I. LATENT HEAT OF VAPORIZATION OF PROPANE

IT. PARTIAL AND TOTAL HEATS OF VAPORIZATION

FOR THE N-PROPANE/N-DECANE MIXTURE

Thesis by

Norman Lewis Helgeson

In Partial Fulfillment of the Requirements
For the Degree of

Doctor of Philosophy

California Institute of Technology
Pasadena, California

1973

(Submitted June 23, 1972)



—1i-
ACKNOWLEDGEMENTS

First, I would like to thank the California Institute of
Technology for its generous financial support throughout my residence
at Caltech. In addition to Institute Fellowships, I was supported
at various times by the Fellowship of Standard 0il of California, a
National Science Foundation Engineering Traineeship, and Institute
Research Assistantships.

The initial phase of my graduate work was supervised by
Professor B. H. Sage to whom I am grateful for his patience and
encouragement. I am also indebted to Professor Sage for permission
to continue with experimental measurements using apparatus which he
had previously developed. Professor C. J. Pings supervised the major
portion of this thesis and it was he who fell heir to many of the
problems associated with its development and completion. I would
like to express my appreciation for his personal interest and support
throughout the course of the investigation, and also for providing an
environment which permitted considerable freedom of endeavor.

Numerous other people have been helpful in one way or another:
Hollis Reamer supplied valuable assistance with the operational
characteristics of the experimental apparatus, George Griffith was
always available and more than helpful with any problems associated
with equipment repair, and Ray Reed, Henry Smith and Chic Nakawatase
contributed at various times during the experimental phase of the
project.

I would especially like to acknowledge the encouragement and

continuing patience of my wife, Ann, who has been through'it.all.



-iii-

for ann, john, katherine, and .

°



—-ivy—

ABSTRACT

Experimental measurements are reported for total and partial
heats—of-vaporization for the n-propane/n-decane system. Results are
given for the 100, 130 and 160°F. isotherms and covef the entire com-
position range. It is shown that the temperature and concentration
gradients which develop within the system during the vaporization
process may, in some cases, cause a significant (v0.4%) deviation in
the calculated results. A method is provided for introducing a
correction for this effect. Based on the partial heat-of-vaporization
of n-propane, heats-of-mixing for the liquid solution are calculated.
The results are in qualitative agreement with predictions from theories

for n-alkane liquid mixtures.
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PART. I

LATENT HEAT OF VAPORIZATION OF PROPANE*

* Part I was published as a paper by N.L. Helgeson and B.H. Sage
"Latent Heat of Vaporization of Propane,” J. Chem. Eng. Data,
12 (1967), 47.
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Latent Heat of Vaporization of Propane

N. L. HELGESON and B. H. SAGE

Chemical Engineering Laboratory, California Institute of Technology, Pasadena, Calif.

Calorimetric measurements of the latent heat of vaporization of propane were made
in the temperature interval between 100° and 135° F. A critical review of the available
calorimetric and volumetric data was made and an analytical expression developed
by regression analysis, to describe the latent heat of vaporization for propane from

0° F. to the critical state with a stand

d error of esti

te of 1.5 B.t.u. per pound.

THE latent heat of vaporization of propane has been
the subject of a number of investigations. The early
work of Dana et al. (3) was followed by some addi-
tional calorimetric measurements of the latent heat of
vaporization of this hydrocarbon (6). The volumetric
behavior of the compound and the vapor pressure have
been studied by several investigators (I, 2, 5, 8, 9).
There existed discrepancies of the order of 5 B.t.u.
per pound between the latent heat of vaporization as
estimated at 80° F. from the two calorimetric inves-
tigations (3, 6), and from the more recent volumetric
measurements (I, 2, 5) and the calorimetric data at a
temperature of 100° F.

As a result of this discrepancy, calorimetric meas-
urements were made of the latent heat of vaporization
of propane. The technique and equipment employed
have been described (4, 7) and differ materially from
the apparatus used earlier (6). The temperatures were
measured with a platinum resistance thermometer
which was compared recently with the indications of a
similar instrument calibrated by the National Bureau
of Standards. The temperature within the calorimeter
was known within 0.01° F. of the international plat-
inum scale. Temperature differences were ‘established
within 0.002° F. The experimental results are set
forth in Table I. The measurements were not carried
above 135° F. because the large volumetric correc-
tions necessary in the -calorimetric measurements
made use of the Clapeyron equation based upon volu-
metric and vapor pressure measurements a preferable
approach. The calorimeter is not arranged to permit
measurements below 100° F. Direct comparison of the

VOL. 12, Ne. 1, JANUARY 1967

present calorimetric measurements with the data men-
tioned earlier is presented in Figure 1. In this figure,
where data were obtained at nearly the same tempera-
ture, a single average value was depicted.

The following analytical expression was used to
describe the latent heat of vaporization of propane in
the temperature interval between 40° and 206.26° F.:

I =A(T. — )V + B(T. - T3+ C(T. —= T) (1)

The application of least square regression methods
yielded the following coefficients: A = 21.771; B =
1.8935; and C = —0.10836, with a standard deviation,
g, of 1.5 B.t.u. per pound from the experimental values
depicted in Figure 1. The critical temperature em-
ployed was 665.95° R., based on Beattie’s (2) meas-
urements.

To illustrate the quantitative nature of the disagree-
ment of the several setls of data, residual values of the
latent heal of vaporization have been calculated, us-
ing Equation 1 as a reference value. The residual latent
heat of vaporization is defined as

U=l -1, (2)

and is shown as a function of temperature for each of
the experimental points employed in obtaining the
points shown in Figure 2. The range of temperatures,
the standard error of estimate, and average error are
reported in Table I for each set of data from the values
obtained from Equation 1.

As can be seen from Figure 2, the data of Dana et al.
(8) yield values of at least 5 B.t.u. per pound above the
current data when extrapolated to 100° F. The earlier

47



Table |. Experimental Results for Latent Heat of Vaporization of Propane

Energy Added

By Super Specific Latent
By Conduction Weight of Heat Volume Volu- Heat of
Temper- Electri- Agita- & Material of Bubble metric Vapori-
ature, Pressure, cally, tion, Radiation, Withdrawn, Liquid, dP”/dT, Point, Term,* zation,
8 p.s.ia. B.t.u. B.t.u. B.t.u. Lb. °F. p.s.i./°F.Cu. Ft./Lb. B.t.u./Lb. B.t.u./Lb.
100 188.7 3.8687 0.0680 —0.0010 0.027627 0.06 2.4378 0.03390 8.560 133.96
100 188.7 3.2311 0.0664 —0.0105 0.023286 0.09 2.4378 0.03390 8.560 132.68
100 188.7 2.7045 0.0529 —0.0032 0.019465 0.06 2.4378 0.03390 8.560 133.00
100 188.7 3.1647 0.0647 —0.0073 0.022758 0.07 2.4378 0.03390 8.560 133.09
120 242.7 4.0332 0.0472 —-0.0037 0.030399 0.07 2.9483 0.03547 11.220 122,95
120 242.7 4.7240 0.0579 0.0053 0.035754 0.06 2.9483 0.03547 11.220 122.74
130 273.5 3.1396 0.0471 —0.0006 0.024587 0.05 3.2215 0.03637 12.788 116.85
130 273.5 3.3003 0.0536 0.0000 0.025834 0.06 3.2215 0.03637 12.788 117.09
130 273.5 3.4455 0.0512 —0.0012 0.026955 0.04 3.22156 0.03637 12.788 116.93
135 289.9 3.2296 0.0438 0.0062 0.025749 0.06 3.3640 0.03686 13.644 113.79
135 1 289.9 3.8423 0.0521 0.0031 0.030766 0.06 3.3640 0.03686 13.644 113.10
135 289.9 5.3429 0.0705 —0.0079 0.042737 0.07 3.3640 0.03686 13.644 112.91
135 289.9 3.7124 0.0530 0.0041 0.029658 0.06 3.3640 0.03686 13.644 113.52
135 289.9 3.6679 0.0897 0.0130 0.029750 0.04 3.3640 0.03686 13.644 113.14
e ViT(dP”/dT).
Table ll. Comparison of Results from Several Investigators
q Number of Deviation,
- Points B.t.u./Lb.
« Ot SR e e
& sof— & Re g e Btand
= DANA (3) \Jh‘( Source Used jected® Min. Max. age’ ard®
5'25 o Authors 14 0 100 135 1,12 1.23
2 R\Q Dana (3)¢ 15 0 0 70 1.07 1.2
~N100| b IS Sage (6) 16 7 103 167 1.43 1.53
g AUTHORS,; — 1R | Sage (9)° 4 0 100 190 0.98 1.21
- ..SLT(G’A N Over-all 49 7 0 190 1.16 1.45
5 I SAGE(9) _B\ ¢ Data points rejected when deviation of experimental
- | values exceeds 2q.
s 0 AUTHORS CALORIMETER b Average deviation defined by:
T & BEATTIE (2) \ N
\ 25/~ ° DANA CALORIMETER (3) 4
£ 27 d DANA SMOOTH (3) 1 s=9,1tk —1L|/N.
=4 ©O- SAGE CALORIMETER (6) BEATTIE(2)— \ T
< £ SAGE CLAPEYRON (9) | | N L
25 S0 75 100 125 150 175 200 ¢ Standard deviation defined by:

TEMPERATURE °F

Figure 1. Latent heat of vaporization for propane

T I I I
O AUTHORS CALORIMETER
O DANA CALORIMETER(3)
O DANA SMOOTH (3)

O SAGE CALORIMETER (6)
O SAGE CLAPEYRON (9)

= EQUATION |

o

&

RESIDUAL LATENT HEAT OF VAPORIZATION
BTU PER LB
N

a
3 ° 3
© E__"--S—-ﬂ’”"\
© “ﬁq&: 22 |o o \
2 3 o o
1 oo [ X
o| ®
2% 50 7% 100 128 150 178

TEMPERATURE  OF
Figure 2. Residual latent heat of vaporization

calorimetric measurements of Sage (6) are lower than
those extrapolated from the data of Dana but are higher
by at least 2 B.t.u. per pound than the current calori-
metric data. The volumetric measurements of Sage
et al. (9) utilizing the Clapeyron equation give aver-

48
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o= [}1: - 1»2/N] .

¢ Smoothed.
¢ Volumetric data from (9).

age agreement within 0.35 B.t.u. per pound with the

~current calorimetric data, in the temperature interval
between 100° and 130° F. However, the agreement is
less satisfactory at 135° F.

Table I1I presents values of the vapor pressure, the
slope of the vapor pressure curve, and the specific
volume of the coexisting gas and liquid phases as a
function of temperature, based upon the volumetric
and phase measurements of Sage et al. (5, 9) and Beat-
tie (I) at a temperature above 135° F. Also included
are values of the latent heat of vaporization. At tem-
peratures below 135° and above 70° F., the current
and the earlier (6) calorimetric data were employed to
establish the latent heat of vaporization, and to eval-
uate the specific volume of the coexisting gas phase
by use of the Clapeyron equation. At temperatures
above 135° F., the Clapeyron equation was applied
to the volumetric data of Sage et al. (5, 9) and Beattie
(1, 2) to yield the appropriate values of the latent heat
of vaporization. At temperatures below 70° F., the
data of Dana et al. (3) were employed.

JOURNAL OF CHEMICAL AND ENGINEERING DATA



Table Ill. Critically Chosen Valves of Some Properties of

Propane
Latent
C— Specific Volume, H:?t
Pres- dP”/dT, M Vapori-
Temp., sure, PS.1./ Dew Bubble zation,
K. p.s.ia. °F. point point  B.t.u./Lb.
40 79.0 1.288 1.3627 0.03055 158.7
50 92.8 1.451 1.1638 0.03100 155.0
60 107.8 1.626 0.9983 0.03150 151.2
70 125.0 1.814 0.8596 0.03202 147.2
80 144.1 2.016 0.7428 0.03261 143.0
90 165.3 2.231 0.6437 0.03322 138.5
100 188.7 2.461 0.5592 0.03388 133.9
110 214.5 2.705 0.4868 0.03465 128.9
120 242.7 2.964 0.4244 0.03547 123.6
130 273.5 3.238 0.3702 0.03638 118.0
140 307.3 3.527 0.3230 0.03740 111.8
150 344.0 3.832 0.2814 0.03855 105.0
160 383.8 4.153 0.2446 0.03994 97.4
170 426.9 4.490 0.2115 0.04177 88.8
180 473.6 4.843 0.1811 0.04411 78.6
190 524.8 5.213 0.1514 0.04683 65.6
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NOMENCLATURE
A, B, C = coefficients for Equation 1
d = differential operator

! latent heat of vaporization, B.t.u./lb.

residual latent heat of vaporization, B.t.u./lb.

N = number of points
P” = vapor pressure, p.s.i.a.
s = average deviation expressed in B.t.u./lb. and
defined in Table II
T = absolute temperature, ° R.
V = specific volume, cu.ft./lb.
¢ = standard deviation expressed in B.t.u./Ib. and
defined in Table IT
2 = summation operator
Subscripts
b = bubble point
¢ = critical
d dew point
e = experimental
r = reference

LITERATURE CITED

)
(2)
3)
4)
(5)
(6)

(7)
(C))

)

Beattie, J. A., Kay, W. C., Kaminsky, dJ., J. Am. Chem.
Soc. 59, 1589 (1937).

Beattie, J. A., Poffenberger, Noland, Hadlock, Canfield,
J. Chem. Phys. 3, 96 (1935).

Dana, L. 1., Jenkins, A. C., Burdick, J. N., Timm, R. C.,
Refrig. Eng. 12, 387 (1926).

McKay, R. A, Sage, B. H., J. CHEM. ENG. DaTa 5, 21
(1960).

Reamer, H. H., Sage, B. H., Lacey, W. N., Ind. Eng.
Chem. 41, 482 (1949).

Sage, B. H., Evans, H. D., Lacey, W. N., Ibid., 31, 763
(1939).

Sage, B. H., Hough, E. W., Anal. Chem. 22, 1304 (1950).
Sage, B. H., Schaafsma, J. G., Lacey, W. N., Ind. Eng.
Chem. 26, 1218 (1934).

Sage, B. H., Lacey, W. N., “Thermodynamic Properties
of the Lighter Paraffin Hydrocarbons and Nitrogen,”
American Petroleum Institute, New York, 1950.

RECEIVED for review June 20, 1966. Accepted October 10,
1966. This paper was accepted as a contribution to this
Journal by R. L. Pigford, Editor of Ind. Eng. Chem. Funda-
mentals.



PART II

PARTTAL AND TOTAL HEATS OF VAPORIZATION

FOR N-PROPANE/N-DECANE MIXTURE



INTRODUCTION

Chemical engineers are always interested in increasing the scope
and improving the accuracy of the thermodynamic data which characterize
the materials with which they work. Determination of the enthalpy
change on vaporization for both pure components and for mixtures is
useful in that this information is often necessary before the energy
.requirements of industrial processes can be determined. The primary
purpose of this paper is to present the results of measurements for
the enthalpy change which occurs for the isothermal vaporization of an
n-propane/n—-decane mixture. Measurements are reported for the 100,

130 and 160°F. isotherms for the composition range of 0.0 - 0.60 weight
fraction (0.0 -= 0.95 mole fraction) n-propane. A constant volume
isothermal calorimeter was used for the experimental measurements. The
secondary objectives are to evaluate the effects which temperature and
concentration gradients within the calorimeter have on the calculated
results and also to report heats—of-mixing for the n-propane/n-decane
liquid solutiomns.

Heats—of-vaporization are available in standard tables along with
other properties which describe pure materials. Similar information
for mixtures, however, has become available only in the last several
years. Much of this has been related to the properties of the light
hydrocarbon gases (e.g. methane and n-propane (1)) because of the large
industrial interest which has centered on these materials. Additional

enthalpy data have been reported by Lenoir (2 3, 4) and co-workers
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for a number of binary systems and alsé several ternaries. The
components of the latter mixtqres ranged from n-pentane to
n-hexadecane and included several unsaturated hydrocarbons and
cyclo-paraffins as well. All of the above measurements were made
using a flow calorimeter. Huisman (5 ) reported heats-of-vaporization
measurements for the n-butane/n-decane system using a constant-volume
isothermal calorimeter.

The absence, until recently, of a significant amount of data
describing heats—of-vaporization of mixtures is understandable. The
problem is difficult to define as several effects are involved and it
is not easy to isolate one factor from another. This problem has been
circumvented, for the most part, in the measurements reported for flow
calorimeters as only total enthalpy changes have been reported. The
problem of determining a partial enthalpy change upon vaporization and
its relationship to other available thermodynamic data has not been
dealt with. Huisman reported a partial enthalpy of vaporization but he
did not evaluate the irreversible effects present within the liquid phase
nor did he attempt to relate his results to liquid solution theory.

In the investigation reported below the irreversible effects and
partial quantities are both evaluated. Concentration gradients may
not be an important factor in many mixtures, however for wide-boiling
mixtures where one component is preferentially evaporated, irreversible
effects should not be neglected. The experimental measurements reported
below are such that the effect of both temperature and concentration
gradients could be determined. A large amount of volumetric, phase

equilibrium and calormetric data for this system was already available



o= B

and this permitted calculating a heat-of-mixing of the pure liquid
components. The latter is compared to results of a corresponding

states theory for mixtures of n-alkanes (6).



THERMODYNAMIC RELATIONS

For a single component system the enthalpy change upon

vaporization may be calculated from (7)

. q vV -V
H -H = L+ C T ~T
& . "AT{'"\gz__ p’g(zg)
a 2

for a constant volume calorimeter. q is the thermal energy

added to the calorimeter and includes the effects of electrical
energy addition, agitation and a small correction for heat leak.

Ama is the amount éf sample passing from the calorimeter and the
ratio (Vg—Vz)/VZ is a correction for the amount of material which

is evaporated but which stays within the calorimeter. The importance
of ‘accurate volumetric information to the calculation of
heats-of-vaporization is apparent in this relation.

The second term in the equation accounts for a small temperature
gradient (0.2 -~ O.3oF.) which develops at the interface in the liquid
phase (or sub-cooling of the vapor). It is a small effect and is often
neglected in calculations for determining the latent heat-of-vaporization
for pure materials.

For a binary system Huisman (8 ) has shown that the total

heat-of-vaporization may be calculated from



=1 0=

E@k,g‘ﬁk,ﬁyk}* = { g } N 2)

Am _—Arn
"a 1v‘k,g/yk

*
-q— {m T BVg + m T{avl AP +
& \oT Y \5T
P,y P,x

(Hjsg Hj:'qf) (Amj 8 —_y_”k_ Amksg)}
k

and

- V-mv (3)
Amk’g— A(yk - _VSL>
g 2

These equations assume that a uniform temperature and pressure exists
within the calorimeter and that each phase is maintained at a uniform
concentration. Whereas the neglect of temperature and concentration
gradients may be justified when pure materials are involved (Equation
(1) above), irreversible effects which are present in the liquid phase
of a mixture may not be negligible. The calorimeter pressure drop
which occurs on initiation of vapor flow as a result of temperature
and concentration gradients for the n-propane/n-decane system is
shown in Figure 1. The pressure drop increases with flow rate and
is more than an order of magnitude greater than that which is
observed when a pure component is vaporized. The large increase is
the result of concentration gradients which, for the binary, develop
at the liquid interface. The development of this pseudo-steady-state
pressure profile is illustrated in Figure 2.

The importance of volumetric data to heats-of-vaporization
calculations for a single component system was described above and

a similar statement may be made with regard to mixtures. In the
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latter case Amk,g’ which is a first order correction to the amount

of material passing from the calorimeter (see Equation (2)), is calculated
from a material balance which is dependent on available volumetric data

of the liquid and vapor phases (see Equation (3)). (Amk,g represents

the accumulation of component k (n-propane) in the vapor phase between

the beginning and the end of an experimental test.) From the equation-
of-state it can be seen that, at constant temperature, the amount of
material in the vapor phase is proportional to (P/Z). An increase in
pressure results in a decrease in Z so that the material balance becomes
quite sensitive to errors is the calorimeter pressure. Large changes

in the calorimeter pressure must then have a significant effect on the
quantity mk,g and possibly on the quantity Amk,g' In order to evaluate
this effect precisely(+0.05 psi)experimentally measured pressures were
required. An accuracy of *0.5 psia was estimated to be adequate. The
deviation of the calorimeter from an equilibrium condition may also affect
other terms in Equation (2). This is discussed further below, along with
the experimental results.

In spite of the non-equilibrium which exists between the bulk
liquid and bulk vapor phases, it may be assumed that the vaporization
process itself occurs under conditions of equilibrium ( 9). Thus the
thermodynamic quantity, the heat-of-vaporization is obtained.

Because of the considerable difference in volatility of
n-propane and n—decane it is possible to rearrange Equation (2) so that
a partial enthalpy of vaporization for n-propane may be calculated ( 8).
This partial enthalpy-of-vaporization can then be used to calculate a

heat-of-mixing for the high-pressure n-propane/n-decane liquid system.
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EQUIPMENT AND EXPERIMENTAL PROCEDURES

The calorimeter and most of the associated equipment have been
discussed in ample detail previously (7). Only a review of some of the
major features of the equipment and a discussion of improvements in
instrumentation are offered here. The calorimeter, itself, is an elong-
ated sphere (4.5 inch diameter) fabricated of stainless steel, the halves
of which are joined by a cylindrical section one inch in length and of
the same diameter as the sphere. It has a total internal volume (inclu-
ding approximately 20 cc nuisance volume) of 1,256 cc. Sample enters
through a steel tube which passes up through the bottom of the vacuum
jacket and is attached to the base of the lower half of the calorimeter.
The calorimeter pressure is measured through this same line (see Figure
3).

The primary energy source is an electrical resistance heater
immersed in the liquid phase and the material which is evaporated passes
from the calorimeter through small (1/16 inch diameter) steel tubing
which terminates at an orifice block. The rate of vaporization is con-
trolled by the use of either one or a combination of up to three inter-
changeable orifice plates through which critical flow is maintained.

The vapor then passes to a chilled sample bomb where it is collected and
later weighed. During vaporization the action of an agitator causes the
liquid phase to circulate and maintains the liquid phase at a near uni-
form temperature and concentration.

The absolute temperature at which an experimental test was
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conducted was determined from measurements with a platinum resistance
thermometer which was immersed in the o0il bath surrounding the vacuum
jacket. Once a test was underway, however, temperature changes of the
calorimeter were monitored with a second platinum resistance thermometer
mounted within the calorimeter thermometer well. The output of the
latter thermometer was fed through an amplifier to either a null de-
tector or to a strip chart recorder. With this procedure it was poss-
ible to not only monitor calorimeter temperature changes of <0.001°F,
but also to obtain an immediate visual display of the rate—of-change of
the calorimeter temperature. The latter information was important so
that appropriate action could be taken to maintain the calorimeter at a
nearly constant temperature throughout an experimental test.

The determination of the calorimeter pressure was a critical
part of the measurements reported and several factors were involved in
selecting an instrument by which values of acceptable accuracy and pre-
cision could be obtained. Absolute pressures were used, in conjuntion
with a material balance, to determine the composition of both the liquid
and the vapor phases within the calorimeter. They were also used to de-
termine the specific volume of the vapor phase which was
used in the evaluation of the enthalpy change upon vaporization (see
Equations (2,3)) and to evaluate the concentration gradients which de-
veloped in the liquid phase during a test. The pressure decreased con-
tinuously during an experimental test so that dynamic rather than static
pPressure measurements were required. Also, in order to establish a
pressure~time profile, it was necessary that several pressure measure—

ments be taken over the relatively short period of each experimental
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test. Therefore, both the time response of the instrument to pressure
changes and the ease of making the individual measurements were import-
ant considerations. The accuracy and precision required for these
measurements were discussed above.

These various requirements were satisfied by a commercially
available pressure gauge (Texas Instruments Precision Pressure Gage Mod-
el 141). A fused quartz bourdon tube designed for a pressure range of
0-500 psig was used as the pressure sensitive element. The gauge was
calibrated for pressure changes relative to atmospheric using a Hart
Pressure Balance (dead-weight tester) as the primary standard. The
quoted accuracy and precision of the latter were 1:10,000, and 1:20,000,
respectively. Pressure steps supplied by this standard resulted in
readings on the Texas Instruments (TI) Pressure Gage which were repro-
ducible to within the precision of the pressure standard. The gauge was
calibrated for both increasing and decreasing pressure steps with iden-—
tical results. To determine the absolute pressure of the system correc-
tions for the atmospheric pressure and for liquid»head were added to the
relative pressure changes measured with the TI gauge.

The materials used were research grade(reported 99.9 percent
purity) n—-propane and n-decane purchased from Phillips Petroleum Co.

Gas chromatograph and mass spectograph analyses of the n-decane and a
vapor—-pressure test of the n-propane confirmed these results. The
n-propane was deaerated and the n-decane was dried over sodium and also
dearated before loading into the calorimeter.

The liquid phase volumetric operating limits were set at 550

and 1090. cc . to maintain the immersion heater under the
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liquid surface at all times and also to prevent carry-over of liquid
droplets by the vapor stream. During a series of experimental tests
the amount of n-decane retained in the calorimeter remained nearly con-
stant as only a small amount vaporized along with the n-propane. There-
fore, in order to cover the complete composition range and still main-
tain the liquid contents of the calorimeter within the operating limits
several calorimeter loadings were required.

The temperature and pressure operating limits were (100-400°F)
and (0-300 psi), respectively. The latter limit prevented measurements
from being made at high n-propane concentrations on the 160°F isotherm.
There was also a low concentration limit for the fraction n-propane con-
tained in the liquid phase. A concentration gradient developed in the
sample loading tube during an experimental test so that under conditions
of rapid calorimeter pressure changes, bubbles apparently formed in the
loading tube. These bubbles then rose through the sampling tube into the
calorimeter bomb and caused an exchange of material between the calori-
meter system and the sampling tube. This phenomenon was observable as
temperature and pressure perturbations from steady, mean values and was
of consequence only at small (<.05 weight) fractions n-propane.

Temperature, pressure and energy profiles for a test are shown
in Figure 4. The vaporization process was specified as isothermal and
the temperature profile remained almost constant after an initial period
of adjustment. Temperature excursions were rarely greater than + 0.010°F
from the starting temperature and were often within t.OOSoF. The tempera-
ture profile shown is actually more erratic than that usually obtained so

that the response of the calorimeter temperature to changes in the rate of
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eléctrical addition could be illustrated. In the calculations the
assumption was made that the starting and stopping temperatures of in-
dividual tests were identical so that it was possible to neglect the
thermal capacity of the calorimeter. Therefore, the calorimeter was
allowed to run for 10-15 minutes under apparently steady conditions
prior to the start of the actual test to allow transient temperature
gradients within the calorimeter walls to dissipate.

The effect that the changing calorimeter pressure had on the
mass flow rate from the calorimeter is evident from the energy profile.
The energy requirement continued to decrease with pressure as tempera-
ture was maintained constant. At low fractions n-propane the mass flux
changed rapidly with time and several current adjustments were often
necessary in order to maintain the isothermal nature of the tests. These
frequent adjustments introduced a small additional uncertainty into the
experimental results. The measured pressure returned to an equilibrium

value when the mass flow was stopped.
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CALCULATIONS AND RESULTS

The enthalpy change upon vaporization of the n—propane/
n-decane mixture was determined from calculations using Equations (2)
and (3). Initially, a series of thermodynamic states was defined which
corresponded to specific operating points of an experimental test (see
Figure 5). The definition of these states served as the basis of a
calorimeter material balance and also for the evaluation of several of
the energy terms.

States 2 and 7 refer to the equilibrium conditions which ex-
isted in the calorimeter prior to the start of the vapor flow and after
the vapor flow had stopped at the end of a test. The pressure of State
3 was determined by linear extrapolation of the measured pressure his-
tory back to time zero (see Figure 2) and assumes that the pressure
changed instantaneously when mass flow was inititated. As a finite
amount of time (&200 seconds) was required for the calorimeter to reach
a pseudo-steady operating condition (with respect to pressure), State 3
does not represent an actual thermodynamic condition. However, it
serves to identify the steady-state pressure which would have existed
within the calorimeter at time zero if vapor had been flowing. There-
fore, the pressure difference between States 2 and 3 may be taken to
represent the pressure drop which occurs due to temperature and con-
centration gradients at the vapor-liquid interface. The difference in
Pressure between States 6 and 7 provides a similar measure of the gra-
dients which existed during the latter part of the test.

States 4 and 5 define the thermodynamic end-points of the ex-
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periment and the interval (t6-t5) is the shut-down time. The dotted
lines connecting States 2 and 7 represent the assumed path of the calor-
imeter pressure if irreversible effects are ignored. States 4' and 5',
therefore, are the end-points of a test for the case where equilibrium
is assumed to exist throughout the calorimeter.

A computer program was written with which this sequence of
thermodynamic states could be calculated, and an option of following
either the solid or broken lines (i.e., either equilibrium or non-
equilibrium conditions) was provided. In this way the quantitative
effects of temperature and concentration gradients at the interface were
evaluated. The only difference in the two procedures was that for the
equilibrium case the material balance was made assuming that the calori-
meter pressure was in equilibrium with the bulk liquid phase while for
the non-equilibrium calculations experimentally measured pressures were
used.

The change in the energy of the fluid phases due to calorimeter
pressure changes was evaluated with available volumetric data (10,11).
Average thermodynamic values of States 4 and 5 were used for evaluating
the temperature derivatives of the specific values and also for determin-
ing the amount of material contained within each phase. The partial en-

thalpy change upon vaporization of n-decane was estimated from

H -H = AE°+P(V, -V, )
(J,g j,fb) v h|

v,
’g J"Q’
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which assumes that the change in intermnal energy upon vaporization is
independent of composition of the liquid phase. Vapor phase volumes,
vj,g’ were obtained from binary compressibility data (11). Some error
was associated with the evaluation of these two terms, however, their
contribution to the total energy was small so that the error involved in
their calculation was also small.

The total amount of material present within the calorimeter
was determined from a knowledge of the initial material charged and also
from subsequent measured withdrawals. The component balance was known
from direct measurements for only the first test in a series. For suc-
ceeding tests knowledge of the phase compositions depended upon material
balance calculations. The calculated results, however, could be com-
pared to the liquid composition which corresponded to the measured calori-
meter pressures. The material balance calculations were iterative and a
value of mk.g was assumed to start them. Iterations were continued until
the assumed and calculated values of the vapor-phase mass agreed to with-
in 0.1 mg.

The calculated results for a total of 51 tests at 100, 130 and
160°F are shown in Figure 6. The non-equilibrium calculation procedure
was used. Results for pure n-propane and n-decane were available from
previous measurements (12,13,14) and values for the heat-of-vaporization
for the pure materialg are joined by a straight line. Two additional
measurements for the heat-of-vaporization of pure n-decane at 160°F are
shown in Figure 6. The agreement with literature values was within 0.2
percent.

A more critical evaluation of the data can be obtained if re-
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sidual values of the heat-of-vaporization are calculated and convenient
reference functions for this purpose are indicated by the straight lines
shown in Figure 6. Residual values of the experimental data points can
then be calculated from

Mpgs = OHppp = OHpyp
and are shown plotted as a function of composition in Figure 7. The
solid line drawn through the data points represents a least-squares fit
of the data to a cubic equation, and the dashed line is an extrapolation
of this fit. The results show that to within a small correction the en-
thalpy change upon vaporization is a linear function of the weight frac-
tion of the liquid phase composition. The root—mean-square deviation of
the experimental data points from the curve fits are 0.43, 0.35 and 0.15
Btu/lb respectively for the 100, 130, and 160°F isotherms.

A comparison of calculated results which were obtained assum-
ing that (a.) non-equilibrium and (b.) equilibrium conditions existed
within the calorimeter is shown in Figure 8. The resulting data fit is
displaced downward 0.25 Btu/lb for the equilibrium calculation and the
root-mean-square deviation of the data increased from 0.15 to 0.33
Btu/1b. A further comparison of these two calculational procedures is
shown in Table 1. The percentage change in the calculated heat-of-
vaporization is almost completely accounted for by the mass change
(Amk.g) and pressure drop effects. In many of the tests the percentage
change in the heat-of vaporization is negligible while in others it is as

much as three times as great as the root-mean-square deviation.
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In Figure 9 the partial enthalpy change upon vaporization for
n-propane at 160°F is compared to the total heat-of-vaporization results
given above. Because of the low volatility of the n-decane only a small
change is apparent. The partial enthalpy-of-vaporization can then be
used to calculate a liquid phase heats—-of-mixing. The partial en-
thalpy of n-propane in liquid solution is determined by calculating
around a thermodynamic cycle. The measurements reported above are for
step B. Values for the heat-of-vaporization of the pure component (step
E) are available in the literature ( 13) and volumetric and calori-
metric data for calculating the enthalpy changes as a function of
pressure (steps A and D) are also available. Thus, the partial enthalpy
change of n-propane upon mixing of the liquid phase components can be de-
termined by difference. That of n-decane can be calculated from the
Gibbs-Duhem equation (see Figure 11). These two partial quantities are
then combined to yield liquid phase heats-of-mixing as shown in Figure
12,

Hijman and Holleman have presented a corresponding states
development for liquid mixtures of the n-alkanes and the resulting
correlation’. for heats-of-mixing is based upon data taken for materials.
which ranged in chain length from 6 to 62. Therefore, although these re-
sults may not be strictly applicable to the present situation it is of
interest to compare the heats—of-mixing reported here to those values
which may be predicted by the corresponding states correlation of Hijman,
For the n-propane/n-decane system the predicted values of the heat-of-
mixing as a function of temperature are shown in Figure 13. For compari-

son to the data the correlation curve for 160°F is also shown on Figure

12,
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SUMMARY

Total heats—of-vaporization data have been presented for the
n-propane/n-decane binary liquid system. The results showed a small,
but consistent deviation from a reference function determined as the
liquid-phase, weight-fraction average of the heats-of-vaporization of
the pure components.

The effect of temperature and concentration gradients which
developed in the liquid phase was evaluated. It was shown that these
gradients, which may lead to pressure changes of several psi within the
calorimeter, can introduce significant errors into the calculated re-
sults. The error, however, can be reduced to a negligible level if ex-
perimental pressure measurements of sufficient accuracy are obtained.

In contrast to most heats—of-vaporization measurements where it is nor-
mally assumed that the process proceeds under near-equilibrium conditiong
in the present case an equilibrium quantity was evaluated from a process
where significant deviations from equilibrium occurred.

Heats-of-mixing were calculated for the 100, 130 and 160°F is-
otherms for liquid solution of n—-propane and n-decane. Calculated as
they were, the heats—-of-mixing are probably not of sufficient accuracy
to be helpful in evaluating conditions of phase equilibrium. However,
the results may be useful in helping to evaluate theoretical develop= .
ments for liquid n-alkane mixtures. There are heats—of -mixing data avail-
able in the literature for n-alkane system where the components have

fewer than five carbon atoms. One system for which data are available is
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the methane/n-propane system ( 30, but these data were obtained for a
temperature of 100°F and heats—of—miking were positive. Heats—-of-mixing
for the present system are strongly negative and represent solutions
having a different reduced state.

A more detailed discussion of several portions of this paper

is presented in the Appendices which follow. The Appendices are:

I. Thermodynamic Development
II. Experimental Equipment
III. Calibration of Pressure Guage
IV. Calorimeter Temperature Measurements
V. Analytical Representation of Heats—of-Mixing
VI. Heat Transfer and Agitator Calibration

VII. Tabular Summary of Experimental Data
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11.
12.
13.

14,

15.

16.

17.

18.
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NOMENCLATURE

C Heat Capacity

E Specific Internal Energy

H Specific Enthalpy

k Thermal Conductivity

m Mass of Material in System

n Number Carbon Atoms in Molecular Species

) Pressure

q Energy Added to Thermodynamic System in Form of Heat

r Bubble Radius

R Universal Gas Constant

T Temperature

A Specific Volume

w Energy added to Thermodynamic System as Pressure-Volume
Work

x Liquid Phase Composition

y Vapor—-Phase Composition

y Ratio of Absolute Temperatures in Heat-Of-Mixing
Correlation

Z Compressibility Factor

O,A,u, Parameters Used in Heat—-0f-Mixing Correlation
u,Al,

AZ’ A3

o Surface Tension

Superscripts

M Denotes Effect Associated With Mixing Process
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o Denotes Pure Component
% Denotes Average Quantity
= Denotes Partial Thermodynamic Quantity

Subscripts

a Refers to Material Transferred Across Boundary of
Thermodynamic System

ag Agitator Energy Addition

b Bubble -Conditions

c Refers to Calorimeter Bomb Itself

e Electrical Energy Addition

g Vapor Phase

ht Energy Addition Due to Heat Transfer
i Interfacial Conditions

3 Any Component Other Than k

k Component k Which May Be Any Component From 1 to n
2 Liquid Phase

n Total Number of Components Present

s System Quantity

vp Vapor Pressure

= Denotes Total System Quantity
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136.61
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139.23
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134.38
136.88
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122.38
124.46
126.53

TABLE 1
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(BTU/LBM)

0.23
0.21
0.21
0.00
-0.14
-0.12
-2.75
0.21
0.23
0.11
~-0.41
0.01
-0.08
-0.16
-0.41
-0.49

TOTAL

INCREASE

(%)

0.17
0.16
0.16
0.00

-0.09
=197
0.16
0.17
0.08
-0.29
0.01
-0.07
~0.13
-0.33
-0.39

MASS AND P.D.
INCREASE

(%)

0.15
0.16
0.17
0.00
~-0.08
-0.07
-1.78
0.17
0.16
0.08
-0.28
0.01
-0.08
-0.16
-0.33
-0.42
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APPENDIX I
THERMODYNAMIC DEVELOPMENT

The enthalpy change upon vaporization for a pure, single com-
ponent liquid may be defined as that energy required to transform a unit
mass of liquid into a unit mass of vapor in a steady, equilibrium pro-
cess. The process is isothermal, and vaporization proceeds at constant
pressure, there being but one independent variable. For multicomponent
systems, however, selective vaporization of the components occurs so
that all but one (e.g., temperature) of the intensive variables change
as a function of time.

Two types of heat-of-vaporization are often defined for the
multicomponent case. The differential heat-of-vaporization refers to
the energy required for a change in state resulting from the transfer of
an infinitesimal amount of material from the liquid to the vapor phase
under conditions of equilibrium. The properties of neither phase are
affected by the transfer. Integral heats—of~vaporization refer to the
energy required for the transfer of material between phases over the
range of conditions resulting from vaporization of a finite amount of
material (see Figure I-1). Although the former quantity, the differen-
tial heat-of-vaporization, is a thermodynamic point function, it is
clear that integral values are a function of the process by which they
are defined.

Any number of such processes may be considered., However, the
isothermal and isobaric processes are the ones of usual interest. Of
these, the heat-of-vaporization at constant pressure is often consider-

ed to be of greater practical importance as it may be applied directly
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in fractionation column calculations.

Experimental measurements for the enthalpy change upon vapor-
ization for multicomponent systems, of practical necessity, yield re-
sults of the integral type. Under certain limiting conditions, however,
it is possible to deduce differential (thermodynamic point function)
quantities from these experimental data. In the current investigation
integral values of the heat-of-vaporization were determined for an iso-
thermal vaporization process. A constant volume calorimeter was used,
The pressure and composition of both phases changed as a function of
time; however, the capacity of the calorimeter (1156 cc.) was such that
the removal of a vaporization sample (MO gms.) did not introduce large
changes in the thermodynamic properties of either of the phases. Be-
cause these changes were small. the thermodynamic properties of the bulk
phases within the calorimeter, for calculational purposes, were assumed
to be constant for the test,and were taken as the average of the thermo-
dynamic values which described. the end points of the experimental test.
Thus, the partial enthalpy-of-vaporization, as calculated from the ex-
periment (see Equation I-6 below) actually represents the mean value

(indicated by *) for a sequence of states.

mk(xz)

(ﬁk,g"‘ Hk,z) = ﬁk,g (m) - ﬁk,z (mk)} e
k(Xl)

(x?_)
= [ dm

k
m, (%)
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mkﬂ' represents the amount of component k present in the calorimeter
and is a function of the composition of the liquid phase (x). The lim-
its of variation are determined by the end points of the test (XZ) and
l>'

UILIBRIUM

McKay (15) and Huisman ( 8) previously presented thermodynamic

(x

analyses by which the partial enthalpy-of-vaporization of a volatile
component from solution could be calculated from experimental data. The
analysis shown below follows that of Huisman which was developed to de-
scribe either material addition or withdrawal processes. It was assumed
that vaporization proceeded at a rate such that equilibrium was main-
tained throughout the calorimeter. That is, the temperature and
pressure were considered uniform throughout the calorimeter and compo-
sition was considered uniform within each phase. Both of these assump-
tions and ‘the limitations which are introduced by them are discussed in
greater detail below.

An energy balance for a constant volume, open thermodynamic
system "A" may be written (see Figure I-2) for the case of withdrawal of

a differential amount of material, dm_, at the point "a',

dE=q+w+ D R (1-1)

Here E represents the total internal energy of the calorimetric system,
and changes in it are the result of thermal energy added (q), pressure-
volume work done on the system (w) and the intrinsic energy of the mat-

erial added at point "a" 2:(E£,gdmk’a).
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The thermal transfer, q, is the sum of three terms

e=aq,*ta,, *q, (1-2)

where 9. is the electrical energy input, qag is the energy input by the
agitator and dy ¢ is the heat transferred by conduction and radiation
from the surrounding vacuum jacket.

Since the vessel A is considered isochoric the work w associ-

ated with the process is limited to that concerned with the addition or

withdrawal of material:

n

w=Pdv="P 9, Vi, a Oy,

k=1

The total change in internal energy of the system is the sum

of the changes in the internal energy of each of the phases so that:
dE = dE + dE + dE
o= —g = -—C

where qgc refers to energy'changes of the calorimeter.

Introducing the enthalpy, H,
E=H - PV

dE = di - Pdv_ -V _ dP
g 24 g g
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dEQ = dHQ = PdV2 - VggP

where

H=H (T, P, my m, «vos mn)

1, 2,

The total differential of Eg is:

dn = (%f) ar + <%§> P + jg: (523. > ami,_,
L Pym T,m » - mkpg ’
P’T’mj,g

n
Vv
= dT +{V, - m T{—2& + T od
Ty G ,g 4T ;—2 g <aT }P gfd" 2 Fog dme g

2

=1
and similarly
A o
d_lj_gj——mQ'CP’ldT+§\_l_£—m2T —af,f——P dP + Z}kadmk,ﬂ
s X 4
=1

The calorimeter volume V constant

dv = dV_+ dv_-= 0
- - =

and the change in internal energy of the calorimeter can be expressed
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as: dE = C dt
=T C

where CC is the total heat capacity of the calorimeter.

Combining the above equations and rearranging gives

n
Zﬁk, g™, gt 2 H o, dmy

n
k=1 k=1

> 8 2P, 8
(1-3)
n
v oV
Q, o
-{m T (——%9 +mT <———> gdP = q + d
3 g \aT/, | v \oT /g o Zﬂk,a ™ ,a
=1

The left-hand side of this equation describes thermodynamic changes in
state which take place within the thermodynamic system (A). The terms
on the right-hand side are process variables and describe the inter-
action of the calorimeter thermodynamic system with its surroundings.
The terms dmk,l and dmk,g cannot be measured directly and must
be expressed in terms of measurable quantities, and the term dmk,Q will
be eliminated first. A material balance for any component k can be ex-

pressed as

dmk’g =(dmk$a- dmk’g) = d(yk,ama)— d(ykmg)
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= yk,admfi— d(ykmg) (1-4)

In this relation the term madyk must be zero as for the case m_ = con-
stant (zero), d.yk = 0., This is due to the fact that dma describes the
process of material transfer and is not a thermodynamic variable-of-

state of the system. Substituting in Equation (I-3) we obtain

(I~5)

- + (m.C + mC + C dT
q (g‘Pg . )

P-,y Px

Up to this point no assumptions, other than that of equilibrium, have
been made, and Equation (I-5) applies, rigorously, to any withdrawal or
addition process which occurs in a constant volume calorimeter. Assum-

ing an isothermal process, Equation (I-5) may be rearranged directly
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to obtain an expression for evaluating the partial enthalpy-of-vapor-

ization of the volatile component for a binary system.

%
HAHy g By b demy g -y, A"‘a‘]

The second enclosure on the right contains energy quantities.

trical, agitation, and heat transfer energies are included in q.

(1-6)

Elec-

The

second quantity is used to evaluate changes in energy of the contents of

the calorimeter. It is due to the pressure changes which occur during

a test, Average test values were used to evaluate the coefficient of

the pressure change, AP. The last quantity is a correction which ac-

counts for the amount of the heavy component vaporized.

Within the first parentheses are terms for calculating the

amount of component k vaporized. Ama is experimentally measured from

%
the quantity of material collected in the sample bomb. Yy

is the aver-

age composition of the material collected, and Amk . represents the ac-
b
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cumulation of component k within the vapor space during a test. It is

evaluated from

V -m VQ :
Amk,g = A (yk —V;—jf—;a;*\ (1-7)

where V is the total volume and m the total mass of material within the
calorimeter.
It should be mentioned, at this point, that Huisman included

in his development the term

so that the quantity Z:(ﬁk,a - ﬁ#,g)yk was introduced into Equation
(I-5) above. The term, ostensibly, was introduced to account for vari-
ations in the thermodynamic properties of the vapor phase during sample
withdrawal or for addition of material which is at a different state
than that of material within the calorimeter.. However, either of these
conditions implies that gradients exist within the system which can then
not be at equilibrium. As the entire development was based on the asr
sumption that equilibrium existed, inclusion of the term referred to

above is not appropriate. At equilibrium H must equal ﬁ% o for all
9

k,a

types of processes considered. This condition is rather easily satis-
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fied when a mass is being withdrawn from the calorimeter, but it is con-
siderably more difficult to satisfy for addition processes. This is not
to say that Equation (I-6) could not be used for addition processes,
However, if it is, a mechanism should be included which would permit the
evaluation of the irreversible mixing (both thermal and material) which
must occur within the vapor phase.

IRREVERSIBLE EFFECTS AT LIQUID-VAPOR INTERFACE

It was pointed out above that for the mass withdrawal process
(vaporization) gradients within the vapor phase are probably negligible.
In the current experiments the liquid phase was agitated and it will be
assumed that temperature and concentration gradients within the bulk 1iq-
uid phase are not of any consequence. However, ample evidence (16,17)
exists which shows that even at very low rates of inter-phase mass
transfer small temperature differences develop at the interface between
the bulk liquid and the vapor phases. In the case of a binary system
concentration gradients would also be expected to develop which, along
with the temperature gradients, contribute to pressure changes within
the system. The purpose of this section is to provide a means for eval-
uating the effect which these gradients have on measurements for deter-
mining the partial enthalpy-of-vaporization.

Single Component Systems. It is not possible to maintain a

bubble of a single component system in a state of equilibrium (mechani-
cal and thermodynamic). Thermodynamic equilibrium requires that the
temperatures and pressures (except for a small pressure effect due to
curvature of the interface) of the cumiiguous phases be identical.

Mechanical equilibrium requires that the sum of the forces acting on the
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bubble surfaces be equal to zero. The latter consideration shows that
because of the existence of an interfacial surface tension the pressure
within the bubble, Pb’ must be greater than the system pressure, Ps’ by
an amount AP = 2¢/r (o is the surface tension of the liquid and r the
radius of the bubble). Therefore, in a stable system (thermal and dy-

namic equilibrium)
P, =P+ 25 (1-8)

For a single~-component system all pressure within the bubble
is derived from the vapor pressure of the surrounding liquid, Pb = Pvp'
But from thermodynamic considerations Pvpgl?s, otherwise flashing of the

liquid to vapor would occur. This leads to
P. =P <P <P + = (1-9)

which shows that Equation (I-8) can never be satisfied and a stable
bubble will not form. In a single component system a bubble must either
be growing or collapsing, and this requires that the latent energy of
phase change either be supplied to or removed from the vapor phase at
the vapor-liquid interface.

The thermal gradients which exist during the growth of a
bubble in a single component system are represented schematically in
Figure I-3 where it is indicated that the major portion of the tempera-
ture drop between the bulk phases exists in the liquid phase. This rep-

resentation may be justified by considering the thermal boundary condi-
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tion at the interface
BTR 3T :
e W f =@y MED, TR VT (1-10)

where k2 and kg are considered to be effective thermal conductivities of
the liquid and vapor phases respectively and i, &, and g refer to the
interface and the liquid and vapor phases. (The convective term includ—
ed here describes only the mean motion of the vapor phase normal to the
vapor-liquid interface). The important term on the right is the convec-
tive term as the temperature gradient within the gas phase approaches
zero. Therefore, energy is supplied to the interface by conduction in
the liquid phase and carried away by convection in the vapor phase.
Conductive resistance to heat transfer in the vapor phase is negligible.
The general problem of heat and mass transfer between individual bubbles
and their surrounding mediums has been analyzed in considerable detail
(see e.g.18 and 19)and the results presented here are in agreement with
the applicable portion of that theory.

In processes in which evaporation occurs at the upper surface
of the liquid rather than at a bubble interface,conditions similar to
those described above exist. Experimental measurements of the temp-
perature profile for this case have been reported previously by Pruger
(20) (see Figure I-3). Here the large temperature gradient within the
liquid phase and the small gradient in the vapor phase are evident. The
discontinuity in the temperature profile at the interface is almost zero
(approximately 0.002 oF). These measurements support the conclusions

drawn from a consideration of the boundary conditions in the paragraph
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above, and may be justified, physically, as follows. Molecules are
transported to the vicinity of the interface by convection at essen-
tially a constant temperature. To pass into the vapor phase they re-
quire an additional quantity of energy, the heat of Vaporization, which
is obtained by thermal conduction through the liquid layers immediately
adja;ent to the surface.

Binary Systems. In a system in which a second component is

present and in which one component is considerably more volatile than
the other it is understandable that concentration gradients in addition
to temperature gradients may develop at the vapor-liquid interface.

From Gibb's phase rule a two component system in which two phases exist
has two independent variables. The temperature and composition of the
liquid phase are set, independently, so that the system is completely
specified. Therefore, as temperature and concentration changes develop
between the bulk liquid phase and the interface it follows that the
phase pressure also changes. When the process of vaporization starts,
the measured system pressure changes from a value which corresponds to
equilibrium with a bulk liquid phase to one which reflects the condition
of the surface during material transfer. A small pressure change also
occurs at the start of vapor flow when a single component system is be-
ing investigated. This change, however, is due only to the temperature
gradient and is an order of magnitude less than those which develop in a
multicomponent system.

Effect on Calculations. Pressure was described as a dependent

variable in the developments above. However, the effect that pressure,

temperature and concentration gradients within the calorimeter have on



55~

calculations for the partial enthalpy change on vaporization may be
treated separately. This remains to be discussed.

In Equation (I-6) pressure is used, specifically, in two pla-
ces; in the pressure energy term and the relation used for determining the
amount of mass evaporated. The pressure gradient occurs on the liquid
side of the vapor-liquid interface, and as the thicknesses of the temp-
erature and concentration boundary layers are small (the liquid phase is
agitated), the bulk liquid remains essentially at equilibrium pressure.
The interface is at a different thermodynamic state which is in equili-
brium with the vapor phase. Therefore, the properties of the two bulk
phases (liquid and vapor) should be evaluated for different state condi-
tions. This procedure could have some effect on the pressure energy term
(I‘é%? AP) but as the entire term is relatively small only negligible
improvements in evaluation Qf the partial heat-of-vaporization would be
expected. Larger effects could result, however, from pressure changes
in the vapor phase and lead to significant errors in the calculation of
the mass change, Amk,g'

Based on these considerations Equation I-6 and I-7 may be re-
written to reflect the changes required for the non-equilibrium case.
Those terms conceivably affected by a consideration of the irreversible

effects are underlined.
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-q - m TH s i + m Tir _A_E_ (I—6‘)
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The process of vaporization of one component may be broken

down into a series of equilibrium states through which the material to

be evaporated must pass as it is transferred from the bulk liquid to the

bulk vapor phase. As there are only two independent variables in the

system the third, pressure, is included below only for descriptive con-

venience.

The thermodynamic states are (see Figure I-4):

Thermodynamic State Variables
1. Bulk condition of liquid TQ,XZ,PQ
2., State of liquid at surface temperature and Tg’x?’Pz'

bulk liquid concentrations

3. State of liquid at surface temperature and Tg’xi’Pg

surface concentration
4., State of vapor in equilibrium with interface T ,y ,Pg

of liquid
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5. State of vapor at bulk vapor conditions Tg’yé’Pg

Calorimetric measurements provide the partial enthalpy change
for the overall process 1-5 which may be calculated for the overall pro-
cess from Equation I-6'. Steps 1-2 and 2-3 are non-equilibrium process-—
es. Step 3-4 is assumed to be an equilibrium process and the energy re-
quired for this change is the thermodynamica quantity, the partial heat-
of-vaporization. The conditions within the vapor phase are completely
uniform so that states 4 and 5 become identical. It was assummed (step
3-4) that the transfer of material from one phase to the other takes
place under conditions of complete equilibrium so that any discontinu-
ities in the temperature or concentration profiles at the vapor-liquid
interface is neglected (9).

As the enthalpy change of the overall process 1-5 equals the
sum of the enthalpy changes of the individual processes, the partial

heat-of-vaporization may be determined by difference.

0L ) = (H,) - (H) -(H) (1-11)
Hk 3-4 Hk 1-5 Hk 1-2 Hk 2-3

where (see Equation I-6')

AHk = @k,g - Eﬁ,z)*

Description of Correction Terms. (Aﬁk) represents the
1-2
cooling of the material to be evaporated, at constant composition, as it

passes from the bulk liquid temperature to the interface temperature.
It is normally referred to as a superheat correction and introduced in

the form
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AH = CP (T ~-T)
superheat IS -2 g

In this way the temperature of vaporization reported is the bulk liquid
temperature rather than the interfacial température.

The evaluation of the term (Aﬁk)s-é depends upon the availsa
bility of two-phase equilibrium data from which values of Yy and % can
be obtained, and also on the availability of heat-of-mixing data for the
liquid phase. Values of the individual terms (ﬁk,3 and ﬁ%,Z) may be ev-
aluated from heat=-of-mixing curves using standard thermodynamic data -
handling techniques (e.g., method of intercept). Both of these terms
are small and almost negligible. They are a fﬁnction of the rate of
vaporization, becoming smaller at low rates of vaporization. They are
discussed here, mainly, because the latter quan;ity, (Aﬁ£)3-2 has not
previously been considered in calculations involving binary heat-of~
vaporization experiments.

THERMODYNAMIC METHOD FOR CALCULATING é%

Heats—of-mixing are normally determined from either (21)vapor
pressure measurements of a solution and of the pure components or from
calorimetric measurements by mixing two liquid phases. The enthalpy per

unit weight of solution is

H=x,H, + x,H (1-13)
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which for an ideal solution becomes

i & o : "

H X, H,% + x,H, (I-14)
Here H° represents the enthalpy of the pure components at the same tem-
perature and state of aggregation as the solution. The heat-of-mixing,

or integral heat of solution, in which we are interested is obtained by

combination of Equations (I-13) and (I-14) so that
ez (A -8% +=x (5 -85 (1-15)
1 1 1 2 2 2

In this section it is shown how one of the quantities (Hi - Hio) may be
obtained from calorimetric measurements of the partial enthalpy change
upon vaporization. This same quantity for the second component may then

be obtained by integrating the Gibbs-Duhem equation
2% dH; =0 (T,P) (1-16)

The two quantities may then be combined in Equation (I-15) to obtain the
heat-~of-mixing.

The thermodynamic analyéis used for calculating the partial
enthalpy of the more volatile component in a binary solution may be bro-
ken down into a series of steps as shown in Figure 10 It is assumed
that the heavy component is almost completely non-volatile.

Step A Change in partial enthalpy of n-propane in liquid solution

with pressure for constant temperature and composition. This
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process represents an exceedingly small quantity as carried

out in the present system.

WE), = jr ;vk—fr@l_c_)P gdP

aT

It may be calculéted from

9 £

‘Steg B Change in partial enthalpy of n~propane upon vaporization

from an n-propane/n-decane liquid solution.
_ %
(AHk)B = (Hk,g = Hkﬂ)

Step C Change in partial enthalpy of gaseous n-propane in being
transferred from a mixture to a pure.state at constant temp-
erature and pressure. For the calculations presented below
the change in composition of the gas phase is so small
(v0.99-1.00) that this term is assumed zero.

(MHp) =0
C
Step D

Change in enthalpy of pure n-propane in the gaseous state

upon compression at constant temperature to the dew point

pressure of the pure component. This may be calculated using

Step E Change in enthalpy upon vaporization of pure volatile compon-

nent at constant temperature.
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Change in partial enthalpy of liquid m~propane upon mixing.at

constant temperature and pressure. This is the final step of

the thermodynamic cycle. As the sum of the thermodynamic

changes around a cycle must equal zero, the partial enthalpy

upon mixing may be obtained from

(AH.) = (AH,) + (AH,) + (AH) + (ML) + (M)  (I-17)
H‘kF H‘kA HkB K K K

The calculated results depend, substantially, on the three

relatively large quantities (Aﬁk)B (Aﬁk)p and’(Aﬁi)E.
’ ’

For a binary system, after integration, Equation (I-16) be-

comes

*1
H2 - H2 = - ;;- dH1 (1-18)
x1=0

Equations (I-17 and I-18) give results which when combined in

Equation (I-15) yield the heat-of-mixing.

The features of this method for determining the heat-of-mixing

for a solution may be summarized as follows

Advantages: (1) Provides method for determining o at high pressures.

Previous experimental results have been restricted
generally, to systems where both components are liq-
uids at atmospheric pressure.

(2) Provides a method for determining H over a range of
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(4)

Disadvantages:
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temperatures when sufficient vaporization data are
available. Heat-of-solution data in the past have
normally been taken at or near room femperature.

The results are obtained as a side result of experi-
ﬁental measurements for the partial enthalpy change
upon vaporization on a binary system.

Permits a comparison of experimental results for the
partial enthalpy-of-vaporization to calculations for
heats~of-mixing based on liquid state theories.
Considering that each of the partial heat-of -vaporiza-
tion measurements has an uncertainty of 0.4 Btu/#(m),
this would result in an uncertainty for the HM of about
25%. This does not compare favorably with the 2% or
slightly greater error which has been estimated (21)

for other experimental methods.
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APPENDIX IT

EXPERIMENTAL EQUIPMENT

A scale drawing of the calorimeter is presented in Figure II-
1, and various other items of equipment associated with the calorimeter
were shown in Figure 1. A detailed description of much of this equip-
ment and of the instrumentation used has been presented previously (see
Section II and Reference 5, 7 and 22). Therefore, only those changes
which were made in conjunction with objectives of the current investiga-
tion are discussed below. These changes were motivated both by the nec-
essity of converting the experiment from a two-man to a one-man opera-
tion and by the desirability of improving the precision and accuracy of
the experimental results.

Related to the latter objective was: (1) an improved method
of determining the specific volume of the vapor phase (primarily depen~
dent upon improved pressure measurements), (2) development of a means
for evaluating the effect of concentration gradients which developed
within the liquid phase on the calculated results, and (3) an increased
precision in calorimeter temperature measurements which would permit im-
provement in the accuracy of the agitator calibration.

TEMPERATURE RECORDING INSTRUMENTS

Two platinum resistance thermometers were used in the experi-
ment. The resistance of each was determined by‘measurements made with a
Mueller resistance bridge used in conjunction with a null detector. One
thermometer was immersed in the oil bath surrounding the calorimetgr and
was used to determine the absolute temperature of the experiment. The

null detector was a high sensitivity galvanometer. The second thermo-
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meter was mounted in a helium~filled thermometer well within the calor-
imeter. The output of the Mueller bridge connected to this thermometer
was fed through an amplifier to either a null indicating ammeter or a
strip chart recorder. When thé null indicating ammeter was used it was
possible to obtain a precision of +0.0005 °F in the temperature meas-
urement. This was two to three times better than when the galvano-
meter had been employed. When a reading was not being taken using the
ammeter the output from the amplifier was fed to a strip chart record-
er so that a continuous record of the calorimeter temperature-time
history could be obtained.

The measurements recorded on the strip chart had a precision
of approximately +0.002 °F. Much of this error was due to hysteresis
in the-recorder, and is .approximately of the same magnitude as for
measurements using'thesgaivanometer null detector. Wiqh the recorded
output, however, the temperature history and the rate-of-change of the
calorimeter temperature were immediately apparent during an experimen-
tal test and corrective action for maintaining the calorimeter at a

constant temperature could be taken.

PRESSURE RECORDING INSTRUMENTS

The choice of an instrument by which the calorimeter pressure
could be measured was made somewhat difficult by the fact that several
factors had to be considered. These difficulties were mentioned pre-
viously in Section II but are repeated here for convenience. They are:

(1) an accuracy of 0.5 psia over a pressure range of 3-300

psia,

(2) a precision of 0.05 psi over the time span of an
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experimental test (v 45 minutes),

(3) a sufficiently rapid instrument response time so that
the dynamic pressure changes in the caloriméter would
not create a significant error in the reported measure-
ments,

(4) an instrument with which individual measurements could
be made in a relatively short period of time so as not
to interfere with other experimental measurements which
were also required.

These requirements, individually, are not all easily satisfied
with standard laboratory pressure measuring instrumentation. Therefore,
the chance of obtaining an instrument which would meet all of these
criteria simultaneously did not appear good. Three experimental set-ups
were evaluated before the final pressure measuring instrument and
experimental configuration was determined. The two initial configura-
tions employed a bench-scale, dead-weight tester as the pressure
measuring- instrument.

Pressure Cell. The dead-weight tester was used in conjunc-

tion with a pressure cell containing a flexible steel diaphragm (g).
Fluid from the calorimeter entered the lower portion of the cell and a
mercury column was supported above the horizontal diaphragm. Deflection
of the diaphragm up or.down caused the mercury to rise and fall in a
capillary tube either. closing or opening an electrical contact switch,
The amount of mercury above the diaphragm was adjusted so that the on-
off point of the switch was removed from the neutral position. When

tsed previously, errors attributable to the diaphragm were reported to
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to be of the otrder +1.0 psi. 'The diaphragm cell was evaluated in
connection with the present investigationm, however, with the thought
that a large portion 6f this error could be eliminated. Tests showed
that the reproducibility was even worse than expected as a hysteresis
éf 2-3 psia was observed.

In the construction of the pressure cell provision had>been
made against overpressures in only one direction, and the diaphragm had
apparently become strained beyond its elastic limit in the unprotected
direction. When this occured a comsiderable amount of sensitivity was
apparently lost. A physical inspection of the diaphragm revealed sever-
al small ripples which confirmed the suggestion that non-elastic defor-
mation had taken place.

As the diaphragﬁ,;itself, was an integral part of the larger
main body of. the pressure cell, its replacement meant that this entire
section would have to be refabricated. It was decided, instead, to
attempt repairing the diaphragm and determine if it could be made
functional. The surfaces were remachined and polished, but the major
portion of a regular ripple remained. A retest of the pressure dia-
phragm showed little, if any, improvement in its operation, and it was
decided that another method of measuring the calorimeter pressure would
have to be used.

Mercury Trap. In spite of the hazard of possibly exposing .

the interior of the calorimeter (parts of which were gold plated) to
mercury, the diaphragm cell was replaced with a mercury trap. In this
case the balance point was again located by means of an electrical cir-

cuit which was actuated by the rise and fall of the mercury column
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within the trap. The trap was also used in conjunction with the
dead-weight tester.

With this configuration pressure having an accuracy of 0.2
psia and a precision of about 0.05 psi were obtainable. If the pressure
was steady an individual measurement could be made in 1 to 2 minutes.
However, for a dynamic pressure, that which occurs during an experi<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>