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PREFACE

New isobaric integral heats of vaporization data at about
740 mm of Hg pressure have been determined for the binary system
chloroform-benzene. Vapor-liquid equilibrium distribution data
were simultaneously measured and compared with published data
at 760 mm of Hg pressure. A thermodynamic consistency test for
the isobaric integral latent heats of vaporization and vapor-liquid
equilibrium data was performed. The Redlich-Kwong equation of
state was used for the calculation of the partial enthalpy
difference and the mixture vapor enthalpy difference from the
ideal state gas enthalpies, these enthalpy quantities being
required for the thermodynamic consistency test. An IBM 1620
computer was used for the various calculations.
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CHAPTER I
INTRODUCTION

O0f the three heats of vaporization of mixtures, namely,
the isobaric integral, the isothermal integral and the differential
heats of vaporization, the isobaric integral heat. of vaporization
is mbst important from practical industrial point of view.

" Many chemical processes involve either vaporization or
condensation of mixtures, which makes the knowledge of heats of
vaporization extremely important. Most calculations involving
the enthalpy of mixtures soon lead to the question of heat
effects which accompany a vapor-liquid phase change. The isobaric
integral heat: of vaporization is the difference between enthalpy
values of a given mixture at its dew and bubble points at the
constant pressure, i.e. with a temperature difference.

The objective of this investigation was to make experimental
measurements of isobaric integral heats of vaporization and the
simultaneous determination of equilibrium vapor-liquid phase
distribution data for the chloroform-benzene system at the local
barometric pressure, i.e., approximately 740 mm of Hg pressure.
Other objectives included analysis of experimental data and a
thermodynamic consistency check. No attempt has been made to
evaluate theoretical or empirical heats of vaporization from

other thermodynamic properties.



The experimental phase of this work involved the design,
construction and operation of an isobaric calorimeter with an
equilibrium contact stage, for the simultaneous measurement of
isobaric integral heats of vaporization and vapor-liquid compo-
sitions. The flow calorimeter-equilibrium stage combination is
called a still in the femainder of this thesis. A still meeting
the above requirements was available at the beginning of this
work. However, extensive modifications were required to insure
steady state operation and to reduce the heat leak between the
reboiler and the reservoir. Theelectrical system was completely

designed and built.



CHAPTER II
THEORETICAL BACKGROUND

The heats of vaporization of a mixture of liquid are of both
practical and theoretical importance. Many industrial designs
involve the use of enthalpies for vapor-liquid phase change
calculations. The properties of solutions and phase equiliria
relations would be better understood with more knowledge about
heat quantities. There are many unexpléred theoretical and
experimental areas in this field because of infinite variety
of possible mixture combinations and the nonideality of solutions.

For pure components,; the expression '"heat of vaporization"
stands for a single physical phenomenon. The liquid to vapor
phase change for a pure component is both isothermal and iso-
baric. Also, the composition of the liquid and vapor phases
are identical. Thus, the heat effect accompanying the liquid-
vapor phase change is a unique quantity, depending upon the
system pressure or temperature for each substance.

The expression '"heat of vaporization!" does not stand for
a single quantity for mixtures. There are three possible heats
of vaporization for a mixture; the iscobaric integral, the
isothermal integral and the differential. These quantities
are now defined.

The isobaric integral heat of vaporization is the difference

3



between the enthalpy values for a given mixture at its dew and
bubble points, taken at the same pressure but at different
temperatures.

Similarily, the isothermal integral heat of vaporization is
the difference between the enthalpy values of a given mixture at
its dew and bubble points with measurements taken at the same
temperature. The integral term in both of these definitions
indicates that the whole quantity of mixture is fully vaporized
from its liquid state to the vapor state.

The differential heat of vaporization of a liquid of compo-
sition x is the heat necessary to produce one mole of vapor of
composition y, i.e., the composition of vapor in equilibrium
with the liquid of composition x, from an amount of liquid so
large that its composition is not appreciably altered by the
loss of material to the vapor phase. The process takes place
at a constant temperature and pressurej; also, the liquid and
the vapor are at their bubble and dew points, respectively.
However, the composition of the resulting liquid and vapor will
be different.

In case of isobaric integral and isothermalbintegral heat
effecfs accompanying vapor-liquid phase change, the heats of
vaporization are the same as the heats of condensation, except
for the sign. The differential heats of condensation are
different quantitatively, as well as in sign, from the differ-
ential heats of vaporization.

The differential heat of condensation of a vapor of compo-

sition y is the necessary amount of heat removed to produce one



mole of liquid of composition x, i.e., the composition of liquid
in equilibrium with the vapor of composition y, from an amount of
vapor so large that its composition is not appreciably altered by
the loss of material to the liquid phase. This topic will not be
discussed in detail here.

For a better understanding of these quantities, consider the
pressure-temperature diagram for a constant composition mixture
shown in Figure 1. Point 1 represents the mixture in its saturated

liquid state at a pressure of P and a temperature of T

1,2 1,3"

As it is shown in the diagram, the liquid can be fully vaporized,

from its saturated bubble point state to saturated dew point

state either from point 1 to point 2 or from point 1 to point 3.
The ;aborization could proceed from point 1 to 2 at a

constant pressure of P but from an initial temperature of

1,2

T to a final temperature of T

1.3 The amount of heat required
9

2,4°
to effect this type of phase change is known as the isobaric
integral heat of vaporization.

In case the vaporization proceeds from point 1 to point 3

at a constant temperature of T but from an initial pressure

1,3

of P to a final pressure of P

1.2 The heat effect accompany-
9

3,4°
ing such a phase change is known as the isothermal integral
heat of vaporization.

The third type of heat of vaporization, namely, the differ-
ential heat of vaporization, both the temperature and pressure
remain constant and as such,; the vapor must have a different

composition than the liquid, and in particular this composition

must be that of the vapor in equilibrium with the liquid. An
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entirely equivalent procedure would be to begin with an essential-~
ly infinite quantity of the mixture in the condition described by
point 1 and to vaporize from that a unit quantity of vapor in
equilibrium with the liquid.

A theoretical survey of various heats of vaporization for
binary mixtures has been made by Schroeder and Edmister (25) in a
paper that suggested a new and convenient theoretical method for
calculating the isobaric integral heats of vaporization quantities.
The vapor enthalpy is obtained by adding the enthalpies of the
components in the vapor at the dew point temperature, while the
liquid enthalpy is obtained by adding the enthalpies of the liquid
components and the heat of mixing at the bubble point temperature
of the mixture. The construction of an enthalpy-composition
diagram is suggested as the most convenient method of determining
the isobaric integral heat of vaporization.,

Figure 2 gives an enthalpy-composition diagram for a binary
at constant pressure. On this plot, the curve L-B-M represents
saturated liquid, the curve J-E~C-K represents saturated vapor,
and the curve A-B-C-D represents an isotherm. The straight line
B-G-F is a constant composition line. The enthalpy difference
between point E and B represents the isobaric integral heat of
vaporization for a mixture of composition x, for the constituent
components and at the pressure of the diagram,

Edmister (4) derived an approximate equation for the cal-
culation of isobaric integral heats of vaporization starting
from vapor-liquid equilibrium K-values and ideal gas state

specific heats of pure components. The equation is
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M = Bz, 12 In —2 + z. AH® (I1-1)
i T_.-T K. i i
2 71 1l :

where R is the gas constant; T. and T2 are the bubble and the dew

1
point temperatures of the mixture, respectively; z, is the mole
fraction of a component in the mixture; K is the vapor-liquid
equilibrium K-value, where first subscript "i'" stands for the
component and the second subscript "1" or "2" stand for temperature
T, or T, at which the equilibrium K-value is evaluated; AH; is

the ideal gas state enthalpy difference for pure component "i'"

with the enthalpies being calculated at temperatures T2 and Tlc

For clarification, the term AH; can be written as

[+] _ [~ - (<] _ (<] - -
AP = H° o - H®, 4 = Cpj (T,-T,) (II-2)

where Cp; is the specific heat of pure component "i" at ideal gas

state and evaluated at average temperature of T. and T2. H®

1 i,1 or 2
is the ideal gas state enthalpy of the component "i'" at the

temperature Tl or T2.
Though this equation is derived with many simplifying assump-

tions, as explained by Edmister (4), it gives very good agreement

with experimental values for some systems (5).



CHAPTER III
PREVIOUS EXPERIMENTAL INVESTIGATIONS

The latent heats of vaporization for mixtuyreshave been the
subject of many experimental works, the earliest dating back to
the beginning of the twentieth century. Fenner (10) and Shearer
(26) were amongst the earliest investigators in the field. ' It was
not realized by these investigators that the heat of vaporization
of a mixture is not a unique quantity as it is for a pure compo-
nent. Later Tyrer (31, 32, 33) and Fletcher and Tyrer (12)
partially conceived the difference between various heat of
vaporization quantities. Finally, it was Dana (3) who gave heat
of véporization quantities adquate thermodynamical definition
and clarified the subject,

The data collected by these early investigators are of
little value today due to the large heat leaks in their experi-
mental apparatus and inadequate theoretical analysis of this
heat leak.

Recently, the heat of vaporization for binaries has been
the topic of many papers and doctoral dissertations. Recent
ihvestigations, which include important modifications over
pana's apparatus were made by Tallmadge,, et al., (28, 29) and
Plewes, et al., (20, 21, 22). Schnelle (24), Griskey (13),and
Stein (27) further modified the apparatus making it especially

10
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suitable for mixtures having a large difference in the bubble and
the dew point temperatures.

Most of the previous experimental work in the field of
isobaric integral heats of vaporization were made in glass apparatus
and the data was collected for systems at atmospheric pressure.
Recently, Tully (30) designed and successfully operated a highly
complicated metallic caiorimeter and collected isobaric integral
heats of vaporization data for the methane-ethylene system at up
to 40 atm pressure.

The binary system formed between the constituents chloroform
and benzene is a nonideal mixture. Equilibrium K-values for the
system constituents were experimentally determined by Reinders and
de Minjer (23) and by Nagata (18). Both of these investigations
were ﬁade at 760 mm Hg pressure and are in good agreement. The
chloroform-benzene system was selected for this work because no
previous experimental measurements of the isobaric integral heats

of vaporization had been made for this system.



CHAPTER 1V
EXPERIMENTAL APPARATUS

An isobaric flow calorimeter with a built-in equilibrium
stage was used for this experimental investigation. Heat was
supplied to the reboiler electrically and the power input was
measured. Tﬁ% rate of vaporization and the heat input data were
used to calculate the isobaric integral heats of vaporization.
Thermocouples were used for the temperature measurements and
the chloroform-benzene mixtures were analyzed by measuring their
refractive indices. A detailed description of the apparatus

is given below.
The Equilibrium Still System

The equilibrium still system consisted of three main parts,y
an equilibrium still with a total condenser:, a reboiler and a
reservoir. Figure 3 gives a schematic diagram of the still
system. The fluid flow scheme through these pieces of apparatus
will now be described. The chloroform-benzenemixture, in the
liquid phase, flows from the reservoir and passes through the
éapillary to the reboiler where vaporization takes place. The
vapor leaving the reboilér then bubbles through the liquid on
fhe'equilibrium-stage tray and passes on to the main total

condenser. - By an arrangement of two threez<way-values, valves "A"

12
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and "B" of Figure 3, thé.condehsate could either be returned to
the reboiier'or to the reservoir or eise could be ﬁithdraﬁn but
of the S&stem as a sample.

Constructional defails of each piéce of the apparatus are
given below: |
The Still

The glass étillvwas cylindrical in shapé:with an openingtin
the bottom and ;n eqﬁilibrium stage arraﬁéemgnt in the‘gpper
half portion. Figdre 3 gives a sketch Qf the still. ?he outief
of'the equilibriumistége was connected fo_the main total c;ondéérisé:ro
At the outlet of tﬁe main. total condensér, a three—wayivalve!was
pfoVidedg one opening of which was connééﬁed to the.bottom of the
still. The still ﬂad provision for colleéfinglliquid samples
tﬁrough a fubber'séptum from the .equilibrium tray. Two thermo-
codple wells, one ‘below the equilibrium tray, i.e., just above
the reboiler, and the second above the equilibrium tray were also
provided.

“The bottom openiné of the stiii had provision to attach the
reboiler: to the still by means of grouna giaés, snugmfit,
arrangeﬁént s;ch that the reboiler éoﬁld be held in pgsition by
thé helpiof Nonaa gféaée; additioﬁél information ’apouﬁ the
Ndnaq ér;ase is gieen ;t the end of this chaﬁter.

Iﬁ ;ddition, the ;till had provision to connect it to:the
resefvoi%n Fdr this pﬁrpdse, the outside of the still bottom
opening %as tapered and ground. .Thus, the still made a leak
proof; ground glass, cdnnection to. the reservoir.

The still was. double walied, quuﬁm'jacketed and silver
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coafed inside the jacket to minimize heat leak. As the suitability
of this partiéﬁlar still for the heat of vaporization work was
not established by any previous investigatori no attempt was
made to modify the still, to reduce the heat leak to the sﬁrroundu
ings, before making these experiments. However, some suggestions
for such a modificationare giyen at the end eof this thesisa

Two 1/8 inch Width strips, opposite each other and along the
length of the still, were left unmirrorediéo that fhe iiquid
level inside the still could be observed. One openiﬁg at the
top of the still and énother at the. top of the main total condenser
were also providedn These openings were for évacuating the
system at fhe beginniné of a run. In adciition9 the opening on
the top of the still was also used for collecting sampiés from
the equilibrium tréy while the openihg at. the top of the main
total condenseriwas also the connection for measuring the»éyétem
pressure. The system pressure was measured with a ”U”—fube
manometer.

The Reboiler

The reboiler was of the shape of a small cylindrical bowl,
made of glass7 with a capillary tube attached to the bottom.
Fiéure 3’gives a sketch of the saﬁe. The heating elemenf$
whic£ was made of 30 gauge nichrome wire, wo;nd around»a hollow
glass core, was completely inside the bowl. fwo tungsten wire
electrodes were stuck through the Eottom of the reboiler for
electrical connections, Inéide the reboiler, the ends of the
heating elements were silver soldered to the tungsten electrodes.

Outside the reboiler, copper electrical leads were connected to
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the tungsten electrodes. Tungsten electrodes were used to ensure
leak proof joints ﬁith the glass.

The glass capillary attached to the bottom of thelélass bowl
of the reboiler had an inside diameter of 2.5 mm and d‘total
length of 15 cm. The purpose of the capillary was to allow the
liquid flow from the reservoir to the reboiler and to maintain
the desired level in the reboiler. The connection between the
reservoir and the }eboiler had to bé such that thevapors formed
in the reboiler do not escape to fhe reservoir eveh with sudaen
surges of high pressure in the reboiler. However, at the sghe
time, the capillary should not offer éxceésive resistance to
the liquid flow from the reservoir to the reboiler as it would
tend to make the reboiler run dry. The élass capillary of the
above mentioned diameter and length ﬁet all of theée'reéuirem
ments. The length of the capillary was finalized by trial.ahd
efror,i |

The outer surface of the reboiler waS'gfounded aﬁd tapefed
slightly to match exactly the faper of the étill where the
réboiler was attached. In order to obtain a perfect snﬁgmfit
connection between the reboiler and the still, bpth of these
pieces were ground together at the time of constrgctiono

The Reservoir and Its Accessories

The reservoir was a long horizontal cylindrical con@ainer
with small vertical ends giving it a flat elpngated "U" shape
appearance. Figure 3 gives a sketch of the same. At one gnd
of the reservoir, the still rested and was connected by a groung

glass joint .making it leak proof. The only connection for liquid
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flow between the reservoir and the still was through the glass
capillary and there was no direct path for flow between the
reservoir and the still. For clarification, refer to assembly
drawing, Figure 3. At the other end of the reservoir, there was
provision for a thermocouple well, a total condenser and an
agitator.

The thermocouple well extended rightup to the bottom of the
reservoir and thus the thermocouple inserted in this well measured
the reservoir liquid temperature. As the liquid in the reservoir
was maintained at its bubble point temperature, vapors above the
liquid exerted undesired additional pressure in the closed space.
Thus, the vapor above the reservoir liquid was led to an
auxiliary condenser. The outlet of the condenser was open to the
atmosphere through a vapor trap, i.e., uncondensable was allowed
to escape to the atmosphere by bubbling through cold water. The
cold water condensed and thus trapped any chloroform—benzeﬁe
vapor escaping to the atmosphere. The depth of water through
which vapors must bubble could be adjusted as required.

The agitator was made of a glass shaft with a teflon impeller
and ‘was driven by a variable speed, fractional horse power, motor
through a flexible rubber couplingn The shaft of the agitator
passed through a leak‘proof glass sleeve in order to avoid any
vapor leakage. The sleeve was lubricated by water soluble, -
Nonaq grease, the viscosity of which was adjusted as required by
adding a few drops of water. The glass ghaft ;f the agitator
and. the electrical motor shaft were connected by means of a

flexible rubber coupling in order to avoid vibration carrying over



from the motor to the main apparatus as well as to reduce the
effect of undesirable strain due to misalighment.

A third vertical branch on the reservoir was provided for
copper electrical leads which were connected to the tungsten
electrodes of the reboiler at one end. A perfect seal between
the copper wires, the procelain insulators and the glass was
obtained by coating with "Fisher!" sealing compound, Sealzit,
and baking the unit at 200°F for two hours. No vapor was
allowed to escape through this connection.

Constant Temperature Oil-Bath

The liquid in the reservoir was maintained at its bubble
point temperature. For this purpose, a constant temperature
0il bath was used. The reservoir was kept fully immersed in
0il and the o0il temperature was adjusted so as to keep the

reservoir liquid at the desired temperature.

The oil-bath, which was a standard one, consists of a fully

insulated rectangular metal box, about 2 cubic feet in volume,

18

with an open top. There were two heating coils; the main heating

element of 500 watts and an auxiliary heating element of 300

watts. The main heating element was connected through a control

thermometer and relay which measured and controled the oil-bath
temperature by on-off control of the main heating element. A
copper cooling coil was also provided which was to preheat the
cooling water to the main total condenser as well as for better

temperature control of the oil-bath.

Absorber o0il was used in the oil-bath as it is not viscous,

its vapor pressure is low even at 80°C and does not have an



19

undesirable odor.
The Electrical Supply and Measuring System

The electrical system consisted of a transformer-rectifier
unit, standard resistances, an ammeter, a voltmeter and a
switch box with other accessories. A potentiometer was used
for the measurement of potential drop across standard resistances.
The electrical system was designed to supply electrical energy
to the reboiler heater and to measure the energy input accurately.
Provision to vary the energy input to the reboiler heater was
also included in the design.

Figure 4 gives the schematic electrical circuit dia'gramo
All the electrical units were wired and put together as per
this diagram. By an arrangement of two double pole, double

throw switches, the potential drop V across standard resistance

19
Rl or the potential drop V2, across standard resistance R2 could
be measured. The circuit diagram, Figure 4, also had provision
to measure the thermocouple millivolt.

The transformer was a standard one to supply 1.5 amperes
maximum at 17 to 25 volts, D. C., from 110/115 volt, 60 cycles
A.C. input. The transformer output voltage could be set at any
value between 17 to 25 volts and fhe transformer was designed so
as to maintain the output voltage constant at the set value.

Four standard resistances of following capacities were used:
one of 0.01 ohm, one of 10.0 ohm and two of 1000.0 ohm each.

These standard resistances were of very high accuracy. As per

manufacturers recommendation, the standard 0.01 ohm resistance
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was kept fully immersed in an oil-bath at room temperature and
the oil-bath agitafor was switched oﬁ prior to switching on the
current through the circuit. These standard resistances were
selected on the basis of maximum current through the circuit.

The ammeter and the voltmeter, mounted on the switch box,
were used only for the adjusting the transformer output voltage
to its proper value. For the electrical power input ‘calcu-
lation, the potential drop across standard resistances were used
and calculations carried out as given in Appendix D,

Figure 5 gives a sketch of the switch box which contained
the ammeter, the voltmeter and all the switches. The switch
box had provision to connect to it electrically the standard
resistances, the transformer, the reboiler heater, the thermo-
couples, and the potentiometer. Theelectrical wiring of the
switch box was such that with all these abovie mentioned connections,
it would correspond exactly to the electrical wiring diagram of

the Figure 4.
The Temperature Measuring System

For measurement of temperature, iron-constantan thermoc-
couples were used. These thermocouples are suitable for the
entire temperature range of the experiment. For measuring the
temperatures at various points inside the still; long thermo-
couple wells were provided which had many bends. :In order to
reach the therchouple junction from the open end of the well to the
end of the well, a special glass insulated thermocouple of

desired stiffness was selected. These thermocouples could be
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pushed all the way up to the end of the thermocouple well from
the open end.

The cold junction was maintained at 0°C by keeping it
immersed in ice made of deionized water. The thermocouple
generated e.m.f. was measured as millivolts by the same potentio-
meter as used for the measurement of the potential drops across
the standard resistances of the electrical circuit. A five
point multiswitch selected the desired thermocouple for its
e.m.f. measurement. Figure 6 gives the schematic\wiring diagram
for the thermocouple selector multiswitch. Following is a list
giving the location of the thermocouples in the apparatus with
corresponding>reference notation as marked in Figure 6.

TC-1 The conscant temperature oil-bath

TC-2 The reservoir

TC~3 The still, below the equilibrium contact stage

TC-4 The still, above the equilibrium contact stage

TC-5 Spare and for room temperature

TC-C The cold junction
Miscellaneous

Sample Collection

For phase equilibrium data, chloroform-benzene mixture
samples were collected from the equilibrium tray and from the
reservoir. For this purpose, a hypodermic syringe with a 10"
long needle was used. The needle was inserted into the still
or the reservoir through a rubber septum, up to the liquid on

the tray which was withdrawn. This arrangement permitted sample
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collection without letting atmospheric air into the system.

Refractive Index Measurement

The chloroform -benzene sample composition was determined

by measuring its refractive index. For this purpose a

Bausch and Iomb.refractometer and its accéssories, a sodium
light source and a constant temperatﬁre water-bath werevuéeda
The refractometer had a range of 1;32975 to- 1.63461 for sodium
light and an accurécy of 0.00003 to O@QOOOG;depending upbh the
region in which thé observations wére ﬁadeoé The réfractometer

was calibrated against a standard prism.

Nonaq Grease

A sbecial watér solﬁble:uNonaq“érease Was.dsed.fbr all
the grOuhd glass joints bf the apparatﬁs.. Though soiuble ih
water, this gfease is insoluble in cilloroform9 beﬁzene and

various other hydrocarbons.

Purity ovahemic;ls
| The'purity of various chemicals‘;sed‘for the éresent

experimental investigation work is given beloﬁ:

iChlorofo;m - Fisher éertified Reagent gradg chloroform
' was uséd:for all the ekperimental work. It contains é minimum
of 99.b ﬁole percent'éhlof‘oform° Impurities consiétsfof 6075
mole.p§rcent ethyl alcohol, added as preservéfiﬁe, ané a
maximum of 0.02 mole percent water. It had a Sﬁecific grgvity
of 1.474.

Benzene - Phillips Petroleum Company's pure grade benzene
was used for all experimental work. It contains a minimum of

99.0 mole percent benzene.
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CHAPTER V
EXPERIMENTAL PROCEDURE

The experiment was designed to measure the vapor-liquid phase
distribution ratio, i.e.; the equilibrium K-value; the bubble
point and the dew point temperatures; and the isobaric integral
heats of vaporization, for chloroform-benzene mixtures at the
local barometric pressure. For the calculation of these above
mentioned quantities, directly measured quantities included thermo-
couple millivolt for temperature measurements; mixture refractive
index for composition analysis; time and amount of the condensate
for the rate of vaporization calculation; and potential drop
across standard resistances for the heat input measurement. The
evaporation rate and heat input rate were used in turn to
calculate the isobaric integral heats of vaporization for;the
mixture.

The following procedure was used for conducting the experi-

ment and to measure all the above mentioned quantities.
Composition - Refractive Index Diagram

Prior to starting any experimental vaporization runs, a
composition-refractive index diagram for chloroform-benzene
system was prepared. The refractive indices were measured at 30°C,

using a constant temperature water-bath to maintain the sample at

26



the desired temperéture. An electric sodium lamp &as used‘as\the
source of light rays of apprbximatély 5892 X wavelength. Standard
samples of known compositions were prepared by weighing pure
components on a balance, accurate to 0.00001 gram weight. To
obtain a smooth and accurate diagram, a gfaph from eleven data
points was made and this was used as reference for all mixtﬁre

analysis. Calculations and the graph are given in Appendix B.
Assembly of Apparatus

First the oil-bath was installed securely in position and a
vertical framework of alﬁminum rods was made»on one side of the
oil-bath to hold the glass apparatus, The oil-bath was filled
with absorber éil. The reservoir, the still, and the reboiler
were next installed as shown in Figure 3 anabproperly clamped in
position from the aluminum framework. Prior to assembly, éll
the ground glass joints were well gréased with'Nonaq grease to
insure leak-proof joints. At the time of‘placiné the reboiler
in position, the electrical leads were clamped to the tungsten
electrodes of the reboiler so thét power could be supplied to
the reboiler.

On the other end of the reservoif; theiagitator and the
motor were next assembled. The agitator shaft, which passes
throﬁgh a leak—proof sleeve, was well lubpicated with water |
diluted Nonaq:gr'ease° The motor and agit;toé shafts were
connected by means of a fléxible rubber coupiing,» The auxi}iary
condenser and an arrangement to-coilect reservoir liquid séﬁﬁle

through rubber septum was also installed ‘as per Figure 3.
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Next, the main condenser outlet was connected to the reservoir
through a three-way-valve. Cooling water connections were made by
rubber tubing. Cold water was connected to the auxiliary condenser
inlet with an outlet to the drain. For a more precise pressure
control of the main total condenser, preheated water was used as
coolant to the condenser. Preheated water reduces the temperature
gradient across the condenser requiring a greater water flow rate
for the same amount of heat transfer. A greater condenser water
flow rate allowed precise adjustment of water flow and thereby
made condenser pressure control easier. For the purpose of heating
the water, the cold water line was connected to a copper coil which
was fully immersed in the oil-bath. Outlet of the coil was
connected to the main condenser and the outlet of the condenser
was connected to the drain.

Once the apparatus was thus assembled, the thermocouples were
inserted in place and the cold junction inserted in the ice-bath.
The electrical connections were completed as per Figure 4 but
the electrical switches were kept off. This concluded the assembly
of apparatus. Next; the reservoir was filled with chloroform-

benzene mixture of desired composition.
Air Evacuation

Before any data could be collected, it was essential to
evacuate the system of all the air and to attain a steady state
condition. The presence of air makes the system a multicomponent
one; any phase equilibria daﬁa for binary, measured in presence

of air will be of little value.
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Air was removed from the system by replacing it with the
vapor of the mixture. For this purpose, the highest openings of
the still, the main condenser and the auxiliary condenser were
opened to the atmosphere through a vapor-trap. Air and vapor
escaping through these openings were led through rubber tubings
and allowed to bubble through about 1 inch of cold water. This
arrangement condenses vapor which collects in the vapor-trap
thereby avoiding the contamination of the room with undesirable
chloroform vapors. Valve "A" and "B'" of Figure 3 were positioned
to connect the main condenser outlet to the reservoir. All
other openings of the system were kept closed.

The reservoir agitator was started and the oil-bath heaters,
both the main and the auxiliary, were switched on. However, the
reboiler heater was kept off as the reboiler may be dry at this
time. Over-heating of the reboiler may cause many undesirable
effects; namely, the Nonaq grease which holds the reboiler in
position would become too fluid at high temperature causing the
fall of reboiler into the reservoir. The heater elements may
burn off due to overheating, or else the still may crack due to
expansion of the reboiler. Over heating of the reboiler was,
therefore, always avoided.

At the first sign of boiling of the liquid in the reservoir,
the oil-bath auxiliary heater was switched off and the temperature
controller was set to maintain the oil-bath temperature constant.
This was done to keep the reservoir liquid at its bubble point
temperature. By increasing the pressure on the auxiliary condenser

side of the reservoir, the liquid level on the reboiler side was
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increased so as to fill the reboiler completely. After filling
the reboiler, the reboiler heater was switched on and the trans-
former output voltage adjusted to keep the total output current
at approximately 1.0 ampere. Vapor leaving the reboiler, in due
course, replaced all the air from the still which escaped through
the vapor trap.

To start with, the still was at room temperature. Thus,
vapor leaving the reboiler soon condensed and filled up the tray
of the equilibrium tray arrangement.

Once the system was thus free of air, the highest opening
of the still was closed with a rubber septum so that liquid
samples from the equilibrium tray could be collected without
letting air into the system. Samples were collected with the
help of a syringe and hypodermic needle inserted through the
rubber septum. The highest opening of the main condenser was

connected to the "U"=tube manometer.
Phase Equilibria Data

At steady state conditions, the temperature of vapor
leaving the reboiler and the temperature of vapor leaving the
equilibrium stage became equal as well as constant. Also the
composition of liquid on the tray and the composition of liquid
leaving the total condenser became constant. In addition, the
condensate compositioﬁ was the same as that of the reservoir
liquid. These were ascertained by collecting a set of samples
and analyzing them by their refractive indices., This Qonfirmed

steady state condition for the entire apparatus and a phase
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equilibria between the liquid on the tray and the vapor leaving
the equilibrium contact stage arrangement.

Under these conditions, the vapor leaving the equilibrium
stage was at its dew point and the liquid on the tray was at its
bubble point, both temperatures being the same. A sample collected
from the tray liquid gave its composition., Whereas the vapor had
the same composition as that of the condensate from the total
condenser, Thus, a sample of condensate gave the vapor composition.
Having thus obtained, both temperature and composition of a
mixture, in liquid and vapor phase, the composition-temperature
diagram for chloroform-benzene binary at the local barometric
pressure was made. The same data points were also used to
calculate the equilibrium phase distribution ratio, K-value, for

chloroform and benzene, at various temperatures.
Heats of Vaporization Data

The liquid entering the reboiler was at its bubble point, the
vapor leaving the still was at its dew point, and both had the
same composition. Secondly, the pressure of the entire syétem
was the same and constant. Thus, the heat quantity accompanying
the liquid—vapor phase change represented the isobaric integral
heat of vaporization.

It was required to maintain the reservoir liquid at its
bubble point. For initial experimental work, the liquid was kept
at its bubble point by visual observation. However, once ddﬁ?
points for the composition-~temperature diagram were obtained by a

previously mentioned procedure, the bubble point temperature of the
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reservoir liquid was known. Then the reservoir liquid temperature
was éccordingly adjusted by varying the oil-bath temperature.

For the heat of vaporization data, the rate of vaporization
and the electrical energy input were the two measured quantities.
The raté of vaporization was measured by collecting a sample of
céndensate for two minutes or more and weighing the same. For
collecting the condensate sample, three-way-valves "A'" and "B"
of Figure 3 were positioned to divert all the condensate, from
the total condenser, out of the system which was collected as a
sample. The repositioning of the valves did not change fluid
flow path through the still so as to disturb the steady state
conditions, the only difference being that condensate was
removed out of the system instead of being returned to the
reservoir. This did not make any difference in reservoir liquid
composition‘as both the liquids, the reservoir liquid and the
condensate, had the same composition. The reservoir liquid
volume was very large compared fo the sample size, therefore,
the fall in reservoir liquid level was negligible. The resoiler
liquid level also remained unaltéredu

The elecfricai energy input was calculate& by measuring the
potential drops V. and V_, across standard resiétanées of 0.01

1 2

ohm, R and 10.0 ohm, R
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1 respectively. Figure 4 gives the

electrical circuit diagram which was used for various switch
positioning to measure the above mentioned quantities. These
data were used to calculate” the electrical power input and the

heat input rate. This concluded one run of the experiment.
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Four runs for the same mixture composition but at different
flow rates were made. For this purpose, the system was not re-
evacuated as no air had been allowed to enter the system between
two runs. To alter the flow rate, the transformer output voltage
was adjusted and the experiment: repeated. The ammeter reading
was not allowed to exceed 1.5 amperes as that was the limiting
capacity for which the electrical circuit was designed.

For any run with a liquid of different composition, the
system was emptied of all its liquid and the experiment restarted

from the very beginning.



CHAPTER VI
RESULTS

Experimental results calculated from original experimental
data (Appendix A) are presented and discussed in this chapter.
Results include vapor-liquid equilibrium ratios and isobaric
integral heats of vaporization for the chloroform-benzene system
at 740 mm Hg, which measurement was the main objective of this
experimental investigation.

This chapter also includes the chloroform-benzene
temperature-composition diagram constructed from the experimental
results for 740 mmHg: the basis for heat calculation; and the

effect of flow rate and heat leaks on experimental data.
Vapor-Liquid Equilibrium Ratios

The vapor-liquid equilibrium ratios, i.e., the equilibrium
K-values, were calculated from the saturated vapor phase and
saturated liquid phase compositions. Thus, a temperature-
composition diagram for the chloroform-benzene system was first
constructed.

Temperature-Composition Diagram

The bubble and the dew point compositions at the equilibrium
{emperature were calculated from the original experimental data

given in Appendix A, Calculations are given in Appendix C
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and the results are given in Table I. Figure 7 gives the
temperature-composition diagram for the chloroform-benzene system
at about 740 mm Hg. The shape of the curve was compared with
that of the published data (23) at 760 mm Hg given in Table C-I.

Vapor-Liquid Equilibrium Ratios

The vapor-liquid equilibrium ratios, i.e., equilibrium K-
values, were calculated from the data used for the temperature-
composition diagram. K-values at various equilibrium temperatures
for the chloroform-benzene system at 740 mm Hg are given in
Table I. Sample calculations for K-values are given in Appendix
C. Figure 8 and 9 give the equilibrium K-value vs. temperature
diagrams for chloroform and benzene, respectively. The shape
of the curve for experimental values at about 740 mm Hg was
compared with the published data (23) at 760 mm Hg, given in Table

C-TI.
Isobaric Integral Heats of Vaporization

The basis for all heat of vaporization calculation is in

the eQuation

Isobaric Integral Heat _ {(Power) x (Time) _ Heat Leak
of Vaporization - (Mass of Condensate) Correction
(Vi-1)

The first term on the right hand side of the equation (VI-1)

is called the uncorrect heat of vaporization and the second term
is the error introduced in the heat of vaporization quantity due
to heat leak.

Thus, for the calculation of the isobaric integral heats
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TABLE I

VAPOR-LIQUID EQUILIBRIUM DATA FOR THE
CHLOROFORM~-BENZENE SYSTEM AT ABOUT 740 mm Hg PRESSURE

Reference: Present experimental work
o
Temp. °C xl yl Kl K2
60.50 1.000 1.000 1.0000 ————-
65,45 .683 . 807 1.1801 . 6088
70,25 . 470 . 603 1.2830 . 7491
73.80 . 288 . 400 1.3889 . 8427
76.30 . 140 . 203 1.4643 . 9244

79.30 .000 .000 o m e e 1.,0000
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of vaporization, first the heat calculation and the effect of
flow rate and heat leaks are discussed and then the final
results, i.e,, the isobaric integral heats of vaporization are
given,

Heat Calculation

Heat was supplied to the reboiler as electrical power. The
electrical power input was calculated from the potential drop

V. and V2 across standard resistances R, and R

1 1 o5 respectively,

Where Rl and R2 refer to the Figure 4, schematic electrical

circuit diagram.
Original experimental values of Vl and V2 are given in

Table A-I. Equations used for the electrical power input

calculations are given below.

Total current, Il = Vl/Rl amps . (VI-2)
Branch line current, 12 = V2/R2 amps . (VI-3)
Reboiler heater current, I = Il - 12 amps. , (VI-4)

Potential drop across reboiler heater, V

potential drop in the branch line

Il

12(R2 + R3) volts., (VI-5)

Power input to the reboiler

1

Vx I watts.

12(R2 + R3) X (Il - 12) watts,

I

(V2/R2)(R2 + Rg((vl/Rl)u(v2/R2)) watts,
(VI-6)

R, and R. were

In the above equations, the values of Rl, 5 3

constant for all the runs and as per Figure 4 they were:
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R]_ = 0.01 ohm.
R2 = 10.0 ohms.
R3 = (1000.0 + 1000.0) = 2000.0 ohms.

Sample calculation and calculated values of power input are given
in Appendix D. The heat input in the units of cal./min. was
calculated from the electrical power input in watts, using the
following conversion factor.

1 watt = 14.343 cal./min.,

Effect of Flow Rate and Heat Ieak

For this experimental investigation as well as for other
previous investigations concerning the heat of vaporization,
the electrical power input, mass of condensate collected and
the condensate collection time were the measured.quantitiesn
Power input and time were unaffected by the heat leak and the
flow rate, i.e., the vaporization rate of the mixture from the
reboiler. Thus, the effect of the flow rate and the heat leak
will be discussed here. The terms flow rate and vaporization
rate have been used interchangeably in this thesis.

Heat leak refers to all the extra heat transferred to the
system, in the form of electrical power, that was not utilized
for the purpose of evaporating the reservoir liquid. The
effect of heat leak must be considered and estimated in cal-
culating the heat of vaporization. As the liquid in the reservoir
was at its bubble point and as the vapor entering the main
total condenser was at its dew point, because it leaves an

equilibrium stage just before entering the condenser, the net
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heat input per gram mole of the condensate corresponds to the
isobaric integral héat of vaporization for thé mixture.

The total heat leak is the algebraic sum 3f two quantities,
the external heat leak and the internal heat leak. All the
heat which was transferred from the following,

i) reboiler liquid
ii) vapor leaving the reboiler
iii) liquid on the equilibrium stage
iv) vapor leaving the equilibrium stage
to the still and the surrounding, is considered as external
heat leak. The heat transferred from the reboiler liquid to
the reservoir liquid is called the intermnal heat leak.

Under steady state conditions, the reboiler liquid temperature,
the temperature of the vapor leaving the reboiler, the
equilibrium stage temperature and the temperature of the vapor
leaving the equilibrium stage were the same and this temperature
corresponds to the dew point temperature of the condensate. 1In
further discussion, this temperature is called the still temperature.
The still temperature being greater than that of the surroundings
causes a positive external heat leak. For a particular mixture
composition, the still temperature is a constant, independent of
flow rate, a theoretical fact confirmed by experimental
observations. Furthermore the resistance to heat flow offered
by the vacuum jacket was very large as compared to the inside
vapor film coefficient. Thus, any change in vapor film heat
transfer coefficient, at different flow rates, had no effect on

overall heat transfer coefficient. Thus, it is concluded that the



external heat leak was independent of flow rate. It is further
concluded that the external heat leak was a constant quantity
provided the mixture composition, the atmospheric temperature
and the environment around the still, i.e., air velocity etc.
remaining constant. Thus, in order to have an accurate heat
leak analysis, all the experimental runs for a certain mixture
composition were made under identical conditions.

The internal heat leak too was a positive quantity for the
system under consideration. The liquid in the reservoir was
kept at its bubble point temperature and so was the liquid in
the reboiler. Under steady state conditions, the composition
of these two liquids was not the same and consequently the
temperature of the liquid in the reservoir was not the same
as that of the reboiler. As can be shown by material balance
and the basic condition for phase equilibria, the reboiler
liquid temperature was the same as the dew point temperature
of the reservoir liquid. This temperature gradient between two
parts of the apparatus provided the necessary driving force for
heat transfer from the reboiler liquid to the reservoir thus

causing internal heat leak. As can be ascertained from the
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above discussion, the reboiler was always at a higher temperature

than the reservoir and thus the internal heat leak was always
a positive quantity.

During the steady state period, the liquid flow from the
reservoir to the reboiler was upward through the capillary,
whereas heat flow from the reboiler to the reservoir was down-

ward. As the direction of heat and mass flow was opposite to
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each othér9 a higher flow rate reduced the internal heat leak.

A common hethod to correct for the effect of total heat leak
from the final results is to plot calculated values of uncorrected
heat of vaporization against the reciprocal flow rate and extrapo-
late to the zero reciprocal flow rate axis. This corresponds to
an infinite flow rate, at which heat leak shquld be negligible.

By this xﬁethod9 the Y-axis intercept (i.e. ééro reciprocal flow
rate) corresponds to the cérrect heat of vaporization. :The
procedure has been used by Stein (27). lAt iﬁfinite flo& rate,
the internal heat leak bécomes a minimum and’so does the totél
heat leak. The error introduced in heat of vaporization calcula-
tién by a finite heat leak for an infinite"Véporizationirate
automatically approaches zero and thus the effect of heat leak is
eliminated from the final result. For the system consiéered

by Stein (27) ih his experimental investigatidng he obseérved that
the uncorrected heat of Vaporizatioﬁ vS. fééiprocal flow rate
plot is a ¢urve and not a straight lin’es_o This dependence of

the total heat leak on the flow rate indiéates that tﬁe iriternal
heat 1éak was not negligible compared to the external heat leak.

Figure 10, coﬁstructea from data given in Abpendix b7
gives a plot of uncorrected heat of vaporization vs. reciprocal
flow rate for a mixtﬁfe of the chloroform»benzene systerﬁ9
studie& in this work. In this plot, data ﬁoints fall on a
straight line. Thisiinterésting observétion indicates thét for
the range of the daté tékeﬁ in. the ﬁ;eSEht é*ﬁeriméﬁtél inVeéti=
gation, the totalvheéf 1eak Was’indeﬁeﬁaéﬂf of‘£hé'f16& fétef

7

In light of previous discussion, this means that for the data
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under consideration, the internal heat leak was negligible compared
to the external heat leak. The following observations are also
consistent with the above conclusion.

1. For the chloroform-benzene system at the local barometric
pressure, the maximum difference between the dew point and the
bubble point temperatures, for a certain mixture composition,
was less than 3°C. This reduced the driving force for internal
heat leak; whereas in case of the systems investigated by Stein
(27), the isopropyl alcohol-water system and the acetone-water
system, both at atmospheric pressure, the maximum internal
temperature gradient was 15°C and 31°C, respectively.

2. For this work, the range of flow rate was from 1.8564
gram/minute to a maximum of 6.5012 gram/minute for runs made
with chloroform-benzene mixtures. These flow rates are higher
than those of Canjar and Lonergan (2) and of Stein (27). As
discussed earlier, higher flow rate further decreased the
magnitude of internal heat leak for this work.

3. For this work, the main still itself was not vapor
jacketed and kept at a temperature same as that of the inside
of the still. This design reduces the temperature gradient
between the still and the surroundings thus reducing the
external heat leak. Noninclusion of this feature in the design
of the still increased the external heaf leak and thus decreased
the relative importance of the internal heat leak.

All the above three points had substantial effect on the
internal heat leak, making it negligible compared to the external

heat leak and thus making the heat leak independent of the flow
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rate.

Taking into consideration the above factors, the data were
analyzed differently for the present work in the calculation of
the heats of vaporization and the heat leak. Figure 11, constructed
from data given in Appendix D, gives a plot of flow rate vs.
power input, which is a straight line. The vaborization rate,
i.e., the flow rate in gram/minute is represented on the ordinate
and the power input in the unit of watts is represented on the
abscissa. In this plot, the reciprocal slope has the units of
watt-minute/gram and represents the corrected heat of vaporization
for the chloroform-benzene mixture under consideration. The
X~axis intercept, corresponding to zero flow rate, represents
the total heat leak in the unit of watts.

An "eye-ball'" method of curve-fit is dependent upon judgement
and prejudices. Therefore, flow rate and power input data were
plotted, separately for each mixture composition, as shown in
Figure 11 and the equation for the straight line determined by
a least-square fit of the data. The correct heats of vaporization
and the total heat leaks were subsequently calculated from these
data. Appendix D gives detailed sample calculations and the
flow rate vs. power input plot for runs made with various different
mixture compositions.

Isobaric Integral Heats of Vaporization Results

From the reciprocal slope and the intercept for zero flow
rate of the plot of flow rate vs. power input, the heat of
vaporization and the heat leak were calculated. Sample calculation

for the same is given in Appendix D. Table II gives final corrected
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TABLE II

ISOBARIC INTEGRAL HEATS OF VAPORIZATION RESULTS
FOR THE CHLOROFORM-BENZENE SYSTEM AT 740 mm Hg.

Composition Temperature Heat Leak Heats of Vaporization
Xy °C cal/hr Cal/gram Cal/gram mol
0.000 79.30 4113.,7 92.26 7205,70
0.205 76.30 44243 84.94 7349,00
0.400 73.80 4046.3 80.25 7586,75
0.603 70.25 4010.7 72,43 7451 .82
0,807 65.45 3672.2 66.55 7405.19°

1.000 60.50 3664 ,2 59.88 7148.,70



49

values of the isobaric integral heats of vaporization for various
chloroform-benzene mixture compositions; whereas Figure 12 gives

a plot of the same. Figure 13 gives a plot of the heat leak as a
function of the still temperature.

As no previous experimental determination of the isobaric
integral heats of vaporization has been made for the chloroform-
benzene system at atmospheric pressure, results could not be
compared, However, for pure chloroform and pure benzene, published
heat of vaporization data are available. International Critical
Tables (15) gives the heat of vaporization data at normal boiling
point, Perry (19) gives the heat of vaporization data at
additional temperatures, whereas Hodgman (14) gives the change
in boiling point temperature with change in pressure. From these
data, the heat of vaporization of chloroform and benzene at
740 mm Hg was calculated and found to be in good agreement with
the measured values. Following is a comparison of the same.

Heat of vaporization at 740 mm Hg calories/gram mole.

Measured value Published value Percent off
Chloroform 7148,7 7054 .7 + 1.1%

Benzene 7205.7 7366,5 - 2,0%
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CHAPTER VII
THERMODYNAMIC CONSISTENCY TEST
Theory and Equations

For phase equilibria between two phases, such as vapor and
liquid, certain conditions must be satisfied, which are based
on basic thermodynamic principles. The pressure and temperature
of the vapor phase must be equal to that of the liquid phase;
in addition, for each component, the vapor phase chemical
potential of a component must be the same as the liquid phase
chemical potential of the same component. This forms the very
basis of thermodynamic consistency test which all phase equilibria
data must pass in order to be consistent with basié chemical
engineering thermodynamics.

The thermodynamic consistency test is necessary but not
sufficient condition for data to be correct. Such experimental
data which fail to pass thermodynamic consistency test must be
labelled as ihéccurate; however, those data which pass the
consistency test may or may not be accurate. There is no method
of confidently testing the accuracy of phase equilibria
data.

The equation to check the thefmodynamic consistency of
vapor-liquid phase equilibria data are written in many forms,

based o¢n activity coefficients, fugacity coefficients,; K-values,

51



52

‘and enthalpies. Various tests, both rigorous and approximate,
are available in the literature. The subject of thermodynamic
consistency has been thoroughly investigated by Edmister and
Robinson (8). Details of various tests will not be discussed
here.

For the thermodynamic consistency check of the present
experimental data, the following rigorous equation was used,

which was derived by Edmister (6)

In K1 at Xy =‘leO In K2 at Xy = 1,0
x; (1 +y,8,)d1InkK + Fx,(1+y,%,)dlnk,
1n K1 at xX; = 0.0 In K2 at X, = 0.0
T at x; = 1.0
Vv
K, Y1 %1 1 2
= 5 dT (Vii-1)
RT
T at x, = 0.0 | T
where
1 P ¥
8, = & (=) ap (VII-2)
o Y1 p,T
At atmospheric pressure =>the pressure for the present

experiments - the term ‘%1 becomes negligibly small and thus the

left hand side of equation (VII-1) reduces to

in K1 at X; = 1.0 L 1n K2 at Xy = 1.0
x, d In K m%m rj:cz d In K, (VII-la)
1n K1 at xl = 0,0 In K2 at x1 = 0,0
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These integrals were evaluated by graphical integration,
The right hand side of equation (VII-1) involves certain
.additional enthalpy quantities which were not measured experi-

mentally. The saturated vapor enthalpy of the mixture, HV

mix’

and the partial vapor enthalpy for chloroform at saturated vapor

temperature, H were calculated via Redlich-Kwong equation of

1°
state. The saturated liquid enthalpy of the mixture, H;ixg was
calculated by subtracting the experimentally measured value of
isobaric integral heat of vaporization from the saturated vapor
enthalpy of the mixture. Thus having evaluated all the terms,
the integral on the right hand side of the equation (VII-1) was
evaluated by graphical integration. Data which satisfy the

equation (VII-1) are said to have passed the thermodynamic

consistency test.
Enthalpy Calculations

Following equations were used to evaluate saturated vapor
enthalpy of the mixture, Hxixg and the partial vapor enthalpy
for chloroform at saturated vapor temperature, EXO

The Redlich-Kwong equation of state, in terms of the

compressibility factor, is written as

2
PV 1 A h
T v - W (VII-3)
where
h - DBP . (VII-4)

A =z y.A. , (VII-5)
1 1
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B =2 y,B. | (VII-6)

i 0.4278 1/2
A = (VII-7)
i . P T 2.5
cCr 1
0.0867
B, = (P T ——) (VII-8)
C r i

And, where P is pressure; V is molal volume; T is temperature;
R is gas constant; Z is compressibility factor; Pc is the critical
pressure and Tr is the reduced temperature.

Using these relations, terms A, B, h and Z were calculated.
Next, the ideal gas state enthalpy of the mixture at saturated
vapor temperature was calculated using the relation:

HO. o = E yiH; (VII-9)
where H;ix isithe ideal gas state enthalpy of the mixture; ¥y
is the mole fraction of component "i'" and H; is the ideal gas
enthalpy of component "i'' at saturated vapor temperature of the
mixture. The ideal gas state enthalpy of chloroform at various
temperatures was taken from JANAF Thermochemical Data (16) and the
ideal gas state enthalpy for benzene was taken from data published
by API Research Project 44 (1).

Next, the vapor mixture enthalpy difference (AHXix)9 was
calculated, where AHXix is defined as

V. - B, - u°, (VII-10)
mix mix mix

The quantity AHXix was calculated from an expression derived
from the Redlich-Kwong equation of state by Edmister, Persyn

and Erbar (7).



The expression:
\
H .

mix -

3 A2

where all the terms have already been defined.
Once H°. and AHV° were calculated by using equation (VII-9)
mix mix
and equation (VII-11) respectively, the saturated vapor enthalpy
of the mixture, Hxixq was then calculated using the equation
(VII-10).
The partial vapor enthalpy for chloroform at saturated vapor

temperature, H was claculated from partial vapor enthalpy

l?
difference for chloroform at saturated vapor temperature, AﬁX,
which is defined as:
_‘V . ""V _ © - _
AH1 = Hl Hl (VII-12)

The quantity Aﬁv

1 was calculated from an expression derived from

the Redlich-Kwong equation of state by Edmister, Thompson and

Yarborough (9). The expression:

- i S 3Zy ..,,_ir__ (32, 3B
i N A =) jLoT Py P GY,
¥

. .
A, B. 2
7 AT
P,y
P 9B BP 07
A% A, B, Z ‘aT)P - Z2 ‘aT)P
e e do LAY 23 o (VII-13)
B A B .
) 1 + EE
Z

B
(L2 = - & (VII-14)
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2 2
3(A°/B) 1.5A
AT = - BT (VII-15)
P,y
In order to be consistent, the term (%%) was also evaluated

P,y
from the Redlich-Kwong equation of state. The final expression

for the term (az/aT)P y is:s

9

1 J1.5k_
T ) (3+1)

. j(j(j+l)3+005k(j+l)2(jml)=kj(j+l)(jw1)2—005k2(jal)3)
(G-1) (G+1) (=32 (G+D 2k (G-1)2 (3+1) +kj (§-1)D)

(VII-16)

where
j = 1/h = Z/BP (VII-17)
k = A%/B (VII-18)

After calculating these differential terms, usihg equations
(VII-14), (VII-15) and (VII-16), they were substituted in equation
(VII-13) and the value of Aﬁz was evaluated.

The values of the ideal gas state enthalpies of chloroform
were taken from the JANAF reference mentioned earlier. Once

AEX and Hi were thus evaluated, the partial vapor enthalpy of

chloroform, H was calculated, using equation (VII-=12).

19

A computer program for the calculation of compressibility
factor, Z; saturated vapor enthalpy for mixture, HXix; and partial

enthalpy:. for chloroform vapor.at wmixture dgw point. .temper

H was written which is given in Appendix E, An IBM 1620

K

computer was used. Input and output data of the computer are

also given in the appendix.



Result and Conclusions for the Consistency Test

After calculating various enthalpy terms and experimentally
determining the equilibrium K-values, the consistency test was
performed according to equation (VII-1). The value of K1 at

Xy = 0.0 and the value of K2 at Xy = 0.0 becomes indeterminable,
from experimental data. Thus, for the purpose of carrying on
the consistency test, extrapolated K-values for above mentioned
point were used.

For evaluating the left hand side of the equation (VII-1),

the expression marked (VII-la) was used. Calculations are given

in Appendix F and results are given below

x. d 1ln K = = 0.21765

0.34920

»
o
=
=]
-
i
i

1 1

Total left hand side
of the equation = 0.56685
(VII-1)

Right hand side of
equation (VII-1)

0.59290

Difference 0.02605

The difference between the right hand side and the left hand

side of the equation (VII-1l) is less than 5%. Considering the

non-ideality of chloroform-benzene mixtures and the theoretical

37
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approach for the calculations of saturated vapor mixture enthalpies
and partial vapor enthalpies, a 5% error for thermodynamic
consistency test can be considered as fairly good. As such,
experimental phase equilibria data of this work cannot be

labeled as inaccurate. As explained earlier, passage of the
consistency test does not necessarily mean that data are accurate
beyond any doubt; however, the probability of their being wrong

is greatly reduced.



CHAPTER VIII
CONCLUSIONS AND RECOMMENDATIONS

This study included experimental investigation of the isobaric
integral heats of vaporization and simultaneous measurement of
vapor-liquid equilibrium ratios for the chloroform-benzene system
at the local barometric pressure. The experimental phase was
accomplished with a flow calorimeter with a built-in equilibrium
contact stage. Thus, the principal portion of the investigation
was the design, construction of the apparatus and obtaining
experimental data. Main conclusions are given below.

1. The experimental heat of vaporization method used is

applicable to mixtures as well as to pure components.
The chloroform-benzene system was investigated at the
local barometric pressure.

2. The calculation method used for the analysis of heat

leaks was applicable to the system and the apparatus
as it enabled full accounting of all the heat input
to the reboiler.

3. It was possible to analyze mixture samples from their

refractive indices, accurate to 0.1 mole percent,
or better, in composition.

4, The maximum deviation of the observed value of the

isobaric integral heat of vaporization of a mixture

59



60

was less than 2% off the smoothed value, taken from the
heat of vaporization vs. composition diagram. This
indicates that results are consistent among themselves.
The heat leak was of the order of 4000 calories/héur
which is excessive. The uncorrected heat of vaporization
values were as much as 40% off the corrected values.
This is very undesirable as it reduces the dgree of
confidence on the reliability of the final corrected
value.

The thermodynamic consistency test indicated that

the heats of vaporization and vapor-liquid equilibria

results are thermodynamically consistent.

Following are a few recommendations which are necessary for

a more accurate set of data.

1.

The still should be suitably modified in order to reduce
the heat leak. This can be accomplished by vapor
jacketing the still in the saturated vapor of a mixture,
same in composition to the mixture inside the still,
This would make the outside temperature of the still
same as inside, thereby reducing the heat leak.

Though the reservoir had sufficient volume, the
reservoir cross-section at the fluid surface was
limited. Thus in order to eliminate liquid level
fluctuation, the sample collection time had to be
reduced to only two minutes. To eliminate this

limitation, the reservoir must be redesigned.
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APPENDIX A

- --ORIGINAL EXPERIMENTAL DATA

Original experimental heat of vaporization and vapor-liquid

phase equilibria data are given in Table A-I. Nomenclature for

coded notations is given below.

TC

TC

TC

TC

RI

RI

RI

1

2

0il-Bath Thermocouple

Reservoir Thermocouple

Still-Reboiler Thermocouple

Still Equilibrium Stage Thermocouple

Refractive Index of Reservoir Liquid

Refractive Index of Equilibrium Tray Liquid
Refractive Index of the Condensate

Potential drop across standard 0.0l ohm resistance

Potential drop across standard 10,0 ohm resistance



TABLE A-I

ORIGINAL EXPERIMENTAL DATA

Thermocouple emf Refractive Index

Run Millivolts at 30°C
No. TC-1 TC-2 TC-3 TC-4 RI-1 RI-2 RI-3
FOR PURE BENZENE, x, = 0.000 '

5 4.160 4.120 4.110 4.120

6 4,155 4.120 4.110 4.120

7 4.157 4,107 4.110 4.120

8 4.170 4.150 4.130 4.150

9 4,170 4.150 4.130 4.150

10 4.170 4.150 4.130 4,150
FOR PURE CHLOROFORM, x, = 1.000

11 3.150 3.130 3.130 3.133

12 3.150 3.135 3.130 3.135

13 3.150 3.133 3.125 3.125

14 3.150 3.135 3.135 3.135

15 3.150 3.135 3.135 3.135

16 3.150 3.137 3.135 3.135

17 3.150 3.136 3.125 3.135

18 3.150 3.135 3.13 3.135

FOR MIXTURE, = 0,807

19 3.352 3.286 3.405 3.409 1.449845 1.456708 1.449845
20 3.350 3.286 3.405 3.410 1.449845 1.456654 1.449845
21 3.357 3.286 3.407 3.409 1.449845 1.456654 1.449845
22 3.356 3.286 3.409 3.409 1.449845 1.456654 1.449845
FOR MIXTURE, = 0.603

23 3.566 3.500 3.667 3.667 1.461126 1.468461 1.461126
24 3.566 3.500 3.667 3.667 1.461126 1.468408 1.461126
25 3.568 3.500 3.667 3.667 1,461126 1.468408 1.461126
26 3.560 3.500 3.665 3.667 1.461126 1.468408 1.461126
FOR MIXTURE, = 0.400

27 3.817 3.747 3.850 3.852 1.472280 1.478429 1.472280
28 3.815 3.747 3.853 3.853 1.472280 1.478480 1.472280
29 3.815 3.747 3.852 3.853 1.472280 1.478480 1.472280
30 3.815 3.747 3.853 3.853 1.472280 1.478480 1.472280
FOR MIXTURE, = 0.205

31 4.002 3,932 3.9088 3.990 1.483029 1.486610 1.483029
32 4.000 3.932 3.990 3.990 1.483029 1.486660 1.483029
33 4.000 3.932 3.990 3.991 1.483029 1.486660 1.483029
34 4.001 3.932 3.987 3.991 1.483029 1.486660 1.483029

Potential Drop

Volts

0.01425
0.01180
0.01440
0.00955
0,01430
0.01433

0.01200
0.,01220

0.01305
0.01477
0.01487
0.01296
0.,01542

0.01030
0.01287
0.01400
0,014975

0.01048
0.01300
0.01392
0.01552

0.01030
0.01312
0.01407
0,01535

0.01000

0.01280
0,01398
0,01520

0.06817
0.07920
0.09740
0.06100
0.06600
0.07125

0.05582
0.05570

0.10110
0.11270
0.11365
0.10436
0,11956

0.08110
0.10056
0.11233
0.11607

0.08100
0.10153
0.11213
0.12124

0.,08087.

0.10295
0.11240
0.12075

0.08085
0.10250
0.11230
0.12146

Samplé
Mass

Grams

9.79420
13.71370
23.34843
13.67815
14.94880
12.00920

16.01563
17,.31355

34.0245
38,9643
35.1019
32.3550
23.2013

5.3062
9.3844
11.5905
13.0006

41,8625

8.5712
10.5201
13.0024

4.2615
7.9378
9.5790
11,5431

3.7128
7.1105
8.8036
10,7143

Sample
Collection

Time

41'03.5"
6'00M
71001
10'00"
7100"
500"

717"
7!00"

6100"
6100"
500"
6100
3100

2'00"
2100"
2100"
2100"

2100"
2!00"
2'00"
2100"

2!00"
2'00"
2'00"
2100"

2'00"
21007
2100"
2'00"

¥9



APPENDIX B
REFRACTIVE INDEX-COMPOSITION DIAGRAM

The measured quantities were the mass of chloroform and the
mass of benzene in the standard mixture and its refractive index
at 30°C temperature. For the refractive index-composition diagram,
the composition was expressed as mole fraction chloroform in the
mixture. Table B-I gives the original data as well as the calcu-
lated quantities for the refractive index-composition diagram,

The refractive index was directly measured. Calculation for
composition expressed as mole fraction chloroform in the mixture
is given in the table.

Figure 14 gives the refractive index-composition diagram, fpr
chloroform benzene mixtures at 30°C temperature, constructed from
the data of Table B-I. This diagram was used as the standard
reference for all the composition analysis of chloroform-benzene

mixture samples.
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TABLE B-I

ORIGINAL DATA AND CAILCULATIONS FOR CONCENTRATION-REFRACTIVE INDEX DIAGRAM

e G - - - e e . G S S e e s e A G o > o T M S e = e = P T o o o o e o e " T M et S = = = - —— v ————

Mass

Chloroform

gms .

Mass
Benzene
gms .

Moles

Chloroform

gm. moles

Moles
Benzene

gm. moles

Moles
Total
gm, moles

Mole
Fraction

Chloroform

Refractive

Index
at 30°C

39.98810

35.42030

30.91720

26 .48423

22.,11110

17.73985

13.24270

8.82200

4.,49395

2.59230

5,21150

7.84123

10.47055

13.05040

15.75383

18.,32068

21.02660

23.484531

Pure Chloroform

0.33493

0.29667

0,25895

0.22182

0.18520

0.14858

0.11091

0.07389

0.03764

Pure Benzene

0.03318

0.06672

0.10038

0.13404

0.16707

0.20168

0.23454

0.36919

0.30065

0.36811

0.36339

0.35933

0.35586

0.35227

0.35026

0.34545

0.34308

0.33829

1.00000
0.90986
0.81369
0.72064
0.62333
0.52573
0.42419
0.32105
0.21537
0.11126

0..00000

1.43925

1.44428

1.44951

1.45476

1.46011

1.46544

1.47106

1.47668

1.48250

1.48841

1.49455
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Refractive Index
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1.495

1.490

1.485

1.480

1.475

1.470

1.465

1.460

1,435

1.450

1.445

1.440

1.435

1 24 .3 o4 ) .6 o7 .8
Mol Fraction Chloroform
Figure 14

Refractive Index-~Concentration Diagram
for Chloroform-Benzene Mixtures at 30°C



APPENDIX C
VAPOR-LIQUID PHASE EQUILIBRIA DATA

Original data are given in Table A-I. Equilibrium temperature
was calculated from the emf of the equilibrium stage thermocouple,
TC - 4, using standard reference tables for iron-~constantan thermo-
couples. The equilibrium liquid composition, X5 expressed as
mole fraction chloroform in the mixture, was calculated from the
measured value of its refractive index, RI - 2; and the equi-
librium vapor composition, Yqio expressed as mole fraction chloro-
form in the mixture, was found from the refractive index of the
condensate, RI - 3. Both of these compositions were found from
the measured refractive indices by using the standard composition-
refractive index diagram given in Appendix B, also, where TC - 4,
RI - 2, and RI - 3 refer to Table A-I. Values thus calculated,
for the equilibrium temperature and compositions, are given in
Table I; Figure 7 gives a diagram of the same.

Starting from the temperature and composition data of Table T,
the vapor-liquid equilibrium ratios,; for chloroform and benzene
at the equilibrium temperature, were calculated using the following
equations.

Equilibrium K-value for chloroform in benzene, Kl = yl/xl

Equilibrium K-value for benzene in chloroform, K2 = y2/x2

= (1-y)/(1-x)
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Values thus calculated at the various equilibrium temperatures
are also included in the Table I; Figure 8 and 9 give K-value
vs temperature diagrams for the same. Figure 15 gives the y-x
diagram for the chloroform-benzene system at local barometric
pressure, about 740 mm Hg.

Table C-I gives published (23) vapor-liquid phase equilibria

data for the chloroform-benzene system at 760 mm Hg.



TABIE C-1

VAPOR-LIQUID EQUILIBRIUM DATA
FOR CHLOROFORM-BENZENE SYSTEM AT 760 mm Hg

- e e e e e = - o ST B - O - — — - ———

Temp. C ‘xl yl Kl K2
62.6 .934 . 968 1.025 .485
64.1 .853 .922 1.080 .-0530
65.4 .783 .875 1.115 .576
67.0 .700 ~814 1.162 . 620
68.3 ,637 .762 1.197 .655
69.7 .570 . 702 1.232 .693
70.8 .517 .652 1.260 . 720
71.6 .467 .601 1.287 . 749
72,2 443 .870 1.287 772
73.3 . 388 . 508 1.310 .804
74.4 »333 .443 1.330 .835
74.7 . 318 .429 1.350 . 838
75.7 266 . 361 1.355 .870
76,2 .229 .316 1.380 .887
76.9 »193 .270 1.400 . 905
77.9 .133 . 190 1.428 . 935
78.4 .116 . 167 1.440 .943
79.0 ,068 100 1.470 . 965
79.2 .060 .089 1.480 970

Reference: Reinders and Minjer (23)
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Yy - Mol Fraction Chloroform in Vapor
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Xy - Mol Fraction Chloroform in Liquid
Figure 15

Yy - x Diagram for Chloroform-Benzene System at 740 mm Hg.



APPENDIX D

CALCULATIONS -FOR HEATS OF VAPORIZATION

Original data are given in Table A-I.
electrical energy input in watts,

vaporization in gms/min for various runs.

Table D-I gives

flow rate, i.e., rate of

Sample calculations

for these quantities are given here.

Electrical Energy Input

Run No. 25

Potential drop Vl

Potential drop V2

Total current through
the circuit, Il

0.01392 volts

0.11213 volts

Vi/Ry
0.01392/0.01

1.392 amps

Current through the branch line containing three standard

resistances

Current through the
reboiler heater, I

V,/Ry

0.11213/10.0

0.011213 amps

Total circuit current - current
through the branch line

I - I
1.392000 = 0.011213 amps

amps

1.380787 amps
72
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Potential drop across
the reboiler, V = Potential drop across the branch line

= 12 X resistance of the branch line

12 x (10 + 1000 + 1000) volts
= 0,011213 x 2010 volts
= 22,53813 volts
Electrical energy input
to the reboiler
heater = V x I watts

= 22.53813 x 1.380787

= 21,1052 watts

Flow Rate

Run No. 25

Mass of the Sample = 10.5201 gms
Collection Time = 2'00"

Flow rate = 10.5201/2.00

= 5.26005 gms/min

Figure 16 to 21 gives flow rate vs. power input plots.
For each mixture composition,a straight line curve fit between
energy input in watts (x - axis) and flow rate in grams/minute
(y - axis) was made by the method of least squares. The reciprocal
slope in (watt - minute)/gram and intercept for zero flow rate
in watts was calculated and results are included in Table D-I.

Isobaric integral heats of vaporization and heat leaks were
calculated from the above mentioned reciprocal slope and the
intercept, respectively. Sample calculations for both are given

here.



TABLE D-I

HEAT OFVVAPORIZATION CALCULATIONS
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Reciprocal
Slope
watt-min/gr

Intercept
watts

- > 5 ) T ) o T D ot € > e ) G o o A MR e o e s D O T e = e v e o e T G (e ) s 0m G D GRS b B e e

Run xymole fr. Abscissa Ordinate
No. Chloroform Power Input Evp.Rate
watts gms/min
5 0.000 19.42 2,4120
8 0.000 13.88 1.3678
9 0.000 18,88 2,1355
10 0.000 20,42 2,.4018
11 1.000 13.40 2.200
16 1.000 33.87 7.202
17 1.000 26,98 5.392
18 1.000 36 .80 7.734
19 0.807 16.66 2.6531
20 0.807 25.81 4,6922
21 0.807 31.39 5.7952
22 0.807 34.37 6.5003
23 0.603 16,94 2,4312
24 0.603 26.33 4.2856
25 0.603 31.11 5.2600
26 0.603 37.53 6.5012
27 0.400 16.61 2,1307
28 0.400 26.91 3.9689
29 0.400 31.54 4.7895
30 0.400 36.96 5.7715
31 0.205 16.21 1.8564
32 0.205 26.18 3.5552
33 0.205 31.30 4.4018

34 0.205 36.81 3.3571

6,43182

4.,17026

4.64021

5.04754

5.59482

5.92237

5.0646

4.2167

4.2670

4.,6604

4.7017

5.1410
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Flow Rate, gram/minute
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Figure 16
Rate of Vaporization-Heat Input Diagram for Pure
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Rate of Vaporization-Heat Input Diagram for Pure

Chloroform, Xy = 1.00



Flow Rate, gram/minute

Flow Rate, gram/minute
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Rate of Vaporizatioanéag Input Diagram for Mixture,
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Rate of Vaporization-Heat Input Diagram for Mixture,

X, = 0.603
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Rate of Vaporization-Heat Input Diagram for Mixture,
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Isobaric Integral Heat of Vaporization for Mixture, X; = 0.603

Reciprocal slope 5.04754 watt-min/gram

5.04754 x 14.343

72.43215 cal/gram

Molecular weight of the mixture

1l

119°3921 + 78,1 (lfxl)
= 78.1 + 41.29 Xl

= 78.1 + 41.29 x 0.603

= 78.1 + 24,9

= 103.0

Isobaric integral heat of vaporization

72,43215 x 103.0

8736 .25 cal/gram mol.

Heat Leak for Mixture, xj3 = 0,603

Intercept = 4.6604 watts

= 4.,6604 x 14.343 cal/min

= 4.6604 x 14.343 x 60 cal/hr
Heat leak = 4010.7 cal/hr.

Table II contains calculated values of isobaric integral heats of
vaporization and heat leaks.

Uncorrected Heat of Vaporization, x; = 0.603, Run No. 25

The uncorrected heat of vaporization

_ (Power) (Time) )
= {¥Mass of Condensate) (watt-minute)/gram

31.1052 x 2,00 watt-min
= 10,4201 = 591547 —

1

14.343 x 5.91347 = 84.8169 cal/gram

84.8169 x 103.0 = 8736.25 cal/gram mole



TABLE D-IT
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CALCULATIONS FOR UNCORRECTED HEAT OF‘VAPORIZATION

Flow Rate

Reciprocal Flow

Rate
min/gm

Uncorrected
H
cal/gm mol

24

25

26

2,43125

4.28560

5.26005

6.50120

0.4113

0.2333

0.1901

0.1538

10281 .46

9065.85

8736.25

"8518.40



80

Heat Leak Comparison with Published Data

For X, = 0.603
Run No. 23, 24, 25, and 26.
Heat leak, q = 4010.7 cal/hr

Temperature gradient, AT

still temperature-room temperature

70.25-25.0

45.25°C

Area available for heat transfer*, A

wd 1 +1Td2/4

™ (8 cm)(20cm) + 7 ( 8 x 8 cm2)/4

552 cm2

*The heat transfer area considered above is the area of the still
neglecting the condenser and other connections. Thermocouple
wells are also neglected. The heat transfer by conduction
through glass is not accounted for. In the above expression d
is the diameter and 1 is the length of the still.

Overall heat transfer coefficient, U |

q/AAT

4010.7/552 x 45.25 cal/hr cm2°C

20

0.16057 cal/hr cm” °C

I

Published literature data taken from a paper by White and Hutchinson

(34) for a standardglass dewar with hemispherical bottom are given

below:
Diameter, d = 2.8 cm
Length, 1 = 10 cm

Water content, m = 40 grams
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Heat loss = 0.0078°C/(°CAT) (min)
Heat loss, (q/AT) = 40 x 1 x 0.0078 x 60 cal/hr°C
Heat transfer area, A

=qd 1 + 0.5 17 d2
7 (2.8 cm)(10cm) + 0.5 % (2.8 x 2.8 cm2)

100.23 cm2

Overall heat transfer coefficient, U

i

q/AAT

40 x 1 x 0.0078 x 60/100.23 cal/hr cm2°C

0.20233 cal/hr em2°C

The published value of overall heat transfer coefficient for vacuum
jacketed, silver coated glass apparatus compares favorably with

the value calculated from data of the present work.



APPENDIX E
ENTHALPY CALCULATIONS

Table E-1 gives ideal gas state enthalpies for chloroform
and benzene at various temperatures, source, reference (16) and
(1) respectively, Figure 22 gives plots for the same.

An IBM-1620 computer program for the calculation of satura-
ted vapor enthalpy, HXix’ partial vapor enthalpy for chloroform

at the dew point temperature, HV

1’ and the ideal gas state mixture

enthalpy at the dew point temperature is also given here along
with input and output data. Critical constants for the components
were taken from Kobe (17).

The following codes were used for the computer program.
They are listed in the order in which they appear in the program.
Immediately following this listing is a listing of the computer
program, then input data, and lastly, computer output data.
TC(I) Critical temperature of component (I),°K.
PC(I) Critical pressure of component (I), atm.

I =1 Chloroform.

I = 2 Benzene.
P System pressure, atm.
T Dew point temperature of the mixture, °K.
Y Mole fraction chloroform in the vapor mixture.

HIDL1 1Ideal gas state enthalpy of chloroform at temperature T,
cal/gram mole. :
82
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TABLE E-I

IDEAL GAS STATE ENTHALPIES -
FOR CHLOROFORM AND BENZENE

Temp. (H°-Hg) (H°-H?)

°K Chloroform Benzene
k.cal/gm mol k.cal/gm mol

Source ‘Ref. (16) Ref. (1)

0 0.000 0.000
100 0.836 = emeea
200 1,975  eemee-
298.16 3.390 3.401
300 3,419 3.437
400 5,104 5.762

500 6.967 8,750



) K Cal/gm mol

o
[+
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Ideal Gas State Enthalpy,
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Figure 22

Ideal Gas State Enthalpy - Temperature Diagram
for Chloroform and Benzene
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HIDLZ2

AA(T)
A(T)
B(I)
AMIX
BMIX
ZU
7L
LOOP

ZM

HM
AADB
ZCAL

ZDEL

DELHEM

ZTPY

DELHP

HIDIM
HVM
PHV

Codes

85

Ideal gas state enthalpy of benzene at temperature T,
cal/gram mole.

A2 of Redlich-Kwong equation for component (I) at T,P.

A of Redlich-Kwong equation for component (I) at T, P.

B of Redlich-Kwong equation for component (I) at T, P.

A of Redlich-Kwong equation for the mixture Y at T, P.

B of Redlich-Kwong equation for the mixture Y at T, P.
Upper limit of the compressibility factor, Z.

Lower limit of Z.

Number of times the calculation repeated for convergénce.

Mean value of 7, also assumed value of Z for further
calculations.

h of Redlich-Kwong equation, based on ZM.

A2/B.

Calculated value of Z.

Difference between the calculated and assumed value of Z.
Final converged value of Z.

Final value of h.

Mixture vapor enthalpy difference, (Hxix -'H;ix),cal/gram

Partial of Z with respect to T at constant pressure and
composition (6Z/6T)P v (ex)=t
L9

Partial vapor enthalpy difference for chloroform,

(ﬁy - Hi) cal/gram mole.
Ideal state gas enthalpy for the mixture Y at temperature

Saturated vapor enthalpy for the mixture, cal/gram mole.

mole.

T-

Partial vapor enthélpy for chloroform at T,P, cal/gram mole.

used for intermediary calculation steps have been omitted

from the above listing.
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IBM 1620 PROGRAM FOR THE CALCULATION OF IDEAL GAS STATE ENTHALPY»
VAPOR ENTHALPYs PARTIAL VAPOR ENTHALPY AND Z FOR SATURATED VAPOR
VIA REDLICH -~ KWONG EQUATION OF STATE» FOR BINARY MIXTURES ONLY
DIMENSION TC(10)s PC(10)s AA(30)s A(30)s B(30)

PUNCH 1

FORMAT (7X1HTO9X3HPHVBX3HHVMIXSHHIDLMIX1IHYBX1IHZ5X4HLOOP )

DO 2 I= 1»2

READ 3y TC(I)s PC(I)

FORMAT (F9e3y F6e3)

READ 5» Ps Ts Y» HIDL1s HIDL2

FORMAT (F1043s F10e39 F1l0e3s F1l0e3s F1l0e3)

DO 6 I= 12

AACT) = 004278 (TC(II¥X2,5)/(PCIII*(TH%245))
A(I) = SQRTF(AA(LI})

B(I) = 0,08867*#TC{I)/(PC(I)*T)

AMIX = A(L)*Y + A(2)%(140~Y)

BMIX = B(l)*Yy + B(2)%(1.0-Y)

v = (BMIX*P) + 3.0

ZL = (BMIX*P)

LOOP = 0

LOOP = LOOP + 1

ZM = (ZU + 2L)/240

HM = (BMIX®P)/ZIM

AADB = (AMIX*AMIX)/BMIX

ZCAL = (140/(1e0=HM)) ~ (AADB*(HM/(1e0+HM)))
ZDEL = ZCAL - IM

IF (ABSF{ZDEL)=040001) 12512y8
IF (LOOP - 100) 99912

IF (ZDEL) 10512511

PV = ZIM

GO T0 7

ZL = ZM

GO T0 7

z = ZM

H = (BMIX*P)/2

DELHM w «1,9872%#T%*(145%AADB* (LOGF(1e0+H) )+1.0-2)
R = AADB

S = 140/H

V] z (S+1.0)

w = (5-1.0)

Ql = (le5%R) /U

Q2 z SH((SHURURY )+ (0o SHRNURYRY ) = (RESRUKWHY ) ~ (0o SHRERNWEYWHY) )
Q3 = WHRUR( (R¥WHWYHY )~ (SHSHURU )+ (RESHYWXW] )

ZTPY = (Ql+(Q2/Q3)) /7

AR = A(1)/7AMIX

BR = B(l)/BMIX

Q4 = BR*ZTPY

Q5 = (ZTPY+{(H*Z)/T))/(2Z*{(H-140))

Qé 2 ((240%ARI-BR)*¥({LOGF{1e0+H) ) *((1e5*R)/T)
Q7 = R¥((2U%AR)-BRI#((H/T)I+({H*ZTPY)/2))/(1e0+H)
DELHP = —=1.9872%#T*T7T%(Q4 + Q5 + Q6 + Q7)

HIDLM = Y*HIDL1 + (le0~Y)¥*HIDLZ

HVM = DELHM + HIDLM

PHV = DELHP + HIDL1

PUNCH 13s Ty PHV» HVMy HIDLMs Ys Zs LOOP

FORMAT (Flle3s Flle3s Flle3s Flle3s F943s F943s 16)
GO TO 4

END



C INPUT DATA CARDS FOR THE ENTHALPY CALCULATION PROGRAM

C TC(I)

PC(1)

536460 54400
562.66 48466

C P
0971
0971
0971
0e971
0e971
0e971
06971
0971
06971
06971
06971

Computer output data

T
33340660
335.160
337.160
339.160
3414160
3434160
3454160
3474160
3494160
3514160
3524460

T
333466
335.16
337.16
339.16
341416
343.16
345416
347416
349.16
351416
352446

PHV
39164467
39424267
39764169
40104072
40444478

4077891

4112.810
41464771
41804752
42144761
4238,075

1,000
06942
0861
0.787
0.706

- 04615

0e518
04375
0.230
0,077
0.000

HVM
3916.468
3955.013
40084265
40614645
4119413
41804816
42464975
43284583
44140243
45074004
4560.684

HIDL1
39574500
3983.000
40164500
40504000
4084.4.000
4117000
41514500
£185.000
42184500
42524000
4275000

HIDLM
39574500
39964282
4049999
4103,676
41614910
42234837
42904557
437364125
44594895
45534821
46084000

HIDL2
41904000
4212000
42576500
4302.000
43494000
43944500
44404000
44864000
45324000
45794000
46084000

Y
1.000
e 942
861
787
«706
615
«518
375
«230
. «077
2000

Z

«976

«976
e 976
976
«976
«976
«976
«975
0975
«974
e 974

87

LOOP
14
14
11
11
14
13
14
14

8
14
12

Figure 23 gives a plot of mixture ideal gas state enthalpy,

vs. composition,

mm Hg.

for saturated chloroform-benzene vapor at 740

Table E-II gives saturated vapor and saturated mixture

enthalpies for chloroform-benzene system at 740 mm Hg. and Figure

24 gives a plot of the same.

vapor enthalpy for chloroform at dew point vs.

chloroform-benzene system at 740 mm Hg.

concentration,

Figure 25 gives a plot of partial

for
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I3
Mixture Ideal Gas State Enthalpy-~Composition Diagram for
Saturated Chloroform-BenZene Vapor at 740 mm Hg



TABLE E-II

SATURATED ENTHALPIES FOR CHLOROFORM-BENZENE MIXTURES
AT 740 mm Hg. :

Mol Fraction HXix A%nix Hﬁix
Chlo;oform Isobaric Integral
1 cal/gm mol cal/gm mol cal/gm mol
0.000 4560, 7 7205.7 2645.0
0.205 4427.0 7349,0 2922.0
0,400 4315.0 7586.7 3271.7
0.603 4188.0 7451.8 3263.8
0.807 4042 .0 7405,2 3363.2

1.000 3916.5 7148.7 3232,2
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‘Partial Enthalpy~-Chloroform Vapor, H¥ Cal/gm mol
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Figure 25

Partial Enthalpy of Chloroform Vapor at Dew Point-vs.
Concentration of Chloroform in Chloroform-Bénzene

System at 740 mm Hg



APPENDIX F

CALCULATIONS FOR THE CONSISTENCY TEST

Table F-I gives calculation for

1 1
Xl d 1n Kl
Kl at xl = 0.0

and

2 1
Xy d 1n K2
K2 at Xl = 0.0

Both these integrals were calculated graphically. The value of

Kl and K2 becomes undeterminable at X, = 0.0 and X = 1.0,

respectively. Thus for these points, extrapolated values were used.

Figure 26 gives X, Vs anl diagram and Figure‘27 gives X, VS

In K, diagram, for the graphical integration. Next, the following

2
integral was evaluated.
T at X, = 1.00
(RATIO) dT

T at X, = 0.00

92
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TABLE F-I

CALCULATIONS FOR THE CONSISTENCY TEST

i —— 0 —— o > M D o O — e (0 G O (W S T S RS o (e W . = St = e - — —— =

Chloroform Benzene
(g b ) X X 1ok, Xg Ks 1nK,
79.3 0.00 ——- .415 1.00 1.000 .000
77.0 0.10 1.457 . 378 0.90 . 947 -.0545
75.3 0.20 - 1.406 . 341 0.80 . 989 -.1077
73.45 0,30 1.359 . 307 0,70 .843 -.171
71,75 0.40 1.317 277 0.60 . 793 -.232
69.55 0.50 1.270 239 0.50 s 730 -.315
67.3 0.60 1.224 .202 0.40 . 663 -.411
65.1 0.70 1.172 159 0.30 .598 ~-.014
63.3 0.80 1.117 .111 0.20 .546 -, 605
61.8 0.90 1.057 . 055 0.10 . 502 -.690

60.5 1.00 1.000 . 000 0.00 - -.775
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Figure 26

Xy - 1n Kl Diagram for Thermodynamic Consistency Test

Value of Integral = -~-0.21768
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Value of the Integral = - 0.34920
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Where —HV -
mix _ T‘I-Vy (_L _ _1_) _ HL
K, 171 K, K, mix
(RATIO) = 5
RT
. JrT
s V —
mix =V 1 L
X, - Hy (RE -1) - i
= p)
RT
o =T

An IBM 1620 computer was used for the above calculation. The
following codes were used for the computer program. They are
listed in the order in which they appear in the program.
Immediately following this listing is a listing of the computer
program, then input data, and lastly, computer output data.

T Equilibrium temperature, °K.
RATIO Same as defined earlier.

QQ Value of the integral.

J Number of the data card.

PHV Partial vapor enthalpy for chloroform at T,P, cal/gram mole.
HVM Saturated vapor enthalpy for the mixture, cal/gram molc.
HLM Saturated liquid enthalpy for the mixture, cal/gram mole.
EK2 Equilibrium K-value for benzene at T°K.
Codes used for intermediary calculation steps have been omitted

from the above listing.
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IB8M 1620 PROGRAM FOR THE CALCULATION OF RATIO AND FOR EVALUATING
INTEGRAL OF RATIO DTe (LIMIT FROM X1=0e0 TO X1=140) WHERE"
RATIO = ((HVM/EK2)~PHV*(({1e0/EK2)=160)~HLM)/(149872%TH*T)
INTEGRATION PROGRAM SUITABLE FOR 11 DATA CARDS

REQUIRED FOR THE THERMODYNAMIC CONSISTENCY TEST
DIMENSION RR(30)s TT(30)s Q(30)

PUNCH 1

FORMAT (16X1HT10XS5HRATIO)

QQ = 060

J = 0

J = J + 1

READ 3» Ts PHVs HVMs HLMs EK2

FORMAT {(Flle3s Flle3s Flle3s Flle3» Flle3)

RATIO = ((HVM/EK2)=PHV*{(1e0/EK2)=140Q)~HLM)/{1s9B8T72%#T*T)
PUNCH 4» T» RATIO

FORMAT (F2043s Fl347)

TT(J) = T

RR(J) a RATIO

IF (J=1) 81295

Q(J) = (RR(J)FRR(I=1))*(TT(J=1)=TT{(J)} /260

QQ = QQ + Q(J)

IF. (J=11) 24698

PUNCH 7» QQ

FORMAT (6X23HVALUE OF THE INTEGRAL = » F1l0.7}

IF (J~11)8+10+8 :

PRINT 9 :

FORMAT (6Xs 18HMISTAKE IN PROGRAM)

END



INPUT DATA CARDS FOR THE THERMODYNAMIC CONSISTENCY TEST PROGRAM

T
333,660
3350160
337.160
339,160
3414160
343,160
3454160
3474160
3496160
351160
352.460

Computer output data

VALUE OF THE

PHV HVM HLM
3916.467 39164468 =3232.200
39424267 3955013 =3325,000
3976.169 40084265 =3365.000
40104072 4061.645 ~3360.000
40444478 4119413 -3330.000
4077.891 4180.,816 =32804000
4112.810 4246.975 -=3160.000
41460771 4328.583 -3010.000
4180.752 44144243 ~28654000
42144761 45074004 =27204000
42384075 4560,684 -2645.000

T RATIO
3334660 «0327413
3354160 «0327891
3374160 sU326911
339.160 eU325022
3414160 «0322503
343.160 «0319071
3454160 «0313860
3474160 «0307651
3494160 20301327
3514160 « 0295252
3524460 «0291886

INTEGRAL = -+5928958

EK2
o478
«507
0566
¢625
e683
o 742
«800
e 860
«918
«973

1.000
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Figure 28 gives a plot of RATIO vs. temperature which is a

smooth curve.
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"Ratio'-Temperature Diagram for
Thermodynamic Consistency Test



NOMENCLATURE - -

Constants of Redlich-Kwong equation of state
Constant of Redlich-Kwong equation of state
Molal enthalpy

Ideal gas state enthalpy of component i or of mixture
Saturated vapor enthalpy of mixture
Saturated liquid enthalpy of mixture

Partial vapor enthalpy of chloroform

Isobaric integral heat of vaporization of mixture

Saturated vapor enthalpy difference of mixture from
ideal gas state enthalpy

Partial vapor enthalpy difference of chloroform from
ideal gas state enthalpy

Vapor-liquid phase distribution ratio
System pressure

Critical pressure

Reduced pressure

Gas constant

Standard electrical resistances
Equilibrium temperature

Bubble point temperature

Dew point temperature

Critical temperature

100



Tr Reduced temperature

U Overall heat transfer coefficient

\ Molal volume

Vl,V2 Potential drop across standard resistances

Xy Mole fraction of component i, in liquid phase mixture

Y Mole fraction of component i, in vapor phase mixture

z, Mole fraction of component i, in mixture

V4 Compressibility factor

Subscripts

i Component "i" where i = 1 is chloroform, i = 2 is
benzene

mix Chloroform-benzene mixture

c Critical value

r Reduced value

Superscripts

° Ideal gas state

- Partial molal quantity

L Liquid phase

\ Vapor phase
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