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ABSTRACT

I. The enthalpy change upon vaporization of n-hexane was experi-
mentally determined by calorimetric measurements at temperatures
between 100° and 3400F. The results are presented in tabular and
graphical form. Good agreement is indicated with the limited data

available,

IT. The specific volumes of the liquid and dense phase of trans-2-
butene were measured at pressures up to 5000 pounds per square inch in
the temperature interval between #0° and 400°F. The latent heat of
vaporization was delermined from calorimetric measurements at tempera
’tures between 100° z2nd 250°F. The resulls are presented in graphical

and tabular form together with comparisons with earlier published data,

<II., The enthalpy change upon vaporization, often referred to as
the differential latent heat of vaporization, has been measured for
the n-butans.n-decane system by calorimetric techniques., The measure-
ments covered the complete composition range in the temperature
interval between 1000 and 340°F. The partial enthaipy change upon
vaporization for n-butane was determined by applying a correction for
the presence of small amounts of n-decane in the vapor. The partial
internal energy change upon vaperization for n-butane was also
computed, The resulits are presented in graphical and tabular form.
A genmeral thermodynamic analysis for withdrawal or addition of material
to an lsochoric vessel containing coexisting phases of a multi-

component system is presented,
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LATENT HEAT OF VAPORIZATION OF n-HEXANE *
John Huisman and B, H. Sage
Chemical Engineering Laboratory

California Institute of Technology
Pasadenz, California

INTRODUCTION

Limited calorimetric measurements of the latent heat of
vaporization of n-hexane over a range of temperatures appear to be
available. Waddington and Douslin (10) measured values of the latent
heat of vaporization at temperatures between ??° and 156°F, Both
Young (12) 2nd Kay (2} measured the vapor pressure and the specific
weight of the saturated liquid and gas from 140° o 455°F. Values
of vapor pressures and latent heat of vaporization are alsc available
from a recent correlation (1). Stewart and co-workers (9) reported
values of the specific weight of the liquid. Thermodynamic proper-
tles of n-hexane have been reported by Weber (11). In the latter work
the latent heats of vaporization of Waddington and Douslin (10) were
used at temperatures between 77° and 156°F and the Clapeyron
equation was employed at other temperatures, The present investigation
involves calorimetric measurements of the latent heat of vaporization

of n-hexane at temperatures between 100° and 0°F.

* Reprinted from the Journal of Chemical and Engineering Data, Vol. 9,
No, 2, Page 223, April, 1964, Copyright 1964 by the American
Chemical Society and reprinted by permission of the copyright cwner.
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METHODS

The experimental apparatus employed in this investigation has
been deseribed in some detail (4,7), Principles and methods are similar
to those developed by Osborne and co-workers (5,6). An isochoric vessel
containing a hetercogeneous mixture of n«hexane was located within an
adiazbatic vacuum jacket. A mechanical agitator and electrical heater
were provided within the isochoric vessel, The n-hexane was withdrawn
as a gas and the quantity withdrawn determined by conventional
welghing bomb techriques (8). A detailed thermedynamice analysis of the
process is available (3,4) which permitted the minor digressions from
isobaric, isothermmal conditions during the evaporation to be taken into
-aceount, Corrections were applied for mechanical eonergy added to the
system as a result of the agitation of the liquid phase and the minor
thermal transfers between the calorimeter and the nearly adiabatic
Jjacket, The fact that the gas phase was withdrawn formm the isochorie
chamber at a slightly different temperaturse than the evaporating liquid
temperature was also taken into account. It is beyond the scope of this
discussion to review the thermodynamic analysis (3,4) of the procees.

The latent heat of vaporization under idealized isobaric,
isothermal conditions is given by the following expression :

V, - Vy
R RN CR IR LY 0

3
b
where the guantity [Q ]T r represents the net energy required per unit
*
weight of material withdrawn from the isochoric calorimeter under

isothermal conditions.,

In the current measurements the deviations from idealized
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isobaric, isothermal conditions did not introduce corrections to the
latent heat of vaporization of more then 0,3%. The energy associated
with the agitation was less then 1.3% of the electrical energy input
at all states investigated., The estimated uncertainties of the several
variables associated with measurements of the enthalpy change upon
vaporization of n-hexane are set forth in Table I, The information in
Table 1 1s presented in terms of the fraction of the measured enthalpy
change upon vaporization of n.hexane at a temperature of 280° F.

Equation 1 indicates that a knowledge of the volumetric behavior
of the coexisting liquid and gas phases is necessary even under
idealized conditions in order to relate the measured energy input
[ Q:}T to the latent heat of vaporization . It appeared desirable
to eliéinate the use of directly measured specific volumes of the
saturated gas since these are subject to uncertainties as the result
of adsorption.

By combining the Clapeyron equation with Equation 1, the latent

heat of vaporization of n-hexane may be evaluated in the following way :
£ -‘—[QJT)p -V T ( dP /AT (2)

In the application of Equation 2 the volumetric measurements of Stewart
(9) were employed to establish the specific volume of the saturated
liguid as a function of temperature. The vapor pressure meazsurements
reported by Young (12) as well as values submitted in a critical
review (1) were employed in the present measurements to evaluate the

quantity dP"/dT. Residuwal techniques were employed in these operations
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and it is believed that the derivative dP'/dT does not involve un-
certainties of more than 0.2%4 from the measured values of vaper pressure
reported {1). The specific volume of %the dew-point gas was evaluated
from the current measurements of the latent heat of vaporization by

application of the Clapeyron squation :

Vo = v{ + L (3)
3 T (AP 4T)



MATERIALS

The nehexane utilized in this experimental investigation was
obtained as research grade from the Phillips Petroleum Co. which
reported it to contain not more than 0,0004 mole fraction of
impurities, The specific weight of the material was 40,881 pounds
per cubic foot at 77°F which compared with a value of 40.878 pounds
per cubic foot reported (1) for an air-saturated sample at the same
temperature. Measurements of the index of refraction relative to the
D-1ines of sodium at ??OF indicated an index of 1.3723 as compared
to a value of 1,37226 reported (1) for an air-saturated sample at
the same temperature, A review of these data leads the authors to
believe that the sample of n-hexans employed had a purity of at
least 0.9996 mole fraction. The: probable impurities are isomers of
this hydroecarbon. It should be recognized that traces of impurities
in ealorimetric measurements of the latent heat of vaporization de
not introduce uncertainties of the same magnitude as similar
quantities of impurities would in the case of volumetric or vapor

pressure measuraments,
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EXPERTMENTAL RESULTS

The results of the experimental measurements upon n-hexane are
reported in Table II. It should be recognized that an error of 1% in
the slope of the vapor pressure curve which is recorded in Table II
introduces less than 0.08% uncertainty in the measured enthalpy change
at the highest temperature recorded. The specific volume at dew point
wag caleulated by application of Equation 3 and the compressibility
factor recorded was evaluated, employing a molecular weight of
n-hexane of 86,172 and a value of the universal gas constant of
R = 10.73147 (psi)(eu £t)/(1b-mol)(PR). Values of the latent heat of
vaporization recorded in Table II are represented in Figure 1.
Critically chosen values (1) have been included for comparison,

In order to permit 2 more precise comparicon of the precent
measurements with data reported by other investigators, residual
techniques were employed. In the present instance, the residual latent
heat of vaporization has been caleoulated by the following expression :

jé - & _ (173.00 — o.r 2 t ) )
Values of the residual latont heat of vaporization cobtained in the
present measurements are set forth in Figure 2 along with critically
chosen values (1) and the experimental measurements of Waddington
and Douslin (10). The 'standard error of estimate" of the current
measurements of the latent heat of vaporization from the smooth curve

shown in Flgure 2 was 0.21 Btu per pound. This measure of uncertainty



is defined by :

J'/,_L

/'\N-‘)‘i ()

In Bquation 5, ¢ 1s the standard error of estimate, x, the

Z

A gt

@:[{i(xe_xs>

experimental value, X the smooth value, and N the mmber of
experimental points. The corresponding measure of uncertainty of
the experimental work of Waddington and Douslin {10) was 0,58 Btu
per pound, Smooth values of the latent heat of vaporization are
reported as a function of temperature in Table III, The internal
energy change upon vaporization and the specifiec volume at dew

. point are presented also.

The compressibility factor for the dew.point or saturated
gas as a function of pressure is shown in Figure 3. The standard
error of estimate of the experimental values of the compressibility
factor of the dew-point gas recorded in Table IT from the smooth
curve shown in Figure 3 is 0.0017. As a matter of interest, the
compressibility factor calculated from the directly measured
values of the specific volume of the dew-point gas as reported by
Young (12) has been included for comparison. These data indicate
a standard error of estimate of the experimental values reported
by Young (12) of 0.0072 from the smooth curve. Likewise, the
values of the compressibility factor calculated from the more
recent compilation of the thermodynamic properties of n-hexane by
Weber (11) have been ineluded. It is understood that the specifie

volumes of the dew-point gas reported by Weber (11) were at least
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in part based on the data of Young {12). The standard error of
octimate of the valucs tabulated by Weber from the mmooth curve shown

in Figure 3 is 0.0063,
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NOMENCLATURE

differential operator

latent heat of vaporization, Btu/lb
residual latent heat of vaporization, Btu/lb
enthalpy, Btu/lb

vapor pressure, psia

heat added per unit weight of material
withdrawn under idealized conditions, Btu/lb
thermodynamic temperature, OR

temperature, °p

specific volume, cu ft/lb

gas phase
liquid phase
pressure

temperature
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TABLE I

ESTIMATED UNCERTAINTIES OF MEASUREMENT

Probable
Uncertainty

Quantity per cent
Energy added electrically 0.03
Energy added by agitation .15
Energy exchange between 0.03
calorimeter and jacket
Change in temperature 0,03
of liguid and vapor
Weight of material withdrawn 0.02
Volumetric correction factor 0.05

Superheat of liquid 0,04
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- TABLE III
CRITICALLY CHOSEN VALUES OF SOME PROPERTIES OF n-HEXANE

Internal Energy Latent -
Specifie Vol. Change on Heat of
Temp. at Dew Peint Vaporization Vaporization
OF eu £t/1b Btu/ib Btu/lb
50 42,90 _ 150,30 161.90
60 3373 148,35 160,15
70 26,45 146,36 158.37
80 21.09, 144, 44 156,60
90 16,80 142, 44 154,80
100 13.71 140,55 153,08
110 11,21 138,61 151.31
120 9,290 136,70 149 .56
130 7.699 134,78 147,79
140 6.474 132,88 146,03
150 5.460 130,99 144,27
160 4,605 129,11 142,51
170 3.922 127.21 140,73
180 3. 348 125.30 138,90
190 2,902 123,29 137,00
200 2.495 121,23 135,02
210 2,187 119,10 132,96
220 1,913 116,94 130.85
230 1,684 114,73 128.67
240 1.488 112,48 126.43
250 1.299 110,20 124,13
260 1.152 107.87 121.76
270 1,019 105,48 119.31
280 0.9046 103,03 116,78
290 0.8109 100,50 114,14
300 0,7109 97.87 111.37
310 0. 6406 95,10 108.43
320 0.5742 92.25 105.40
330 0,5102 89,37 102,28

350 0.4139 83,34 95.73

Values at this and lower temperatures extrapolated
from data at higher temperatures.
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VOLUMETRIC AND LATENT HEAT OF VAPORIZATION
MEASUREMENTS FOR TRANS-2-BUTENE *
John Huisman and B, H, Sage
Chemical Engineering Laboratory

California Institute of Technology
Pasadena, California

INTRODUCTION

The thermodynamic properties of trans-Z-buitene have
not been studied in great detail, Lamb and Roper {8) measured the
vapor pressure of this compound at temperatures between ---91o and
49°F. while Kistiskowsky (7) reported values at temperatures from
-108° to ?6OF. Guttman and Pitzer (4) measured the vapor pressure
of trans-2-butene at tempesratures between -96° and 34°F and also
determined the latent heat of vaporization of this coempound at a
temperature in the vieinity of BhoF. The specific weight of the
bubble-point liquid has been reported (1). The available experi-
mental information did not seem suffielient to establish with
certainty the volumetric¢ behavior in the liquid phase nor the latent
heat of vaporization of this compound. Fer this reason measurements
were made of the volumetric behavior of the liguld phase at pressures
up to 5000 pounds per square inch in the temperature interval between
uo° and EOOOF and of the latent heat of vaporization at temperatures
between 100o and 250°F.

* Submitted for publication te the Editor of Journal of Chemical &
Engineering Data.



MATERTALS

The trans~2-butene employed for both the volumetric and
calorimetric measurements was obtained from the Phillips Petroleum
Co, and was reported to obtain less than 0.2 mole per cent of
impurity. After appropriate deaeration the sample showed less than
0.25 pound per square inch variation in vapor pressure with changs

in quality from 0.1 to 0.9 at 160°F.
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VOLUMETRIC MEASUREMENTS

Utilizing available pressure-volume-temperature equipment,
the volumetric behavior of trans-z-butene in the liquid phase was
established. In principle, the apparatus involved a stainless steel
pressure vessel within which a sample of known weight was confined
over mercury. The effective volume of the system was varied by the
introduction or Withdrawal of mercury and the resulting equilibrium
pressure was measured, The attaimment of physical equilibrium was
hastened by the use of a mechanical agitator. The temperature of the
vessel was known within O.O5OF relative to the international platirmm
scale, Pressures were determined by means of a balance (13) with an
uncertainty of 0.1 pound per square inch or 0,073%, whichever was the
larger measure of uncertainty. The volumes occupied by the hydrocarbon
system were known within 0.25% throughout the entire range of pressures
and temperatures covered by this investigation. The weight of the
hydrocarbon employed was determined by gravimetric methods and the
sample was introduced into the pressure-volume-temperature equipment
by conventional weighing bomb techniques (13}, A detailed description
of this equipment and the methods employed is available (13).

The results of the experimental measurements at eigh tempera-
tures between 40° and 400°F are set forth in Iﬁble I. The
corresponding measurements of vapor pressure at these temperatures

constitute Table TI. The experimental volumetric measurements are



L= 28

portrayed graphically in Figure 1. The standard error of estimate of

5 ocubie foot

the experimental data from the smooth curves was 1,3 x 107
pér pound, The vapor preésure of trans-2-butene may be described
approximately by

]

i@g Fi = S.blloq - (1l°b'°q3) (1)
T

Utilizing this as a reference, the residual vapor pressure may be

defined as

r

-P“ - P _ 7 (2)

The residual vapor pressure is shown as a function of temperature in
’Figure 2. Included also are the API 44 (1) critically chosen values
and those reported by other investigators (3,%,7,8). The standard
error of estimate (6) of the current data from the smooth curve shown
in Figure 2 was 0,06 pound per square inch. The data of’ API iy (1)
and Guttman and Pitzer (&) yielded a standard error of estimate of
0.02, while those reported by Kistigkowsky and co-workers (7) and
Lamb and Roper (8) indicated a standard error of 0,03 and 0,04 pound
per square inch, respectively. The data of Cragoe (3) deviated from
the present measurements at temperatures above 80°F. From the data
reported in Table I and Table II, tempered by the vapor pressure
measurements of other investigators (1,%,7,8) the specific volume of

trans-2-butene in the liquid and dense phases is set forth in Table IIT.
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LATENT HEAT OF VAPORIZATION MEASUREMENTS

The latent heat of vaporization of trans-2-butene was
determined by calorimetric techniques at temperatures between 100°
and 250°F. In principle, the equipment consists of an isochoric
vessel within which the hydrocarbon was confined, An electric heater
added energy at a known rate, Physical and themmal equilibrium was
approached by means of a mechanical agitator. The gas phase was with-
drawn from the calorimeter at a fixed rate and collected in a weighing
bomb.' From a knowledge of the electrical energy added and the weight
of hydrocarbon removed together with the necessary volumetric

‘corrections, the latent heat of vaporization was evaluated (9,10). The
details of the equipment employed and the methods utilized are
available (10.12),

As the temperature i1s increased the magnitude of the volume.
tric correction becomes. greater. As a result, the use of such calori-
metric techniques for the evaluation of the enthalpy change upon
vaporization becomes less accurate as the critical state is approached.
For this reason no effort was made to carry the measurements above
250°F., although the equimment will permit measurements at tempera-
tures as high as 3’-}0°F.

The experimental measurements associated with the latent heat
of #aporization of trans-2-butene are set forth in Table IV, The
pertinent experimentally measured quantities and the associated

corrections have been ineluded. The volumetric correction (2) was
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established from the specific volume of the bubble-point liquid, the
temperature, and the slope of the vapor pressure curve. The latent
heat of vaporization as measured under idealized (2) isobaric, iso-
thermal conditions is related to the measured thermal quantities by
A = (H%- Hy ) :[@]T)P -V, TP/ T) -
The magnitude of the volumetric correction term VlT(dP"/dT) is
set forth in Figure 3 and is recorded in a part of Table IV. The
estimated uncertaintles of measurement associated with the invest-
igation of the latent heat of vaporization are set forth in Table V.
The greatest uncertainty lies in the evaluation of the energy added
by agitation followed by the determination of the volumetric
correction term.

The latent heat of vaporization which is recorded in a part
of Table IV 1s portrayed graphlcally in Figure 4 along with the
measurements of Guttman and Pitzer (4) and Kistiskowsky (7), as well
as the APT 4% (1) critically chosen values. The latent heat of
vaporization of trans-2-butene may be approximated by

ALr - Ry - o0.35 t
(&)
The residual latent heat of vaporization, utilizing Equation 4 as a
reference may be expressed as

L= A4 (5)
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There 1s showm in Figure 5 the residual latent heat of wvaporizatlon
as a function of temperature including the current measurements, the
available critically chosen values (1) and the measured values of
Guttman and Pitzer (4) and of Kistiskowsky (7). The standard error
of estimate of the current experimental data from the smooth curve
shown in Figure 5 was 0,13 Btu per pound, The standard error of the
values at a single temperature reported by Guttman and Pitzer {(4) was
0.1 Btu per pound.

By application of the Clapeyron equation the specific volume

of the dew-polint gas may be evaluated from

el
\/ - - :lT,P

a _.‘_ W _T_
(P /) (5)
Likewise, the compressibility factor of the dew-point gas may be
established from
"!‘b“ \f’ ()
2 = — 7
b Tz’

This factor is shown for the dew-point gas as a function ol tempera.
ture in Figure 6. The dashed portion of the curve 1s based on an
squatior. of state of the virial type evaluated by Roper (11). Good
agreement between the present values based in part on calorimetric
measurements and the values from the equation of state by Roper 1s
appareat, In nmany ways the usc of the Clapeyron equation is the

most satisfectory way of determining the volumetric behavior of the
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dew-point gas at reduced temperatures since direct measurements are
fraught with uncertainties associated with adsorption.

From the current measurements, coupled with the available
data at lower temperatures (1,11), a set of critically chosen values
of the properties of the bubble-point ligquid and the dew-point gas
are presented in Table VI, In this table the vapor pressurs is
recorded along with the specific volume of the bubble.point liguid
and the dew-point gas and the changes in internal energy and enthalpy
associated with vaporization for even values of temperature between
%0° and 250 F.

It is estimated that the over-all uncertainty of measurement
of the specific volume of the dew-point gas is approximately 0.35%
while the internal snergy change upon vaporization is known within

0.4% and the enthalpy change upon vaporizatlon within 0.5%.
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NOMENCLATURE

gas constant, (gsi) (ou £t)/(1s) (°R)
differential operator

enthalpy, Btu/lb

latent heat of vaporization, Btu/lb

residual latent heat of vaporization, Btu/lb
vapor pressure, psia

residual vapor pressure, psla

heat added per unit weight of material
withdrawn under idealized conditions, Bitu/l1b
thermodynamic temperature, °r

temperature, °F

specific volume, cu ft/ib

compressibility factor

gas phase
l1iquid phase
pressure
reference

temperature
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TABLE I. EXPERIMENTAL VOLUMETRIC MEASUREMENTS®

T°

113.8
182.0
919.9
1396.8
2021,
3508.
W7o,

O~ M

220

283.
o)
oL8.
2076.
3ksk,
L7sA.

F1O FROOh

® cemple weight 0.276521 lb.

COQOOO00OO0O0

A

OCCOO0OOoO0O0O

=

ODOOCDOCO

026733
026682
.026328
. 026098
025973
.025378
.025087

.033052
.03272k4
.Q31545
.030035
. 028905
L028170

L100753
.100T7hL
.0760hG
.055121
.0k3018
0373026
034784
.033358

Pressure Volume
P.5.I.A. cu fi/1b
100° F.

140.4 0.027460
752.0 0.027073
1858.1 0.026510
2874.0 0.026083
3846.5 0.025809
ké6o.7 0.02556k
280° F.
kss,1 0.039726
L86.2 0.039246
621 .7 0.037767
g36.2 0.035811
2150.3 ©.032515
3608 .2 0.0305861
4783.7 0.029691
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TABLE II. EXPERIMENTAL VAPOR PRESSURE MEASUREMENTS

Pressure Pressure Pressure
P.8.T.A. Quality P.5.1I.A. Guality P.S.1.4A. Quality
~ 4o® F. 77° F. 1009 F.
16.83% 33.93 49.88
16.96 0.0003 3%.10 0.0007 50.11 0.0081
16.94 0.0028 34.09 0.0052 50.03 0.0315
16.91 C.011k4 34,05 0.0226 50.00 0.0360
16.90 0.0138 34,03 0.0265 50.13 0. 000k
50.14°  0.000k
50.01F  0.0435
160° F. 200° F. 280° F.
117.89 239.25 436.18
118.45 0.0036 239.61 0.006 436.62 0.015
118.35 0.0186 239.51 $.030 436.58 0.104
118.37 0.0736 23%.30 0.152 436.26 0.361
118.19 0.0865 239.51 0.190 436.28 0.Lk52
239.58 0.006 136,68 0.015

& Chosen value of vapor pressure teken at a guality of 0.5.

b Check run.
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TLBLE V.

ESTIMATED UNCERTAINTIES OF MrASUREMENT

Provable
Quantity Uncerialnty

per cent
IZnergy added electrically 0.03
Energy edded bty agitation 0.20
Erergy excnange vetween calorimeter and jacket J.0L
Change in tempersture of liguld and vapor 0.03
Weight of materigl withdrewn 0.02
Voluretriec ccrrection factor 0.08

Superheat of liguid 0.01
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FART III

PARTTIAL ENTHALPY CHANGE UPON VAPORIZATION FOR
n-BUTANE IN THE n~BUTANE-n-DECAXNE SYSTEM
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INTRODUCTION

Partial enthalpy changes upon vaporization are of importance in
both industrial design caleulations and in theoretical understanding
of solutions and phase equilibria,

In the design of hydrocarbon-processing units a material balance
and an ensrgy balance for a vaporization or condsnsation process are
often required. A material balance calculation requires vapor-liquid
equilibrium constants for the individual components of the system and
a considerable amount of work has been done in this area, An ensergy
balance requires a knhowledge of the partial enthalpy changes upon
vaporization., Very little data for the latter property are available,
In industrial process caleculations it is usually assumed that the
partial enthalpy changes are equal to the latent heats of vaporizalion
of the pure components at the same temperature..

The ohject af this investigation has been to measure the partial
enthalpy change upon vaporization for n-butane in the n~butane-n-decane
binary system by calorimetric techniques over a range of temperatures
and liquid compositions., The resalts show gipnificant differences
between the partial enthalpy change and the latent heat of vaporization
for n-butane, As data for other hydrocarbon systems become available
in the foture, one can expect that some general method for predicting

partial enthalpy changes upon vaporization will become apparent.



Mothod

The following experimental procedure was used in this investi-
gation : An isothermal vaporization process was carried ou® in a calo-
rimeter containing coexisting liquid and gas phases of the binary
system. Material was vaporized by adding electrical energy and with-
drawing the gas phase from the calorimeter. The withdrawn material was
collected in a chilled welghing bomb., Only two to three per cent of
the contents of the calorimeter was withdrawn and consequently the com-
position and the pressure changed only slightly during the test, A
correction was made for the heat associated with the isothermal descrease
in pressure,

This method yields the enthalpy change upon vaporization for
the binary system. If the system has only one volatile component, the
partial enthalpy change upon vaporization for the volatile component is
obtained direetly. The boiling points of n-butane and n-decane are 31°
and 31{-501? respectively., The n-bubane-n-decane system is thus virtually
a system with only one volatile component, Only at higher temperatures
does the wvapor contain appreciable amounts of n-dscane, The partial
enthalpy change upon vapordization for n~butane at the higher tempera-
tures was obtained by applying 2 correction for the heat associated with
the vaporization of small amounts of n-decans,

MeKay (1) carried out a thermodynamic analysis for the vapor-
ization of pure compounds from an isochoric vessel to establish the

relation between the enthalpy change upon vaporization and the
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experimental measurements. A similar analysis was carried out for

multicomponent systems for vaporization and condensation processes,

Definitions

The enthalny changs upon vaporization of a pure substance is a
well defined quantity. It is also known as the latent heat of vapore
ization. The corresponding quantity for a component in a mixture is
the partial enthalpy change upon vaporizatlion, It is a state property
of the two-phase region of a multicomponent system and is thus a
function of pressure, temperature and composition. The pressure-
composition and the pressure-temperaturs relations for the two.phase
‘ragion of a typical binary system are presented in Fignre 1. The vapor
pressures of the pure component k and j at the temperature T are pre-
sented by points 4 and 5 respectively. On the pressure-composition
plot the upper line represents the bubble.poaint pressure of mixturas of
components k and j. The lower line represenis the dew-point pressure
curve, A bubble-point liquid 1 of composition n, is in eocuilibrdium
with dew-point vapor 2 of composition,nz. The wapor pressure curves of
components k and ] are shown in the pressure-~temperaiure plot and these
curves end in the eritical points 11 and 8 respectively, The broken
line 8-9-10-11 ropresents the cmitical locus for mixtures of j and k.
Points 9 and 10 are the critical points for mixtures with compositions

n, and n, respectively.
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Let ﬁk o and Ek 1 represent the partial enthalpies of component
? ’ .
k in the coexisting gas and liguid phases represented by points 2 and

1 respectively. Then

LHk,}* Hk,f,> = Al )

",k

is the partial enthalpy change upon vaporization (or condensation) of
component k at the two-phase state 1, 2 of the binary system, The
quantity (ﬁk,g' ﬁk,l) is equél to the heat associalted with the vapor-
ization of unit weight of component k in a frictionless steady state
process, The heat associated with the formation of unit weight of

vapor in a frictionless steady state evaporation process is given by

(Mog=Pee ) 9+ = Hin) gy =

Z kHK'a“ Hkuﬂ,)él& = Z AHA},K \aK (2)
This quantity will be referred to as the enthalpy change upon vapor-
jzation, It is a state property of the system just like the partial
enthalpy change upon vaporization of a component, The corresponding

enthalpy change upon condensation is given by

S (H "’HK,L)”"'KZZ“"H“» 2 3

3 K k,

k,z
where the x's are the weight fractions of the components in the bubble-
peint liquid. The state properties (Hk,g‘ k,l)' S (ch,g"' H}:,l) Y,
and Z:(Hk,g" Hk,l) X, are often referred to in the literature as the
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partial latent heat of waporization, the differential latent heat of
vaporization and the differential latent heat of condensation respec--
tively.  The above enthalpy changes upon vaporization are only equal to
the heats of vaporization for frictionless steady state processes, The
term "enthalpy change" rather than ﬁlatent heat® is therefore used in
this project., The term "differential" is rather redundant and will not
be used here, |

The integral isobaric enthalpy change upon vaporization can be
defined as the difference in enthalpy of a given compesition mixture at
dew point and at bubhle point for a given pressure. It thus represents
_the difference between values of the enthalpy at two different states
of the system, the composition and the pressure being the same at both
states, The integral isobaric enthalpy change upon vaporization can be

written as

2 (Hk,af Hkb)?,n{, = (Ha- Hb)ij (%)

Similarly, the integral isothermal enthalpy change upon vaporization

can be written as

E"(Hk,d\.—Hk,\:) e = (H&—Hb) (5)
T, ~ T, v
The isobaric change in state from bubble point to dew point at constant
composition is represented on the pressure-temperature plot of Figure 1

by the horizontal line 3~7 for the composition P The corresponding

isothermal change in state for composition n, is represented by the
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vertical lines 3-2 on both plots of Figure 1. The above enthalpy
changes are often referred to in the literature as the integral iso-
baric and the integral isothermal latent heats of vaporizatlon, From
the following form of the first law of thermodynamics

dH = (3+}) + V&P (6)
it is apparenl thal only for a reversible isobaric process 1s Lhe
enthalpy change equal to the heat., For the corresponding isothermal
case the integral of the V dP term from bubble point te dew point must
be added to the heal Lo obltalin the integral enlhalpy change. This
points out that it is themmodynamically not correct to use the term
M"latent heat" for “enthalpy change" with mixtures. It should be noted
that the integral enthalpy change upon vaporization camnot be obtained
by integrating the enthalpy change upon vaporization over the path of
the change in state, The vapor and liquid phases themselves also
undergo enthalpy changss during the process as the pressure or Lempera-

ture changes from the bubble-point to the dew-point value,

Theoretical Relations

The partial enthalpy change upon vaporization for a component
of a rmlticomponent system can be expressed in terms of other thermo-

dynamie properties of the system by the relation

ka,% - Hk.L) = v L\/k.}— Vk,df« )( é -.P“/é—r )‘Z.

+ ka Lé Ln gk}) (}——\25"")

° Ir (7)
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It is apparent that calculation of the partial enthalpy change
requires a considerable amount of accurate data that is seldom
available. For a binary system with only ons volatile component the

above equation reduces to

_ — | - .,

Moy Hon) = T WVo=Vie) BFAT), ®
Equations for the enthalpy changes upon vaporization and condensation
for multicomponent systems were derived by Kozicki (2) as a
proposition :

a For vaporization

ZkﬁgyihL)%K=‘rkﬁ%@TLﬁ€‘z\%L?k) (9)
b For condensation
= L_ﬁk,a'ak,i)%k ———"@?"/3“'%3 {KZ Vk%%k )= \/LE (10)

In general these equations can be used to calculate one unknown‘

(e.g. Vg) if accurate values for the other variables are available,

 Literature Survey

Very little experimental work has been done fo determine
partial emnthalpy changes upon va.porization. Budenholzer, Sage and
lacey (3) measured values for propane in mixtures with a non-volatile
crystal oil at 100%, 160°, and 220°F, Some values for ethane in
erystal oil at low ethane concentrations were also determined. The

method used was essentially the same as in this investigation, i.e,
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isothermal vaporization.

Burrows (4) has correlated some experimental measurements of
heats of solution for nitrogen, oxygen and heliws 1n loWw Vapor pressure
heavy oils at room temperature, Some values for helium are negative.
These heats of solution cannot be‘dlassified as partial enthalpy
changes upon vaporization, since the solution was not at bubble poilnt,
The same applies to the sowcalled "gés current method" for measuring
heats of solution. In this method a steady stream of indifferent gas
is bubbled thrﬁugh,_or passed over, the solution béing investigated.
Electrical energy is supplied to make up for the heat assoeiated with
vaporization of the volatile component(s). A good description of the
procedure and apparatus for this method is given by Hunter and Bliss
(5), who measured the heat of vaporization of water from salt solutions.

The enthalpy change.ﬁpon'vaporization ( Z:(Ek,g' ﬁ%,l) yk) was
measured by Tyrer (6) for several binary systems at constant atmos-
pheric pressure, It was necessary to measure the heat capacity of the
calorimeter system to correct for the temperature increase during the
test. For this reason Tyrer selected components that were not more
than 14°C apart in boiling point (e.g. acetone-chloroform) to minimize
the temperature rise. Even so the temperature rise correction accoun-
ted for 7-10 per ceant of the enthalpy change upon vaporization, In
principle it is better to conduct these experiments under isothermal
conditions and apply a correction for the heat effect of the encountered
pressure drop. Such a qorrection is guite small and can be evaluated

fairly accurately from available {or estimated) P-V-T data,
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It is then not necessarj to carry out a heat capacity determination
before and afier the test,

| Stallard and Amis (7} used the gas current methed to measure
heats of vaporization for the dioxane-water system at 50°C, At this
temperature both comﬁonents are volatile.

Although this project is not directly concerned with integral
ehthalpy changes upon vaporization, it is of interest to consider the
techniques employed in these investigations. Dana (8) measuréd the
integral isobaric enthalpy change upon vaporization of liquid oxygen-
nitrogen mixtures at one atmosphere by a steady state non-circulating
process, More recent investigators (9,10) used a recirculating flow
calorimeter. The compositions of the entering liquid and the leaving
vapor are the same, but the temperatures are different, Measured
values of the integral isothermal enthalpy change upon vaporization
for binary systems are given by Fletcher and Tyrer (11) and Neilson
and White (12). |

It is significant to note that all the cited investigaticns,
with the exception of the work of Buderholzer et al (3), were carried
out at pressures close to atmospheric pressure. The construction of
a calorimeter for operation at high pressures is a difficult and
expensive project. In this work the encountered pressures ranged

from below atmospheric to 300 psi over a temperature range from t00°

to 340°F,
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THERMODYNAMIC ANALYSIS

The enthalpy changes associated with vaporization or condensation
of multicomponent systems can be measured by means of calorimetric
techniques. The purpose of this analysis is to derive the relation-
ships that will enable the calculation of these enthalpy changes from
experimental measurements,

Consider an isochoric vessel A containing a multicomponent hetero-
geneous system consisting of a liguid phase and a coexisting gas phase
as snown in Figure 2. The calorimster A is surrounded by an adiabatice
jacket B and the space between the calorimeter and the jacket is
‘evacuated. An agitator C and an electrical heater D are provided
within the calorimeter. Material may be vaporized by adding energy
with the heater and the vapor is withdrawn st point "a'. Alterna-
tively gaseous material may be added to the calorimeter at peint "al

and condensation will take place at the vapor-liquid interface.

General Differential Egquation

The analysis will be carried out in such a way that the results
can be applied to either a withdrawal or an addition process, Selsct
as the thermodynamic system the isochoric vessel A and its contents up
to withdrawal point "a". The withdrawal or addifion process will be
treated as an equilibrium process. This can be closely approached in

practice by providing efficient agitation and operating at low rates
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of withdrawal.or addition of material. The vapor and liquid phases

are thus considered to bs in equilibrium at all times. The pressure

and temperature are considered to be uniform within the calorimeter.
An energy balance may he written for the system when a differsn.

tial amount of material dm, is added or withdrawn.at point "a® :

CLE-_ = 4 - W i E:l':,n.. C)\'mko- (11)

— k=1 !

The thermal iransfer term g can be expressed as
i = 9.t 3s 1 9., (12)

-where q_ is the electrical energy input, q_ 1is the energy input
by the stirrer and Ay & p is the heat transferred by conduction
and radiation from the surrounding vacuum jacket.

Since the vessel A 1s considered isochoric, the work w
assocliated with the process is limited to that concerned with the

addition or withdrawal of material :

wo= =P Vo dwm (13)

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

sum of the changes in the internal energy of each of the phases :

A

jrm



It is desirable to express internal energy in terms of enthalpy :

E - 4 _ TV (15)
AE = dH, P AV — V. 4P 16
Sg T Ty =3 T ~§ (16)
hEp o= Mg PV, -V WP (17)

The total enthalpy is a function of P, T and the amount of each

component present :
¢ LTa‘P>M\'\“"’Mk""’%m> (18)

The differential of H can be expressed as :

¥ an —
My =), 4T (G2 Etg—,,zj s

Similarly

Ay = G Ty [yi_mj_-rka_\f&) “ﬂ'z Rp domy o

The calorimeter volume V 1s constant :

cLV = &V -+ cf\.YL = © (21)
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The change 1n internal energy of the calorimeter can be expressed as :

A B = C A1 (22)

where Gc is the heat capacity of the calorimeter.,
Combining Bquations (11), (13), (1%), (16), (17), (19), (20),
(21), (22), and (23) and rearranging results in

’ { Mg & ;Téf)‘, ‘a"_ ™ ! \é:-;—&)? AP = %*E‘ Hk):_k’wkja.(za)
"

The left-hand side of this equation represents the changes that taks
place within the calorimeter., The terms on the right-hand side
represent items that can be observed outside the calorimeter,

The terms d‘mk,l and dmk,g can not be measured experimentally and must
be expressed in terms of measurable quantitiss, The temm dmk.l will

first be eliminated.

A material balance for any component Xk can be expressed as

de,L = d\/vvvqu-- U\/va’?: \g&,wwﬂ' - d— L‘akﬂv\'3> (2‘1‘)

It is convenient to write the term ﬁk a 25
2

Fa = (Mear Hk,?! ) - 'Hk,?r (25)
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Substitution of Eguations (24) and (25) into Equation {23) yields

1

{%t (ﬁk,g ﬂK.L) L&k,a } N

- g +(M3 C?I}-i- mLC?,g_J.- Cc_> T

V
— { /W\,BT k%__;%)ﬂ%*_ oy T L%:\'i‘:&)?,z.g kP (26)
This equation represents the relation between the system properties
and a number of variables that can be determined experimentally. The '
equation is rigorous and can be applied to any equilibrium process for
addition or withdrawal of gaseous material from an isochoric vessel.

In the case of vaporization it proves to be useful to write the

differential d(yk mg) as

OL(%KM}) = Y, M& +M}L‘L‘3K (27)

An expression for dmg ecan he obtainad by utilining the fact that the

calorimeter volume V is constant :

Vo= M} \/} + VL (28)
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M h V VYV dan Far V, dwn (29)
A S A e

Substitution of the overall material balance

v _ (')\/VW —_— GIV\«V*-'
Py o 3 (30)
results in . y
(g AV, 4 Ay &V Vg e, )
o = - d
E \*’% -V, (31)

For vaporization

(32)

‘érk,c\_ = ‘3":% (33)

By combining Bquations (26), (27), (31), (32), and (33) a
general expression for an equilibrium vaporization process is

obtained :

{Z CRLIATS } -
k=l

o
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The integration of the differential Equations (26) and (34) over the

path of some particular processes will now be considersd.

Isothermal Vaporization of a One-Component System

Tn this case all state variables are constant and Equation {(34)

can be integrated to yield the latent heat of vaporization

Ho-hy = %%m,\%\g) = @(\iép_\./_ﬁ,) (35)
wWhere Q is the integral of q and Q is the total enjigy input per unit
mass of material withdrawn.

In an actual vaporization process a small amount of liquid super-
‘heating occcurs. The bulk liquid temperature Tl is slightiy higher than
the vapor temperature Tg. The magnitude of the superheat encountered
in this investigation was of the order of 0.10F. The actunal vapor-
imation takes place at the vapor-liquid interface, The Temperature and

pressurs at the interface can be considered to be the same as in the

vapor. The measured quantity (Hg- Hl) may be rewritten as

- H = [ h - (H, ) -
Fk} L 8 ¥ XTS N 1"1}£ -
My Ry = S (e Tg) (%)
y

Thus the latent heat of vaporization at the vapor temperature is equal

to

VooV
LH%“HQ>T::(Q (Qﬁré> "Cm&C%fjgj (37)
¥ 5
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The bulk liguid temperature is known more accurately than the vapor
temperature and the liquid temperature is maintained at an integral
value of temperature (e.g. 100.00 F). It is therefore advisable to
express the final result at the liguid temperature, The effect of

temperature on the latent heat of vaporization is given by

-
o ; 3 H
I e A ALY o
[ (% \ g‘r})? ¢ \;rjz‘)? AT (38)
For small changes in temperature the last term is negligible and the
following holds
R - H H T
i = - _{c, -C TN (39)
(Mg, )Tl (M 1’)7{ . Py ne)( T2 3 )
By combining Equations (39) and (37) the latent heat of vaporization

at the bulk liquid temperature is obtained:
W = Q (V. -Yo C, (T-T.\= aH
Uy )y, (- ) r TRy 7o)

In order to avaluate A Hv it is necessary to know Vg and Vl. If
accurate values of dP"/dT can be obtained, it is possible to elimimate

the use of Vg by means of the Clapeyron equation :

AH = L\J%_V,L) T AP AT (41}
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Equations (40) and (41) can be combined to give

.& He = S Qo+ CP,QLTJL‘T})IX

N T AP (¢ T-T
TR B ()

This is a convenlent formula to calculate AHv from experimental data
when Vg is not known, The term Cp . (T - Tg)/ AH, is usually entirely
negligible., By neglecting this term and by substituting the Clapeyron
equation into Equation (42) the following expression for the dew-point
volume is obtained :

Va - Q C?,A LTQ_-T%.) (43)

T P/ T

Isothermal Vaporization of a Single Volatile Component

for a Maulticomponent System

For this case Equation (34) reduces to

o -~ N V¥
kH k,% - Her > = ( “ z . >
\/3 C)/\M-% i f\M-',a C)\-\}‘.a_ -+ M\'L e)h\{e_
- _ TV . T2V
[ 3 i M Kc}'\%')?'} + M k;:e-)?x% “HBI

()
Tf only a few per cent of the calorimeter contents are withdrawn
during a test, the variation in (K ,- E_,) will be small.

' ’

Similarly the variation of all state properties will be small and
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average values (designated as *) may be used in the integration of

Equation (44) :

o ~= * \q* Y *
LH k‘}_ Hk"q—) - ( * 2 L-;(— * )
’ N A o A Iy V 4+ . A Vj_.

) y STy ST ™
-0 f ), T [ar] e
"a, *

(Hc’k g:ﬁk l) nay be corrected again for superheat by adding the

correction term :

© - * o —_ ES -
FlyPae) = Gl =Rug) s Gy (e Ty)” 09
In cases Whers Vg and mg change appreciably over a run the use
of Equation (45) can introduce small errors, A betler equation can

be obtained by applying Equation (26) to this case in the form

¥*

g R) = (et ) [ - @

{ km-‘ér) g @Vij :&A? (47)
where A mg can be calculated from
C o Vo
A = A L
"y ( ) (48)

’2} Vi

This is the recommended final egquation. Equation (45) has been
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included because it points out very clearly the differences between
the equation for a mixture and the equation for a pure component,

i.e, Equation (35).

Isothermal Vaporization of a Binary System

The integral form of Equation (34) for this case may be written

as
*
{JE; (HAB-HkAJ ékk =
A . ARR/)
\/Z*AMQ- NV\J;AV +/»'sz\//?_
- - TioV Y
[ Q {MB LE—"T}J? + o k_f?t)?m} a P
. - *
+Mn»3 KZ=1 &Hk,'Hk,L) ANk ] (49)

Comparison with Equation (45) shows that there is one additional
term in Equation (49) to account for the change in_ vapor composition.
Othemrise the equations are similar in form. 4 better equation can

again be obtained from Equation (26) :

-

&itﬁk "Eu,sz_> ‘gkg b

i

K=t 'Y
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The material corresponding to the increase in vapor phase does not
have the composition y; but is slightly richer in component i. This
is a consequence of the increase in the weight fraction of the heavy
camponent j dgring the test, With this in mind the following

rearrangement can be mads

S (R _H _
kz*_\ L_HE,B k.L) A‘ mk‘} -
N ey T ﬁ.i :
ooty g Wiy Hee ) i+ Ly &L)}gi
Hoo-Hie) [ amm. —['"85 ) anm

Substitution into FEguation (50) results in

Lz g™ Pee) ?"‘k -
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The last term reflects the change in vapor composition during the test,

The quantities am_ o and A m, can be caleulated from

J+8

% L , (53)

Equations (52) and (53) represent the final recommended relations
to be used in the calcﬁlations. The meaning of the various terms

will now be considered,

kN - -
Th aantit -
e quantity kz (Hk,g ‘Hk,l

change upon vaporization per unit welght of vapor formed at the

) Y, Tepresents the enthaipy

=1
average liguid composition of the test. It is the result to be caleu-
lated from the experimental data.

The term Am represents the weight of material withdrawnm, or
more properly, the increase in weight of the system. It is thus
negative and has the composition"y; , 1.e, the vapor composition
corresponding to the average liquid composition during the test. Some
additional material of composition y;: was vaporized that stayed with-

' in the calorimeter. This quantity is equal to (A mk,g/yk)’ The
second term of Equation (51) therefore represents the reciprocal of
the total amount of material of cémposit-ion y: that was vaporized,

In addition some pure component j was vaporized to change the vapor
composition during the test. The last term of Equation (52) represents
that amountof component i, muitiplied by its partial enthalpy change

upon vaporization.
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The term Q represents the total amount of energy added to the

system during the test. @ consists of energy addsd electrically, by

agitation and by conduction and radiation.

The fourth termm of Eoquation (52) may be written as

+*

Lo T AN o _
U TR, - T, ] e

+ { {m‘} ﬂl‘*’:g—r M’L’Q‘?,LE AP = :Q__P AP
(54)

Where_lp is the latent heat of pressure change. The latter property
" is normally negative and since a P is negative it follows that the
fourth term of Equation (52) is positive.

The details of the application of Equations (52) and (53) to the

n-butane-n-decane system are given under Calculations,

Adiabatic Addition of a Pure Component

to a Multicomponent System

This method can be used to measure the partial enthalpy change
upon condensation of a component for a system with several volatile
components. In this process condensation takes place and the tempera-

ture and pressure rise, The integral fom of Equation (26) becomes
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The A T term is the significant one hers and the heat capacilty of
the system must be known accurately. The heat capacily can be
measured before and after an addition run and an average value can
be used for the evaluation of the results of the addition run.
During a heat eapacity run electrical energy is put into the

system but no material is added, Equation (55) then becomes
o *

_ B R o~
Q= 2 Ryt ) Ay

+ L(""’VB Cv,a—r g Cop + € )

. T A o, T 1OV | AP
- = s LS
{ s L”})P. R (56)
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The sscond term can be safely estimated using approximate values

for the partial enthalpy_chénges, since this term is small compared
to Q. The coefficient of the AT term can be considered as an

effective total heat capacity CT :

¢r = [(M} CP,} 'T_WL C?,L +~ & )

a2V Y L
- { mg T(\?\_a_)ﬁ ?: M{TL%&)E%} g ] (57)

B
CT can be measured before and after a run and the average value C

can be used for the addition run, Equation (55) then reduces to

t

LHK‘}— EK,L) a - - QJ‘ K,oo Hk,}) & mk,o.

K,o-

+}(?‘ka,} k,L) AL%KM})

—

.
~(Rer Ser )+ & a7 (58)

During the condensation process the temperature, the pressure and the
composition of the system all change, The significant change is the
change in temperature since it determines the final result. In
addition to the condensation of the component k added to the system,
small gquantities of othar volatile components will also condense.

This is reflected in the third term of Equation (58).
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The second term can be written as

O. Lo - o - — — o

H - Hk = H - Hk -+ o= C_
( W, ow la) L kl‘h Ja,).r L & ) ?;-‘L (59)
since the temperature Ta of the entering gas is not necessarily
the same as the system temperature T. If it is assumed that there
is no heat of mixing on addition of pure component k te the system
vapor, then (Hi'a- ﬁk,g> = 0. In any case it can be expected

T

to be very small compared to (ﬁk - ﬁ; 1). Equation (59) then

1 3:4 ]
enables the evaluation of the change in partial enthalpy of compo-
nent k upon condensation (or vaporization). It will be an average

value over the changes in temperature and composition that take .

place during the run.
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APPARATUS

In principle, the expex;imental procedure consists of adding a
measured amount of electrical energy to a calorimeter -gontaining
coexisting liquid and gas phases of the system being studied, and
collecting the vaporized material in a chilled weighing bomb,

The calorimeter is shown schematically in Figure 2 and consists
of a spherical stainless steel vessel A which is supported by means
of fipe wires within a wvaouam jacket, The vacuum jacket is surrcun-
ded by an oil bath B and ﬁhe oil-bath temperature is automatically
controlled at a constant value by means of a thyratron control cirecuit.
‘The oalorimeter ic loaded and unloaded through a connection in the
bottom. The liquid within the calorimeter is circulated by means of
a2 centrifugal agitator C, The liquid flows past an electrical
hoater D, around and through ports in the shiwld E, and past a ther-
mometer well F containing a platinum resistance thermometer in a
helium atmosphere., The addition of energy by the heater vaporizes the
sample and the vapor is withdrawn at the top of the calorimcter
through a small tube H and passes through an orifice I into a
weighing bomb J or K. The orifice diameter is sufficiently small to
obtain conic flow through the orifice. Condensation in the with-
drawal line H is prevented by maintalning the line at a temperature
slightly above the calorimeter tempsrature,

The oil bath temperature is measured with a platimm resistance

thermometer and this thermometer is used as the absolute temperature
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reference, The equality of the temperature of the calorimeter and
the oil bath is established by means of two copper-constantan differ-
ential thermocouples.' The pressure within the vacuum jacket is main-
tained below 10-8 ineh of mercury by means of an oil diffusion pump L
and a mechanical forepump M. A separate vacuum system consisting of
a mercury diffusion pump and a mechanical forepump is used to evacuate
the calorimeter and the loading and withdeawsl lines, The oil bath
and calorimeter temperatures are measured with Mueller bridges. A
White potentiometer is used to measure the E.M.F. of fourteen thermo-
couples. Electrical hoaters maintain the equipment at the required

_ temperature. A Rubicon potentiometer is used to measurs the current
to and the voltage acress the calorimeter heater,

Figure 3 oshows the general arrangament of the equipment. It
is drawn to scale and the overall height of the sequipment shown is
approximately six feet. The main features to be noted are the calo-
rimeter bomb A, the vacuum jacket J, and the oil bath K. Cireulation
within the oil bath is provided by impeller L. The impeller is driven
by pulley B' through sleeves V and W. The tube H is an extension of
the calorimeter bomb A and encloses the drive chaft G for the calo-
rimeter agitator B, Shaft G is comnected to the armature H'. Torque
for turning the agitator is transmitted to the armature H' by means of
the rotating electromagnets K', The oleetiromagnet assembly is driven

by the pulley P'. The material was added teo the calorimeter through



a tube (not shoun) entering the lower end of tube H at point E'. The
squipment described above was used earlier to measure latent heats of
vaporization of pure substances (see Part I and II). A detailed
description of the apparatus is available {1, 13). The equipment was
modified for this project to enable measurement of the pressure within
the calorimeter, As indicated in Figure 2, the pressure within the
calorimeter is transmitted through a metal diaphragm N to the pressure

measuring device G,

Diaphragn
The diaphragm block is shown in detail in Figure &, The dia-

phragm A is two inehes in diameter and 0.020 inch thick and is part of
the stainless steel cylinder B, The cavity under the diaphragm is
connected to the calorimeter through the fitting C of Figure 4 and the
tube H of Figure 3, The space above the diaphragm was filled with
mercury te just below the pointed lower end of the level indicator F.
The space above the mercury was filled with hydranlic oil and was
conncceted to a dead weight pressure gauge tester, The level indicator
F is electrically insulated by means of the Bakelite rings H and K.

An E.M.F. of 120 volt was established between the level indicator and
the moroury by mesns of an electrical cireuit consisting of four 30
volt D.C. batteries in series, a 4,7 meg ohm resistor and a 0,04 watt

neon light., The neon light was shunted with a 15 meg ohm resistor.



-7 -

When the pressure in the calorimeter increases, the diaphragm is
stressed and moves upward. The mercury level rises and makes contact
with the level indicator as shown by the neon light, The diaphragm
can be returned to its zero position by increasing the oil pressure
until the light goes off, At this point the calorimeter pressure is
balanced by the known oil pressure, A =mall movement of the two-inch
diameter diaphragm produces a magnified movement of the mercury level
since the mercury column has a diameter of only 1/8 inch. The tip of
the indicator ¥ has a diameter of 0.015 inch. The maximumm upward
movement of the diaphragm is limited by a backing plate. This is a
~ protection against non-elastic deformation at high calorimeter pressures.

Some trouble was encountered in completely filling the narrow
space between the diaphragm and the backing plate with mercury, although
the mercury was added under high vacuum conditions, This was overcome
by drilling @ small horizontal hole (not showm) through the shell B to
the space between the diaphraem and the backing plate. A fitting with
a valve {also not shown) comnected the hole to a variable height mercury
reservoir, This made it possible to add the mercury at the lowest point
and solved the sarlier difficulties. It also had the advantage of
enabling the mercury level to be adjusted during calibration without
having to remove the oil above the mercury,

The maroury was contained by the copper seal rings Tl. These

were compressed by tightening the large nut L. Initially some
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mercury leakage was encountersd under high pressure; this was elimj-
nated by providing L with twelve evenly spaced set-screws (not shown).
By tightening the set-screws the mut L, together with the inner
cylinder I, moves upward with respect to the fitting M and thus com-
presses the copper rings D, In this way a more even pressure distri.
bution aleng the copper rings was obtained than was previously

possible,

Asheroft Gauge Tester

A dead weight pressure gauge tester was used to apply a known
pressure to the diaphragm. The particular instrument employed was an
* Ashcroft #1300 gauge tester with a capacity of 500 psi and an accuracy
of 0.1 psi. In principle, the instrument consists of a piston rota-
ting inside a cylinder filled with ¢il. By putting appropriate weights
on ths piston platform, a known pressure is produced in the oil under
the piston, The piston is rotated during 2 measuremsnt to minimize
friction effects. The welights (Pw) mist be multiplied by a factor A
to obtain psi,

The instrument was callibrated against the No.i1 pressure balance
of the Chemical Engineeering Iahoratory. The results are shown in
Figure 5., None of the points of Figure 5 deviates more than 0,04 psi
from the straight line, The calibration constant A increases slight-
1y with the load.
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- Calibration

The diaphragm is said to be in its zero position when the indi-
cator light is in the on-off position. The zero position can be
changed by changing the amount of morcury above the diaphragm. The
best position was found to be at a mercury setting where the oil pres-
sure was approximately 12 psi less than the calorimeter pressure, The
optimum position &id not oceur at the zero fosi‘bﬁ.on as one might expect,
McKay (1) already reported that the diaphragm was stretched. FExamina-
tion of the diaphragm showed a permanent deformation toward the calo-
rimeter side, i.e. the side without the backing plate. This probably
- accounts for the above behavior.
The pressure in the calorimeter is related to the instrument

variables by
P = A_Pw + B + _Po_;,,m - °'°3°/V,e, (60)

A = calibration constant of gauge teoter

o
i

load in weights, psi
B = additive constant to allow for the zero position diaphragm
tension, the weight of the piston, and the hydrestatic head
of oil and mercury between the piston and the diaphragm, psi
P = atmos;ﬁheric pressure acting on piston, psi
.OBO/Vl = term to acocount for 4.3 ft of calorimeter fluid, psi, with

V., in cu ft/1b

1
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The constant B was détermined by ealibration against the known vapor
pressure of trahs~2-butene. Seven calibrations at different tempera~
tures over the pressure range of 80-330 psia yielded and average value
for B of 17.4 psi. The average deviation from the above value was 0.5
psi. The deviations were random with respect to pressure, When the
gauge tester was balanced, a change of 0.1 or 0.2 psi in weights

would turn the indieator light on or off., However, when all the weights
were removed frqm the piston and then put back again, the balancing

Joad might be 0.5 psi different from the earlier.one, From this
behavior it was concluded that the condition of the diaphragm was

limiting the accufacy of the pressure measurement to one psia.

Porous Metal Orifice

The vapor withdrawal rate was controlled by an orifice., Eight
orifice sizes in the range from 0,0014 to 0.198 ineh in diameter were
available, AL the high pressures encountered in this investigation a
amaller orifice was required to obtain low enough flow rates. It is
difficult to make 2 very small orifice of a preseribed size. A flow
restrictor was made using a 0.070 inch thick disc of 25 85 (2-5 microns)
Crespor porous Monel supplied by the Asco Sintering Corporation of
Los Angeles. A eciprcular area with a dismeter of 0.015 inch gaﬁe a
withdrawal rate equivalént to a 0,0009 inch conventional orifice. The
porous metal orifice was relatively easy to make and performed

satisfactorily.
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MATERIALS

The n-butane employéd in this investigation wes obtained from
the Phillips Petroleum Company as research grade material with a
reported purity of 99.9% mole per cent, as indicated by its freezing
point. The most probable impurity was iso-butane. A sample of the
material was passed through a bed of Drierite (anhydrous calcium
sulphate) to remove any traces of water. Any dissolved air was
removed by freezing the material, using liguid nitrogen as the refrig-
‘erant, and subsequent evacuation. The material was brought.to the
liquid state again by wamming it to room temperature. The dezera-
tion operation was repeated until a constant pressure was choerved
above the frozen material in two successive operations. It was
found that the vapor pressure of the sample changed 0.21 psi with a
change in quality from 0.1 to 0.8 at 100°F,

The n-decane used in this investigation was also obtained from
the Phillips Petroleun Company as research grade, It was reported
to contain 99.49 mole per cent nedecans, based on determinations of
the freezing point. The most probable impurities_ were other normal
paraffins and isoparaffins in the same boiling range. The n-decane
sample showed an index of refraction of 1,40963 relative to the
D=line of sodium at ??OF , as compared with a value of 1.40967
reported by A,P.I. Research Project 44 (14) for an air-saturated
sample at the same temperature, At 77 F , the specific woight was

5,338 pounds per cubic foot, as compared with the reported value
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(14) of 45,337 pounds per cubic foot,

From the result of these measurements it was concluded that the
n-butane and n-decane samples met the purity standards for this
investigation, Uncertainty in the results due to impurities is

believed to be negligible relative to the experimental uncertainties.
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EXPERTMENTAL PROCEDURES

Transfer of Materials into Calorimeter

Thé n.decane was dried over freshly extruded sodium and trans-
ferred to an evacuated weighing bomb. The material was deaerated
as follows : The bomb was chilled with liquid nitrogen to freeze
the nwdecane and then evacuated. After bringing the.bomb contents
to the liquid state by heating to room temperature, the bomb was
again chilled and any remaining air pumped off. The bomb was weighed
and the n-decane was distilled into the evacuated calorimeter by
heating the weighing bomb by means of an oil bath, After the trans-
fer the n-decane in the lines was collected inthe weighing bomb by
chilling the bomb with liquid nitrogen. A final weighing established
the amount of material transferred to the calorimeter.

The n-butane transfer was very similar. The gas was dried by
passing it through a bed of fresh Drierite (anhydrous calcium sul-
phate); it was then condensed in a chilled weighing bomb and
deaerated. A boiling water bath was used to heat the bomb during the
distillation process.

Throughout the investigation an accurate account was kept of the
amount of material remaining in the calorimeter and additions were
made when necessary. The liguid level must be maintained between

685 cc at room temperature and 1160 ec at the operating temperature.
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These figures correspond to 53 por cent and 90 per cent respectively
of the calorimeter volume of 1292 cec., ' The lower limit corresponds
to the minimum 1iquid volume required to cover the heater, The
upper limit insures that the total liquid volume never approaches
the calorimeter volume and also minimizes any entraimment during

vaporization,

Preliminary Operatiohs

The oil bath and' the ealorimeter were brought to the operating
temperature and the oil bath was put on automatic control by means
of a thyratron control cireuit. The temperature gradient along each
of the two tubes leading from the top of the calorimeter was reduced
to nearly zerc by adjustment of the appropriate guard heaters. The
temperature of thé vapor withdrawal lines from the vacuum jacket to
the vapor receiving block was adjusted to approximately 5°F above
the calorimeter temperature. Two tared weighing bombs were attached
to the vapor receiving block and cooled with liquid nitrogen., One
was an 80 ce evacuated bomb to receivé the sample and the other was
a 700 cc bomb containing material from previous runs. The vapor
line from the orifice block to the weighing bombé was evacuated, In
addition the vacuum between the calorimeter and the oil bath, main-
tained by a separate vacuum system, was checked, When the calorim-
~.eter was exactly at the oil-bath temperature, as indicated by a
differential thermocouple, the calorimsier temperature was recorded.
This temperature represents the optimum starting condition for a

run, At this stage the calorimeter heater was turned on. The vapor
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flow was started by opening the valve to the large weighing bomb and
one or more orifice valves, The eleetrical energy input was adjusted
until the temperature of the calorimeter was nearly constant and very

close to that of the oil bath.

Test Run

When the calorimeter temperature was exactly at the optimum
starting temperature, the vapor flow was diverted from the large bomb
to the small bomb and a timer was started at the same time., The stari-
ing pressure was recorded and periodic readings were taken of the calo-
rimeter pressure and temperature, and the ocurrent to and the voltage
.across the calorimeter heater. In addition, the ¢il bath control set-
ting was adjusted when required and the readings of the ten thermo-
couples along the vapor withdrawal path were recorded. The temperaturse
difference between the liquid phase and the outgoing gas within the
calorimeter bomb was measured to detemmine superheat effects., During
the run the pressure dropped and this reduced the vapor withdrawal rate.
Consequently, the temperature tended to inecrease and minor adjustments
o the heater current were made at recorded integral times. The calo-~
rimoter temperature variations were kept to within 0,005°F, Two oper-
ators were required to take all the instrument readings during a run.
After 10-20 grams of vapor were withdrawn the run was stopped when the
calorimeter temperature was oxaetly equal to the starting temporature.
The final pressure wac measured and the vapor in the withdrawal lines

was collected in the larger homb,
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The weight of material withdrawn during the pre-run and the sample
weight were determined from the final woightes of the large and small
bombs.respectively. The contents of the small bomb were quantitative-
1y transferred to the large bomb so that all the material leaving the
ealorimeter was collected in the large bomb., The original mixture

in the calorimeter could thus be reproduced when necessary,

Agitator Calibration

The rate of agitator input was determined by measuring the rate
of temperaturo rise of the system when only the agitator was on and
when some elecirical energy was supplied as well. The oil bath
temperature was adjusted frequently during these processes to maintain

moro temperature difference botween the oil bath and the salorimeter,
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CALCULATIONS |

The enthalpy change upon vaporization was computed from the

expei'imental data by means of Equation (52) :

- - * }
S (H, -H =
{ K:Ik k}} K,L) é&,i Z( A e - A r’\«wklg/\ak

*

L TG, e, e

“+ (%.} }’g‘) [ Lj_‘;}k ) k.g} (61)

Since the n-decane {component j) is only slightly volatile, this
equation can be rearranged to yleld an expression for the partial

enthalpy change upon vaporization for the n-butanc (component k) :

KHka}_Hk"Q') = { \ak*A/Wv.-AAMJ }
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It should be noted that A m and AP are negative quantities;

A mk,g and A mj ’-g are nearly always positive,

Welght of Material Vaporized

In dddition to the material A m withdrawn from the calorimeter,
some material was vaporized that stayed within the calorimeter,
The increase in weight of component k in the vapor phase (A m g)
1

was computed from

V - A V
Anm,_)-.:_ A{\'&K(—V}_—\/LL)

V represents the known calorimeter volume (1292 ce) and

(63)

m represents the total amountof material within the calorimeter.
The latter was known from the initial charge and subseqﬁ.ent
withdrawal weights. The compositions Vi and X, of a binary two-
phase system can be established from the pressure and temperature
and thch-T-composition relation. The latter information was
available (15), as well as the volumetric behavior of the liquid
phase (16). Data on the vapor phase specific volume Were limited
to valuss calculated from volumetric measurements in the two-phase
region (15) at 2200, 2800, and 340°F. At the lower temperatures
the vapor is practically all n-butane (see Figure 9),.

The compressibility facter of pure n-butane (17) at the pressure
and temperature of the binary system was used to compute Vg at

100° and 160° F. The pressure measurement Was accurate to about
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one psia; The pressure was also evaluated from a material balance for
~the calorimetef and the P-T-composition relations. By assuming a
‘pressure the liquid composition could be computed. If the corresponding
vapor pressure did not agree with the assumed pressure, & new pressure
was assumed and the procedure repeated until agreement was obtained to
within 0.1 psia. The pressure values obtained this way were usually
within the accuracy range of the measured pressures. However, the
pressures evaluated from the material balance were more consistent and
were considered to be more accurate. Consequently the pressures based
on the material balance are reported in Table I and these values Were

- used to establish Vicr xk, ¥V, and Vl'
g

Heat Input Q

The total heat input Q consists of three terms :

QR =, + A+ Q_ (64)

.\.Y'

The electrical energy input Q. was computed from the ecurrent, voltage,

and time measurements, The stirrer energy input QS was calculated as

, s,
Q- = A X /d.g NI (65)
S s, -5 €5
N \
where
S1 = rate of temperature rise when only the stirrer is on
Sz = rate of temperature rise when electrical energy is supplied as

well at a rate of (dQe s/d9)°
| ]
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The enei-gy transferred by conduction and radiation was evaluated
from

a®
Q. =k ﬂh - T ) o8 | (66)
{

[

This formula is not in general agreement with Stefan's law for
energy transfer by radiation but is reasonable for small temperature
differences. The constants kT'were determined earlier by McKay (1),
The evaluation of Q is the same as for a one~component system and

has been described in detail (1) (2).

Pressure Drop Heal Effect

The latent heat of pressure change

— v
_E,? = - T (2 /“_)?,w (67)

for the liquid phase was determined from the volumetric data
(16}, The results are shown in Figure 6. This data was not
available for the gas phase., From the equation of state

P Vg =2 b T it follows that

— &
OVEHTL,} = .% {% . T(.ﬁ:)?)%} )

The compressibility factor z at dewpoint has been discussed on

_page 87. The term T (32/dT)p 5 is usually only about one-fifth
Ty

of z and the value of T{ éz/aT)P'y for pure n-butane at the

pressure and temperature of the binary system was used., This only
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introduced negligible errors since the contribution of the total

AP term is very small. The results are shown in Figure 7. The

my :a.:m:]._mg values were calculated from

vy = ey | (69)
Y -~ Yy
A = - 70)
v T \J%_ vy | (7

Partial Enthalpy Change upon Vaporization for n-Decane

This property was estimated as

[s]

(Hpgm Mjr) = 2 By =+ Tg "yt

1

—

3 - .
e by T T /T (72)
The first equation assumes that the intermal energy change
upon vaporization of n-decane is independent of composition and
can thus be taken as the value for the pure component at the same
temperature. Figure 14 shows that this is a good assumption for
n-butane at temperatures well below its critieal temperature of
306°F. This condition is satisfied for n-decane since its critical
temperature is 654°F. The vapor phase partial volume was estimated
using the compressibility factor z of the binary dew-point wapor.
The compressibility factor of the pure component could not be used
since n-decane at the pressure and temperature of the system is in

the liquid state, The liquid phase partial volume is available (18).
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The estimated partial entnalpy changes are included in Table I,

It should be noted that a relatively large error in (ﬁj - Ej 1) will
4 ’

only introduce a small error in (ﬁk g H _) on account of the low

k,1

volatility of the n-decane. For instance, even for a n-butane vapor

camposition of y, = 0.90, a ten per cent error in (Hy = H. ) will
k Je& Jel

only introduce one per cent error in (H - Hk.l)'
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RESULIS

The enthalpy change upon vaporizatlion Z:(ﬁﬁ,g' ﬁk,l) yk
is shown in Figure 8 as a function of the liguid compesition Xx.
The latent heats of vaporization of the pure components form the end
points of the isotherms, AL 30%F +the n-butane is above its critical
temperature of 306°F. The critical composition for the n-butane-
n-decane system at O°F occurs at a composition of (.9 weight
fraction nebutane (see Figure 9)., The 340°F isotherm thus ends at
x=0.9and Z (H K )y =0 If the 340°F  isotherm is
linearly extended, it will intercept the critical composition at
ol Btu/lb instead of zero Btu/lb. Thus the 340°F isotherm must
curve sharply downward as the oritical composition is approached.
Steep curves are rather common near the critical point, The root
mean sguare deviatlion of the experimental peints from the smoothed
data for Figure 8 is 0.35 Btu/lb. Figure ¢ represents the vapor-
liquid composition diagram, It is apparent that the vapor consists
almost entirely of n~butane except at the higher Lemperatures. This
is well demonstrated in Figure 10 which shows the enthalpy change
upon vaporization as a function of the vapor compesition. The dotted
lines represent an expression for the enthalpy change upon vaporizaw
tion in which the latent heats of vaporization of the pure components
at the same temperature are substituted for the partial enthalpy
changes upon vaporization, The difference between the solid and

dotted lines of Figure 10 is plotted versus liquid composition in
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Figure 11. The lines for each temperature go through zero at liquid
compositions corresponding to pure n-decane and pure n-butane. The
erdinate of Figure 11 can be considered to be a residual enthalpy
change upon vaporization, using as a reference the relation

j{AHOV’k Ty o It is seen that the residual values are small at
100°F but become larger as the critical temperature of n-butane is
approached,

Fractionation is a good example of an industrial process where
the results of this investigation are of considerable interest. The
pressure in a fractionating column is nearly constant and it is
sonvenient to have a plot of the pertinent data a; the particular
operating pressure. The enthalpy change upon vaporization at 25 psia
has been pletted in Figurs 12 as a function of liquid composition x.
The points at x = 0 and x = 1 correspond to the latent heat of wvapor-
ization of n.decane and n-butane respectively. The vepor composition
i1s also presented in Figure 12. For steady state conditions Figure 12
shows the heat required to vaporize unit weight of material and the
composition of that vapor for a given liquid composition (or tray
temperature), The dotted line represents the reference relation
j{AHov'k ¥y which 1s often used in industry to compute heat loads
for vaporization processes. It is apparent that at higher tempera-
tures this can lead to significant errors. It should be noted that
for heat load caloulatiens it is not necessary to know the individual

partial enthalpy changes of the components; a knowledge of the
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enthalpy change for the system is sufficient. The resulis so far
have demonstrated the various plots that are of interest in 2 binary
system with two volatile components. As mentioned earlier, the
n-butane-n-decane system has virtually only one volatile component
and this made it possible to evaluate the partial enthalpy change
upon vaporization for n-butane.

For an understanding of the behavior of solutions the partial
enthalpy change upon vaporization for a component is of primary
importance. Figure 13 shows the partial enthalpy change upon
vaporization for n-butane as a funetion of liquid composition at
di fferent temperatures, The points at unit weight fraction of
n-butane represent the latent heat of vaporization of pure n-butane,
Comparison with Figure 8 shows that at zero weight fraction n-butane
in the liquid, 4i.e. at infinite dilution, the partial enthalpy
change upon vaporization for n-butane is practically equal to the
latent heat of vaporization of n-decane., This is rether surprising
but it only holds when the results are expressed on a unit welght
basis. On a molar basis this would not bde true at all., The results
of Figure 13 have been cross-plotted for lines of constant liquid
composition in Figure 14. The line x = 1 represents the latent heat
of vaporiéation of n-butane as a function of temperature. The
eritical temperature of n-butane is 3060F. The line for x = 1.0
therefore goes to zero at 306°F. The line x = 0,0 represents the

partial enthalpy change upon vaporization for n-butane.at infinite
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dilution. The constant composition lines will go to zero at the
critical temperatures for the respective compositions. The line

x = 0 will therefore go to zere at the critical temperature of
n-decane, i.e. at 654’F. One can expect that the shape of the
constant composition lines is similar to the shape of the line for
the latent heat of vaporization of n-butane., The difference between
the partial enthalpy change and the latent heat of vaporization is
fairly small at 100°F but it becomes greater as the critical
temperature of n.butane is approached. Therefore one might expect
that the partial enthalpy change upon vaporization of a component is
close to the latent heat of vaporization of that component, provided
the reduced temperature is reasonably small, The reduced tempsrature
of n-butane at 100°F is equal to 0,73, while the reduced temperature
of n-dscane at 340°F is 0.70. Assuming corresponding state behavior
it appears that up to 340°F the partial snthalpy change for n-cdecane
will be close to its latent heat of vaporization, This observation
Justifies the use of Egquation 71 for estimating the partial

enthalpy change upon vaporization for n-decane., As the dquantity of
n-decane in the vapor inereases, the potential error in the partial
enthalpy change upon vaporization. for n-butane increases, Tabls I
shows that for Test 452 at 340°F the energy associated with the

vaporization of the n-decane (H ﬁj l) yj represented
[ ]

Jeg”
nineteen per cent of the enthalpy change upon vaporization

Z (Hk’g" Ek,l) Yk-
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A ten per cent error in (ﬁj - ﬁﬁ 1) would result in a two per cent
. L]

' &
“ervor in (H - H .) here, For all the other tests this figure
. k!g k'l
is much lower as shown by the values of (H, - H, .)y. and
s PY- S P A

= (Hk,g' Hk,l) Vi in Table I. Tt is apparent from Figure 14
that the lines x = 0 and x = 1 cross over in the vicinity of 76°F.
This means that at lower temperatures the partial enthalpy change
will become smaller than the latent heat of vaporization. This is a
direct consequence of the behavior of the slopes of the isotherms of
Figure 13, As the temperature decreases, the slopes become less
negative and, at temperatures below 100°F, even positive.

The partial enthalpy change may be written as the sum of the

partial internal energychange and the product of the partial volume

change and the pressure

— - — -

(Hk,.}‘ Hu.) = (Buy” Brn )+ T 5 Vier)  G3)

Tabulated values of the partial enthalpy change and the partial
internal energy change upon vaporization are given in Tables II and
IIT respectively. It was assumed that ' =V .
k’g ksg

The partial intermal energy change upon vaporization is a
measure of the difference in molecular interactions in the vapor and
liquid phases.' The potential energy of interaction between molecules
in the vapor phase is very much smaller than in the liquid phase,

The internal energy change upon vaperization is therefore an indica-

tion of the magnitude of the melecular attractions in the ligquid
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phase, The potential energy of interaction for a particular molecule
is dependent upon the mumber and nature of its nearest neighbors.
Only if the potential energy of interaction of & molecule k in a
liguid mixture is the same as in the pure liquid k can one expect the
partial internal energy change upon vaporization to be the same as
the value for the pure substance,

The estimated uncertainties of measurement asseciated with the
investigation of the enthalpy change upon vaporization are given in
Table IV. These uncertainties vary with the test conditions and the
values in Table IV correspond to Test 470 (220°F, X = 0.55%),

The energy added by agitation contributes the greatest uncertainiy
nere. As the temperature increases, the uncertainty associated with

the dew~point vapor volume becomes the predominant item.
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CONCLUSIONS

The enthalpy change upon vaporization (sometimes referred to

in the literature as the differential latent heat of vaporization)

has been determined for the n~butane-n-decane system over the

temperature range 1000- 340°F ag a funetion of composition. The

partial enthalpy change upon vaporization for n-butane has been
svaluated from these results by applying 2 correction for the preosence
of small amounts of n.decane in the vaper. The partial internal
energy change upon vaporization for n-butane has also been established.

The resulte are presentod in graphiecal and tabular form. The following

"conclusions may be reached for the n-butans-n-decane system :

1. The isotherms for the enthalpy change upon vaporization may be
approximatod graphically on an enthalpy change-liquid compositien
diagram by drawing a straight line between the points for the
latent heat of vaporization of the pure components at the same
temperaturs, provided the veluss are expressed on a unit weight
basis,

2. This approximation fails at temperatures close to and above the
eritical temperature of n-butane {BOSOF).

3. The partial enthalpy change upen vaporization for n-butane
increases with decreasing n~butane concentration in the liquid

at temperaturecs above 100°F.
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At temperatures under ?OQF this phenomena appears Lo reverse
itgelf, i.e. the partial enthalpy.change upon vaporization is
smaller than the iatent heat of vaporization of the pure
component.

The partial enthalpy change upon vaporization for n~butane
at infinite dilution is closely approximated by the latent:
heoat of vaporization of n-decane at the same temperature,
provided the results are expressed on a unit waight basis,
This is a direct consequence of Conclusion 1.

The temperaturc dependence of the partial enthalpy change
upon vaporization at constant liquid composition is similar
to the behavier of the latent heat of vaporization of the pure

component.,
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NOMENCLATURE

calibration coﬁstant of gauge tester

additive constant of gauge tester

gas constant ft3, psia/lb °p

heat capacity of calorimeter, Btu/°F

effective total heat capacity, Btu/°F

specific heat capacity at constant pféssure; Btu/1b °F

specific internal energy, Btu/lb

specific enthalpy, Btu/1b

conversion factor, Btu/oF, sen

latent heat of pressure change, Btu/lb

weight, 1b

mumber of components, weight fraction when used with
subseript

pressure, lb/in.2 absolute, psia

infinitesimal quantity of heat transferred to system;
Btu/ib

integral of q when used with subscripts, heat transferred
to systeﬁ per unit Weight of material withdrawn; Btu/1b
absolute temperétﬁre; oR (degrees Rankine)

volume, specific volume, ftB/lb

infinitesimal quantity of work done by system, Btu/1b

weight fraction of a component in the liquid phase

weight fraction of a component in the vapor phase
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2 compressibility factor,,PV/bT
e time, seconds
Subscripts
a relating to the properties of the material

added to the system

atm atmospheric

b bubblewpoint liquid

cal calorimeter

¢+ r conduction and radiation

d dew-point vapor

3 electrical

g gas phase

J component

k component k

1 liguid phase

oil oil bath

5 stirrer

v vaporization
Superseripts

" two-phase region
partial value
pure component

average value
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Figure 2 . Schemetlc Arrangement of Equipment
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Legend - Figure 3

calorimeter bomb

agitator

ports in circulation shield D
eirculation shield

resistance thermometer

radial guide vanes

drive shaft for the agitator B
tube

seal between tube H and sleeve U
vacuum jacket

0il bath

impeller

ports in circulation shield N
cireulation shield

opening in circulation shield
radial guide vanes

ports in path QR-5-T

guide vanes

ports

elrculation shield

sleevew.-part of vacuum jacket
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Legend - Figure 3 (cont,)

sleeve~~part of drive for the impeller L
packing gland through which the sleeve W leaves
the oil bath

packing gland through which the tube H leaves
the oii bath

bearing

pulley

support bearings for the pulley B!

steel shell

sealing mut between tube H and shell E'
armatnre housing

steel-~-bronze bearings in which the armature
housing rotates

eleotromagnets

slip rings through which the electromagnets

are energized

support bearings for the electromagnet assembly

pulley to drive the electromagnetic assembly
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diaphragm

diaphragm_cylinder

fitting for calorimeter conmaection
copper seal rings

metal ring

level indiecator

Fitting holding level indlicator
Bakelite insulator

inner cylinder and backing plate for diaphragm
coppsr seal ring

Bakelite insulator

mt for compressing seal rings D

fitting for positioning inner cylinder I
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TABLE T
Pressure, psia
P, P,
29.4 28.9
25.8 25,1
15.9 14,5
k3.0 h2.8
56,9 54,3
23,0 16.5
o8. 4 08. 1
9.5 95.3
ok.9 93.9
78.1 7h.2
73.3 70.4
128.6 126.2
100,0 95.4
29,1 21.4
189.0 187.8
169.9 166.6
140, 1 131.5
202.5 195.5
1424 13%.8
296.8 291,7
277.3 268.6
292.0 282.0
276,7 264,1
196,6 172.6

EXPERTMENTAL RESULTS

Weight Fraction

n.batane
Vapor Liguid
0.9985 0. 361
0.9965 0.296
0.9945 0.150
0.9995 0.683
0.9980 0.491
0.9890 0.273
0.9610 0.075
0. 9980 0.674
0.9975 0,644
0.9975 0.626
0.9045 0.438
0.9935 0.400
0.9745 0. 364
0.9650 0.249
0.8%505 0,048
0.9895 0,664
0.9895 0.554
0.9135 0,205
0.9410 0.336
0.9150 0.210
0.9660 0,570
0.9600 0.514
0.8875 0.316
0.8810 0.292
0.8345  0.183
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TABLE I ~ EXPERIMENTAL RESULTS (Ctd,)

; {mg T (Ov/m), +my 12T/ BT)P’x}

- Iden- __Energy - Added ___Btu :
 tifica- Flectric Agitation Cond.& Red,
tion Q _ Qs Qc + p

100°F
538 3,0634 0.0828 0.0031
fitio) 3,24805 0.1121 90,0055
sl 3, 6904 0.0804. -0,0034
Ll 5, 1604 0.0714 ~0,003%
473 3.5366 0.0736 0.0021
160°F
5,2611 0.1011 -0.0007
456 k,9115 0.1216 0.0034
465 - 2.7269 0.0589 0.0061
476 6.9125 0,0517 0,0073
by 5.4651 0.0469 -0,0065
479 7.1264 0.0627 «0,0083
480 4,4975 0,0418 ~0.0021
_220°F
i) 5.393 0,0371 0.0004
bl 3.9790 0.0420 «0,0037
57 2.8639 0.1074 -0,0003
467 3. 5429 0,031 0.0030
Iy70 Iy, 7875 0.0453 -0.0005
280°F
; 2.6568 0.0411 0.0014
i3 3,2927 0.0314 -0.0021
451 3,1199 0,0524 -0,0024
168 3.5315 0,0157 -0,0004
471 L.6182 0,0258 0.0030
OF .
£32 2.7101 0.0459 0.009%
433 3.1692 0.0576 -0.0013
k52 5.3103 0.1095 «0,0051
a l _



TABLE I EXPERIMENTAL RE3ULTS (Ctd.)
Idenw Material Vaporized, 1lb Calorimeter
tifica- Withdrawn Change in Vapor weight Contents
tion A nm am b aom, b m, 1b
k,2 Jg 2,
100°F '
k3B 0.020386 0.00011 0.00000 1.2338
M7 0.021821 0.,00008 0,00000 1.4777
By 0,024803 0,00014 =0,00001 1.1984%
Lol 0.034274 0.00044 0.00000 1.4603
473 0.023607  0.00009 0,00001 0.8992
160°F
T 0.037332 0.00033 0.00000 1. 4251
L56 0.035531 =0,00100 -0,00001 1.093%
465 0.020314 0.00057 0.00000 1.4280
476 0.050321 0.00142 0.00000 1.273%
L7 0.039692 0.,00104 0,00000 1.217%
479 0.051903 0.00013 0,00002 0.8060
480 0.032489 =0,00011 0,00002 0.7629
220°F '
L7 0., 042451 0,00049 0.00002 1.2469
449 0,030620 0.,00050 0.00004 1.3846
Y 0.022871 «0.00125 0,00003 1.0669
67 0,029020 0.00205 0,00003 1.3836
470 0.038910 0,00170 0.00006 1.0426
. 280°F
0.023632  -0.00071 0.00006 1.0063
b3 0,029289 0.00095 G, 00009 1.1933
51 0.026808 0.00030 0.00009 1. 3144
468 0.033421 0.00334 0.00015 1.0978
{74 0.043432 0.00262 0.00019 0,9687
?OF
32 0,027816 0.00159 0.00032 1.1858
433 0.032292 0.00120 0.00031 1.1392
L2 0,050655 0.00040 0.00045 1.2489
Component j = n-Decane, Component k = n~Butane
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TARIE T EXPERIMENTAL RESULTS (Ctd.)

. Estimated © | _  _ e n-Butane
Iden- (H - H. - H - i . H
tion Btu/1b Btu/1lb Btu/1b Btu/1lb
100°F
138 151.9 0.2 153.5 153.5
Lly7 152.0 0.5 153.2 153.2
sk 152,2 0,8 152.5 152, 5
yan 151.7 0.1 150,6 150.6
473 151.8 0.3 152.3 152,73
160°F
g 143, 4 0.2 142,0 142.0
56 Wy, 0 0.6 144,9 144,77
Lés 42,7 0.3 133.8 133.6
476 142,7 - 0.4 134.6 134.6
- 477 142.8 0.4 135.0 135.0
479 143.1 0.8 137.3 137.3
480 143, 1 0,9 139.3 139.2
220°F
in) 133.9 3.4 124,2 124.0
g 134,14 4.7 128,0 127.8
457 135.5 19.0 134.6 134.5
L7 133.1 1.4 14,8 14,6
470 1334 1.4 118.0 117.8
280°F
3% 125.7 10.9 14,2 113, 1
g3 124,7 7.4 107.4% 106.3
451 125.6 10,7 114, 5 1134
468 123.4 4.2 o4 4 93.2
71 123.7 5.0 98.0 97.0
°F
332' 115.4 13,0 89,0 85.6
433 115.7 13.8 90,9 87.5

§52 116.8 19.3 101.0 97.5

P Component j = n-Decane, Component k = n~Butane



TABLE IT  PARTITAL ENTHALPY CHANGE UPON VAPORIZATION

Wi, Fraction

n-Butane

in Liquid

- 0.0

0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9

1,0

70
156. 4
156,6
157.1
157.6
157.7
157.3
156,6
156, 4
156.5
156.9
157.2

FOR n-BUTANE, BTU/LB.

100
152.4
152.6
153.0
153.2

153.0

152,2

151.5
150.7
150.3
150.1

149.9

- 127 -

Temperature Op

120
148.3
1484
148.4
147.7
146, 5
1k, 9
143.9
142,9
1424
141.9
41,4

160
14, 2
143.9
143,0
141,2
139.0
136.9
135.2
134.0
133.2
132.7
132.1

190
140, 1
138.6
136.0
134.0
131.2
128,6
126, 1
124 &
123.2
122,2

121.1

220
135.8
132.9
129.5
126.1
122,8
119.5
116.4
13,7
11,5
109.7
106.3
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TABLE IT  PARTIAL ENTHALPY CHANGE UPON VAPORIZATION
FOR n-BUTANE, BTU/LB. (Ctd.)

WL Fraction Temperature °F

n-~Butane

in Liguid 250 280 310 340 370
0.0 131.2 126.4 121.4 116.3 111.1
0.1 126,7  120.1 113.2  105.9 98.5
0.2 122,0 14,0 105.2 96,0 86.2
0.3 117.7  108.3 97.9 86.8 7.8
0.k 113.3  102.7 90.7 78.0 64,3
0.5 109.1 97.2 83.8 69,1 -
0.6 105.0 1.9 77.2 - -
0.7 101,2 86.6 20,4 - -
0.8 97.6 81.4 - - -
0.9 .6 76.4 - - -

1.0 . §2.3 71.5 - - -



TABLE III

Wt, Fraction

n-Butans

in Liquid
0.0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
¢.8
0.9
1.0

PARTTAL INTERNAL TNERGY CHANGE UPON

70
138.2
138.7
139.4
1401
140, 4
140, 1
139.5
139.4
139.6
140.0
1804

100
133.3
133.9
1346
135.1
135.1
134.6
133.9
133.3
133.0
132.7
132.8

- 129 -

130
128.1
128.8
129.3
129,0
128, 1
126.8
126.0
125.2
1249
1246
124.3

FOR n-BUTANE, BTU/LB

Temperature °F

160
123.0
123.6
123.3
122.0
120.3
118.4
117.2
116.4
115.9
115.6
115.3

VAPORIZATION
190 220
117.9 12,6
17.8  111.4
116.7  109.6
14,8 107.1
112.6 1044
110.5  101.9
108.8 99,4
107.5 97.3
1064 95.7
105, 5 .3
104,9 93.3
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TABLE TTX PARTIAL INTERNAL ENERGY CHANGE UPON VAPORIZATION

FOR n-BUTANE, BTU/IB (Ctd.)

Wt, Fraction Temperature F
- n=Butane
in Liquid 250 280 310 340 370
0.0 107.0 101, 3 95.7 90,2 = 84,7
0.1 104, 5 97.2 90.0 81.9 73.3
0.2 101.6 93.2 8h, 5 7 6,2
0.3 98.5 89.2 79.0 68.2 56,1
0.4 95.2 85.1 73.9 61.9 48.8
0.5 92.0 81.0 68.8 55,4 -
0.6 88,9 76.9 63.6 - -
0.7 ' 85.9 72.9 58.8 - -
0.8 83.2 68.9 - - -
0.9 81.0 65,1 - - -

*.0 79.1 €1.5 - - -
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TABLE IV  ESTIMATED UNCERTAINTIES OF MEASUREMENT

Quantity

Energy added electrically

Energy added by agitation

Energy exchange between calorimeter and jacket
Energy effect of pressure drop

Change in temperature of ligquid and vapor
Weight of material withdrawn

Change in weight of vapor phase

Effects due to deviation from equilibrium

Probable
Uncertainty
per cent

0.03
0,12
0,01
0,04
0.03
0.02
0.10

0.05
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APPENDIX

Comments on Calorimeter Analysis of Previous Investigators

MeKay (1) has published the following general expression for

‘vaporization of a one-component system from an isochoric vessel :

KHDL-Hb)w =

AT
_cgk AT e 4

M‘

R rng AN
kf\w « LM>MT

Ao

}(L ] (B By -(e- ey | (N vy 2 g L)

Ml

V}_\/L

(1)
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Equation (1) can be presented in a simpler form since several terms

actually cancel each other., The next to last term may be written as :

7y e ) e
LT3 T G, | 4
” PRV P 2V AT '
* )( &"’“’L (555), + ™ L_;;T?f)?g o O
w, (2)

Substitution of Equation (2) inte Equation (1) and rearranging

resalts in

*

KHJCH\;) = . ! :

(3
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In Equation (1) the sign of C, and the sign of the last temm are
| in error; they have be_en corrected in Equation (3). By applying
Equation (3y) of Part IIT to a one-;omponent system Equation (3)
can be obtained directly.
For the case of a binary system with only one volatile component

MeKay gives the following equation in Manuseript 5143.1 (2)

(HT{.A." kb) . - -
f Vi + M &V png g &V wmi L dY
4 P e ¥ SRed ¥ R
Py d\;m i} e T, o
ka}, \/k,f.
/ 7 9 AP
,)c*gwf{mi‘[ﬂ;’-?é;?) [ﬁ_?( ),J;SJ;M
M 5 M
+f{/‘vw/(_]:cp‘?(2f )]L+M[CP -Pdv>;}_cc.} 2 A
My
+ ]( (/w- Ju\’ 3+MKL J\NKL /\M\',L AV L) A
" } e _ hanl
A -._.1
Joig i bl tondindl
- Vo - UKL

k,} P (l}) =
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By considering the fact that the total calorimeter volume is constant
4t can be shown that several terms in Equation (4) again cancel each
other :

c

Vo= ’*""k,%\ju(aﬁ p ot Vi ng,ng.L = constant  (5)

Differentiation yields

My IV, VS "LVK.L T "‘“'3',/2, ek Vg,{, =

(-}

— \/k,} Mk,g — \/le cfl/w-k"(_’
(6)
The total volume may be expressed in another way :
Vo= \_/ - \‘{Q_ = c‘__ons'tn».y\t (7)
B I
Differentiation yields
e, (B Ve AT
{ }Ka—r‘a'&?i*m«t (}‘)Jm T
[y U, e GG 4T =
&
Tm., (8)

- \/kra/ k,a - Vk,L 'k.,/t
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Combine Equations (6) and (8) :

o o - —
LMK.}DLV%%'\" Mk,ﬂ, CLVK,L .1_/\44,5.’?’ CLV'&!L ) =

Y
Fres (58] v ooy (4]

(N ) T~

?gaLT+

Ao Vv A, (VL
{y B, e &) e

(9)

Replacing the next to last term of Equation (4) by Equation (9)
results in the cancellation of several terms and Equation (&)

becomes

(10)



- 137 -

As before the sign of Cc and the sign of the last term of
 Bquation (¥) have been corrected. Equation {10) contains the
partial volumes for both components in the liquid phase. The use
6f partial volumes can be avoided and Equation (10) can be further

simplified by using the following equality :

o : o — -
\Y .
( \}KM} + MK;} Ck-dh:’.s_’ + /W"k_’z-_ %er+“3’Li\f\ll (A/m _
v Kis — Ve
d/w\. e CMVV _ C)l/W\- 1’-‘-,/&« -

\/k,a Al nml,g 0&21143 + nwﬁ{. QEQQL
(¥ e el > e
N - Vui

(11)
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Substitution of Emation (11) into Equation (10) and rearranging

- results in :

-

QﬁkA‘ amb) ‘
B

H

{12}

The same wesult was obhtained in a2 more direct manner as Equation

(4y) of Part ITI.
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PROPOSITIONS
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PROPOSITION I

It is proposed that a generalized chart be constructed
showing lp (_Pc/Tc) as a funetion of reduced pressure and reduced
temperature. This "generalized lp chart® can be easily constructed
from the generalized compressibility factor chart according to the

formnla

Lo(-%/1 )= R { By T"La_"?':f‘r)?

Introduction

For systems of constant composition and weight the heat

transfer g across the boundary of the system can be computed from
(g + ) = Cp T+ L &P (1)

Values of CP can be found in the literaturc for many substances at

numerous states. Listings of 1_ are seldom available,

P
The latent heat of pressure change is defined as
_ 9t
L? = | ) (2)
AP /o

and CP is defined as

C = 9+ a ) (3)
\ P



AT

Thus lP is similar in nature to CP except that it applies to the
case in which the temperature is held constant while the pressure
changes rather than the reverse. It can be shown (1) that

L= - T (3V/aT), | (4)

lP can thus be evaluated from a knowledge of the PVT relations of

the system in question. A generalized PVT relation is available in

the form of the generalized compressibility factor chart. This chart
gives the compressibility factor z as a function of reduced pressure
and reduced temperature., It is based on two assumptions :

1. The law of corresponding states applies, i.e. all pases have tho
same reduced volume at equivalent reduced temperatures and
pressures,

2. All gases have the same eritical compressibility factor
z, = P, V,/RT, . For systems that follow these requirements,

1_can be calculated from the generalized compressibility factor

chart and the eritieal (or pseudo-critical) properties of the

system. These calculations can be done once and for all by

preparing a "generalized 1P chart®,

Derivation
The PVT relationship
PV = % T (5)

may be differentiated to give

P AVEV AP = 2R AT RT Az (6)
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vy _ =R RT 9\ _ R T 2%
§:r>P" + * ? 3> - ”‘F{%* k}*ﬁ'?} (7)

This can be written in generalized form by substituting

T= T T, 8)
to yield

NiygT)d = RO e T(T¥0T, i

K /a /5 P { T K >=Pr (9

Substitute Equation (9) into Egquation (#) :

(LR N L o= Rz, T o 2E )
(- 2 yx = {*"\é*r/
i B (10)
The right-hand side of Equation {10) consists of generalized
properties and can be evaluated as a function of Pr and Tr.

Equation (10) can be presented in a slightly different form by

substituting

- P Ry {11)
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1P (-Pc/ Tc} can be plotted versus Tr as lines of constant Pr or

versus P as lines of constant T whichever mathod 1s best.

r,
Once this chart has been constructed, the 1P of any system

whose PVT vehavior is given by the generalized compressibility factor

chart can be qulekly obtained hy camputing Pr and Tr and reading the

value of 1p (-PQITC) from the chart,

Refarenacs
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Systems", Acadamic Press Ine., New York (1957), p.57.
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Nomenclature
Symbols
Cp molal heat capacity at constant pressure, Btu/lb mole
3 specific differential quantity of friction, Btu/lb mole
1p latent heat of pressure change, Btu/lb mole
P pressure, lb/in.z, psia
q specific differential gquantity of heat fransferred
to the system, Btu/lb mole
R gas constant, Btu/lb mole, °R
T absolute temperature, °R
v specific volume, ft.”/1b mole
z compressibility factor; PV/RT
Subscripts
e eritical value
r reduced value



PROFPOSITION II

A new process for recovering hydrogen fluoride (HF) from
aqusous fluosilieic acid (H2 si Fé) solutions is proposed. The novel
step of this process consists of contacting a Hz S5i F5 solution

with a hydrate forming compound Lo separate the water as a hycdrate.

Introduclion

In the acidulation and thermal processing of phosphate orss
gaseous hydrogen fluoride and silicon tetrafluoride are evolved.
These gases are recovered by absorpllon in water and reacl to form

fluosilicic acid :

2 HF + 5Sv F ——  H, SUF (1)
3 6LF, + 2 M0 e e (2)

Sclutions containing 25-30% Hz Si F6 can be obtained (1),
Fluosilicates such as sodium fluosilicate can be precipitated
directly by the addition of the appropriate salt, Unfortunately
the market for fluosilicates is relatively small and in most
phosphate operations fluosilicic acid is an undesirable by-product.
Recently a new process was developed to make alumirnum fluoride from

fluosilicic aeid solutions (2).
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Kirk and Othmer (1) state that "fluesilieic zcid solutions are
not converdently convertible teo hydrogen fluoride hy knewn processes!,
In Jamuary 1962 Stauffer Chemical Company (3) elaimed to have
developed a commercially feasidble contimuous process for producing
anhydrous hydrogen fluoride from fluesilieie aecid, but no details
were published,

J. C. Porter made a study of this problem andhas reported his
findings in "Study of the Recovery of Hydrofluoriec Aeid from

Fluosilicic Acid", Chemical Engineering Laboratory, C.I.T., Dec.®62,

Proposed Process

Fluosiliciec acid, like earbonic acid, only exists in solution,
The wapor-liquid equilibrivm diagram for the systenm H2 S5i F6 -
HF-H,0 at one atmosphere has been determined (4) and is showm in
Figare 1. It is apparent that distillation of a 25-30% H, Si F,
solution results in a ternary azeotrope at 116°C with a composition
of 3% H

» Si F6

It is proposed that if the azeotropic liquid were cooled down

, 104 HF and 544 water,

and dehydrated by adding 2 hydrate forming compound, the solution
would become saturated and gaseous HF and Si F) would ve evolved as
the dehydration continued. It is proposed that the gaseous hydrating
agent technique used in saline water conversion may be applied here,

To determine the feasibility of the process, equilibrium and
rate data would have to be determined. The operating conditions

depend on the cholece of hydrating agent. Many compounds form
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bydrates (5). Propane has a satisfactory rate of hydrate formation

(6) and is inexpensive. A flow diagram based on propane is given
in Figure 2,

The feed is concentrated to the azeotropiz composition and then
cooled and contacted with liquid propane, Propane serves a double
role as hydrate forming substance and internal direct cooling medium.
Gaseous HF, Si F4 and G3 H8 will be evolwved, The propane hydrate
cerystals are filtered off and the filtrate is heated up to flash off
sonme more HF and 31 F4 and is then recyecled to the reactor, The
combined reactor and flasher vapors are separated by fractionation

into product HF, liquid C H8 recycle and 5i Fk' The hydrate crystals

3
are melited to produce water and liquid 03 H8 recycle, In the saline
water conversion process (6) the hydrate is formed at 35°F and

57 psig and melted at 45°F and 70 psig. This gives some idea of the
magnitude of the required operating conditions. As indicated by
Equation (2), it might be possible to recycle the Si F4 gas to pro-

duce more H2 Si FB.
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Liquid=-Vapor Equilibria Diagram for System HE-H,SiFe11,0

Figure 7.
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PROPOSITION III

A process to separate pure hydrogen fluoride (HF) from aqueous
fluosilieice acid (H2 Si Fé} solutions is proposed. Information in the
literature indicates that the azeotroplc composition of fluosilieic
acid solutions shifts from 14 Hy 81 Fg at 115.5005 and one atmosphere
to 60% H2 Si Fg at 21°C under vacuum., This will enable separation of

pure HF by straight fractionation processes,

Introduction

See introduction of Proposition IT

Discussion

The fluosilicic acid-water system exhibits azeotropic behavier
in the form of a constant boiling.point mixture at a liguid composition
of 41 weight per cent H, 81 Fg at 115.500 and one atmosphere (1). This
is indicated in Figure 1 (of Proposition II).

Jacobson {2) concentrated an aqueous H, 5i Fg solution from 25
to M% H, Si F, by distillation under diminished pressure at 21%C by
admitting & tiny stream of ailr into the distilling 1liquid. Further
concentration of the 41% solution was accomplished by vacuum distil-
lation at 2100. Wnen the liguid concentration had reached 54% Hy, 81 Fg
. the distillate contained 1.5% Hy 81 Fg. A maximum concentration of
60% H, Si F was obtained on further distillation and it appeared that

this was close to the azeotropic concentration. A 54-60% H2 81 Fg
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solutiorn at one atmosphere is "on the other side" of the 414 azeotropic
composition when compared with & 25% Hp 51 Fg solution, Tt i3 apparent
that fractionation of a 54-60% H, 51 Fy solution at one atmosphere will
enable separation intoc a pure 32 81 Fg overhead and a constant boiling
bottoms product. Since pure H, 81 Fg cannot exist, the overhead pro-
duct will be in the form of hydrogen fluoride (HF) and silicon tetra-
fluoride (Si Fy)., The boiling peints of BF (19.4°C) and Si Fy
(-65.000} indicate that these compounds can be easily separated by
fractionation. There is no indicatien in the literature that these
two compounds might form an azeotrope,

At one stmosphere the vapor above a 254 H2 51 Fé bubble-point
| liquid has a higher Si Fa/HF ratic than the liquid. Distillation of
a 25% H2 Si Fg solution at one atmosphere will therefore produce a
solution contaiming free HF. Figure 1 (of Proposition IT) shows that
a ternary azeotrope results with a bolling point of 116°¢ and a COMmpo=
sition of 36% H, 51 Fg, 10% HF ard 544 water. No free EF is fommed
during distillation under vacuum at 21°C {2). The water content of
the ternary azeotropic selution can be further reduced by vacuum distil-
lation at 21°C to bring the solution "on the other side" of the atmos-
pheric azeotropic composition.

A flow diagram of the proposed process is given in Figure 1,
The feed is concentrated to the azeotropic composition at one atmos-
phers. The vacuum fowar decreases the water content to somevhere
between 46 and 40% Hzo and operates at room temperature. The concen-

trated solution is then pumped to the atmospheric tower where the
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bottoms temperature is maintained at the azeotropic boiling point
for one atmosphere, The bottoms product is recycled to the vacuum
tower. The overhead product of the atmospheric fower is separated
into pure HF and ©Si F4 by fractionation , The Si F4 may be
recycled to the absorber to produce more HF.

The techmical feasibility of this process will depend to a
great extent on the rate of water removal that can be obtained in
the vacuun tower. The partial pressure of water for strong H, 5i Fe
solutions is smali, A Russian reference (3) {translation in (&) ),
indicates that at 50°C a 46% H, §1 F; solution has a water partial
pressure of 50 mu mercury., Since the vapor pressure at this
temperature is 91 mm the partial pressure is about half the vapor
pressure, Applying this to 21°C , it appears that the vapor pressurs
would be of the order of 10 mm mercury. The above reasoning was

for a 4% H2 51 F. concentration and at higher concentrations the

6
water partial pressure will be even lower, The vaporization will
probably be diffusion controlled and a large surface area of the
liquid is desirable. A packed column with liguid recirculation
seems an appropriate choice for the vacuum towsr.

One way to inerease the partial pressure driving force is to
increase the temperature, Reference (3) shows that for a 46%
H2 51 Fé solution the partial pressures of B3i Fu and HF are

extremely small at 50°C. The volatility of these components would

therefore not interfere with operating at 5000. However, the
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azeotrope concentration will decrease with an increase in temperature

and this will put an upper limit on the operating temperature. The

optimum temperature is probably somewhere between 20 and 5000.
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PROPOSITION IV

A recently published method for estimating enthalpies of
hydrecarben mixtures at the bubble-point state may be improved by

making a correction for the heat of mixing.

Introduction

Stevens and Thodos (1) have published a2 method to estimate

the enthalpies of hydrocarbon mixtures at their saturated vapor and
liquid states, The method consists of determining the enthalpy of
the mixture al zero pressure at a2 glven temperature by zdding the

pure component vapor enthalpies, The enthalpy of the mixture at
dew point and at bubble point is then determined by making corrections
for the effect of pressure on enthalpy. These corrections are
exprossed as functions of the psendoeritical compressibility factor,

the pseudocritical temperature, and the temperature,

Discussiaon

In principle it is possibles to make enthalpy pressure-
corrections at constant temperaturs and constant composition from
generalized volumetric data, This method works fairly well in the
vapor phase and deWw-point vaper enthalpies can be predicted with
some degree of accuracy. In order to obtain the difference in

enthalpy of the mixture at the dew-point and bubble-point states
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the following integral must be evaluated :

P, .
. _ _ \f_ '\"" '?_V_ "
oo B f{ Qﬁ)? { AP o
® ™

where V represents the speciflic volume of the total mixture in

the two-phase region, The composition and amount of both the vapor
and liquid phase change from dew-point pressure to bubble-point
pressure. The author considers it doubiful whether such integrals
can be accurately presented as a general expression in terms of the
pseudoeritical compressibility factor and the pseudoeritical

. temperature, Another point to consider is that on mixing hydrocarbon
liguids the volume change is often very asmall while there may be a
considerable heat of mixing,

It is proposed that the correlation of Stevens and Thodos
may be improved by adding an additional generalized correction term
for the heat of mixing in the liquid phase, A generalized
correlation for the heat of mixing of binary paraffin mixtures has
been established, Brénsted and Koefoed (2) have called this
relation the "principle of congruence®, The heat of mixing

(or excess enthalpy) may be correlated as

2

E

H o= B (m-m) = %y (2)
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Where
H = difference between the enthalpy of the mixture and ths
sum of the enthalpies of the pure components at the same
temperature and pressure, Btu/mole

B = a function of temperature only,.

=
=
i

mmber of carbon atams in each component

X,sX., = mole fractions of the components

The principle 1s primarily an empirical observation, but
longuet-Higgins {3) has derived it for a statistical model of long-
chain molecules, The dependence of B on temperature has only been
established for a few systems. It is known that B decreases with
Jincreasing temperature and eventually becomes negative (&),
Recently Lundberg {5) at Shell Development Company has started a
systematic experimental program to measure heats of mixing for
hydrocarbons. The results for 27 binary hydrocarbon systems at

25% and 5000 have been published (5}. Adcock and McGlashan (6)
have correlated the heat of mixing for carbon-tetrachloride and

cyclo-nexane as a function of temperature by the relation

E.

_ - T
H - %1 ?C'.\_ (C' :D ) (3)
where C and D are constants. Tt is apparent that at high values
of the temperature T the excess enthalpy can become negative,
It is therefore suggested that the constant B may be correlated
as a function of temperature by an equation of the form

B= C'-D'T (L)
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The discussion so far has only been applicable to binary mixtures,
It is proposed that a multicomponent mixture be treated as a pseudo-
binary mixture, Split the multicomponent mixture in two equal mole
fractions, one section conitaining the light components and the other
half containing the heavy components.' The average molar mumber of
carbon atoms can then be determined for each half of the mixture.

It should be noted that the estimation of enthalpies of
mixtures is a problem that is nol yet solved, although a considerable
amount of work has been done on the subject, both by physical Shemists
(7) and chemical engineers (8). The suggestions made so far should
thersfore be considersd as possible approaches rather than solutions

to the problem.
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PROPOSITION V

Partial enthalpy changes upon vaporization for the components
of the dioxane-water system have been published. It is proposed

that the method used to obtain these results is not correct.

Introduction

Stallard and Amis (1) carried out the following investigation :
A stream of dry air was passed through a mixture of dioxane and
water in a calorimeter. Electrical energy was supplied to keep the
temperature constant at 40°C, The vaporized material was condensed
and its composition determined., The total pressure was essentially
constant 2t one atmosphere, A plot of the heat of vaporization per
unit weight of vapor versus liquid composition produced a curve with
the shape of a horizontal integral sign. The "partial specific heats
of vaporization" for water and dioxane were determined by drawing
tangents to this curve and finding the intercepts of the tangents
on the 1004 water and 100% dloxane ordinates respectively. Iarze
negative values were obtained for the "partial specific heat of
vaporization’ of dioxane at liguid compositions below 20% dioxane.

The results were checked by the relation

where A represents the heat of vaporization.



It 1s proposed that this method of determining the "partial

specific heats of vaporization" for the components is not correct.

Discussion

The "specific hneat of vaporization" measured by Stallard and
Amis can be represented as éz\(ﬁk,g' ﬁk,l)yk , where the par:ial
enthalpies are to be taken at the conditions of the test, i.e. 40 C
and one atmosphers, The total pressure of one atmosphere was much
higher than the bubble-point pressure at 40°C, If it is assumed that
a The effect of pressure on the partial enthalpies in the liquid

and in the gas phase is negligible

[=3

The higher total pressure and the presence of air do not change
the concentrations of the components in the vaporphase
then the measured quantity will be the same as the enthalpy change
upon vaporization discussed in Part IITI of the Thesis. It is
apparent that xy and x; in Equation {1) should be Yy and iy
since the vaporized material has the composition of the vapor.

A _
The meaning of the slope of a plot of Eg\(ﬁk.g“ Hh,l)yk versus

X, and ¥y will now be discussed,
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Let the two components of the binary system be j and k.

i — —
Differentiation of the guantity E; (ﬂk,g- k,l)yk results in

~
]

.9 (H W H- M =

1

{ @k,}‘ Hk,L)I - Ui',jn’b_ | ér"q’

S
LIy
o
-
*

T (L&k %'H'k,a T Léf\'OLHU _\

f

N &'Hk,ﬁ, - BSCLHS:L>
(2)

Tne partial enthalpies can be considered to be a function of P, T,

and the weight fraction n, of component k :

hn = IQ:K &T . &Wk\ AP (3P ) d, (3)
K kaw\—\?m’ LS—P /T Tkémk) k

, A PT
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The Gibbs-Duhem equation may be written as

AH» \ AHLAW
bl + . = O (%)
% La‘fka/)ab"r %a\\éﬁﬂj?n—
and
W,
C\>”H\<JE'.\ - 2 ,Ia—%t&\ = O (5)
kLA e /ﬂ'r . g \Q%K J?,-r

By combinming Equations (2), (3), (&) and (5) for the case of

constant temperature the following general expression is obtained:

P
AN, L > H;
' [h’{"g’?”)@ ’ 33(3;’3)*}%
SH, dH;
Lo (o) o () ] L



- 165 =

If we now apply Equation (6) to the case of Stallard and Amis at
constant temperature and constant pressure the following result is

obtalined

i

{_ L (& Kﬂk,gﬁ‘k.i) R / e } -

TP

PR Ben) - (R Fpo | (S

oy P;T
— [ Yx- Tk ) L‘}Hk,L )

(7)

From the general properties of partial quantities we know that

k™ — —_
S G fw) -
Yo (Z G ™)/ dm, - G -G, ®)
BT :
It is apparent that the intercepts of the tangent to the plot of
e — —
> (H ~-H )y versus x do not correspond to the
k=1 K,g k,1 k
partial enthalpy changes upon vaporization.

Intuitively one might expect that a plot of

EZ (Hk k 1 y, versus ¥ at constant P and T would

yield_the partial enthalpy chamges upon vaporization for the

components, The slope of the curve for this case can be expressed
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. / é'a:_ﬂ dy /T P
nT (9)
For an ideal solution the term
p H 3%,
(PRt /o) (10

Thus only for an ideal solution do the intercepts of the tangent to
z —
the curve of - H versus represent the vartial
K:Z\ (Hk’g krl)yk yk ) )
enthalpy changes upon vaporization for the components. It can be
concluded therefore that it is not possible to obtain the partial
enthalpy changes upon vaporization from an isothermal plot of the
S — —
enthalpy change upon vaporization éé% (Hk,g' Hk,l)yk versus
either Y or X . This holds even when both temperature and

k
pressure are constant.
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Nomenclature
Symbols
-G an external thermodynamic property
H enthalpy, Btu/lb
n weight fractioh
P pressure, psia
T temperature, oR
b4 weilght fraction in liquid
¥y weight fraction in gas
A .specific heat of vaporization, Btu/lb
Subscripts
D dioxane
g gas
H water
J component j
k component k
1 liquid

Supersceripts

Ao

partidl value



