check state data in this region. CV remains finite in the region near
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the critical point, so that its utility for checking state data.and equa.-
tions of state is greater than that of CP'

Using Equation (1) and the fact that Cv is equal to C$ at zero
density 1t is possible to calculate Cv-Ct from state data or equations of
state. In Appendix F, page 139, the representation of CV-C¢ by several
equations of state is shown. All but one of the equations considered
represent CV-C$ as the product of two functions, one of which is dependent
only on density, and the other of which is dependent only on temperature,

i.e.,

Co-C" = £(T)-£(p) "

Thus, according to these equations of state, the varlous isotherﬁs on a
CV-C$ vs. density plot must be a series of similar curves; given any iso-
therm it must be possible to construct any other isotherm by multiplying
the ordinates of the first isotherm by a‘constant multiplier, If one
isotherm 1s linear, all must be linear; if one is parabblic, all must be
parabolit, etc.

The form of the density function in Equation (7) determines the
shape of the isotherms on a CV“C$ vs. density plot. The types of density
J functiéns used by several equations are; Berthelot equation

C-GF =5(T) e , )

Beattie-Bridgeman equation

Cr Ci= f(THap+BE-Co)



Benedict-Webb-Rubin equation

C\T C\f = ..RT)‘I:AF'F B{ZQP(-CPZ)‘Z +C(ozexp(—6(iX] (10)

and Martin-Hou equation

¥ _ Ap |
e [ e h =

where in the above A, B, C, and D are arbitrary constants all of which

are positive. Here and in the remainder of this section, A, B, C, etc.,
have been used for simplicity in place of more complicated expressions
using the nomenclature peculiar to each equation. In Appendix F, these
relations are written out in the ndmenclature of each equation.

The Berthelot equation predicts that on a CV;C$ vs; density
plot the isotherms must be straight lines through the origin. The
Beattie-Bridgeman equation predicts each isotherm by the cubic equation
shown. The shape of the isotherms predicted by the Benedict-Webb-Rubin
and Martin-Hou equations is not obvious, buf may be seen from the follow-
ing analysis. The direction of curvature, upward or downﬁard, of an
isotherm is determined by the sign of (a Cv/df?)T at that density. Using

Equation (1)

dzCV 04 C’ZP T 2 dZP —I dBP

—

O\rz Olf-r o2 d-—zf) adeP (07’ dTrzm\ﬁ
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The Benedict-Webb-Rubin equation predicts

(%% >‘r l (T [A exP )}(— -Cp* +D€] (13)

where A, B, C, and D are positive constants. Equation (13) is negative
at low densities and positive at high densities, so that the Benedict-
Webb-Rubin equation predicts'isotherms which curve downward at low densi-

ties and upward at high densities. The Martin-Hou equation predicts

(14)

olsz' — 1M ‘A + Cp3 ‘DP +EF%
dp*)7 (=P8 (1-pBF (78" (18"

where A, B, C, D, and E are positive constants. Equation (14) also is
negative at loﬁ densities and positive at high densitieé, so that the
Martin-Hou equation predicts isotherms which have the same general curva-
ture as those predicted by the Benedict-Webb-Rubin equation.

As mentioned previously, the ﬁest avail&ble.state data indi-
cates that for densities near the.critical density, (daPydTE)V is zero,
so that (dCf/dP)T must also Be zero and the isotherms on a C_-C¥ vs.
densify plot must have a hofizbntal tangent at or near the critical
density. The latter three equations mentioned predict that (daP/dTe)v

(3,4,19)

is zero at or near the critical density Using the curvatures at
low density and at high density, and the horizontal tangent at or near the
critical density, it is possible to sketch artypical Cy-C¥ vs. density
isotherm for the Martin-Hou equation, and the Benedict-Webb-Rubin equa-

tion. This has been done in Figure 2, page 1ll. Also shown in this
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Type of isotherm
predicted by the
Berthelot Equation

Type of isotherm predicted by the
Benedict-Webb-Rubin and Martin-Hou
Equations

Type of isotherm predicted by
the Beattie-Bridgeman Equation

Figure 2. Types of Isotherm on a Cy-C¥ vs. Density Plane
Predicted by Several Equations of State
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figure are typical isotherms predicted by the Berthelot and Beattie-

Bridgeman equations.

The Relation Between the Constant Volume
Heat Capacity and the Speed of Sound

The following is an exact thermodynamic relation for a single

phase of one component

[
v 2ff- Blak
- dT 4\ Cv ~(_g-?)\/2

where ¢ is the speed of sound. This relation is derived in Appendix D,
page 132. Equation (15) makes 1t possible to determine C, from measure-

ments of the speed of sound and state data.



PRIOR WORK IN CONSTANT VOLUME CALORIMETRY

Calorimetric Measurements of the Constant Volume Heat Capacity

In 1894, Jbly(ls) made the first recorded measurements of Cv'
Working with a differential steam calorimeter, he measured the CV of
carbon dioxide over the range of temperatures from room temperature to
100°C and over a low pressure range. While his data are only of histori-
cal interest, he did correctly conclude that for the range he considered,
Cv increased with increasing tempefature and increased with increasing
density.

Dieterici(8) measured the heat capacities of carbon dioxide and
isopentane. His measurements were made on a two-phase system, so that his
experimental results were the two-phase saturated heat capacity, Cgé%.
His work was done with a Bunsen ice calorimeter. Byvmeans of the PVT

data of Young(ho) he made the necessary calculational corrections to his

experimental data so that he was able to present it in the form of the

heat capacity of the saturated liquid Ciat and as C_.

(33)

Reinganum compared Dieterici's measured Cv values with

those calculated from the PVT data of Amagat(l) and Young(ho).

He found
that the agreement was good except near the critical point. He postu-
lated from the available data that C, as a function of density for a
constant temperature would exhibit a maximum near the critical density.
Examination of the best available PVT data has led all subsequent investi-
gators to agree with this postulate. Most modern equations of state (see
Figure 2) show this behavior.

As is seen from Figure 1, in the region near the critical state,

the rate of change of density with temperature and pressure is very great,

-13-
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so that many isochores crowd into a very small area on a P-T plot. In
order to clarify the PVT behavior of substances in this region, several
attempts have been made to measure Cv near the critical state.

Bennewltz and Splittgerber(s) constructed a calorimeter to
measure the Cv of carbon dioxide near the critical point. The calorime-
ter was a steel vessel placed in an evacuated space and surrounded by a
water bath of constant, fixed temperature. The temperature of the calo-
rimeter was measured by resistance thérmometry, and heat was added elec-
trically. The heat capacity of the calorimeter was about 18 calories/
degree C, while that of the contents varied from 7 to 29 calories/degree
C. Most of Bennewitz and Splittgerber's data were taken in the two-phase
region below the critical temperature. By means of the available PVT
data the Cy of the liquid and the Cv of the gas were computed from the
experimental data. The conclusions of the research were that (dCy/aV)q
is zero at the critical point, and that just below the critical tempera-
ture both the C, of the 1liquid phase and the Cv of the gas phase have
negative values. No subsequent workers have observed negative values of
C, - Keenan(l6) points out why negative values of Cp are impossible in a

v

stable system. His reasoning applies equally well to Cv,'which implies

o

k]

that Bennewitz and Splittgerber's work must be in error.

Pall, Broughton and Maass(29) used an adiabatic calorimeter to
measure the C, of ethylene. They were interested in "hysteresis" effects
near the critical state. Using only one density (the critigal density)
they measured Cv as a function of temperature. They found a difference
of up to 3% between the heat capacity measured when the gas had been

heated from below the critical state before a heat capacity experiment,
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and the heat capacity measured at the same temperature when the gas had
been cooled from well above the critical temperature before an experi-
ment. Their results are shown in Figure 3, page 16 , Although the
"hysteresis" effect appears small, Pall et al, insigted that it was real,
and not the result of scatter, or experimental errors. The heat capacity
of their calorimeter was about 40 calories/degree C, while that of its
contents was 5 to 8 calories/degree C.

Michels and Strijland(ah) constructed a differential calorimeter,
and measured the Cv of carbon dioxide over a considerable range of temp-
eratures and densities. Theirs has been the only research to date which
has presented a comprehensive picture of the relations between C, temp-
erature and density for any substance. Their calorimeter consisted of
two identical containers, of which only one was filled with gas. To each
of the containers was supplied an identical amount of heat in the form of
electrical energy, and from the resulting difference in their temperature
rise the heat capacity of the contents of the filled container was com-
puted. They compared the measured Cv of carbon dioxide with that com-
puted from PVT data. (Their method of computing Cv from PVT data is dis-
cussed in Appendix F, page 139 ). For temperatures and densities well
removed from the critical temperature and density, the agreement was
satisfactory. For the critical temperature they found that near the
critical density C,, increased to values far in excess of those predicted
from the PVT data. Their results are shown in Figure L4, page 17.

This high value of Cv near the critical point is of-great
interest.‘ First, it must be noted that it 1s extremely difficult to

determine the heat capacity accurately in this region, and the possibility
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exists that Michels and Strijland's data are in error just as those of
Bennewitz and Splittgerber(s) must be. If Michels and Strijland's data
are correct, then either:

1. the isochores on a P-T plot (Figure 1) in the region near
the critical are much more strongly curved than the PVT measurements of
them have indicated, or

2. one phase thermodynamic relations do not hold in this
region. (The work of Pall et al”(29) suggests this.)

Hoge(lh) measured the Cgé% and Cv of oxygen, in an apparatus

designed for vapor pressure measurements. He was primarily interested

1

i g
in determining if Csét

and Cv measurements could be used to determine the
boundary of the two-phase region more accurately than the boundary can be
determined by PVT measurements. His suggestion was based on the fact
that for a given mass of substance contained in a fixed volume container
Cgé% is much larger than Cv' Hence, the measured heat capacity undergoes
a marked drop when the substance passes from two phases to one. This
effect is well illustrated in Figures 3 and 4. In view of the explora-

tory nature of his work, he did not feel that he had answered the question

completely; his tentative answer was that near the critical density,

Cg)l

st and CV measurements should be as reliable as PVT measurements for

determining the boundary of the two-phase regioh, and that the former
should be easier to carry out. The heat capacity of Hoge's calorimeter
was about twenty times that of its contents.

Eucken amiHahdélo) have made some Céat and Cv measurements on
argon, carbon dioxide, ethane and air in the liquid and supercritical

region, using an adiabatic calorimeter. The heat capacity of the
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calorimeter was five to eight times that of 1ts contents. ' Eucken and
Hemck stated that the purpose of their work was "to increase our deficient
knowledge of heat capacities" in this region.

Sage et al”(6) have made numerous measurements of Cgé% in order
to determine the heat capacity of the saturated liquid. In their work
the density of the two-phase mixture was chosen so that the overwhelming
| majority of the heat added was expended in heating the liquid phase. The
corrections for the gas phase heat capacity and for the heat of vaporiza-
tion, made frem available PVT data were small. In the work of Sage et al,
the heat capacity of the calorimeter was about one-half that of its con-
tents. The two calorimeters used by Sage et al, for Cgé% measurements
were the only constant-volume calorimeters to date which used mechanical
stirring to obtain temperature uniformity; all others relied upon conduc-
tion of heat through their heavy metal walls. In one calorimeter used by
Sage et al, this stirring was provided by rocking the entire calorimeter,
so that the liquid moved about within it, in the other an internal stirrer
was driven by an external motor, whose shaft entered the calorimeter :
through a rotary shaft seal. The energy input due to the stirrer was
accounted for in calculating the heat capacity of the calorimeter plus

contents.

Constant Volume Heat Capacity from Speed of Sound Measurements

The high values of Cv at the critical point, which had been
determined calorimetrically led Curtiss, Boyd and Palmer(7), to attempt
to verify these values by measurements of the speed of sound at the

critical point. The relation between C, and the speed of sound is given



=20~

by Equation (15), page1l2 . At the critical state (dP/dV)TC is zero, so

that Equation (15) may be simplified to:

1
dP /ch 2 (16)
dTl . \C\/

If the critical volume, critical temperature, and the slope of the vapor

pressure curve st the critical point are known, then a measurement of c
determines Cv’ Curtiss et al.,, measured the speed of sound at the criti-
cal point for carbon dioxide and ethylene. Their computed value for the
Cv of carbon dioxide at the critical point was 18.2 cal./gm mole °C, com-
pared with Michels and Strijland's calorimetric value of about 50 cal./
gm mole °C. Their value for the CV of ethylene at the critical point was

17.2 cal./gm mole °C, compared with the calorimetric value of Pall et al.,

¥

about 39 cal./gm mole °C.
Schneider and Chynoweth(35), noting the above results, stated
that the determination of Cv by speed of souna measurements at the eriti-
cal point could not be made correctly. They maintalined that although
(d.P/dV)Tc is indeed zero at the critical temperature for static measure-
ments, it 1s not zero for the small adiabatic pressure changes caused by
the movement of a sound wave. Hence, they claimed that although Equation
(15) 1s true, the substitution of [(dP/dV)TC = 0] at the critical point
is not justified, and that Equation (16) cannot be relied upon. If
(dP/dV)TC were non-zero, it would be.negative, so that for a given c, a
non-zero (dP/dV)TC would imply a higher value of‘nCv than that correspond-

ing to a zero value of (dP/dV)TC.
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Methods of Measuring the Constant
Volume Heat Capacity at Low Pressure

Two methods of measuring Cv have been proposed which could only
be applied at low pressures. Schaefer(3h) proposed a method based on
measuring the rate of heat loss from an electrically heated wire at sub-
atmospheric pressures. He showed theoretically that this heat loss rate
was a function ofo((CV + R/2) where ({ is the accommodation coefficient
and R is the universal gas constant. His experimental device was de-
signed to measure accommodation coefficients, but he claimed that it would
;lso produce Cv values as a by-product. No values have been published,
nor compared with those obtained from C; measurements. Trautz and
Grosskinsky(38) proposed a method based on measuring the increase in
pressure of a gas with an input of heat, as compared with the increase
in pressure of a gas of known heat capacity for the same heat input.

This method depends on numerous questionable assumptions; a critique of

it 1s given by Partington and Shilling(28).



EXPERIMENTAL APPARATUS AND MATERIALS

In all previous Cv calorimetry the gas container has‘been very
heavy relative to the mass of substance contained. This is the normal
consequence of the high pressure of gases at high densities. The novel
idea of this research has been to construct a calorimeter whose container
would have as low a heat capaclty as possible. Normal design procedures
require'that the highest expected wall stress in a pressure vessel should
not exceed 1/3 to 1/5 of the yield stress of the material used. In this
research a calorimeter was designed in which, at the maximum contemplated
pressure, the wall stress would equal the yield stress of the material.
Under these conditions it was necessary to provide shielding to prevent
injuries and damage in the case of rupture of the calorimeter. Thus, the
heat capacity of the calorimeter was limited to about 110 calories/degree
C; the heat capacity of the contents of the calorimeter was a minimum of
80 calories/degree C and a maximum of 610 calories/degree C.

Because the calorimeter had a fixed heat capacity, while the
heat capacity of the contents was variable, the accuracy of the calo-
rimeter, which was a function of the ratio of heat capacity of calorime-
ter to heat capacity of contents, was variable. In principle, it would
be desirable to have an infinite number of caiorimeters, one for gach
infinitesimal pressure range, so that each measurement could be made
Just below the bursting pressure of the calorimeter. In this way, all the
data would be taken under conditions of optimum accuracy. In practice, it
may be desirable to have several calorimeters with different rated pres-
sures; for this research only one was used. Its deslgn pressure was

arbitrarily set at 1000 psi.

02
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The lower working temperature limit was chosen as room tempersa-
ture, so that no refrigeration equipment would be necessary. There is no
reason why lower temperatures may not be used, if the experimenters are
willing to face the added complexities involved. The upper temperature
limit was originally chosen as 250°C. The availability of higher-temp-
erature gasketing materials was considered the limiting factor. Later,
when it was found necessary to include a motor-stirrer in the calorimeter,
the upper working temperature limit of the motor, 150°C, became the upper
working temperature limit of the calorimeter. A motor with an upper
working temperature limit of 200°C has been procured for future work; it
was not available when the calorimeter used for this research was con-

structed.

The Calorimeter

The calorimeter itself was a gas container, inside of which
were placed a thermometer-heater and a motor-stirrer. Figure 5, page 24,
is a cross section of the calorimeter, adiabatic shield and vacuum con-
tainer. Many of the details described below are illustrated on it.

The calorimeter shell was a sphere; the spherical shape was
chosen because it is the most efficient, on the basis of lowest mass of
container material for a given volume and pressure. The sphere was made
of two hemispheres, Aro Equipment Corporation #13577. These hemispheres
had an inside diameter of 8.015 inches and a wall thickness of 0.031
inches. They were cold drawn from sheets of type 304 extra low carbon
stainless steel. The hemispheres were jolned by Heliarc fusion welding.
After assembly the exterior of the sphere was copper plated to reduce heat

transfer by radiation. The welding and plating were done by the Aro
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Equipment Corporation. According to the standard formula for the wall
stress in a thin-walled spherical pressure vessel, under internal pres-

sure

stress = (pressure)(diameter)/4 (wall thickness). (17)

For a pressure of 1000 psi, a diameter of 8.015 inches and a wall thick-
ness of 0.031 inches, the resulting stress is 64,500 psi. This was con-
sidered a good estimate of the yield stress of the steel used. In the
fully work-hardened condition it could have a yield stress of up to
200,000 psi, but considering the annealing effects of the weld, 64,500
psil seemed a reasonable figure.

For loading and unloading the calorimeter a stainless steel
needle valve, Hoke #321, was silver-soldered into the wall of the calo-
rimeter. Three small brass rings were silver-soldered to the top of the
calorimeter for mounting purposes.

The first calorimeter had no motor-stirrer; natural convection
was relied upon to produce uniform temperatures. Temperature differences
of up to 5 degrees C were measured on the surface of this calorimeter.
These temperature differences made it impossible to control the heat leak-
age from the calorimeter to its surroundings. The final calorimeter had
a motor-stirrer, which limited these measured temperature differences to
0.2 degrees C, under which conditions heat transfer to the surroundings
could be controlled. The motor was Delco #5067043. It operated on 3
to 12 volts D.C. The motor speed varied with voltage, gas density and
gas viscosity; it was always sufficient to keep the temperature differ-
ences on the surface of the calorimeter below 0.2 degrees C. Six 1/8 inch

diameter holes were drilled in the outer shell of the motor to improve its
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cooling, and to speed the attainment of thermal equilibrium between the
motor and the gas. The stirrer was a propeller 2-1/2 inches long, made
of 3/32 inch thick stainless steel sheet, with a 1/4 inch diameter stain-
less steel rod for a hub.

During heating periods the motor and the thermometer-heater
were connected electrically in series. About 3/4 of the energy input was
dissipated by the thermometer-heater, and about l/h of the energy input
was dissipated by the motor.

The motor was mounted on a 1/16 inch thick brass plate, which
was silver-soldered to two 1/8 inch diameter copper wires, which in turn
were silver-soldered to the inside of the sphere. The thermometer was
mounted on a strut made of the same 1/8 inch diameter copper wire; and
was protected from lateral movement by three 30 gauge Chromel guy wires.
Both the strut and the three guy wires were silver-soldered to the inside
of the sphere. Figure 6, page 27 , shows the lower half of the calorime-
ter before the Jjoining of the two hemispheres. The guy wires to the
thermometer, and the heavy copper lead wires to the motor are visible,
as are two of the motor cooling holes mentioned previously.

A1l electrical wiring inside the calorimeter was made of 20
gauge copper wire, so that the wires would be stiff enough to avoid con-
tacting one another or the side of the sphere. This eliminated the need
for insulation. All internal wiring connections were made either with
silver solder or with Belmont #5951 lead-silven alloy. The latter has a
melting range of 306-365°C. This solder was also used for all connections

within the vacuum contailner.
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Figure 6. View of Lower Half of the Unassembled Calorimeter
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The six electrical leads (4 from the thermometer, 2 from the
motor) left the calorimeter through kovar-glass seals. These seals were
made by the Electron Tube Laboratory of the University of Michigan.

Figure 7, page 29, 1s a cross section of one of these seals. The seals
were silver-soldered into the wall of the calorimeter. The long part of
the seal was inside the calorimeter; the pressure within the calorimeter
produced a compressive stress in the glass. Had the seals been installed
in the reverse direction, the internal pressure would have produced a
tensile stress in the glass, which would have been less satisfactory.
These seals were made after numerous attempts to use the readily available
Stupakoff kovar glass seals #95.0001. Although the Stupakoff seals seemed
ideal for this purpose, cracks and leaks developed because the silver-
soldering imposed undue stresses in the glass. After the seals had been
made and installed it was brought to the attention of the author that a
very similar seal could be obtained from the Advanced Vacuum Products

Company, Advac #ES-250.

The Thermometer-Heater

In most calorimeters the thermbmeter and heater are separate
devices. In this calorimeter a combined thermometer-heater was used in
order to simplify the design and construction of the calorimeter. The
thermometer-heater was made by winding 9 feet of 36 gauge platinum wire
bifilarly on a mica cross. The cross was 5-1/2 inches long, with each
piece 7/8 inch wide. The winding was done on two notched sections, each
2 inches long; the notches were 1/16 inch deep. The notches were made
by clamping the mica sheet between two notched brass templates, and

filing away the excess mica. The mica cross was made of two pieces 3
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inches long, slotted, and inserted into matching slots in the ends of one
piece of mica 5-1/2 inches long. The pieces were wired together with 30
gauge Chromel wire for strength and rigidity. These construction wires

did not contact the platinum wires, nor did the guy wires used for mount-
ing. At the base of the thermometer-heater was a circular mica disc 1
inch in diameter, which was wired to the end of the cross with 30 gauge
Chromel wire. To it were anchored four 24 gauge copper wires. These wires
were jolned, in pairs, by silver-soldering to the ends of the platinum
wire, to form the four leads of the thermometer-heater. Many of these
construction details are visible on Figure 6.

Before winding on the mica cross, the platinum wire was annealed,
to reduce its stiffness, by connecting it across a 110 volt A.C. line for
an hour. At this voltage the wire glowed a dull orange. After the wire
had been wound on the mica cross, it was again annealed to remove the
strains imposed by winding. This was done by again connecting it across
110 volts A.C. for 48 hours. After this treatment it was found that the
resistance of the thermometer-heater at the ice point was not signifi-
cantly changed by additional annealing periods of 24 hours. After the
annealing the resistance as a function.of temperature was calibrated:
this calibration is discussed in Appendix C, page 130.

This design of thermometer-heater was chosen instead of the
designs used in commercially available platinum resistance thermometers
because of its open construction. It was Iimperative for its use as a
heater that it be able to transfer large quantitlies of heat to the gas
surrounding it, without large temperature differences. As a thermometer

it had to come to rapid thermal equilibrium with the gas. None of the
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commercial thermometer designs were of sufficiently open comstruction to

meet these requirements.

The Adiabatic Shield

To reduce the heat transfer to and from the calorimeter by
radiation, the calorimeter was surrounded by an adiabatic shield, whose
temperature wasvmaintained as close as possible to that of the calorimeter.
This shield was a cubical box of six copper plates, each 10 inches square
and 1/4 inch thick. The four side plates were silver soldered together
at the corners of the box to insure good thermal contact between them.

The side plates had a lip machined on their lower edge, which fitted into
a matching groove in the bottom plate. The tops of the side plates were
beveled, as were the edges of the top plate, so that the top plate fitted
snugly into place. To the inner surface of the plates a layer of aluminum
folil was attached, using a light coating of vacuum grease as an adhesive.
The purpose of the foil was to lower the emissivity of the plates for
radiant heat transfer. Eight 1/4 inch diameter holes were drilled in each
plate near 1ts edges, to facllitate evacuation. The electrical leads to
the calorimeter were brought through these holes. The calorimeter was
held in place within the adiabatic shield by three glass strings, to the
ends of which steel hooks were attached. The strings ran from the three
brass rings silver-soldered to the top of the calorimeter, to three rings
correspondingly placed on the adiabatic shield.

The adiabatic shield was heated by "Briskeat" brand electrical
heating tapes, which were attached to its outer surface. One 190 watt
(at 115 volts) heating tape was attached to each of the six plates. The

tapes were tied with glass string to small screws which had been inserted
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into holes drilled in the outside of the plate. No attempt was made to
place the tapes in thermal contact with the plates; heat transfer from the
tapes to the plates was almost entirely by radiation. The four side plate
heaters were controlled by supplying power to them in parallel from a "Pow-
erstat" variable voltage transformer. The top and bottom plate heaters
were controlled by separate individual "Powerstat" variable transformers.

The circuit diagram of the heaters is shown in Figure 8, page 33.°

The Thermocouples

The temperature differences between the plates of the adiabatic
shield and corresponding points on the surface of the calorimeter were
measured by means of copper-constantan differential thermocouples. These
thermocouples also measured differences in temperature between various
points on the surface of the calorimeter. Six thermocouples were in-
stalled, one each at the top, side and bottom of the calorimeter and in
the centers of the top, bottom and one of the side plates of the adiabatic
shield. The constantan wires were all brought to & common Junction, at a
point within the vacuum container. The six copper wlres left the vacuum
system through the electrical lead system. By measuring the difference in
EMF between any two of the copper wires, it was possible to determine the
difference in temperature between any two of the six control points. In
practice, five such temperature differences were observed; top of calorime-
ter to top of shield, side of calorimeter to side of shield, bottom of cal-
orimeter to bottom of shield, top of calorimeter to side of calorimeter
and side of calorimeter to bottom of calorimeter.

After leaving the vacuum system, the six copper wires were

brought to a junction board, from which the desired combinations were
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selected. These combinations were led to an eleven-point, double-pole
selector switch, Leeds and Northrup type 8240, #1210525, from which the
EMF of the desired combination was led to the galvanometer which is de-
scribed below. Because the thermocouple EMF!s were frequently too large
for the galvanometer, arrangements were made to add 1,000; 10,000; and
100,000 ohm resistors in series with the galvanometer. Of these only the
1,000 ohm rgsistor was used frequently. Figure 9, page 35, is the cir-
cuit diagfam of the thermocouple system. The circuit involved no refer-
ence Junction, because only differences in temperature were measured, not
temperatures themselves. DBased on the published data for copper-constan-
tan thermocouples and for the galvanometer, it was computed that one
millimeter of galvonometer scale corresponded to l/SO‘degree C.

Because it was necessary to place the thermacouples in thermal
contact with the various surfaces, without placing them in electrical
contact, insulated thermocouple wells were constructed. The wells were
made of brass rods, 0.125 inches in diameter and 1/2 inch long. Axially
in each rod a 0.050 inch diameter hole was drilled. One side of each rod
was filed flat to within 0.010 1nch of the axial hole. The rods were
soft-soldered into place on their flat sides, using ample solder to insure
good thermal contact. Teflon tubing 0.052 inches in outside diameter and
0.030 inches in inside dlameter was coated with vacuum grease and forced
into the axial holes in the rods. The insides of the tubes were filled
with vacuum grease using a hypodermic syringe, and the thermocouples were

forced into the tubes.

The Vacuum Container

In order to eliminate heat transfer by convection, and to mini-

mize heat transfer by conduction, the calorimeter and adiabatic shield
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were placed in a vacuum container. The vacuum container was designed not
only to provide an evacuated space for the calorimeter and adiabatic
shield, but also to contain the contents of the calorimeter in case of
rupture of the calorimeter. The vacuum container was a cubical box of
six steel plates, each 12 inches square and l/h inch thick. Five of
these were arc-welded together to form an open-topped box. A 2-inch
angle iron was welded around the open end of this box to provide a gasket
seat and to provide a place for the bolts which retained the top. The
top was sealed to this box by a silicone rubber gasket 1/8 inch thick and
1 inch wide. The surfaces which contacted this gasket were machined flat
and smooth. The top was retained by eight 1/2 inch bolts which passed
through straps welded to the top and through the angle-iron flange. The
container was supported on four legs, each 6 inches long, welded to its
bottom corners. Two of the legs were bolted to the wooden table on which
the container stood. Figure 10, page 37, is a view looking downward at

a 45 degree angle into the vacuum container with the top and top plate

of the shield removed.

The entire vacuum container, except the top plate, was covered
with a 4 inch thick layer of ordinary building Fiberglass insulation.
Over this a layer of canvas was placed. A removable canvas-covered mat
of Fiberglass 2 feet square and 4 inches thick was placed on top of the
- vacuum container after the cover was bolted down. This insulation lowered
the heat leakage to the room, and thus lowered the power requirements of
the adiabatic shield heaters. These heaters supplied not only the heat to
raise the temperature of the adlabatic shield, but also the heat to raise

the temperature of the vacuum container, and the heat leakage to the room.
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Figure 10. View into Vacuum Container with Top Removed

Calorimeter, showing fiberglass mounting strings, valve,
and top thermocouple and thermocouple well.

Top of adiabatic shield, showing edge beveled to receive
top plate. DNote also the aluminum foil covering.

Top of vacuum container, showing bolt holes, and machined
surfaces for gasket.

Couplings for top shield heater, and thermocouple for
top shield.



-38-

A l/h inch steel pipe, welded into the side of the vacuum con-
tainer made contact with the vacuum manifold. Through it the vessel was
evacuated. The electrical leads left the container through a plece of
steel tubing silver-soldered into its side. From this tubing they passed
through a piece of Tygon tubing to the electrical lead system. An excep-
tion was made of the leads for the adiabatic shield heaters; these leads
left the vacuum container through a Stupakoff kovar-glass header #95.4003,
soft-soldered directly into the wall of the vacuum container. The adia-
batic shield was supported by four 1 inch posts in the bottom corners of
the vacuum container.

The vacuum container was designed to withstand an internal
pressure of 250 psi. Its volume was roughly six times that of the calo-
rimeter, so that if the calorimeter ruptured under & pressure of 1000 psi,
the internal pressure would not be expected to exceed this value. (If
the perfect gas law were obeyed, a pressure of 166 psi would be expected.
Due to the increase in compressibility factor on expansion, the 250 figure
seemed reasonsble).

As an additional safety measure, an L-shaped plywood screen,

3 feet square on one side, and 3 feet by 6 feet on the other, made of
3/4 inch thick plywood was placed on the edge of the calorimeter table,
between the vacuum container and the rest of the room. It was intended
to catch any small particles which might be ejected in case of rupture

of the calorimeter.

The Electrical Lead System

In the original design of the calorimeter, the electrical leads

all left the vacuum container through Stupakoff kovar-glass headers soft-



-39-

soldered directly into the wall of the vacuum container. Because of the
irregular temperature gradients across this wall, thermal EMF's were in-
duced in the headers which made accurate measurements impossible. This
difficulty was remedied by bringing the leads out of the vacuum system at
a junction box, located several feet away from the vacuum container, where
the temperature gradients were negligible. The junction box was not used
for the adiabatic shield heater leads because the thermal EMF's were

small compared with the heater voltages. The leads were brought to the
junction box through a seven-foot long piece of Tygon tubing.

The Jjunction box, which is shown in cross section in Figure 11,
page hO, consisted of a piece of stainless steel tubing silver-soldered
into the base of a 500 cc stainless steel beaker. To the top of the
beaker was silver-soldered an 1/8 inch thick steel flange, to which a
matching brass plate was bolted, forming a vacuum seal with an "O-ring".
Three Stupakoff eight-terminal kovar-glass headers #95.4003 were soft-
soldered into holes in this brass plate. These allowed 24 wires to be
brought into the vacuum system at this point. Four of these wires were
used for the thermometer-heater, four for the motor, six for the differ-
ential thermocouples, six for three copper-constantan thermocouples used
for some preliminary work; four were spare copper wires to serve as re-
placements in case any of the above failed. All of the wires were 30

gauge copper Formvar- and Fiberglass-insulated.

The Vacuum System

The vacuum container was evacuated by a Cenco Hyvac #2 mechanical
veicuum pump. This pump also provided the vacuum necessary for loading and

unloading the calorimeter. A diagram of the vacuum manifold is shown in
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Figure 12, page 42. The manifold consisted of the various valves neces-
sary for loading and unloading operations, a Lippincot-McLeod gauge
(Kontes Glass Co. #VE - 3-a) and a cold trap. Those glass valves which
would be exposed to high internal pressure by a rupture of the calorimeter
were placed in a heavy wooden box, with a hinged door. This was a safety
measure to prevent flying glass in case the valves shattered. Those parts
of the manifold which were exposed to internal pressure during loading
and unloading operations were made of copper tubling with metal needle
valves. Figure 13, page 43, is a view of the vacuum system as connected
to load the calorimeter. Note on this figure the angle-iron crane, with
strings and pulleys, which was used to support the calorimeter during
loading and unloading operations, and to lower it into place when it had

been loaded.

The Measuring System

Figure 14, page 44, is a circuit diagram of the measuring sys-
tem, and Figure 15, page 45, is an overall view of the measuring and
control instruments.

All electrical measurements were made with & moving-coil galva-
nometer, Leeds and Northrup type 2284-d, serial number 1193782. The
galvanometer was mounted on a wooden bracket, bolted to the wall of the
room. The galvenometer stood on an 1/8 inch thick rubber sheet on this
bracket, and was secured against accidental dislodgement by three short
copper guy wires tied to its mounting legs. The galvanometer was read
with a Leeds.and Northrup 1light and ground glass scale, type 2100, serial
number 223883. This scale was located about one meter from the galvanome-

ter. ©Since only null readings were taken on this galvanometer, the
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Figure 13. View of Calorimeter Loading System

1. Transfer container resting on balance pan.

2. Vacuum manifold.
3. Safety box of plywood, with Lucite window.

L, Calorimeter suspended from crane.
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Figure 14, Circuit Diagram of Measuring System




-L5_

Figure 15. View of Control and Measuring Instruments

1.

Vacuum container with Fiberglass insulation.
Clock and timer.

Mueller Bridge.

Potentiometer.

Battery Charger.

Galvanometer and light and scale.

Control panel with powerstats and various switches.
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exact length of the light path was of no interest. Under these conditions
one millimeter of scale corresponded to about 10~7 volts.

The signal for the galvanometer was taken from a Leeds and
Northrup ll-point double-pole selector switch. For normal use the signal
was transmitted directly. However, as mentioned above, resistance could
be added in series with the galvanometer, when the voltage signal was too
large for the galvanometer. This was done only when the thermocouples
were being read.

Calorimeter temperatures were measured with the platinum re-
sistance thermometer, using a Mueller Bridge. (Mueller(26) has described
this type of bridge, which is a modified Wheatstone bridge.) The bridge
was a Leeds and Northrup type C-l, serial number 1192498. The thermome-
ter was connected in the "potential terminal" method described by Mueller,
using a Leeds and Northrup mercury cup commutator, type #8068, serial
number 1194595, Power for the bridge circuit was supplied by two 1—1/2
volt dry cells in series, reduced by a small rheostat used as a potential
divider. (It was not necessary that this voltage be either steady or
known. In practice, it was regulated to make resistance changes of the
thermometer of 0.0001 ohm determinable. Such a change corresponded to a
change of 0.001 degree C.)

The current through the thermometer-heater and motor was measured
by measuring the voltage across a standard 0.10000 ohm resistor, Leeds and
Northrup type #4221-B, serial number 1216562. This resistor was in series
with the thermometer-heater and motor combination. The voltage across
the thermometer-heater and motor was measured by measuring the voltage

across a standard 10.000 ohm resistor, Leeds and Northrup type 4025-B,
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serial number 1196149, This resistor was in series with a standard 10,000
ohm resistor, Leeds and Northrup type 4040-B, serial number 1201941. This
pair of resistors was connected in parallel with the thermometer-heater
and motor, at the point where the leads to the thermometer-heater and
motor entered the calorimeter. All three of these standard resistors
stood in an oil bath. The bath was a covered stainless steel pan, 10
inches by 7 inches by 5 inches deep, filled with 20 weight motor oil.

The voltages across these standard resistors were determined by
means of a Leeds and Northrup K-2 potentiometer, serial number 227158.
Power for the potentiometer was supplied by a 6 volt lead storage battery.
A resistance box in series with the battery reduced the voltage to that
required for the potentiometer. In order to obtain satisfactory standard-
ization of the potentiometer working circuit, it was necessary to leave
the storage battery connected to the potentiometer (i.e., the current
flowing) at all times. The battery was disconnected only for re-charging
at intervals of about one month. The potentiometer circuit was modified
as shown in Figure 16, page 48, to adapt the potentiometer to the galva-
nometer. The galvanometer required an external damping resistance of
about 55 ohms. The potentiometer was equipped with external damping
resistances of 200 and 2000 ohms, so that the modification was necessary
in order to have proper galvanometer damping. In conjunction with the
potentiometer, Epply standard cell #425935 was used. Its EMF was deter-
mined to be 1.01937 volts, at 25°C.

The elapsed time of a heating period was measured by a synchro-
nous timer with an electrically actuated clutch. The timer was Standard

Electric Time Company model S-6. It was graduated in minutes and one-
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thousandths of minutes. Its clutch was actuated by the 8 pole double-
throw master switch which was used to turn on the power to the heater-
thermometer and motor.

A milliammeter reading 0-800 ma. and a voltmeter reading 0-25
volts were mounted on the control panel, and connected to show the volt-
age across and the current through the thermometer-heater and motor combi-
nation (or the voltage across and the current through the dummy resistor).
The readings of these instruments formed no part of the experimental
data; they served only to help the operator of the equipment make minor

adjustments, and to warn him of malfunctions of the equipment.

The Power Circuitry

Power for the calorimeter thermometer-heater and motor combina-
tion was supplied by lead storage batteries. Two slx-volt and two twelve=-
volt batteries were combined in series to give an overall voltage of 36
volts. A charger was available to recharge the batteries when they were
not in use. Before a heating period the batteries were connected to a
dummy resistor, of about the same resistance as the thermometer-fJeater
and motor combination. This insured that the battery voltage would not
change rapidly at the start of a heating period.

A balancing resistor was connected in series with the thermome-
ter-heater and motor (or in series with the dummy resistor during non-
heating periods) to minimize the changes in thermometer-heater and motor
power with changes in thermometer-heater and motor resistance. TFor a dis-
cussion of the use of the balancing resistor see Hoge(l3>. In Appendix
E, page 137, is a brief synopsis of Hoge's article, including a derivation

of the principle formulae, showing how a balancing resistor minimizes
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changes in thermometer-heater and motor power with changes in thermometer-
heater and motor resistance. Both the dummy and balancing resistors were
100 ohm, sliding-contact "Ohmite" #2921 - A resistors. Figure 17, page

51, is the circuit diagram of the power circuit.

Materials Used for Investigation

In choosing materials to investigate, the following were the
primary considerations: |

1. the material should have a high product of heat capacity
times critical density, so that near the critical state the ratio of
heat capacity of contents to heat capacity of the calorimeter would be
as high as possible;

2. the material should have as low a critical pressure as pos-
sible, so that the approach to the critical staté could be made without
exceeding the allowable pressure of the calorimeter;

3. the critical temperature should not be much higher than
100°C, so that the range of temperatures which could be investigated
would extend to well above the critical temperature;

4, relisble values of C¥ or Cg for the material should have
been published;

5. PVT data for the material should have been published, to
which a modern equation of state had been fitted, so that a meaningful
comparison between the experimental Cv-C$ and the Cy-C¥ predicted by
the equation of state could be made; and,

6. the material should be available in high purity, so that

purification problems could be avoided.
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No single compound met all the requirements. Those chosen,
perfluorocyclobutane and propylene, were good compromises. Perfluorocyclo-
butane has an extremely high critical density (0.6015 gm/cc) and a very
low critical pressure (401 psi). PVT data have been published and fitted
by the Martin-Hou equation of state. Propylene has a reasonably low
eritical pressure (670 psi) and a reasonably low critical temperature
(91.7°C). PVT data on propylene have been fitted by the Benedict-Webb-
Rubin equation of state.

The propylene used in this research was taken from a cylinder of
the Matheson Co. Inc. It was their "C.P. Grade" and was specified by
them to be a minimum of 99,0 mol% pure. The perfluorocyclobutane was
supplied by the Freon Products Laboratory of the Du Pont Company. It was
specified by them to be 99.78 weight % pure. The dichlorodifluoromethane
used for calibration of the calorimeter was also supplied by the Freon
Products Laboratory of the Du Pont Company. It was specified by them to
be at least 99.9 mol % pure. None of these materials was subjected to

additional purification on receipt from the supplier.



EXPERIMENTAL PROCEDURE

Loading the Calorimeter

Before loading the calorimeter, the material to be investigated
was transferred from its shipping éontainer to one or more light-weight
transfer containers. These containers were war-surplus, stainless-steel
oxygen bottles. Their volume was about two liters, and their rated
pressure was 500 psi. Each'was equipped with a needle valve (Hoke #321)
and a permanently attached aluminum tag, on which the description of the
contents was stamped. Container, valve and tag weighed about 600 grams.

To load the calorimetéf the transfer container was first weighed
on the "SeKo" balance in the Sohma'Precision Laboratory. This balance
could weigh quantities up to 3 kilograms, and could be read to 0.0l gram.
Next the transfer container was connected to the calorimeter by means of
the T-section of coppef tubing shown in Figure 12, page 42. Figure 13,
page 43, is a view of the calorimeter loading system. The transfer con-
tainer was placed on one pan of a crude 2 kilogram balahce, and the
weights necessary to balance it were placed on the other pan. The trans-
fer container valve was left closed, while that of the vacuum system and
that of the cé.lorimeter were opened. When the calorimeter and the trans-
fer lines had been evacuated, the T-section of tubing Qas closed off, by
closing valve "A" (Figure 12). Weights corresponding to the desired
loading of the calorimeter were removed from the pan of the crude balance
opposite the transfer container.

The valve of the transfer container was opened, allowing the
contents to flow into the calorimeter. The container was normally placed

on the crude balance with its valve down, so that the material was

-53-
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transferred in the liquid phase. It was sometimes necessary to warm the
transfer container in order to complete the transfer. When the crude
balance again indicated equal mass on each pan, the valve of the transfer
container was closed. The transfer lines were warmed to insure that no
liquid remained in them. Then the valve of the calorimeter was closed,
and that of the transfer container opened. The transfer container was
immersed in a dewar of liquid nitrogen until its temperature was the same
as that of the liquid nitrogen. In this way, the vapor pressure in the
transfer container was reduced to a negligible value, and the material in
the transfer lines was condensed back into the transfer container. The
valve of the transfer container was then closed, the container was dis-
connected, warmed to room temperature and agaln weighed to 0.0l gram.
From its change in mass, the mass charged to the calorimeter was computed.
By means of the crude balance the mass charged could be regulated to about
plus or minus 20 grgms . For the highest-density perfluorocyclobutane
loadings it was necessary to use the contents of more than one transfer
container; this did not change the above procedure seriously.

The calorimeter was disconnected from the vacuum system. It was
lowered into the adiabatic shield, and supported by the Fiberglass strings
attached to the shield. The top of the adiabatic shield was installed,
as were the gasket and the top of the vacuum container. The Fiberglass

mat was placed over the vacuum container, and the system was evacuated.

Operating the Calorimeter

After the system had been evacuated (normally to about 0.050 mm

Hg) calorimetric measurements were begun. Each measurement or "run"
consisted of a temperature measuring period, a heating period, and a

second temperature measuring period.
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To begin a run, the shield heaters were controlled by the vari-
able transformers so that the differential thermocouples indicated zero
average temperature difference between the control points on the adiabatic
shield and on the calorimeter. (Actually, steady zero values were seldom
attained; fluctuations of about 0.1 degree C were common.) When this in-
dicated zero average temperature difference had been attained, the temp-
erature of the calorimeter was measured at five-minute intervals by
means of the platinum resistance thermometer and the Mueller bridge.

When the rate of change of temperature with respect to time or
"drift" had been determined (it was usually less than 0.003 degrees C
per minute) the heating period was begun by throwing the master control
switch from the "off" to the “én" position. This simultaneously switched
the power from the dummy resistor to the thermometer-heater and motor,
and engaged the clutch of the synchronous timer. This switch also dis-
connected the Mueller bridge from the galvanometer and from the thermome-
ter, to prevent accidental overloading of the galvanometer and to prevent
flow of current through the bridgé.

The time of starting the heating period was noted. The intended
shut-off time was also noted. Heating periods were of 15, 20, 25, 30 and
40 minutes duration, depending on the contents of the calorimeter and the
intended temperature rise. At the start of the heating period it was
necessary to give the adiabatic shield a burst of power, because the
temperature of the adiabatic shield responded to a change of heat input
more slowly than the temperature of the calorimeter responded to turning
on the power to the thermometer-heater and motor. During a heating

period, the adiabatic shield was continually maintained at zero average
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temperature differences between the control points on the surface of the
calorimeter and on the surface of the adisbatic shield. (This could not
be done as well as during the temperature-measuring periods; temperature
differences of up to 0.2 degrees C were common.)

At times corresponding to 1/4, 1/2 and 3/4 of the heating period
the power supplied to the thermometer-heater and motor was determined.
First the potentiometer current was standardized. Then the current through
the thermometer-heater and motor was determined by measuring the voltage
across the standard 0.10000 ohm résistor which was in series with the
thermometer-heater and motor. Next the voltage across the thermometer-
heater and motor was determined by measuring the voltage across the
standard 10.000 ohm resistor which was in the circuit in parallel with
the thermométer-heater and motor. Then the current measurement was re-
peated. Because the current through the thermometer-heater and motor,
and the voltage across them were constantly changing during a heating
period, the two current measurements differed, normaelly by less than
0.05%. The average of the two current readings was assumed equal to the
true current at the instant of the voltage reading. The product of this
average current and the voltage was recorded as the instantaneous power
of the thermometer-heater and motor.

About one minute béfore the end of the heating period, the
power to the adiabatic shield heaters was turned off. This prevented the
adiabatic shield temperature from overshooting that of the calorimeter.
The heating period was ended by throwing the master switch from the "on"
to the "off" position. This simultaneously switched the power from the

thermometer-heater and motor to the dummy resistor, disengaged the



clutch of the timer and re-connected the Mueller bridge. The time, and
the reading of the timer were noted, and the timer was reset.

After the end of the heating period, the temperature of the
adiabatic shield was again controlled to maintain zero average valges of
the temperature differences between the control points on the surface of
the calorimeter and on the surface of the adiabatic shield. Starting 10
minutes after the end of the heating period, temperatures were again re-
corded at 5 minute intervals, until the drift had been determined. This
normally required between 20 and 40 minutes. If only one run was planned,
operations ceased when this drift had been found. If several runs were
planned, the next heating period was begun immediately. Thus, the second
temperature-measuring period of one run served as the first temperature-

measuring period of the next.

Unloading the Calorimeter

When Cy as a function of temperature over the planned tempera-
ture range had been determined for a given loading, the material was
removed from the calorimeter in a fashion similar to the loading procedﬁre.

The transfer container was agaln connected to the calorimeter by means of
the T-section of copper tubing. With both the calorimeter and transfer
container valves closed, the connecting tubing was evacuated. Then the
T-section was closed off from the vacuum pump, and both the transfer con-
tainer and calorimeter valves were opened. The transfer contalner was
immersed in a dewar of 1liquid nitrogen, while the calorimeter was, if
necessary, warmed. When the transfer container had reached the tempera-
ture of the liquid nitrogen, as indicated by the cessation of violent

boiling of the liquid nitrogen, and when the calorimeter contained no
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more liquid, as indicated by the absence of atmospheric condensation or
frost on its bottom, the valve of the transfer contalner was closed.

The transfer container was then disconnected, warmed to room temperature
and weighed. The material lost in the two transfer operations, and left
in the calorimeter was normally 0.4 to 0.8 grams. For the high-density
perfluorocyclobutane loadings involving two or three transfer containers,

up to 2 grams were lost.



EXPERIMENTAL RESULTS

The Constant Volume Heat Capacity of Perfluorocyclobutane

The experimental heat capacity results for perfluorocyclobutane
are shown in Table I, page 60. The results are presented in the form:
gross heat capacity of calorimeter plus contents for a given "run", minus
the calibrated heat capacity of the calorimeter, equals the net heat ca-
paaqity of the contents. The net heat capacity, divided by the mass of
the contents, equals the C, in calories per gram per degree C. The

temperature listed, T s Tor each run is the mean of the temperature

mean
interval over which heat was added; the calibration value for the run is
that corresponding to Tmean' Seven densities were used, ranging from
0.1569 gm/cc (26.2% of the critical density) to 0.5366 gm/cc (89.6% of
the critical density). For each density the temperature range was from
the saturation temperature to 150°C. The C_ ranged from 0.216k to
0.2594 gm/cc. The highest CV corresponded to a (CV-C§)/C$ of 0.25.

The experimental results are plotted on a CV vs. T plane in
Figure 18, page 62, A smooth curve has been drawn through the data points
for each density. The worst scatter of the data points from these curves
was 0.7%. Except for runs 22 and 28, none of the data points scatter from
the curves by more than 0.3%. Also shown in Figure 18 are the values of
C$ and the boundary of the two phase reglon, both according to Martin
et alfao). On Figure 18 and on subsequent data plots the critical tempera-
ture and density have been nofed because the relation of the data to these
parameters is of great interest; the critical temperature and density are

those reported by Martin et alfzo). Figure 19, page 63, is a cross-plot

of Figure 18. On it, isotherms have been constructed on a Cy vs. density

=59
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TABLE I

THE CONSTANT VOLUME HEAT CAPACITY OF PERFLUOROCYCLOBUTANE

Rt # Tpean (Cq =~ Calibratiom) = Heat Capacity
°C. cal./*C. cal./*C. cal./°C. cal./gm.°C.

Loading #1 690.71 grams  0.1569 gm./cc.

21 101.58 256,56 106,21 150435 0.2177
22 103.45 255,81 106.38 149,45 0.2164
23 . - 11%.99 258.50 107.33 151.17 0.2190
24 126.33 261.01 108.26 152,75 0.,2212
25 137.41 264,02 109.16 154,86 0.2243
26 146,61 265.33 109.91 155.42 0.2250
Loading #2 848.16 grams _ 0,1927 gn./cec.

28 109.18 293,80 106,86 186,94 0.2204
29 119.2% 297.35 107.68 189.67 0.2237
30 131.73 300,01 108.68 191.33 0.2257
31 144,05 302. 77 109.71 193,06 0.227T7
Loading #3 1054.23 grams  0.239% gm./cc.

33 110.50. 346,39 106,96 239.43 0.2272
31" 118011- 3)"'6.7)'" 107'58 239.16 0:2269
35 127,20 348,52 108,34 240,18 042279
36 136,20 350,08 109,06 241,02 0.,2287
37 145,10 352435 109.81 242,54 0.2301
Loading #4 1410.65 grams  0.3201 gm./cc. : |
ho 117,32 439,93 107.51 332,42 0.2357
43 126.40 438,39 108.46 329,93 0.2339
kil 135.43 Lh1,22 109.01 332,21 0.2356
45 144,40 439,86 109.73 ' 330,13 0.2341
Loading #5 1720.18 grams  0,3902 gm./cge.

46 114,67 534,16 107.25 426,91 0.2482
L7 118.37 526, 44 107.58 418.86 0.2436
4o 131.58 517.35 108,66 - 408.69 0.237T
50 139.12 517.34 109.31 408,03 - 0.23T3

51 11}6. 69 518028 109. 91 1"08.37 0:237’4'
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TABLE I (CONT'D)

Rm# T (cg = Calibration) = Heat Capacity

°c. eal./°C. eal./°C. cal./°c. cal./gm.°C.

Loading #6 1969.16 grams  0.4465 gm./cc.

52 119.27 598,14 107.70 490, Th 0.2492
53 123,01 589.29 107.98 481.31 0.2445
5L 127.7h 584,04 108.36 475,68 0.2416
55 134,37 581.01 108.91 472,10 0.2398
56 . 141,97 579.52 109.53 469,99 0.2388
57 147.66 - 580,36 109,98 470.38 0.2390
Loading #7 2366,1 grams . 0.5366 gm./ce.

64 119,04 T21.65 107.66 613,99 0.2594
65 123,56 699.21 108.03 591.18 0.2498
66 129.42 687.27 108.51 578.T6 0.2445
67 136,16 681.05 109.06 571.99 0.2417

68 142,95 67TT7.60 109.61 56T7.99 0.2400
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Figure 18. The Constant Volume Heat Capacity of Perfluorocyclobutane
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plane. These isotherms were constructed by plotting the values of the
various smooth curves of Figure 18, where these curves intersected lines
of constant temperature. None of the points plotted on Figure 19, scat-
ters from the isotherms by more than 0.3%. Flgure 20, page 65, is similar
to Figure 19; in 1t, however, each isotherm has been translated vertically
so that its left end passes through the origin, ylelding a plot of C,-C¥
vs. density for various temperatures. Both Figure 19 and Figure 20 are
influenced by the values of Cﬁ. These values were not measured in this

research, but are those reported by Martin et alSao).

The Constant Volume Heat Capacity of Propylene

The experimental heat capacity results for propylene are shown
in Table II, page 66. They are presented in the same form as in Table I.
Six densities were used ranging from 0.04814 gm/cc (21.8% of the critical
density) to 0.1609 gm/cc (72.6% of the critical density). The temperature
range for the two lowest densities was from the saturation temperature
to 150°C. The temperature range for the two intermediate densities was
from the saturation temperature to that temperature at which the calcu-
lated pressure was 700 psi. The temperature range for the two highest
densities was from the saturation temperature to that temperature at which
the calculated pressure was 800 psi. The C, ranged from 0.3903 to 0.4991
cal/gm degree C. The highest C, corresponded to a (Cv-Cé)/C$ of 0.33.

These data are plotted in Figure 21 on a Cv vs., T plane. Also
shown are the boundary of the two-phase region calculated from the PVT
data of Marchman, Prengle and Motard(al) and the Cé reported by Kilpatrick

(17).

and Pitzer The critical density and temperature noted are those

according to Marchman et al. (There is some question about the critical
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TABLE IT

THE CONSTANT VOLUME HEAT CAPACITY OF PROPYLENE

Run # Ty (cg -  Calibratiom) = Heat Capacity
°C. cal./°c. cal./°C. cal./°C. cal./gm.°C.
Loading #1 212.03 grams 0.04814 gm./cc. |
2 67.15 186.16 103.41 82.75 04303
3 82.1k 188.42 104,63 83.79 0.3952
Y 98.45 191.79 105.98 85.81 0.4047
5 111.62 195.23 107.0k4 88.19 0.4159
6 123.90 197.67 108.06 89.61 0.4226
6a 140.21 201.75 109.38 92,37 0.4357
Loading #2 318.21 grams  0.07219 gm/cc.
58 75.09 236.45 104,06 132.39 0.4160
59 85.21 237.39 104,90 132.49 0.4163
60 99.93 240.02 106411 133.91 0.4208
61 117.06 244,48 107.48 137.00 0.4305
62 133.72 249.23 108.84 140.39 0.hh12
63 145,92 252,49 109.76 142,73 0. 4485
Loading #3  406.9% grams  0.09228 gm./cc.
69 8k, 64 283,03 104,80 178.23 0,4380
70 . 92.91 282,02 105.53 176.49 0.4337
T1 103.71 283.06 106.41 176465 0.4341
T2 115.35 285.79 107.36 178.43 0.4385
73 125,32 288.82 108.18 180.18 0.4439
Loading #4+ 1485.80 grams  0.1102 gm./ce.
Th 90.71 323.50 105.34 218.16 0.4486
75 95.75 322,42 105,76 216.66 0.4460
76 101.28 321.81 106.21 215.60 0.4438
T7 107.59 322,36 106.71 215.65 0.4439
T8 113.37 322.78 107.18 215.60 0.4438
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TABLE II (CONT'D)

Run #  Tpean (cg - Calibration) =  Heat Capacity
°C. cal./°C. cal./°C. eal./°C. cal./gm.°C.

Loading #5 619.41 grams  0.1404 gm./cc.

80 93.17 405,51 105.56 299.95 0.4842
81 99.58 397.82 106,06 291,76 0.4710
82 106,68 395.26 106.64 288.62 0.4659
83 112,47 394, 44 107.13 287.37 0.4638
Loading #6 710,26 grams  0.1609 gm./cc.

8L 94,92 460,17 105.68 354,49 0.4991
85 99.51 449 8l 106.06 343,78 0.4840
86 104,15 Lk, 63 106, 4L 338.19 0.4761
87 103. 74 445,09 106.41 338.68 0.4768

88 108.41 440,92 106.78 334,14 0.4704
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Figure 21. The Constant Volume Heat Capacity of Propylene
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density; Marchman et al, report it as 0.220 gm/cc, while Farrington and
Sage(lg) report it as 0.230 gm/cc. The value of Marchmen et al, has been
used throughout this research.) A smooth curve has been drawn through
the data points for each density. None of the data points differ: from
the curves by more than 0.4%. Except for Run #5, none differ by more
than 0.2%. Figure 22, page 70, is a cross plot of these data, similar
to Figure 19. The maximum scatter of the cross-plotted data is 0.5%.
Figure 23, page 71, is analogous to Figure 20, showing CV-C$ as a function
of temperature and density. As with perfluorocyclobutane, so also in
Figures 22 and 23, the shape of the isotherms at low densities is sensi-
tive to the values of C;. These values are those reported by Kilpatrick
and Pitzer(l7). On Figures 22 and 23 the isotherms have been drawn at
even 10 degree C intervalls, except for the 95°C isotherm which has been
. drawn only for the 'foui‘highest densities. This isotherm has been drawn
at the high densities, because being only 3.24 degrees C above the criti-
cal temperature, it is roughly comparable to the 120°C isotherm for per-
fluorocyclobutane, which is 4.69 degrees C above the critical temperature.
It was not drawn at low densities, because its behavior there is similar
to that of the 90°C and 100°C isotherms.

Throughout the calculations, the maximum number of digits which
could have been significant has been retained. The data are presented
to 0.0001 cal/gm degree C, It is doubtful if the last digit is signifi-
cant; 1t was retalned because it influenced the placing of the dats points

on the plots.
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METHOD OF CALCULATION AND ESTIMATED ACCURACY

Calculation of the Gross Heat Capacity

For a container of fixed volume, which is in perfectly adisbatic
surroundings, and to which energy q is added electrically for a time in-
terval from é% to 622, causing an increase in temperature from Tl to T2,

the gross heat capacity, Cg’ is expressed by the relation

/G dT WALL L

7 /

If Cg varies linearly with temperature and q varies linearly with time,
then the integrations may be performed, to yield

A0
Cﬂmemz AT =?meqn A or Cf,,: %mewb AYA (19)

where the mean values are those at the mean value of temperature and time
respectively. The perfectly adiabatic surroundings mentioned above exist
only in the fond dreams of calorimetrists; all real calorimeters have
heat leakages. To arrive at correct heat capacities, these heat leakages
must be taken into account. If the heat leakage rate is known explicitly
in watts or calories per minute, then the correction may be in the form

of a q, ... and Equation (19) may be rewritten

_ Y=,
Cﬁmemz - C?wewlj—?car/’) AT (20)

where the q's are added algebraically. If, as is more common, the leak-

age rate is known in the form of an equivalent temperature change Tcorr

-T2-



(that change in temperature which would have taken place in time 1369
if no energy had been added electrically), then Equation (19) may be

rewritten

O _ A6
Gmean. EFrmean (AT —ATcory) (21)

where the /A\T's are subtracted algebraically. Throughout this research

Equation (21) has been used to calculate C A sample calculation is

g
included in Appendix A, page 113.

Calibration of the Calorimeter;Heat Capacity

For any given run,VCg was the sum of the heat capacity of the
contents of the calorimeter, plus the heat capacity of the calorimeter
itself, plus the heat capacity of those parts of the electrical leads and
support strings which received heat from the calorimeter. In order to
know the heat capacity of the contents, it was necessary to subtract the
heat capacity of the calorimeter, etc. This value was calibrated by fill-
ing the calorimeter with materials of known heat capacity and measuring

C The details of this procedure and the results of the calibration

g.
are shown in Appendix B, page 126,

Estimate of the Accuracy of the Calorimeter

Cg was determined by Equation (21). The uncertainties of

measurement of the right-hand quantities resulted in corresponding un-
certainties in Cg.
The presence of the motor in series with the heater-thermometer

limited the accuracy with which the mean power, q,..,, could be deter-.

mined. The apparent resistance of the motor, [resistance plus (counter
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EMF/current)], was not steady, nor was it a steadily varying function of
time. It varied erratically, over & relatively small range. The ther-
mometer and balancing resistor in series with the motor minimized this
fluctuation, but honetheless the fluctuation limited the precision of the
measurements to about two parts per thousand. The average of three im-:
stantaneous power readings was taken as Unean® These readings never
varied by more than ten parts per thousand, nor did their average value

vary from the instantaneous power ai1é? by more than three parts per

mean
thousand. Based on the above, the value of Uean B8 probably reliable
to about three parts per thousand.

The elapsed time,lﬁfa, was measured by an electric timer, which
could bg read easily to one one-thousandth of a minute. It was dépendent
on the accuracy of the 60 cycle current supplied it, but since the heat-
ing periods were a minimum of 15 minutes long, the percentage fluctua-
tion in number of cycles over. that period were very small. The elapsed
time measurement was probably reliable to two or three parts in ten
thousand.

The temperature change,[ﬁﬂ; was the difference between two
measured temperatures, T; and T2. In the calibration runs and all the
runs of propylene loading #1 and perfluorocyclobutane loadings #1 and #2,
these temperatures were only read to 0,01 degrees C. Thereafter they
were read to 0.001 degrees C. The accuracy of the temperature measure-
mentsﬂwas probably no better than plus or minus 0.05 degrees C. (See
Appendix C, page 130, the thermometer calibration), but because any in-
accuracy in the thermometer calibration would be systematic, the differ-

ences in temperature were certainly more accurate than the temperatures
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themselves. The accuracy of the thermometer for measuring differences
of temperatures was probably independent of the size of the temperature
difference, over the calibrated range, and was estimated at about one
part per thousand. T; was read directly, as the temperature Just before
switching on the power to the thermometer-heater and motor. T2, however,
was not read directly, but was determined by extrapolating the steady
drift rate after a heating period back to the time at the end of the
heating period. The uncertainty caused by this extrapolation depended
on the drift rate. For low drift rates (corresponding to high heat
capacities of contents and therefore low[&ﬂ?s) it was low: conversely
for conditions leading to higher AT's it was higher. It was estimated
that the uncertainty éaused by this extrapolation was probably about two
parts per thousand in AT. Hence, AT vas probably reliable to plus or
minus three parts per thousand.

The heat leakage correction,AT » never exceeded 2% of AT.

corr
The drift rates were generally known to about plus or minus 10%. This
corresponded to an uncertainty in ([31%[}Tcorr) of about two parts per
thousand.

Assuming the worst possible case, that all these uncertainties
combined to cause the observed Cg to deviate from the true value in the
same direction the maximum error in Cg would be about 0.8%. Assuming
further that this maximum error occurred in one direction in all of the
calibration runs, and in the other direction in all of the heat capacity
runs, the result would be an overall Cv error of 3.2% for the lowest

density used, and an overall C, error of 1.1% for the highest density

used. This is the maximum possible error under the most unfavorable
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conditions: if the errors were random in direction then the errors in
the final results would be much smaller.

The probable errors in density of the experimental gas were
smaller than the probable errors in the C, of the gas. The calibration
of the volume at zero gauge pressure and room temperature was certainly
accurate to plus or minus one part per thousand. The masses of the
contents (except possibly for the calibration runs, for which accurate
density values were unimportant) were also known to at least one part
in one thousand. The correction for thermal and elastic expansion of
the calorimeter was never more than 0.7% of the original volume. The
data were reported for the mean value of this correction, for a given
loading. (See Appendix A, the sample calculations.) The volume did
vary over the course of a series of runs at one density, by up to 0.2%;
however, by reporting at the mean value, the error due to this change
in volume was restricted to one part per thousand. Therefore, the

maximum probable error in density was 0.3%.



DISCUSSION OF THE EXPERIMENTAL RESULTS

The experimental C, data as represented on a C; vs. density
plane, in Figures 19 and‘22, show the following characteristics for both
compounds :

1. at low densities all isotherms curve upward slightly; this
curﬁﬁture decreases with increasing temperature;

2. at densities between 1/U4 and 1/2 of the critical density
all isotherms are straight or nearly straight, and

3. at densities greater than 1/2 of the critical density,
isotherms of temperatures within 10°C of the critical temperature are
straight or curve upward slightly, while those at higher temperatures
curve downward.

The experimental Cv data as presented on a Cv vs. T plane in
Figures 18 and 2. show that for both compounds at densities greater
than about 1/2 of the critical density Cy increases with decreasing
temperature, and for temperatures near the critical temperature Cv in-

creases very rapidly with decreasing temperature.

Extrapolation of the Experimental Data to Zero Density

As noted above, the isotherms on a CV vs. density plane curve
upward at low densitles; this curvature decreases with increasing temp-
erature. It must be remembered that the values of Cv at zero density,

Cx*

¥, were not measured in this research, but were taken from the litera-

ture. If C¥ at some temperature were unknown, and an attempt made to
determine it from the C, data presented here, the most natural extrapo-.

lation to zero density would be a linear one through the lowest density

=TT~
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Cv points at that temperature. Such an extrapolation would give values
of C$ which would be 1% to 2% low for perfluorocyclobutane and 2% to h%
low for propylene. There are four possible explanations for this result.
1. The slight upward curvature indicated in Figures 19 and 21
may be correct. Michels and Strijland's C, data for_carbon dioxide,
shown in Figure 4, exhibit this sort of curvature. If this curvature
is correct, then in order to represent the data correctly, an equation
of state may have the form used at low densities by the Beattie-Bridgeman
equation, but it may not have the form used at'low densities by the
Martin-Hou or Benedict-Webb-Rubin equations. These forms are illustrated
in Figure 2. In terms of PVT properties, thg data suggest that at low
densities the value of Equation (12) is positive. The Beattie-Bridgeman
equation agrees, while the Martin-Hou and Benedict-Webb-Rubin equations
require that 1t be negative. Since this curvature should be predictable
form PVT behavior, it is of interest to attempt to verify this curvature
of the experimental Cv isotherms from the PVT data. Unfortunately, such
a comparison can only be made by means of some type of equation of state,
elther numerical or graphical. The PVT data for perfluorocyclobutane
have been represented by the Martin-Hou equation(?o), and the PVT data
for propylene have been represented by‘both/the Martin-Hou(l9) and the
Benedict-Webb-Rubin equations(®L), The functional form of both of these
equations guarantees that no matter how well they represent the experi-
mental PVT date they must predict that the isotherms on a C; vs. density
plane curve downward at low densitles, as shown in Figure 2, not upward
as shown by the experimental data in Figures 19 and 22. Michels et alﬁasl

have reported values of the 75°C, 100°C and 125°C isotherms on & Cy vs.
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density plane for propylene, calculated from PVT data by the methods
discussed in Appendix F, page 139. Their 75°C isotherm shows a distinct
upward curvature at low densities; their 100°C isotherm shows a very
slight upward curvature at low densities, and their 125°C isotherm shows
a very slight downward curvature at low densities. The magnitude of the
curvature shown by the 75°C isotherm according to Michels et al, is
greater than that of the experimental isotherm; for the 100°C and 125°C
isotherms, the curvature of the isotherm according to Michels et al, is
less than that of the experimental isotherm. (A graphical comparison
of these isotherms is presented in the next section.) The calculated
curvature according to Michels et al., shows a decrease with increasing
temperature, as does the experimental curvature. Thus, the PVT data, as
interpretated by Michels et al, lend some support to the conclusion that
the upward curvature of the isotherms at low densities in Figures 19
and 22 1s correct. |

2. The accuracy of the calorimeter decreases with decreasing
density, due to the decrease in the ratio of the heat capacity of con-
tents to heat capacity of the calorimeter. As is seen from Figures 18
and 21, the scatter of the experimental data is greatest at the lowest
densities. It is possible that the extrapoletion through the low density
points could cause the above effect. Because of the problem of decreasing
accuracy with decreasing density, 1t is unlikely that the true behavior
of Cv at low densities can be determined with great certainty in the
type of calorimeter used in this research.

3. It is possible that the C$ values taken from the literature
are in error. It is doubtful that they could be 1in error by more than

one percent, so that this is considered an unlikely explanation.
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L, It is possible that some systematic error exists in all the
Cv measurements which causes them to be low by one to four percent. The
author doubts this, but knows no way to absolutely disprove it.

Of the above explanations, the most likely 1s the first, that
that upward curvature shown at low densities is indeed the truth. How-
ever, because of the problem of decreasing accuracy of the calorimeter
with decreasing density, and the possibility that the C: data might be
in error, the above is advanced only as a tentative conclusion. It was
never the purpose of this research to devise a calorimeter which would
yileld the most accurate values'of C$, or of low density Cv’s, although
it was hoped that such values might be obtained as a by-product. The
values which one would obtain by a linear extrapolation of the low-den-
sity data to zero density, plus some Jjudicious correction for the upward
curvature of the isotherms, are probably reliable to plus or minus 2%.
This is not comparable to the accuracy obtainable by flow calorimetric
measurements, but it is probably more accurate than spectroscopic calcu-
lations alone, especially in the case of complex molecules.

Comparison of the Experimentel data with State Data
As Represented by Various Equations of State

One of the obJjectives of this research was to provide Cv data
over a sufficlent range of temperatures and densities to allow the com-
parison of the experimental values with state data as represented by
various equations of state. In making such comparisons, it 1s necessary
to rely on the C¥ data, because PVT data and equations of state can pre-
dict only Cy-C¥, not Cy itself. The representation of Cy-C¥ by several

equations of state is discussed in Appendix F, page 139.
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The experimental PVT data for perfluorocyclobutane have been
correlated by the Martin-Hou equation(zo). The equation constants are
shown in Appendix H, page 155. Figure 24, page 82, shows the experimental
C, isotherms exactly as shown in Figure 19. Also shown on this plot are
the C, isotherms predicted by the Martin-Hou equation. This comparison
reveals several interesting facts,

1. For densities up to 0.25 gm/cc (42% of the critical den-
sity) the experimental and calculated isotherms agree to within 0,5%,
although the experimental isotherms curve upward while the calculated
isotherms curve downward, as mentioned in the preceeding section.

2. For 150°C the experimental and calculated isotherms agree
to within 0.5% over the entire density range. For lower temperatures
the differences between the calculated and experimental isotherms increase
with increasing density, so that at 120°C and 0.5366 gm/cc the experi-
mental and calculated isotherms differ by 6.7% of the experimental C,.
Except for the 120°C isotherm, which is only 4.69 degree C above the
critical temperature, the maximum difference is 2-1/2%.

3. At about 1/2 of the critical density, all of the experi-
mental isotherms coincide. A%t higher densities the experimental Cv in-
creases with decreasing temperature. Of the calculated isotherms only
two, the 120 and 130°C isotherms cross, so that the equation predicts
that at the highest densities Cy decreases with increasing temperature
at temperatures up to 130°C, then goes through a minimum and increases
with further increases in temperature.

L., As disdcussed previously, the Martin-Hou equation predicts

that all of the isotherms will be a family of similar curves. The
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experimental isotherms are similar at low densities and at high temp-
eratures, but at higher densities and temperatures near to the critical
temperature, this similarity disappears. At high densities the 120°C
isotherm is a straight line, while the higher temperature isotherms
curve downward. Thus, the functional form of the equation guarantees
that it cannot represent both the experimental 120 and 150°C isotherms
accurately; in order to do so it must predict a more complicated C,-C¥

function, perhaps one of the form
Cv- GV =§(T) JL(P) - & ('P> T) (22)

The above facts may be summarized by concluding that the equation pre-
dicts the curvature of the isochores on a P-T plot (Figure 1) well at

low densities for all temperatures, and well for all densities for high
temperatures, but that with increasing density and decreasing temperature,
particularly for temperatures within 10°C of the critical temperature

the curvature of the isochores on a P-T plot predicted by the equation

is significantly less than the curvature which the C; data implies.

On Figure 25, page 84, the experimental Cy-C¥ vs. density
isotherms shown in Figure 20 are reproduced, and compared with the pre-
dictions of the Martin-Hou equation. This is a much more severe test
of an equation of state than that made in Figure 2k, This plot shows
that on a Cy-C¥ basis, rather than a C, basis, the difference between the
calculated and experimental values is much enlarged, reaching 40% of the
experimental value at the highest density and 120°C. If the 120°C iso-
therm were omitted, the maximum difference would be 21% of the experi-

mental value.
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The propylene PVT data of Marchman, Prengle and Motard(al)
have been represented by both the Martin-Hou(l9) and Benedict-Webb-Rubin
equations(gl). The equation constants for both equations are shown in
Appendix H, page 155. Michels et al.(as), have used their own PVT data
to calculate the Cv of propylene by the methods dlscussed in Appendix F.
In Figure 26, page 86, are shown the experimental Cy vs. density iso-
therms of propylene for 75,100 and 125°C. These are compared with the
Cv vs. density isotherms calculated by Michels et al., for the same
temperatures. For the 75 and 125°C isotherms over the range covered
the difference between the experimental and calculated values is no more
than 0.7%. For the 100°C isotherm the maximum difference is less than
1% up to 1/2 of the critical density, and increases from there with in-
creasing density to 2-1/2% at the highest experimental density. The
slight discrepancies in the values at zero denslty are caused by the
slight difference between the C¥ values of Stull and Mayfield(37) which
were used by Michels et al., and the C¥ values of Kilpatrick and Pitzer(l7)
used in this research. The 75°C isotherm of Michels et al., shows slightly
more upward curvature than the experimental isotherm. Both the 100 and
125°C isotherms of Michels et al., are not distinguishable from straight
lines in thevlow density region, although the tabular values reported
show that the 100°C isotherm curves upward very slightly at low densities
and the 125°C isotherm curves downward very slightly at low densities.
Figure 27, page 87, is a plot of the same isotherms on a CV-C$ vs. den-
sity plane. The 100°C isotherm according to Michels et al., is virtually
straight over the entire density range shown; the experimental isotherm

is also straight except at low densities.



-86-

*T® 32 STOUOTW 03 Surpaoooy “p pajernoTen ouy

3 susTAdoxg jo %o TejusutIadxy ay3 JO uosiaedwon ‘g2 SanITq
‘00/°W9 ALISN3Q
910 yl'0 2lo or'o 800 80°0 +00 20°0 o

9¢°0

T | | | | T |
LE8°0
80
6€0
obv'0
1»°0
2v0
€b0
b¥ 0

$3NIVA Q3LVINDIVO ,STIHOIN *
2 —ASv0

‘'00/'W9 0220= d
Se 9L16 = 1 Jdovo

‘1Y 13 SI13IHOIN — — — ——
e — 0
AYLNINIYId X3

—8+0

4

Je 'NY/ vy



-87-

*Te 19 STOUDTW O3 BuTpIoooy x0-D pejeTnoTe) =u3
Uy TmM susTLdoxg Jo Mwou>o Terusutxadxy ay3z Jo uosiaedwo)y )z aam31g

‘OJ/N9 AlLlISN3Q

2-H

A
»*

J0 N9 /1Y)

910 v1°0 210 010 800 200 $00 200 o
1 T | | | | 1 | o
100
20°0
€00
$0°0
S00
900
SINTVA A3LVINDIVD ,STIHDIN *
9 N .
‘23 /N9 0220 = 9 00
. >
909L°16= 'L 000
‘Y 13 ST1FHIIN -— — — ——
600
IVINIWI¥3d X3
010

110



-88-

Figure 28, page 89, is a comparison of the experimental Cy
isotherms of propylene with the isotherms predicted by the Martin-Hou
equation(l9). The agreement between the experimental and calculated iso-
therms 1is similar to that in the case of perfluorocyclobutane. Along the
100°C isotherm at the highest density the agreement between the experi-
mental and calculated values is even better than that of the experimental
isotherm of C, with the calculated isotherm according to Michels et al.
At lower densities along this isotherm the agreement between the experi-
mental and calculated isotherm is not as good as the agreement of the
experimental isotherm and the calculated isotherm of Michels et al.,
because the Martin-Hou equation requires the isotherms to curve downward
at low densities, while the experimental isotherms curve upward, and be-
cause the Martin-Hou equation does not predict that the isotherm is
straight at any point of the range shown. The maximum disagreement be-
tween the experimental and calculated isotherms is 5%. Again the maxi-
mum disagreement is found at the highest density and the temperature
nearest to the critical temperature, Two -features similar to those ob-
served in the comparison of the perfluorocyclobutane data with the
Martin-Hou equation are also visible on Figure 28; first, the experimental
isotherms show a decreasing Cv with increasing temperature at high den-
sity, which is also shown by the calculated isotherms; second, the ex-
perimental isotherms are not a family of similar curves at high densities,
as the equation of state predicts them to be. This latter feature is
shown more clearly on Figure 29, page 90, which is a comparison of the
experimental Cy~C¥ isotherms with those predicted by the Martin-Hou

equation: the 95°C experimental isotherm curves upward at the highest
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densities, while the 110°C experimental isotherm curves downward slightly
at the same densities.

Figure 30, page92 and Figure 31, page 93, are comparisons of
the experimental C, and Cy~C$ vs, density isotherms of propylene with

the same isotherms predicted by the Benedict-Webb-Rubin equation(h)

using the constants presented by Marchman, Prengle and Mbtard(el).

Both this equation and the Martin-Hou equation have been used to rep-
resent the same PVT data; nonetheless, the CV vs. density isotherms
predicted by the two equations differ significantly. The Benedict-Webb-
Rubin equation predicts much higher values of C, at densities Below 1/2
of the critical density than does the Martin-Hou equation or the ex-
perimental data; the maximum difference between the experimental iso-
therms and those calculated by the Benedict-Webb-Rubin equation in this
region is 4%, compared with l-l/2% for the Martin-Hou equation. The
Benedict-Webb-Rubin equation predicts a greater curvature of the iso-
therms in the density reglon of l/h to 1/2 of the critical density than
does the Martin-Hou equation; the experimental isotherms in this region
are straight. At the highest density and 95°C, the difference between
the experimental isotherm and that calculated by the Benedict-Webb-Rubin
equation is 6.5% compared with 5% for the Martin-Hou equation. The
Benedict-Webb-Rubin equation predicts that none of the isotherms cross,
hence that Cy increases with increasing temperature over the entire den-
sity and temperature range of the data. This latter point is made clearer
by a comparison of Figures 29 and 31. The Martin-Hou equation predicts
that at the highest densities C,-C¥ decreases with increasing temperature
more raplidly than the Benedict-Webb-Rubin equation predicts the same

decrease. Cv is the sum of C$ and Cv-Cé. Because C$ increases (almost
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linearly) with increasing temperature, Cv can only decrease with increas-
ing temperature if C,-C¥ decreases with increasing temperature more rap-
idly than C$ increases. At high densities the Martin-Hou equation pre-
dicts that C ~C¥ decreases rapidly enough with increasing temperature to
cause Cy to decrease with increasing temperature, as does the experi-
mental data; the Benedict-Webb-Rubin equation does not predict that
CV-C$ decreases with increasing temperature this rapidly. Figure 32,
page 95, illustrates this behavior in anoﬁher way. In it the temper-
ature functions [defined in Equation (7)] used by the Martin-Hou and
Benedict-Webb-Rubin equations are compared. The comparison 1s possible
only on a relative basis, because one function has dimension degree K,
while the other has dimension (degree K)'3. The numerical value of each
function has been multiplied by a constant, to make the value of the
function equal to 100 at 100°C. As the figure shows, the temperature

function used by the Martin-Hou equation,

() = Texp ("fiT/TC) (23)
where k is 5.475 for propylene and T is the absolute temperature, changes

more rapidly wilith changes in temperature than does the temperature

function

F(T) = I/T3 (2h)

where T is the absolute temperature, used by the Benedlct-Webb-Rubin
equation. (The derivation of these temperature functions is shown in
Appendix F, page 139.) Because the value of Equation (23) decreases

more rapidly with increasing temperature than the value of Equation (24),
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the Martin-Hou equation is able to represent the variation of Cv with
temperature at high densitles more accurately than does the Benedict-
Webb-Rubin equation. The experimental data suggests that for tempera-
tures between the critical temperature and 20 degrees C above the criti-
cal temperature, a temperature function which increases even more rap-
idly with decreasing temperature than Equation (23) is necessary to rep-~
resent the experimental data. Because the Beattlie~Bridgeman equa~

tion has the same temperature function as the Benedict-Webb-Rubin equa-
tion, Equation (24), 1t must predict a similar behavior of C, as a
function of temperature at high densities.

In summary, the comparison of the experimental data with the
predictions of equations of state shows:

1. over the range of the experimental data, the maximum differ-
ence between the measured and calculated Cv for either compound was 6.7%
of the experimental Cy, which corresponded to a difference of ho% in
Cv-Cﬁ; this maximum difference occurred 4.7 degrees C above the critical
temperature and at 89.6% of the critical density; further from the criti-
cal state the agreement is better;

2. at densities greater than 1/2 of the ecritical density, for
temperatures less than 10 degrees C above the critical temperature, the
isotherms on a C, vs. density plane are linear or curve slightly upward;
at higher temperatures and the same densities they curve downward; an
equation of state which predicts that at a glven density all isotherms
must have the same direction of curvature (upward or downward) cannot
correctly represent the C; datae for temperatures within 10 degrees C

of the critical temperature and also for higher temperatures;
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3. the downward curvature of the isotherms at low densities
on a Cy vs. density plane, as predicted by the Martin-Hou and Benedict-
Webb-Rubin equations appears to be incorrect, and to force these equa-
tions to predict values of Cv which are too high at low densities;

4, neither equation predicts that the isotherms are linear
between 1/4 and 1/2 of the critical density; the Cy according to
Michels et al., reproduces this feature of the experimental data, and

5. neither eguation predicts the change of Cv with increasing
temperature at high densities accurately; the Martin-Hou equation pre-
dicts a better approximation of it than does the Benedict-Webb-Rubin
equation. The Cv as a function of temperature predicted by the Beattie-
Bridgeman equation is similar to that predicted by the Benedict-Webb-
Rubin equation.

The Constant Volume Heat Capacity Near
the Critical Temperature and Density

As mentioned previously, for densities greater than 1/2 of the
critical density, C, increases very rapidly wlth decreasing temperature,
as the temperature nears the critical temperature. For neither compound
could the isochores for the two highest densities on the C, vs. temperature
plane be extrapolated with confidence to the two-phase boundary, or
even as far as the critical temperature. This behavior is quite similar
to that observed by Michels and Strijland and shown in Figure 4, page 17.
When a calorimeter contailning a given mass of substance is
heated from a temperature hbelow the two-phase boundary to one just above
it, held at this temperature for some time period, and then subjected

to a heat capacity measurement, it i1s expected that the measurement
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will produce a correct heat capacity. The possibility exists, however,
that even after the calorimeter has been held for some time above the
temperature corresponding to the two-phase boundary, some liquid msy be
present. Because the driving forces for the attainment of equilibrium
are very small in this region such a condition might persist for some
time. If some liquid were present, its subsequent vaporization would
cause a very high value to be found for the heat capacity. Such a situ-
ation could account for the high Cv values found by Michels and Strijland,
and for the "hysteresis" effect found by Pall et al. However, in this
research the contents of the calorimeter were vigorously stirred while
being heated to above the two-phase temperature, and the same type of
behavior was observed. It is unlikely that a liquid could persist above
the two-phase temperature under the conditions of this research,

In the section "Prior Work in Constant Volume Calorimetry",
two possible explanations for the above phenomenon were suggested:

1. Athe isochores on a P-T plane in this reglon may be very
strongly curved, which curvature has not been apparent from the available
PVT data, or

2. one phase thermodynamic relations may not hold in this
region. The first suggestion introduces a further problem. If the iso-
chores are much more strongly curved than the PVT data suggest, then they
must intersect the vapor pressure curve at lower temperatures than those
commonly reported, i.e., the two-phase boundary must lie at a lower
temperature for any given density than is commonly reported.

Examination of Figures 3, 4, 18 or 20 shows that at densities

greater than about 1/2 of the critical density, C iﬁcreases very rapidly
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with decreasing temperature. The value of C, at the two-phase boundary
is found by extrapolation of the C, vs. T isochore to Tsat’ whose value
is found from PVT measurements. If the two-phase boundary lies at a
lower temperature than has been estimated from the PVT data, then this
extrapolation must indicate even higher values of C; at the two phase
boundary than those obtained by extrapolating to the Tgyy obtained from
PVT data.

Remembering the difficulty of any experimental work in this
region, it is necessary to be cautious about accepting any experimental
work as correct. However, if both the PVT and the Cv data are correct,
or even nearly correct, then the logical supposition is that the currently
accepted model of the phase behavior of a substance in this region is

too simple to represent the truth.

Generalized Constant Volume Heat Capacity Relation

If possible, it is desirable to generalize experimental find-
ings, so that they may be used to estimate properties for substances for
which experimental data are not available. For gases such generalization
of properties is often made by meams of the "correspondence principle".

This principle states that the compressibility factor Z, defined by

7 = PV/RT (25)

is the same for all gases at the same values of the reduced temperature
(%6) and reduced pressure (gg) . Accurate PVT data show that this

principle in its simple form stated above is only approximately correct,
and that Z as a function of reduced temperature and reduced pressure is

only the same for gases with similar values of ZC, and with similar
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values of one or more other parameters, e.g., TC, Pe. According to

Equation (25)

%) w[TER)267) -

and
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Substituting

T= _I_C_TE and P = PC FE (28)
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Thus, if two gases obey the "correspondence principle" exactly, then
they must have the same CV-C$ (expressed in molar quantities) at any

Tr and (Dr'

According to Martin et al.(eo)

» Zo of perfluorocyclobutane is
0.2764. According to Marchman et al.(Ell Zc of propylene is 0.2909.
(There is some controversy over the Zp of propylene; Farrington and
Sage(lz) report that it is 0.2758). According to Martin and Hou(l9)
another important factor for characterizing gases is the reduced slope

of the vapor pressure curve at the critical point

M = — {/____‘jpﬁ) (29)
\‘O\TR vV, ¢
The values of this factor are 6.4 for perfluorocyclobutane(eo) and 4,68
for propylene(l9). Thus propylene and perfluorocyclobutane cannot obey
the "correspondence principle" exactly. In Figure 33, page 102, the values
of C,-C¥ expressed in cal/gm mole degree C are shown as a function of
reduced temperature and reduced density for perfluorocyclobutane and
propylene. For a given reduced temperature and density, the value of
Cy-C¥ for perfluorocyclobutane is 1.6 to 2 times that for propylene.
Thus, although the "correspondence principle" is a satisfactory approxi-
mation for generalizing PVT data, it is not sufficiently accurate to

generalize C,-C¥ data.
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RUPTURE OF THE CALORIMETER

As mentioned previously, the calorimeter was designed to rupture
at an internal pressure of 1000 psi. For all of the perfluorocyclobutane
densities, and for the first two propylene densities, the upper tempera-
ture limit, 150°C, corresponded to a pressure of less than 700 psi. For
the next two propylene densities, the upper temperature limit was chosen
as that temperature corresponding to a pressure of 700 psi. For the
fifth propylene density, the upper temperature limit was chosen as that
temperature corresponding to 800 psi. For the sixth propylene density,
the upper temperature limit was chosen as that temperature corresponding
to 900 psi. During the heating period of what would have been Run #89
the calorimeter ruptured. The calorimeter éontained 710.26 grams of
propylene, and was at a temperature of about 115°C. The corresponding
pressure was about 860 psi. The rupture occurred at a pressure below
the design pressure for rupture. The thickness of the weld may have been
less than the wall thickness, or the estimate of the yield stress of the
steel may have been too high. The yield stress was estimated at 64,500
psi. The stress at rupture was calculated at 55,500 psi. Since this
estimate of the yield stress was based on a guess as to the annealing
effects of the weld, a 16% error in it would not be surprising.

The rupture caused the instantaneous destruction of the vacuum
container and an explosion ensued which broke windows, shifted a cinder-
block wall by 6 inches, burned the author on the exposed parts of his body,
and generally wrought havoc in the room. The following is the author's
analysis of the sequence of events of the explosion, as deduced from the

evidence left by 1t.

-103-



-104-

1. The calorimeter ruptured. The rupture began at some weak
point of the weld joint between the two halves of the calorimeter, and
propagated along the weld with great velocity. (At no point did the
torn edge of the calorimeter appear to be more than 1/8 inch away from
the center of the weld.)

2. The gas was released into the vacuum contaliner in a very
short time interval. The calorimeter halves were hurled against the
adiabatic shield and flattened neatly. Figure 34, page 105, shows the
two halves of the calorimeter after the rupture; from their shape the
reader can infer the velocity with which they must have struck the plates
of the adiabatic shield. |

3. The adiabatic shield was torn apart at the silver-soldered
joints, and deformed by the pressure of the gas. Figure 34 also shows
the six members of the adiabatic shield and the extent of their deforma-
tion.

L., The top of the vacuum container, which was intended to
contaln the experimental gas in case of a calorimeter rupture, was torn
loose. The estimated pressure inside the vacuum container after the
rupture was 2l6 psi. The container was designed to withstand an internal
pressure of 250 psi as a static pressure, so that the failure of the top
must be laid to inadequate container design.

The four Stupakoff ceramic headers soft-soldered into the wall
of the container were expected to act as bursting discs, relieving the
pressure before it reached its maximum value. The rupture caused a very
sudden pressure rise; three of the four Stupakoff seals did pop out, but

they did not lower the pressure rapidly enough to save the top. The
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forces caused by a sudden application of a pressure are much greater
than those caused by the gradual application of the same pressure (see
Randall, et al§32); the top was not designed to withstand the suddenly
applied pressure. In addition to the pressure force, the top was sub-
Jjected to the force caused by the impact of the top member of the adia-
batic shield and the top of the calorimeter upon it; it was not designed
to withstand this additional force. Under all the forces acting on it,
the top buckled upward, as shown in Figure 35, page 107. Thus its
mounting straps applied a very uneven force on the bolts causing severe
bending stresses. Figure 3%, page 105, shows the elght bolts which had
retained the top after the rupture; it is seen from the figure that none
of them broke in the clean "cup-and-cone" typical of purely axial load-
ing. Based on the calculated pressure, the top surface area, and the
cross sectional area of the bolts, the stress at the minimum cross sec-
tion of the bolts due to static pressure alone was 34,700 psi. This is
more than the commonly prescribed allowable figure, 20,000 psi, but it
alone should not have been sufficiently to break the bolts. In summary
the errors in design of the top closure were: failure to allow for the
effects of a sudden pressure rise, failure to allow for the effects of
the kinetic energy of the top of the calorimeter and shield members as
they struck the top plate, failure to provide adequate stiffening against
bending for the top plate, and worst of all, failure to allow an adequate
margin of safety in the static pressure calculations.

5. The propylene rushed out of the vacuum container, mixed
with air and detonated. The spark for the detonation may have been

supplied by one of the many electrical leads which were severed by the

rupture, or by a spark due to the collision of some of the metal parts.
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Figure 35. Buckling of the Top Plate of the Vacuum Container
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In view of the energy released, the actual damage was fortu-
nately slight. The author, who was operating the apparatus at the time
of the rupture, and hence was about three feet from the vacuum container
(but was screened from it by the plywood shield) was burned. He was
hospitalized for 12 days, primarily as a precaution against possible
infection. His doctors have assured him that he will have no scars nor
any permanent injuries. Mr. Yu-Tang Hwang, who was studying in the room
at the time of the rupture, received minor scratches and burns. Numer-
ous windows were broken, but none of the flying glass struck anyone.

The calorimeter, adiabatic shield and vacuum container, were destroyed,
but most of the measuring and vacuum systems escaped serious damage.

When this work is resumed, it is recommended that the safety
design be based less on containment of the products of a ruptufe than on
the provision of adequate venting and adequate place for the products of
a rupture to go. The vacuum container should be strong enough to with-
stand any internal pressure possible, even if applied suddenly, but it
should have adequate bursting discs and vent lines so that any inflam-
mable products of a rupture can be rapidly carried outside of the build-
ing. A cylindrical vacuum container would be more desirable than a
cubical one, because it would have less top surface area for a given
calorimeter volume. As an added precaution, it would be well to build
the calorimeter assembly within a test cell, or some other heavy-walled
room so that possible safety miscalculations will have less destructive
potential. When these requirements have been met, the work can proceed

safely.



CONCLUSIONS AND RECOMMENDATIONS

Conclusions

The following are the conclusions drawn from this research.

1. Constant volume calorimetry in thin-walled vessels at
moderate pressures is a simple, practical and accurate method of obtain-
ing useful thermodynamic data: This method has been applied success-
fully for the first time in this research.

2. The experimental data, as representedion a Cv vs. density
plane, show the following characteristics:

a. at low densities all isotherms curve upward slightly;

this curvature decreases with increasing temperatufe;

b. at densities between 1/4 and 1/2 of the critical

density all isotherms are straight or nearly straight,
and

c. at densities greater than 1/2 of the critical density,

isotherms of temperatures within 10°C of the critical
temperature are straight or curve upward slightly,
while those at highef témperatures curve downward.

3. For temperatures close to the critical temperature and
densities greater than 1/2 of the critical density, Cv increases very
rapidly with decreasing temperature. This behavior would not be expected
from the available PVT data.

L, For identical reduced temperatures and reduced densities
Cy-C¥ on a molar basis is 1.6 to 2 times as great for perfluorocyclobutane
as for propylene; thus Cv-Cé for these gases cannot be generalized by the

simple form of the "correspondence principle".
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5. The equations of state which have been used to predict Cv
from PVT and C¥ data represent the experimental Cy data with a maximum
error of 6.7% forvperfluorocyclobuténe and 6.5% for propylene. These
maximum errors occur for the ﬁighesﬁ dendities used for each compound
and for temperatures within 5 degrees C of the critical temperature.

For temperatures and densities farther removed from the critical state
the agreement between the experimental and calculated C, is better.

6. Thé experimental data suggests that the.Martin-Hou and
Benedict-Webb-Rubin equations of state predict the direction of curva-
ture of the isotherms at low densities on a C; vs. density plane incor-
rectly. Thé Beattie-Bridgeman eéuation, :however s, predicts the same
dire;tion of curvature as'the expe:imental data.

7. The BeattiefBridgeman, Mértin-Hou and Benedict-Webb-Rubin
eqﬁations all predict that at a giveﬁ denéity, all of the isotherms on
a Cy vs. density plane will have the same direction of curvature (up-
ward or downward); the experimental data (as mentionéd in Conclusion 2c)
shoﬁ thét for temperatﬁres greater than 1/2 the éritical density the
direction of curvature of the isotherms changes’with changes in tempera-
ture. Hence these equations cannot accurately represent the Cv data
over the experimental density aﬁd teﬁperature raﬁge.

| 8. Neither the Martin;Hou;nor the Benedict-Wébb—Rubin equa-
tion accurately-represents the relation of Cv to temperatﬁre at high
densities, but the Martin-Hou equatlion predicts é better approximation
of 1t than doés the Benedict;WébB-Rubin equation. Thé Cy as a function
of temperature predicted by the Beattie-Bridgeman eéuation is similar to

that predicted by the Benedict-Webb-Rubin equation.
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Recommendations

When this work is resumed, in addition to the:éhanges recom-
mended for safety reasons, it 1s recommended that the adiabatic shield
and vacuum container be made in a cylindrical form. The cubical shield
used in this research was more iikely to have non-uniform temperatures
than would a cylindrical shield of the same thickness. Furthermore, a
cylindrical adiabatic shield should be wound with glass-insulated re-
sistance wire, which would be a more responsive and more uniform heater
than were the heating tapes used in this research. With & cylindrical
vacuum container, the top closure should be gasketed with an "O-ring"
which would be a mo}e satisfactory gasket than the silicone rubber sheet
gasket used in this research.

It is also recommended that several calorimeters be constructed
to be used at different times,%using the same adiabatic shield and control
and measuring instruments. The calorimeters should be designed for vari-
ous pressure ranges. For example, a calorimeter identical with the one
used in this research should be used for pressures from 200 to 600 psi.

A second calorimeter with a smaller diameter and a thicker wall should
be used for the pressure range 500 to 1000 psi, etec. Although such a
procedure will entail more construction and calibration, it will allow
the measurement of Cv over a wider density range.

The available PVT data suggest (see Price(31) or Woolley et
al.(39)) that for temperatures in the range of 2 to 3 times the critical
temperature C;, should increase very slightly with increasing density,
at constant temperature. At higher temperatures, perhaps 4 to 6 times

the critical temperature these data suggest that Cy should again increase
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rapidly with increasing density. Thus, in the range of temperatures

from 3 to 5 times the critical temperature, (C V-C;’;p should increase
with increasing temperature; for the temperatures covered ih this re-
search (CV-C;); P decreased with increasing temperature. It is recommended
that the C of some low-boiling point material, like hydrogen, helium,
argon, nitrogen or oxygen be measured over these temperature ranges to

see if this prediction of the PVT data is borne out.



APPENDIX A - SAMPLE CALCULATIONS

Voiume of the Calorimeter

The volume of the calorimeter was determined as follows.

1. The calorimeter was evacuated tbxan indicatéd ﬁressure
of 0.170 mm Hg.

2. The calorimeter was'weighed on the Toledo balance in the
Highway Department Laboratory. This balance can wéigh obJects weighing
up to 10 kilograms, and be read to plus or minus one gram. The evacu-
ated calorimeter>weighed.87hvgrams.

3. The éélorimeter was immersed in water, and its valve
opened, allowing the water to fill it. After filling was complete, the
valve was left opén for 1/2 hoﬁr, for the éalorimeter to come to thermal
equilibrium with the surrounding water. Then the temperature of the water
was determined with a mercury-in-glass thermometer to be 23.8°C. The
specific gravif& of the water was determined with a float hydrometer to
be 1.000.

4, The valve of the calorimeter was closed, and the calorime-
ter removed from the water. The calorimeter was carefully dried, and
reveighed. It weighed 5249 grams. Thus, the mass of the water contained
was 4375 grems. The water was removed from the calorimeter. |

5. The specific volume of water at 23.8°C was found from
Perry(3o) to be 1.00263 ce/gm. ‘The correction for imperfect evacuation
was 7h0.l7/7h0 = 1.000229. Therefore, the volume of the calorimeter at
23.8°C and zero gauge pressure was (4375 gm)(1.00263 cc/gm)(1.000229) =

4387 cc.



wl]ll-

Volume changes due to temperature changes were calculated by

the approximate formula

oaemv)
o

= 3(1inear coefficient of
: thermal expansion) (30)

S dT

The value of the linear coefficient of thermal expansion was taken from
the ASM Metals Handbook(a) as 5.0 x 10'6 per degree C, for the type of

steel used. Therefore

-5 -
de V) 5 0 ¢

adT P - X (31)

0
For the change in volume with changes in pressure, the following

formulae were used:

O“D T : O”) T (32)

d &LV‘ - (0.25) (diameter)
d p T (wall thickness)(Young's Modulus) & (33)
' f
where r is the radius of the sphere. Inserting 8 inches for the diameter,

0.031 inches for the wall thickness and 30 x 106 psi for Young's Modulus,

this becomes

d(fév = 0.667 x107° ps™

Because of the small values of these quantities, all second order dif-

ferentials were ignored, and the following approximation used

d .V dtny
dmV — aT ) dT + B TO(P e
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As an example, for propylene loading #6, the two-phase boundary
temperature was about 90°C (based on the data of Marchman, Prengle and
and the preséure was 650 psi. Since the calorimeter was
surrounded by vacuum, the absolute and gauge pressures were the same.
Therefore, according to Equations (31), (34) and (35) the volume cor-

rection for this condition was

2'\%/ ~ (10-24)15x10™) + (650) (0.6 7415°%) = 0,004

For the temperature of 110°C at which the last completed run of this
loading was ended, the pressure was about 800 psi. The corresponding
correction was 0.0066. In the interest of simplicity, all of the runs
of any loading were reported at the average density for that loading.
The volume chosen to calculate the density was that corresponding to the
mean of the corrections, i.e., (4387)(1.0060) = 4413 cc. At no point

of the runs of propylene loading #6 did the volume differ from this
figure by more than 0.06%. On the other loadings the largest difference
between the volume at any point and that used to calculate the density

was O.l%.

Gross Heat Capacity

The gross heat capacity, Cg’ was calculated by Equation (21),
Ae/(AT -.A—EO\(V' >

As an example, the gross heat capacity calculation of Run #87 is pre-

Ca= Gnean
sented herewith.

The primary data are as follows:

The power was switched on to the calorimeter at 12:40.
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The power was switched from the calorimeter at 1:00.
The elapsed time,l§€5, was 20.004 minutes.

At three times during the heating period the power was
measured. The readings were:

_Time  Voltage (Volts) Current (Amps)
12:40 19.23 0.3890
12:50 19.24 0.3886
12:55 . 19.29 0.3876

At five minute intervals during the two temperature-
measuring periods the temperature was measured by means
of the platinum resistance thermometer-heater and the
Mueller bridge. The following were the sums of the
"normal" and- "reverse' readings of the bridge, which
sums correspond to exactly twice the true resistance of
the thermometer-heater.

Time Ohms

12:30 73.4470
12:35 73.4463
12:40 73.4456
1:10 T4.3880
1:15 Th.3871
1:20 Th.3861
1:25 © 74.3850
1:30 T4.3840
Readings were not commenced until ten minﬁtes after the end
of the heating period. This time lapse was necessary for
the system to come to thermal equilibrium.
Based on the primary data, the following calculations were made.
The thermometer resistance at the start of the heating period, Ry, was

equal to one half of the total reading at 12:40, i.e., 36.7228 ohms.
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The change in total resistance reading during each five-minute interval
before the heating period was -0.0007 ohms. At this temperature, a
change of 1 ohm corresponded to a change of 10.06 degrees C, so that a
change of -0.0007 ohms in the doubled resistance in five minutes, or a
change of -0.0007 ohms in the true resistance in ten minutes corres-
ponded to a drift rate of -0.0007 degrees C per minute. This was drift,.
Similarly, the drift rate after the heating period was determined. The
values for successive five-minute igtervals were: -0.0009 ohms, -0.0010
ohms, -0.0011 ohms and ~-0.0010 ohms. The average values of -0.0010 ohms
per five minutes or -0.0010 degrees C per minute was drift,. Using the
value of drifty, the resistance at the end of the heating period was de-
termined by extrapolating the resistance vs. time curve to 1:00. (In
all of the data taken with this calorimeter this extrapolation was a
simple linear one.) The value obtained was T4.3900 ohms. Dividing this
by two, Rp, was found to be 37.1950 ohms. From Rl and R2 the correspond-
ing temperatures were found. The thermometer-heater resistance-tempera-

ture calibration formula was

R = 26,4010[1+38908x16T — 3480 €0 T3] ()

where R is the resistance in ohms, and T is the temperature in degrees
C. This formula is discussed in Appendix C, page 130. Based on this
formula, it was found that an Rl of 36,7228 ohms corresponds to a T; of
101.401°C, and an Ry of 37.1950 ohms corresponds to a T, of 106.085°C.
Therefore, & T = (Tp-T,) was 4.684 degrees C.

From the individual power readings the gross power inputs at
the measurement times were T.480 wa£ts, 7.476 watts and 7.476 watts.

The average was 7.477 watts. Not all of this gross power flowed into



the calorimeter. Some of it was dissipated in the voltage measuring
circuit, which was in parallel wlth the thermometer-heater and motor,

and some of it was dissipated in the voltmeter, which was also in
parallel with the thermometer-heater and motor. Figure 17, page 51,
shows these circult details. The magnitude of this leakage was cali-
brated as follows: the thermometer-heater and motor were disconnected
from the circuit, and the current flowing was measured for various volt-
ages. It was found that all the current date could be represented by
considering the two parallel current paths as a single resistor of 2015
ohms plus or minus 5 ohms. Therefore, the power dissipated in the paral-

lel current paths was -

®

o -IE = E/RE = E¥R = E205 o

For this run, the average voltage was 19.2 volts, for which the corre-
sponding value of E2/2015 was 0.183 watts. Hence, the mean power sup- .
plied to the thermometer-heater and motor was 7.477 watts minus 0.183
watts equals 7.294 watts. ihe product of the mean power and the elapsed
time was T7.294 watté times 20.004 minutés or 145.91 watt minutes. One
watt-minute 1s equal to 14.3403 calories, so that the total heat input
Q (@ = qpeg,O6) vas 2092.3 calories. |

From the two drift'rétes; the change in temperature which
would have taken place 1f no heat had been added was calculated by the

formula

(drifty + dnfta)AB _—{0i0007 +0.0010)(20.04)

AT&OV‘Y = 7 2 =-0.017C
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It was then possible to substitute into Formula (21)

_Q _ 2092.3eal cal
Cf'—(AT—[;TWV)— (4,684 +o0o)C #45.07 °C

in Table III, page 120, are listed the values of Ty,Ty, -drift;, -drift,,
Umeans DO Q5 (BT - ATeory) and C, for all of the 89 runs made with
this calorimeter.

There were two corrections which could have been made to the
above data, both of which were negligible. These would have been for the
effects of the expansion work done by the gas on the'calorimeter, and
for the effects of the adsorption of material on the inside wall of the
calorimetér. During‘run #87 the expansion of the calorimeter was esti-
mated by Equations (31), (34) and (35), to be 5'.013% of the original

volume of the calorimeter, or 0.57 cc. The true work done was

Va
W=V PoIV , (38)

which could be well approximated by Pmeanlxv~ The mean value of the
pressure was about 775 psi, so that the work done was 0.030 liter-atmos-
pheres or 0.7 calories. This was considered negligible compared with
the 2092.3 calories of electrical energy input. According to Fricke(ll)
the maximum possible energy effect in the transition from the bare to
the totally adsorbed state for stainless steel is of the order of 4000
ergs/cm. The inside surface ares of the sphere was about 1260 cm?, 50

that the maximum conceivable energy effect due to adsorption would have

been 5.0 x lO6 ergs or about 0.1 calorie.
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APPENDIX B - CALIBRATION OF THE CALORIMETER HEAT CAPACITY

The heat capacity of the calorimeter was determined by loading
the calorimeter with small amounts of substances of known heat capacity.
The gross heat capacity was then measured, and the known heat capacity
of the contents subtracted, to find the heat capacity of the calorimeter
(plus those parts of the wires and strings which received heat from the
calorimeter.) For this calibration the substances used were dichlorodi-
fluoromethane (Freon 12) and propylene. The C$ of dichlorodifluoromethane
used was that according to Masi(23). The correction for non-ideality was
made by the Martin-Hou equation, using the constants given by McHarness,
Eiseman and Martin(ls). The C$ of propylene used was that according to
Kilpatrick and Pitzer(l7). The corrections for non-ideality were made

>

by the.Martin-Hou equation, using the constants given by Martin andf
Hou(l9)‘ |

The calibration data are stated in Table IV, page 127. ‘These
values are plotted in Figure 36, page 128. The line drawn through the
experimental points was considered as the best éxperimental value, and was
used to make the calculations shown in the "Results" section. In this
‘calibration, for none of the data points did the heat capacity of the
calibration substance exceed 7% of the'heét capacity'of the calorimeter.
The worst scatter of the calibration pbi;té is about 0.8% from the line;
most of the points lie within 0.4% of the line. ‘

It was not considered possible to compute the calibration
value from published data, because such data are not available for the
type of steel used, and because of the difficulty in estimating the

heat capacity of the motor. However, as an order of magnitude check,

P



-127~

TABLE IV

CALTERATION OF CALORIMETER HEAT CAPACITY

* *
Run # T can Cy - MC,, M(C, = C; ) = Calibration
°Ct ca.l./°C. cal./"C. cal./°C. calo/OCa
Propylene calibration 17.04 grams
h.,25 = 106.81 5.65 0.09 101.07
58.24 109.38 5.91 0.07 103.40
The25 110.83 6415 0.06 10k, 62
91.34 112.25 6.140 0.05 105.80
145.46 116.79 T.23 0.03 109.53

GEPhEBwvwoma

Dichlorodifluoromethane calibration 29,65 grams

1k 41.02 104,04 3.88 0.06 101.10
15 63.27 107.08 4.09 0.05 102.9%
16 84.75 108.79 he17 0.04 104,58
17 105.71 110.82 L,27 0.03 106,52
18 124,38 112.36 4,37 0.02 107.96

19 140.89 113.18 Lo45 0.02 108.71
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the following estimate was made:

The motor welghed 120 grams. This was estimated to be the equiva-

lent of 20 grams of aluminum (the motor housing was aluminum), 50

grams of copper (the windings) and 50 grams of iron (the rotor core,

bearings, etc.). The remaining weight of the calérimeter was 75k
grams. Tﬁevapproximate‘hédt capacities of ﬁhe various materials
ot 100°C are: stainless steel 0.12 cal/gm °C, aluminum 0.22
cal/gm °C, iron 0.11 cal/gm °C, and copper 0.09 cal/gm °C. Multi-
plying these by the assigned masseé of material, and summing, the
heat capacity of the calorimeter at 100°C %as estimated as 105
calories/degree C. The experimentally determined value was 106

calories/degree C.



APPENDIX C - CALIBRATION OF THE THERMOMETER RESISTANCE

The thermometer-heater was calibrated for use as a platinum
resistance thermometer by measuring its resistance at the ice point, and
measuring 1ts resistance while it was immersed in an agitated oil bath,
whose temperature was measured with a Princo mercury-in-glass thermometer.
The Princo thermometers used were #451872, #148202, #456732 and #253157.
NBS calibrations dated 1956 were available for these thermometers. The
thermometers could be read to about 0.0l degrees C. However, since they
were of the total immersion type, and the available oil bath could only
be used with an emergent thermometer, emergent stem corrections were
necessary. These were made according to the methods suggested by the
NBS. The magnitude of the corrections was up to 0.7 degrees C. The
temperatures were recorded to 0.01°C, although their reliability was
certainly less than this. |

The resistance as a function of temperature was represented by

the standard platinum resistance thermometer formula, see Sligh(36),

R = Ro[1+aT 4+b72] 59

where R is the resistance at a given temperature, Ro is the resistance
at the ice point, T is the temperature in degrees C, and a and b are
arbitrary constants. Because the ice point determination was considered
more reliable than any other measurement, the value of Ro = 26,4010 ohms
was considered correct and not subject to the fitting procedure. The

constants a and b were determined by fitting the following resistances

=130=
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and temperatures to Equation (39) by the method of least squares:

Ohms Degrees C

31.652 51.01
36.350 99.32
37794 112.12
biaks o 1bs.2h
L3685 170,45
46,426 | 198.71

The values obtained for the constants were a = 3.8908 x 10'3, and
b = -3.480 x 1077,
Using these values, the temperatures predicted by the ther-

mometer equation and the standard glass thermometers were compared as

follows:
Tplatinum Tglass (Tglass - plat)
o0 5o o -
51.3k4 51.01 -0.33
99.47 99.32 - -0.15
112.02 112.12 0.10
145,41 145,24 -0.17
170. 44 170.45 0.01
198.46 198.71 dneh

Although a better agreement could be wished, the above is satisfactory
in the light of the probable achraﬁy pf the measurementé made with the
mercury-in-glass thermometers; It would have been possible to fit the
calibration data better by using a more complicated equation, but the

gain would not have justified abandoning the standard formula.



APPENDIX D - DERIVATION OF THERMODYNAMIC RELATIONS

The derivations in this appendix are largely a restatement of
those contained in unpublished thermodynamics notes by Professor Joseph
J. Martin. They are included here for completeness.

Relation Between the Constant Volume
Heat Capacity and State Behavior

From the definition of an infinitely small reversible change

of the Helmholz Free Energy

= -SolT PdV (40)
is obtained the Maxwell Relation

dS dP

C*\/ 1F CJT- v
Differentiating this expression with respect to T at constant V, yields

d*s q(ds o*P

(41)

dVr dTv ~ dir a_T—v: ﬁv. "
However
[dS Cv
(ﬁ)\, =T )

Inserting (43) in (42), yields

/ IA
olCy T/d P) -
—_— —_— — =2 v
dv /1 o Ty,
Another form of this relation is obtained by substituting V = l/p,

()(dCV) — T(%iﬁ)\/. 0

-]32=
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The Relation Between the Constant Volume
Heat Capacity and the Speed -of Sound

By definition

ConT) e T, o

Cp—Lv ) [(%‘) - (_j%r)v] (15)

The entropy may be expressed as a function of pressure and temperature,

Hence

or as a funetion of specific volume and temperature. The form of the
expression does not affect the value of the total derivative, so that

the two total derivatives may be equated

(28] (&) 2P - 45) - -(g5) 4 o

Rearranging

o) ) G- Gle o
G- ) - Gliw, -

Since the above holds for any reversible change of entropy, we

or

may consider a constant pressure change for which (dP/aT) is zero:
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@%kW%%f‘G%LG%k. (s9)

Inserting the Maxwell relation

as dP

(AV)T_ (dT>V (50)
G Gl

dﬁl A{L—' ATy \dTm Gy

Substituting (51) in (45)
&)
dTp_

- /[dP
(:FF"C:V = -r<(""
v
This may be written in a more convenient form by substituting

AT
(df) =T __(_%j}:_)i (53)
ATy %%)T

to obtain : .O‘_ij
CP— Cv = -1 dT

().

yields

~—~~

52)

(54)
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For gases
2= —v? | olP) -
g \aV/ ) (55)
where ¢ is the speed of sound. Also, by definition
g = =
Cv | ‘ (56)

- (57)

Substituting o | (, |
d d—P B . ’ .
QX%%L;= — {ﬁgg)ll. (58)
' &), o
into the right-hand member of Equation (57) ylelds
@) - oa@).
\dV /g _—__, o\av)r N (59)

Inserting (59) into (55)

2 olP)
/CZ————V 'k (dv T
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Since
Ce-C Ce-C
Cy= : e 2 (61)
co - | - |
v

we may substitute for (cP - cv) from Equation (54) and for k from

Equation (61) to obtain

i R )

(otP) - | < V60,

This may be solved for c:2 as follows

cv@E-GE) e

which after rearrangement and extraction of the square root yields

| G -

dT)y \C AP )2
! (Tﬁ)/ .

Cv—




APPENDIX E - CALORIMETER CIRCUIT

The following is extracted from an article by HOge(l3). It

is included here to elucidate the use of a balancing résistor in the
heater circuit.

Consider a series circult consisting of the following three
elements: a battery of constant voltage E and zero internal resistance,
a balancing resistor of fixed resistance U and a heater of variable re-

sistance R. The power dissipated by the heater is given by

_ TR 1 _ RES
W T T UawrlluaR] T (UrR)R

where 94 is the heater power, I is the current in the circuit, and Eh

is the voltage across the heater. Then

dg,  E*(U-R)
a8 = Uer @

When R equals U, %Y, is a maximum, equal to Ea/hU. Furthermore

_(REZ_[|4U] . 4
%m’: (i+erILE]  (++Ye) @D

This latter function is quite insensitive to changes in R/U. For
example, setting qh/qhmaximum_equal to 0.98 and solving for R/U one

finds two values, 0.75 and 1.35. Thus for an 80% increase in R, dy,

-137~
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goes through a series of values none of which differs from the initial
value by more than 2%. From the above it is seen that although the
resistance of the thermometer-heater and motor was changing steadily
during any heating period, the power dissipated by them changed very
slightly.



APPENDIX F - REPRESENTATION OF Cy-Cs
BY SEVERAL EQUATIONS OF STATE
One of the primary objectives of this researth was to compare
the experimental values of Cv wlth those computed froﬁ state data by
means of various equations of state. In this section, detailed consid-
eration is given to the represeptation of Cv by several equations of

state. From Equation (1)

pA
AV Jr AT
and the fact that Cv equals C§ at zero density or infinite specific

volume, it follows that C,-C¥ may be calculated by either of the fol-

lowing equivalent relations

e [ (&P
Cv-Gr= —_/V T(OH_Z\/ AV (68)

or

a(’*P
cy - Q0= - )f Olf (69)

Generally Equation (69) is more convenient to use with equations of
state which involve V or'f3 , and Equation (68) is more convenlent to
use wlth equations of state which involve V-b where b 1s some constant.

The Dieterici, Berthelot, Beattie-Bridgeman,
Benedict-Webb-Rubin and Martin-Hou Equations

All of the early equations of state give zero values for

(dzP/dT2)V. Thus, these equations (perfect gas equation, Van der Waals

=139~



=140~

equation, Wohl equation, etc.) predict that CV-C$ is zero for all temp-

eratures and densities. The following five equations are considered in

detail, as a representative sample of the many equations which have been
proposed. The Dieterici equation(9) is one of the earliest equations

which gives a non-zero value of C,-C¥; it is

_ KT ( -
p - <V_b) QXP ?Yv (70)
where
4R TS R Te
a= ———5 =
% [Q)(P 1‘] and b PL LZXP 1]& (71)
According to this equation
-4
d?p _ A’ exp ( ?w) r2)
aT? ), R 73V (V-b)
and
® - A
2 —_—
Cm O == QXP(EW) otV (73)

®T2), v (V-b)

The above integral is integrable only in terms of non-elementary func-
tions. The value of the integrand is always positive, so that the value
of the integral is always negative. This equation thus predicts that
Cy-C¥ will be negative and will increase in absolute value with increasing

density.
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The Berthelot eqpation(9) which is frequently used by physical

chemists, is

KT _ a
P= —(\/-——E} v (T

where

2 -3
Qza___m an ol b= Ve (75)
“ R 3 .

It predicts

d°p’ 2 00"
(m_L)V =- =2 (76)

and

Cy-CF = 2‘/“1 d‘o — %ﬁ (77)
0

Thus, this equation predicts that CV-C$ will increase linearly with

increasing density and will decrease with increasing temperature pro-
portionally to 1/T2.
The Beattie-Bridgeman,equation(3)vwhich has been widely used

in chemical engineering is

P- RTL{? - %gz][—'(; +By - Bebe] '—[Ao(»’z —ah, ﬁ] (78)
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where a, b, c, Ao and B, are arbitrary constants. According to it

<0{_|_> ————6——-{’— — +Ba--Bobf‘J

AT? (79)
- = é_c‘jﬁf[' "\"Ba(o -B b(o“l o(f:
CCE[(D i _—ﬁ :l (80)

This equation predicts that CV-C$ will increase with increasing density
according to a cubic equation, as shown in Figure 2, and that it will de-
crease with increasing temperature proportionally to l/T3 |

The Benedict-Webb-Rubin equation(h) which has been widely ap-

plied, especially in vapor-liquid equilibrium calculations is

P= F?Tf 1—(:2[BOKT—AO -gr%] -\-,az[BRT—:, +F°aq +C£(Hfz .exp(—(f‘)

(81)

vhere a, b, ¢, A,, By, C, and are arbitrary constants. It predicts

P z
(%F)v = ﬁ_,r ["Co -\—CF(‘*(F)QYP("sz)} (82)
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and

. P |
Cy -Cy*= % L[Co —'Cﬁ(l *KFL)QXPGKF)]df

%[Cofs *25?2 exP('qo) -2 + P 2"!"’("/32 (83)

2
When exp(-xf}) may be satisfactorily represented by (1 - KC} + o),
which is an excellent approximation whenever KFF is smaller than 0.005,

then Equation (83) simplifies to

Cy—Cv* = %[Cor: - _ze" +...]. (84)

This equation predicts that C,-C¥ will increase with increasing den-
sity at low densities according to a parabolic equation as shown in
Figure 2, and that it will decrease with increasing temperature propor-
tionally to 1/TS.

The Martin-Hou equation(l9), which has been used to compute

thermodynamic properties of various substances, is

=5
P___z A+BiT —g—Cc exp (R T/72)
L=\ (v_by‘ ' (85)

where the various Aj, Bi, Ci, k and b are arbitrary constants. Accord-

ing to Equation (85)

AP LV ) © G
(0\\ - (TQ QXP(TT2>E (v-b)* (6)
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and

(87)

In the Martin-Hou equation C; and C) are zero, and for some gases (e.g.,
propylene) the constants are only available in the earliest form of the

equation in which C5 was also zero. Therefore in the expanded form

kY47 2 C C
Cy-C¥ = - ( | 3 5
G 1 T %P T/l (V-b) +2(\/-\o){'_4(v—b)* (88)

or when 05 is zero

2

4 - C C
Cu— Cv¥= -T(——— ox ( 2 3
oo T P\ (v-bT' 2(0-b)° | (89)

C, is generally a large negative number, and C3 a smaller positive num-

2
ber, and at low densities l/(V-b)z‘O , 80 that this equation also pre-
dicts that C,-C¥ will increase with increasing density according to a
parsbolic equation at low densities, as is shown in Figure 2. The equa.-

tion also predicts that C,-C¥ will decrease with increasing temperature
vV

proportionally to T exp(-kT/Ts).
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Michels'! Equations

Michels et al.(zs), have represented PVT data by equations of

the form

(PV)T; A+ B(a‘ +C(oz + D<o4' (90)

(PV)T=A+BP + Cr,2+Z‘03+D(o4-+ Y(hs'i' E(oé"' F{0-7 Al Gfe (91)

In these equations, all of the capital letters are arbitrary constants
which are determined by fitting the experimental data. Generally, Equa-
tion (90) is used only for densities below 1/5 of the critical density,
and the total density range of the experimental data is represented by
Equation (91). Note that these equations only describe the PV behavior
along specific isotherms; the values of PV between these isotherms must
be obtained by interpolation. In the paper on propylene by Michels et
al.(as), Equation (90) is applied to 7 isotherms, so that the low density
data are fitted by a network involving 28 arbitrary constants. Equa-
tion (91) is applied to three isotherms over the density range from

zero density to three times the critical density, so that the total range
of the data is fitted by a network involving 27 arbitrary constants.
Using the constants found in Equation (91), Michels et al., are able to
represent PV values for these three isotherms up to three times the
critical density with a maximum difference between the calculated and
experimental values of 5 parts in 10,000 and an average difference of
less than 2 parts in 10,000. The Benedict-Webb-Rubin equation, which

has only 9 arbitrary constants including R (See Appendix H), has been
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used to represent the propylene PVT data of Marchman, Prengle and Motard
up to a density of 1.4 times the critical density. Over this range the
maximum difference between the calculated and experimental pressures is
175 parts in 10,000, and the average difference 1s 20 parts in 10, 000(21)
The Martin-Hou equation, which has 11 arbitrary constants incouding R
(see Appendix H), has been used to represent the same PVT data of
Marchman et al. For the density range up to 1.4 times the critical den-
sity, the maximum difference between the experimental and calculated
pressures is 100 parts in 10,000. The average difference was not re-
ported(l9).

To calculate C,-C¥ from the network of constants evaluated for
Equations (90) and (91), Michels et al., used two methods. At low den-
sities the data were correlated at various teméeratures by a power series
of the form of Equation (91). From the variation of the constants with
temperature, the necessary second derivative was calculated by

o’ P , B LdC A

AT, = T e* FIE R

Using this derivative in Equation (69), CV-C$ was calculated. For higher

densities a different method was used. The internal energy was calculated

by the relation

U = f )To@‘ﬁ ch dT + f@rf%d‘) (93)

IAMAQ
where

dU\ -1 (dP —P} —l( APl oy -

2

dpjr T
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(The somewhat complicated form of Equation (93) is due to the choice of
0°C and a density of 1 amagat as the stantard state of zero internal

energy.) From Equation (93), C, was computed by the relation

F:‘V = (%35%:>v .

Differentiation of Equation (93) with respect to T at constant density

(95)

and rearrangement yields Equation (69), which shows that the two methods
are equivalent. In evaluating Equation (94), Michels et al., determined
the values of [d(PV)/dT] from a cross-plot of their (PV)p isotherms at

a given density. All of the integrations were performed graphically.

Volume-Explicit Equations of State

A1l of the equations of state discussed above are pressure-
explicit, i.e., they have the form P = f£(V,T). Historically, another
type of equation has been widely used, the volume-explicit form, V =
f(P,T)."For equations of even moderate complexity, a volume explicit
equation cannot be written in an exact pressure-explicit form, and con-
versely. In general, volume-explicit equations lead to a very complicated
and unwieldly expressions for C ~C¥. As an example, we may consider the

relatively simple Goodenough equation(9), which is

- '
\/=ac+—‘3‘— —%(\+3¢P‘> (96)

where c, m, n and a are arbitrary constants. The second derivative of

pressure with respect to temperature at constant volume is most easily
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obtained from the relation,
ooy . (3Em) — (L3
v

ATHh =
(O%)T(d%lﬁ) o (3-& (j%)T (97)

Substituting the values of the Goodenough equation shows

{[E + MVL +34P ][TPZ-F 32—”1:"1%“;.,2]

KT _ Zam [ mnletl) A
d_L?) | pe + ZT"‘PVL[ m—y (14347 )]}
dT
3am Bamn
{ P?- to2TtPh ][ N 2\-“*‘?"1—_‘

< M y 3am 2RT
a2 -]
[P ™ TP PR,

In order to use this expression in Equation (68), it is necessary to

make the substitution

oAV = (ﬁ‘%)ToQPT = —(K\; ;’}Vvh@dﬁ- (99)
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which ylelds

P
Cy-Cr'= —TLEE‘LM*‘\MC(@][EPI; +2&%%,I,L 4P

. (100)

The above illustrates the complexity of calculating CV-C$ from a volume-
explicit equation of state. From Equation (6), we may infer that it
would be approximately as complex to compute Cp-CE from a pressure-ex-
plicit equation as it is to compute Cy-C¥ from a volume-explicit equa-
tion. For Cp-Cﬁ, however, volume-explicit equations give very simple

expressions, e.g., the Goodenough equation predicts

; 3
* /
™ .
The differences between the two types of equations may be summarized by
saying that volume-explicit equations are more convenient to use with

C, and enthalpy, while pressure-expliclt equations are more convenient

P
to use with C, and internal energy. In spite of the apparent advantage
of volume-explicit equations, that they are more convenient to use with
the variables of greatest engineering intereét, pressure-explicit equa-
tions are in wider use, because the PVT data may be accurately repre-

sented in much simpler algebraic form by means of a pressure-explicit

equation than by means of a volume explicit equation.

The Second Derivative of Cy with Respect to
Density at Constant Temperature

In the "Theoretical Background" section, the simplified wvalues

of Equation (12) were given for the Benedict-Webb-Rubin and Martin-Hou
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equations. The detaliled values may be obtained either by differentiating
Equations (83) and (87) twice with respect to density at constant temp-
erature, or by differentiating Equations (82) and (86) once with respect
to density at constant temperature, and substituting into Equation (12).

For the Benedict-Webb-Rubin equation, the former method yields

dCv b 2 25t

and

(102)

(55)= % wrtgbip ),

For the Martin-Hou equation, Equation (86) 1s re-written

d™P &) -%n)[ G G et
(—Oﬁ-l)vt(-rc P( (l_Eg'L —(:%F)-s'*' (I-lﬁf)); (10%4)

and differentiated once with respect to density at constant temperature

to obtain

AP ) _ (_%_)Ze (—M’).

dT%/a'(:-,- T )(P Te

2Gap + 3Cap- \ SCgf‘i' N ZloCZ 3\3C3P3 S\DCSES
(- bP) (""’f’)s (,_bf)4- BP)B U Ho)of -%é .105>
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The values are substituted into Equation (12) to yield
2 OPP) N (A‘P (ﬁ_z (.%T).
T[Fz (Zﬁ:’- ¢ f’" olT?, df"' =T ) PU T

J-2btu-6 30 -3bGe  -SkGsp®
[(n-pr (-6p)®  (-bpf C-lp)® ]

(106)




APPENDIX G - TABLE OF NOMENCIATURE

Used as arbitrary constants in various equations

velocity of sound

heat capacity at constant pressure

heat capacity at constant pressure and zero pressure
heat capacity at constant:vdlume

heat capacity at constant volume and zero pressure
gross heat capaclty of calorimeter and contents

heat capacity of a two-phase mixture at constant volume
heat capacity of the saturated liquid

differential operator

exponential operator

=152~
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Helmholz free energy

function

electric current

Cp/Cy

natural logarithm

m.ss

reduced slope of the vapor pressure curve at the

critical M (dPr)
aT;'V,c

pressure
quantity of energy

rate of energy addition
resistance

universal gas constant
radius

entropy

temperature

a fixed resistance
internal energy

spécific volume

svolume

meehanical work

compressibility factor
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corr

mean

sat
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Greek Letters

accommodation coefficient

arbltrary constants used in various equations

finlte change operator

time
density
Subscripts
critical
correction
heater

summa.tion index

mean value over some interval
reduced

saturation

the beginning of a heating period

the end of a heating period



APPENDIX H - CONSTANTS AND CONVERSION FACTORS

The following constants and conversion factors were used

throughout this research:

i

1 calorie 1 thermochemical calorie = 4.1840 absolute joules

0.0412917 1iter-atmospheres

.1 abs. watt minute = 14.34%03 calories

!

temperature °K = temperature °C plus 273.16°C

1.8 temperature °C plus 32°F

temperature °F

=
n

temperature 1.8 temperature °K
1 atmosphere = 14.70 pounds per square inch

1.987 cal/gm mole degree K

"

R (The universal gas constant)

1]

0.08205 liter atm/gm mole,
degree K
molecular weight of propylene = 42.08

molecular weight of perfluorocyclobutane = 200.0k4

The Martin-Hou egquation constants for propylene(l9) are as
follows; (Ibmperature is in degrees K, pressure in atm. and volume in

liter/gm mole)

b = 0.0487575 B, =0

k = 5.475 Bs = 5.0385878 x 107
Ay =0 | Cy =0

Ap = -10.2233898 Cp = -153.061055

Ay = 1.219435756 C3 = 21.7717909

A) = -0.068940713 Cy =0

A5 = 0 | C5 =0

(Continued)
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B, = 0.082055
Bo = 0.0081804454
B3 = -0.00074168283 (Note this was misprinted in Reference 19

as +0.00074168283)

The Martin-Hou equation constants for perfluorocyclobutane(eo)
are as follows: (Temperature is in degrees R, pressure in psia and

volume in £t3/1b)

b = 0.005655630365 B, =0

k = 5.00 Bs = 0.2444029514 x 109
AL =0 C, =0

A, = -1.78283257h Cy = -29.98281801

A3 = 2.220141064 x 10-2 Cy = 06970502961

A, = -2.h9243233 x 10-4 Cy = 0

As = 1.027671206 x 10-° Cs = -3.742878007 x 10-2

B, = 0.0536456979
B, = 0.8288016876 x 10-3
By = -0.7000454923 x 10-6

The Benedict-Webb-Rubin equation constants for propylene(El)

are as follows: (Temperature 1s in degrees K, pressure in atm. and

volume in liters/gm mole)

Ay = 4.01365 ¢ = 116,990

By = 0.0467375 X = 0.000349627
Co = 556,093 g = 0.0162000
a = 1.065493 | R = 0.082054k

b 0.0240732

H
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