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ABSTRACT

The integral isobaric heats of vaporization of the isopropyl
alcohol-water system and the acetone-water system have been measured in
an essentially adiabatic flow calorimeter at atmospheric pressure. The
integral isobaric heat of vaporization is defined to be the enthalpy
change which occurs when a mixture is totally vaporized under isobaric
conditions - the initial state being saturated liquid at the bubble point
and the final state being saturated vapor at the dew point. The data
obtained have been used to comnstruct accurate enthalpy-concentration
diagrams for the systems studied and to serve as the criteria for evalu-
ating methods of predicting integral isobaric heats of vaporization. In
addition to the enthalpy data the vapor-liquid equilibria for the two
binaries were determined, simultaneously in the same apparatus, and com-
pared to similar data published in the literature.

The flow calorimeter consisted primarily of a small, thermally
insulated vaporizer in which vaporization was effected by the consumption
of electrical energy in a submerged heater. A constant liquid level was
maintained in the vaporizer by the gravitational flow of liguid from a
large, constant-head preheater. The vapors which escaped from the vapori-
zer passed through externally heated lines to a condenser and returned to
the preheater as liquid. The rate of cycling from the preheater, to the
vaporizer, through the condenser, and back to the preheater was controlled
by the amount of power supplied to the heater located in the vaporizer.
The principal measurements which were required for determining the inte-
gral isobaric heat of vaporization were the power supplied to the heater
and the amount of material vaporized in a given interval of time.
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The analyses for both systems were determined by density meas-

urements in calibrated pycnometers. Analyses of the condensate (vapor)
and the preheater liquid, which were identical, provided the composition
of the mixture for which the enthalpy data were taken. A sample of the
1liquid contents of the vaporizer, in conjunction with the condensate
(vapor) sample and the temperature and pressure in the vaporizer during
the run, provided the necessary data to determine the vapor-liquid equi-
libria for the mixture.

Heat transfer between the vaporizer and the surroundings was
minimized by a reduction of both the heat-transfer coefficients and the
temperature difference. The coefficients were reduced by conventional
means. The elimination of the temperature difference was effected by
carrying out, in a chamber which surrounded the vaporizer, a vaporiza-
tion process identical to the one in the vaporizer.

The integral isobaric heats of vaporization obtained for the
two binaries studied in this investigation are estimated to be reliable
within plus or minus 0.3 per cent. The data were correlated by én equa -

tion of the form

=0 =0
)\P = Zj Lj}Tl + Zk Lk,Tl + (Zj CP,j + Zk CP,k.) (Tz - Tl)

where Ap is the integral isobaric heat of vaporization; zj and zy are

the mole fractions of j and k, respectively; Ty and Tp are the bubble-
point and dew-point temperatures of the mixture, respectively: Lj,Tl

and Lk,Tl are the heats of vaporization of pure j and pure k, respectively,

taken at the bubble-point temperature of the mixture; and Cp j and Cp
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are the ideal-gas specific heats of pure J and pure k, respectively, taken
at the average temperature between the bubble point and dew point. This
equation is quite simple to use. The average difference, without regard
to sign, between the experimental data and the heats of vaporization
calculated from the above equation was 0.8 per cent for isopropyl alcohol-
water mixtures and 0.3 per cent for acetone-water mixtures.

Application of the above equation to experimental data for
methyl alcohol-benzene, acetone-benzene, methyl alcchol-water, ethyl
alcohol-water, n-propyl alcohol-water and nitrogen-oxygen mixtures also

produced satisfactory results.
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INTRODUCTION

The heat of vaporization of mixtures is a particular subject
which is encompassed by the broader classification of enthalpy of mix-
tures. Most studies or calculations involving the enthalpy of mixtures
soon lead to questions concerning the heat effects which accompany a
liquid~-vapor phase change. Any chemical proceséing step which involves
elther vaporization or condensation of mixtures, such as distillation
and liquefaction operations, requires knowledge of the enthalpy differ-
ence between the two phases.

The emphasis of this investigation was on the integral isobaric
heat of vaporization, which is the most important type of vaporization
from a practical viewpoint; however, this emphasis is not restrictive
because the various heats of vaporization are interrelated.

The experimental obJjectives involved the design, construction,
and operation of an adiabatic flow calorimeter for the precise measure-
ment of the integral isobaric heat of vaporization. Heat leaks, which
are the bane of all calorimetrlic measurements, received special atten-
tion in the design of the apparatus with the forethought to operation
of the calorimeter with mixtures which have a large temperature differ-
ence between the bubble point and the dew point. The integral isobaric
heat of vaporization was measured at atmospheric pressure for the acetone-
water binary, which has large temperature differences between the bubble
point and dew point over most of the concentration range, and for the
isopropyl alcohol-water binary, which in addition to large bubble-point -

dew-point temperature differences at some concentrations also contains
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a minimum boiling azeotrope. A secondary experimental objective was
to determine, simultaneously with the heat-of-vaporization data and in
~the same apparatus, the vapor-liquid equilibria- for the mixtures and
to compare these data with those published in the literature. The ex-
perimental data were used to prepare enthalpy-concentration dlagrams
for both binaries.

The theoretical objectives concerned the development of new
methods for predicting integral iscobaric heat of vaporization and the
evaluation of existing methods. The experimental data served as cri-

teria for evaluation of the reliability of these predictive methods.



THEORETICAL BACKGROUND

Enthalpy Change Accompanying a Liquid-Vapor Phase Change

In reference to a pure material the term "heat of vaporiza-
tion" defines a single phenomenon. The liquid-vapor phase change is
both isothermal and isobaric, and the amount of heat required to change
a unit quantity of the material from its saturated-liquid state to its
saturated-vapor state is the heat of vaporization.

The heat of vaporization of a mixture, unlike that of a pure
compound, is not unique. A mixture can be vaporized in a number of
ways, and the heat of vaporization depends on the method chosen. Con-
sider the pressure-temperature diagram of a hypothetical mixture shown
in Figure 1 on page 4. Point 1 represents the mixture in its saturated-
liquid state at a pressure of Pj.p and a temperature of Tj.x.

A unit quantity of the mixture in the state represented by
point 1 could be completely vaporized by adding heat to it while hold-
ing the pressure constant. This vaporization would proceed along a line
of constant pressure and increasing temperature from point 1 to point 2.
At point 2 the mixture would be in a saturated-vapor state at a pressure
of P{_» and a temperature of Tg_uo The amount of heat required to ef-
fect this type of phase change is known as the integral isobaric heat
of vaporization. The word "integral" is included because the mixture
is completely vaporized.

From point 1 the vaporization could also proceed along an iso-
thermal line. That i1s, heat could be added to the mixture along a line

of constant temperature and decreasing pressure from point 1 to point 3.
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At point 3 the entire mixture would be in a saturated-vapor state at
a pressure of P5_4 and a temperature of Tl-B“ The amount of heat re-
quired to effect this type of phase change for a unit quantity of the
mixture 1s known as the integral isothermal heat of vaporization.

Still another type of vaporization could begin with a mixture
in the state represented by point 1. A differential amount of material
could be vaporized from this saturated-liquid mixture at both constant
pressure and constant temperature. In order for the vapor formed to
be in a saturated state at a pressure of P; _, and a temperature of Tl—}’
the vapor must be of different composition than the liquid, and in
particular this composition must be that of the vapor in equilibrium
with the liquid. The amount of heat required to effect this type of
physical change is known as the differential heat of vaporization. An
entirely equivalent procedure would be to begin with an essentially in-
finite quantity of the mixture in the condition described by point 1
and to vaporize from that a unity quantity of vapor in equilibrium with
the liquid. It is difficult to aécurately determine the differential
heat of vaporization experimentally; for, the task of producing a small
amount of equilibrium vapor from an amount of liquid so large that its
composition is effectively unchanged does not lend itself to precise
experimental technique.

Each of the three types of vaporization described above began
with a common saturated liquid denoted by point 1, but each terminated
with a saturated vapor under the different conditions denoted by point

2, by point 3, and by the vapor in equilibrium with the point-l liquid.
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The heat required for the integral vaporizations is the difference in
enthalpy between the initial and final states; therefore, the integral
heats of vaporization are definitely of different magnitude. The dif-
ferential heat of vaporization, since it involves a vapor of different
composition from the liquid, is not in general equal in magnitude to
either of the integral heats of vaporization.

Both types of integral heat of vaporization have corresponding
integral heats of condensation of exactly the same magnitude but of
opposite sign. No such corresponding heat of condensation exists for
the differential heat of vaporization because of the differences in
the composition and the amount of material involved in each phase. How-
ever, a differential heat of condensation can be defined analogously
to the differential heat of vaporization. It is the amount of heat
which must be removed from an infinite amount of a saturated vapor in
order to condense a unit quantity of liquid in equilibrium with the
vapor.

Whereas the difference in enthalpies involved with the two
integral heats of vaporization is obvious, for example Ap = E?at°v°» E?itJ”J
the difference in enthalpies involved with the differential heat of va-
porization is not obvious. The enthalpy of the final state is simply
that of a unit quantity of the equilibrium vapor, but the enthalpy of
this material in its initial state is not immediately apparent. It is
not the enthalpy of a unit quantity of the infinite amount of liquid, be-
cause this liquid is of a different composition than the vapor. Hence,

some of the less volatile material in a unit quantity of the liquid would



not be vaporized while some of the more volatile material that was
actually vaporized would have to be drawn from outside of the original
unit quantity of liquid.

Further insight into the enthalpies involved can be gained
from the consideration of heat and mass balances around a hypothetical,
perfectly insulated, flow calorimeter. Consider a binary mixture in
a saturated-liquid state which flows to the calorimeter at a rapid rate,

F. This stream has a composition, x, and an enthalpy, Hsat°l°° A small

X
amount of heat at a rate, Ah, is assumed to be released in the calorime-
ter. The release of heat energy produces a saturated vapor at a small
rate, AF. The vapor, which is in equilibrium with the liquid, is of
composition y and has an enthalpy of E;at,v.° The liquid flows from
the calorimeter at a rate of F - AF. This exit liquid has a composi-
tion of x + Ax and an enthalpy of Eiat°l° + A@}, Thus, there is one
stream which enters the calorimeter, but two streams which leave.

The enthalpy input to the calorimeter is given by ngat"l° + Ah.
The enthalpy output in the vapor stream is AF E;atuv, and in the liquid
stream is (F - AF)(g;at°l° + A@})a

Equating the input and output yields
T E;at,l° + Ah = AF E;at.V, + (F - AF)(Eiat°l° + Aﬁ}) (1)

Multiplying, collecting terms, and dividing through by AF yields
1

' AH
&h gsat.ve _ gsat.l. ., 7= _ agl (2)
AP Y =X AF -

As Ah approaches zero, as required by the definition of the differential

heat of vaporization, the process proceeds at both constant temperature



and pressure, and A@% and AF also approach zero. Equation (2) then

becomes

~Norl
sat.v, sat.l. oH ™. ,
Doeng =K - + F(=) (3)
ar s =y —x OF
T,P
Equation (5) is undesirable because 1t is dependent on the flow rate,
F. However, a mass balance around the hypothetical calorimeter produces
another equation which permits the elimination of F.
Equating the rate of influx of one component, Fx, to the rate
of efflux in the vapor stream, AFy, plus the liquid stream, (F~AF>(X"FAX),

yields

Fx = AFy + (F - AF) (x + Ax) (%)

Multiplying, collecting terms, and dividing through by AF yields

x-y=F ﬁ%-w Ix (5)

In the limit as Ah approaches zero, Ax and AF also approach zero and

Equation (5) becomes

x -y=F %% (5)

A slight rearrangement of Equation (3) yields

1
= psat.v. _ gsat.l. . ox OH -
Apop = Hy Hy + F(BF)T P(E§_>T . (7)

", T,I

Substitution of Equation (6) into the last term of Equation (7) yields
the final result for a binary

sat.v. sat.l aﬂ;‘ :

Mpp = Ey - B "t (x - Y)(g;‘) (8)



Equation (8) shows exactly which enthalpy terms are involved in the
differential latent heat. The derivative is to be evaluated at the
saturation point at composition x.

An analogous expression can be derived for the differential
heat of condensation. If a unit quantity of the equilibrium liquid of
composition x is considered to be condensed from a large quantity of
saturated vapor of composition y, then the differential heat of con-

densation is given by

oHV

AT,P = ﬁ;at°l' - E;at.v° + (y - X)(§§b)T,P (9)

Here, the derivative is to be evaluated at the saturated-vapor point

at composition y.

Relationships Among the Heats of;Vaporization of Mixtures

Of the three heats of vaporization of a mixture described in
the previous section, the integral isobaric heat of vaporization is of
primary interest. In practice most vaporization processes are con-
ducted at constant pressure and on non-differential quantities of material.
Furthermore, the method adopted for this investigation makes the inte-
gral isobaric heat of vaporization the easiest of the three to accurately
determine experimentally. However, the heats of vaporization are re-
lated, so that if data for one exist over the range of conditions of
interest then the others may be calculated.

The relationship between the two integral heats of vaporiza-
tion is easily explained in terms of the pressure-temperature diagram

shown in Figure 1 on page 4 . As previously defined, the integral
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isothermal heat of vaporization is the enthalpy difference between the
mixture in a state defined by point 3 and the same mixture in a state
defined by point 1. Because enthalpy is a state funection, the path
traversed in going from point 1 to point 3 is inconsequential. Thus,
the sum of the enthalpy changes in traversing the route 1-2-4-3 is
identically the integral isothermal heat of vaporization. By defini-
tion the enthalpy difference between point 2 and point 1 is the in-
tegral isobaric heat of vaporization. The path from point 2 to point

L represents the isothermal expansion at T, j of the vapor from a satu-
ration pressure of Pl_2 to a pressure P5_4° Thls enthalpy difference

is given by

P
v 5-4 oV \
AﬁExp N P{UQ v - (ST)] ar (10)

The path from point 4 to point 3 represents an isobaric cooling at P

3.k
of the vapor from a temperature of To_ ) to a saturation temperature of
Tl_5° This enthalpy difference is given by

.

AEZ L=f T ar (11)
00 Yl
Ton 7

s—.J
bt

The summation of the above enthalpy terms gives the relationship between

the two integral heats of vaporization

It is doubtful if the second and third terms on the right-hand side of

Equation (12) can be evaluated rigorously for any mixture because of
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the lack of the required data. Fortunately, however, the first term
is quite large in comparison to the latter two, and as a result,sulta-
ble estimates of the latter terms permit calculation of the integral
isothermal heat of vaporization with very nearly the same degree of
accuracy as 1s embodied in the first term, the integral iscbaric heat
of vaporization. The enthalpy change resulting from the expansion step
can be evaluated - if, indeed, it is significant at all - with suffi-
cient accuracy by use of generalized charts and the pseudo-critical
concept for mixtures. The specific heat for the vapor mixture can be
obtained by averaging the specific heats of the pure components for the
pressure P5_4 pursuant to the concentration of each component in the
mixture. The specific heats for the vapor are additive in this manner
except at extreme conditions where the heat of mixing in the vapor phase
becomes significant. If it is not desirable to average the pure-component
specific heats or if none are available for a pressure of P5-h’ then the
enthalpy change for the step which involved the isothermal expansion
would have to be evaluated for an expansion to zero pressure, where the
specific heat of the mixture can be determined rigorously by a molal
average of the ideal-gas specific heats. This procedure, of course,
would require the additional evaluation of the enthalpy change for the
isothermal compression of the vapor from zero pressure to the final pres-
sure of P5—4°

The relationship between the integral isobaric heat of vapori-
zation and the differential heat of condensation is simpler, and in

practice it is easier to apply, than the relationship which involves the
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differential heat of vaporization. If the composiftion of the mixture
shown on Figure 1 on page 4 is denoted by x, then in order to produce
by differential condensation a unit quantity of x in the saturated-
liquid state described by point 1, one must start with an infinite
amourit of saturated vapor which bas a composition y, a temperature of
Tl-Bf and a pressure of Py o. An entirely equivalert procedure which
would produce the same end result is as fcllows: (l) separate from the
large amount of vapcor of composition y a unit quantity of vapor of
composition x at a constant temperature of Tj.3 and a constant pressure
of P1.o0, (2) isobaricly heat the unit quantity of vapor of composition
x from Tléﬁ to Tgmhf (3) totally condense the unit gquantity of vapor
of composition x under isobaric conditions. The enthalpy change accom~
panying step 1 is the same magnitude as the vapor-phase differential

v
heat of mixing, Ay, for a unit quantity of composiftion x in an infinite
quantity of composition y; however, the sign on the differential heat
of mixing is reversed. It is doubtful if such data exist for any mix.-
ture, but, fortunately, the beat effects accompanying the mixing of
vapors are quite small and can safely be neglected except at extrems
conditions., This term will be neglected in further discussiors., The

enthalpy change accompanying step 2 is given by

v To-4 {
- 1z
Mipear = | Cp g ar (13)
Ty 3

where C; o is the specific heat of the vapor of composition x at a
,m
pressure of Py ». It is doubtful 1f this piece of data is available

Tor mixtures, but a molal average of the specific heats of the pure
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components will give a reliable answer for all conditions where the
vapor-phase heat of mixing is small. Step 3 by definition is the
negative of the integral iscbaric heat of vaporization. The sum of
the enthalpy changes involved in the three steps is the differential

heat of condensation.

_ v v
App = = My + Ao p - 2p (14)

Since the integral isobaric heat of vaporization has been
related to both of the other heats of vaporization by Equations (12)
and (14), a combination of these equations yields the relationship
between the differential heat of condensation and the integral iso-

thermal heat of vaporization. It is

v AV v
AT,P = - OAHy —heat - At AL Aﬁﬁxp (15)

Since the terms A@ﬁeat and AHV

H.oo1 refer to heating and cooling the same

material over the same temperature range, one is the negative of the

other; hence, they cancel, and Equation (15) becomes

AT p=- At _Exp Aﬁ& (16)



METHODS OF PREDICTING HEATS
OF VAPORIZATION OF MIXTURES
Summary
The subsequent sections in this chapter deal with relationships
between the heats of vaporization of mixtures and other properties of
both the mixtures and the pure components. The data available in the

literature for these "

other properties" are much more abundant than
heat of vaporization data; therefore, the available data in conjunction
with the relationships developed hereinafter serve as a means of pre-
dicting heats of vaporization of mixtures. The emphasis is on relaticn-
ships 1nvolving the integral isobaric heat of vaporization; however,
this emphasis 1s not restrictive because, as shown in the previous chap-
ter; the heats of vaporization are interrelated.

The possible predictions range in complexity from the assump-
tion of a constant molal heat of vaporization for an entire range of
compositions to the rigorous application of two-phase, P-V-Tex data for
the evaluation of the heat of vaporization of a single mixture. Each
method has its own merits; conseguently, for a specific case the most
rigorous method which 1s consistent with both the data and the time
available should te chosen. Predictive methods which require, as a
fundamental part, data on the behavior of mixtures (with the exception
of data on vapor-liquid equilibria) are more limited in application
than methods which require only data on pure materials, becauss the
available data on mixtures are scarce relative to those for the pure
components. Integral heat of mixing in the liquid phase at temperatures

above amblent temperatures and the specific heat of liquid mixtures as

~1h-
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a function of temperature are examples of frequently needed mixture
data which are quite scarce. In addition, long, tedious calculations
to adjust available data to fit the requirements of a predictive tech-
nique tend to cast suspicion on the reliability of the adjusted data
and, thereafter, the results of the prediction.

In the section entitled "The Enthalpy-Temperature-Diagram
Approach" particular emphasis is given to the development of an equation
for the prediction of the integral isobaric heat of vaporization. This
equation permits prediction of the integral isobaric heat of vaporiza-
tion by much shorter and much less tedious computations than those re-
quired for construction of an enthalpy-concentration diagram, which
seems to be the most used and most frequently recommended method. In
addition, the afofementioned equation requires less data on mixture be-
havior than the enthalpy-concentration diagram; consequently, the results,
which are a function of the relisbility of the data used, can reasonably
be expected to be more accurate, or at least of equal accuracy to those

obtained from the diagram.

The Enthalpy-Temperature-Diagram Approach

Figure 2 on page 16 is an enthalpy-temperature diagram for a
hypothetical mixture. The diagram is for a constant composition; every
composition would have 1ts own envelope on the H-T plane. The isobar,
Py .p, represents the enthalpy-temperature relationship for the addition
of heat to the mixture at constant pressure, beginning in the subcooled-
liquid region and extending through the two-phase region into the

superheated-vapor region. The straight isobar through the two-phase
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Figure 2. Enthalpy-Temperature Diagram for a Hypothetical Mixture,
(Constant Composition x4 = yy = zy)
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envelope is simply a connection of points 1 and 2 and is not intended
to construe that an isobaric vaporization must or does proceed along
that path. The straight isobars in the superheated-vapor region and
the subcooled-liquid region imply that the specific heats of the vapor
and the liquid are independent of temperature, an assumption which is
valid only for small temperature ranges. From the definitions of the
heats of vaporization and with the aid of the isobar, Py.o, 1t is easy
to identify the distances, Ap and Ap, to be the integral isobarilc heat
of vaporization and the integral isothermal heat of vaporization, re-
spectively. Reference is made in subsequent paragraphs of thisesction
to the quantities shown on the figure, during the process of developing
an equation for the prediction of the integral isobaric heat of vapori-
zation,

From the definition of integral isobaric heat of vaporization

and the properties of partial enthalpies one can write
- (uV =V =l
»p = (B - -Hll)Pl_a = %Vi H o - ;5"1 Hy 1 (7)

In Equation (17) the mole fractions, Xy and ¥y, are equal; the H's are
partial molal enthalpies; subscripts 1 and 2 refer to points 1 and 2,
respectively; and the superscripts, 1 and v, refer to the liquid and
vapor phases, respectively. The definition of a new term, Eg,T’ equal
to the enthalpy of component i in the ideal-gas state at temperature T

permits one to write Equation (17) in the form

0 =y 0 = 0
o= - Lyl o+ Ryl o+ Tyl g - 2 i )+ 2 yiE o
. ,
-2 xH g , (18)
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The newly defined term was inserted by simply adding and subtracting

to the right-hand side of the equation.

2

0 0
both iZyigi’ and %Xigi,l

Here again x; = y:. Rearranging Equation (18) yields
1 1
0 =V 0 =1 0 0
Ap = - % vi(H o - H o) + %Xi(%.,l - Hp) + ?Zi(Ei,E - 8 1) (9)

where x; = y; = z;. The definition of three more new terms for the

bracketed terms, Aﬁg,g =_§§,2 - ﬁg,g; AHi,l = Eg,l - ﬁ%,l: and

Agg = Eg,g - ;g,l’ permits one to write Equation (19) in the shorter

form

Ap = X xi(éﬁ%,l) + 2 Zi(éﬁg) - ? yi(Aﬁz 2) (20)

Equation (20) is the basic equation to be considered in this development;
it is rigorous, and its various terms are illustrated on the H-T plane.
The terms are considered individually for evaluation.

The last term, % yi(Aﬁg’g), is the enthalpy change for the
isothermal expansion at the dew-point temperature, Tp, of the vapor from
the saturation pressure, P;_p, to zero pressure. For ideal gases the
enthalpy change i1s zero, and even for a non-ideal gas at moderate pres-
sures it is quite small in comparison to the other enthalpy terms. It
can be estimated from the generalized charts in conjunction with the

pseudo-critical concept, if it can not be safely neglected. However,

for the purposes at hand it will be assumed that

Ly (8 p) ¥ 0 (21)

Equation (21) is tantamount to making points 2 and 2' on the figure

coincide,
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The term Z zi(Agg) represents the enthalpy change on heating
i
the ideal-gas mixture from the bubble-point temperature, T1, to the dew-

point temperature, T,. It is given by
2

0y . 12,0 ? 0
L zy (M) = Tf Cp p T = % /" yiCP,; aT (22)
1

Ty

where Cg,i is the heat capacity of component i in the ideal=-gas state.
% xi(Aﬁ%,l) is the enthalpy change accompanying the vaporiza-

tion of the mixture at constant temperature T and the isothermal ex-

pansion of the resulting vapor to zero pressure. The evaluation of this

term is not accomplished as directly as the others. The thermodynamic

equation which gives the temperature variation of the fugacity function

is
0 _§ _-gpRenfi
Ei‘,T Hi,T RTE( ST )P,N (23)

This equation is derived in many thermodynamic texts, for example Hougen
and Watson.(5o) It represents the partial molal enthalpy difference for
component i1 in a mixture which undergoes a change from any initial state
to a final state of zero pressure and the same temperature as the origi-
nal state. The restrictions on the derivative are constant total pres-
sure P and constant total composition N. Since the entire H-T diagram
is for constant total composition, the subscript N will be dropped
henceforth. Ei is the fugacity of species i in the mixture in its origi-
nal state. In the notation of this development Equation (23) becomes
dln fi
oT

Y xi (A1) = RTE Iy (

) (2k)
P12
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The fugacity, fi, is given by
=1

where 73 is the activity coefficient, which is-a corrective factor for
the non-ideality of the liquid mixture; x; is the mole fraction of
species i; and 1< is the vapor pressure of i at the temperature of in-
terest. If one takes logarithms of both sides of Equation (25) and

=l
substitutes the result for 1lnfj into Equation (24) the result is

= dln 7. dln x dln p;
T x; (0B 1) = RT® T x, 1 oln x4 Oln py
1 Xl( i,l) 1 1 Xl[( 3 )Pl_z + ( 37 )Pl_z + ( T )P1-2

where all derivatives are to be evaluated at Tl‘ Consider the term,

dln x:
2 x Tﬂ- in Equation (26). If this term is written out for a

binary, and if it is observed that dxj + dxx = O for a binary the re-

sult is
(Oln x4 _ . (9Ln x; dln xx
§ Xl( oT >Pl—2 - XJ( oT )Pl-2 ¥ xk( oT )Pl—2
.1 (éﬁ 1 (9%

X m— + Xy, —(——
dJ Xj oT Pl-2 k Xg oT Pl-2

ox 4 ox
=1 - (=1 = 0 2"
(BT )Pl—2 (aT )Pl_a ( 7)

thus, Equation (26) becomes

_ dln p; dln 7
L (0 1) =R Iy Dy, , * 5D, ] (28)

] (26)
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The combination of Equations (21), (22), and (28) according to the basic

Equation (20) yields

dp = Txg(afi 1) + Doy (6 - Ty (am) p) (20)

5 i[(Bln Pi) . (Bln 71)

2
= RT X
13 T 'Pyp T Py o

T
2
1+ Lyl ar  (29)
o, 1°1 ,1
1
Equation (29) written out for a binary becomes

_ dln p dln py
Ap = xj RT5 (——EE-J)Pl_g + % RT5( - )P1-2

dln 7 dln 7
RTE (——l k
* BT Doyl 3T )Pl_g - e T )Pl_g]

T. T.
. f2c° aT + f2 ¢ . 4T (30)
Y3 P,j Yk P,k 5
T1 Tl

where all the derivatives are to be evaluated at Tl.

The terms in Equation (30) will be examined further in pairs.

dln i)
oT P2

heat of vaporization, Lj,Ty, of component j at temperature T;. The re-

2
The term, RTl ( , 1s the Clausius-Clapeyron equation for the
striction of constant total pressure on the derivative has no signifi-
cance here. The substitution of the heat of vaporization for the
Clausius- Clapeyron equation involves the assumption that the ratio
RTl/Pl-a AV is essentially equal to unity. With this substitution the

first two terms of Equation (50) become

XJLJ;Tl + kak,Tl (51)

Each mixture of j and k has a different bubble point, Ty; therefore

the L's, as well as the x's, will be different for every composition.
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The limits on the integrals of the last pair of terms in
Equation (50) are the bubkle-point and the dew-point temperatures.
If these temperatures are not widely separated, the ideal-gas speci-
fic heat, Eg,j, at the average temperature should be a good approxi-

mation. Thus, the last two terms in Equation (30) can be reduced to

—O

(.YJ' ag,J + Yk Cp,k)(Tg - Tl) (52>

The middle pair of terms of Equation (30) can not be reduced
as straightforwardly as the others. Rearrangement and collection of

terms for this pair yields

2 dln 7 dln 7
RT (=L + k
1 [XJ( oT )Pl-g % T Pl_g]

O e AT - S O N
9xj Py_p OT 'Pyp xj P1p 9T Pl

RT) <§—$*1> [x3 @;_n_ﬁ) + x;;(a;n o 1=o (33)
P1-2 XJ P12 5 )

The terms in the brackets are almost equivalent to the Duhem(lS) rela-

tionship; however, in the Duhem relationship the derivatives carry

the additional restriction of constant temperature. In spite of the

lack of rigor the Duhem equation has been used extensively under iso-

baric and varying-temperature conditions, and it has been found satis-

factory in many cases under these conditions (see for example Dodge(l3)).

Therefore, the bracketed terms are set equal to zero by the Duhem equa-

tion; hence, the entire expression becomes zero. Additional discussion

of these relationships appears in subsequent paragraphs of this section.
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Rewriting Equation (30) according to Statements (31) and (32)
and Equation (55) and recalling that throughout the development
Xy =¥y =2y (The different letters were used merely to avoid confusion
as to which phase was under consideration at the time.) yields the
final working equation for the prediction of the integral isobaric heat

of vaporization of a binary

-0 -0
Ap = Z3 LJ;T]_ + zx Lk,Tl + (ZJ CP,j + Zx CP,k) (TE - Tl) . (34)

Throughout the development of this equation the composition terms had

to be in mole fractions and the temperatures in absolute degrees in
order to use a unique value for the gas constant, R. However, R does
not appear in the final working equation so that any consistent set of
units, such as mass fractions, calories per gram, and degrees centigrade
may be used successfully. The following data are required for the pre-
diction of integral isobaric heats of vaporization from Equation (34):
(1) isobaric vapor-liquid equilibria, (2) the heat of vaporization of
the pure components as a function of temperature in the temperature range
covered by the bubble points of the mixtures, (3) the ideal-gas specific
heat of the pure components as a function of temperature in the tempera-
ture range covered by the bubble points and dew points of the mixture.
The computations required by this equation are both simple and short.
The inherent assumptions involved in the derivation of Equation (34)

are not restrictive, but they are noted here in case estimates of the
magnitude of their effect are desired. The assumptions are (1) the mix-
ture under isobaric and varying-temperature conditions obeys the Duhem

equation, (2) the ratio RTl/Pl_EAX is essentially equal to unity for both
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pure components, (3) the pressure effect on the enthalpy of the vapor
between P).2 and zero pressure is negligible.

An investigation of the terms in Equation (33) with respect
to their relationship to the Duhem equation adds additional information
to the properties of the mixtures. First, however, it should be pointed
out that direct evaluation of Equation (33) is tedious and not likely
to produce satisfactory results. Graphical differentiation of the
activity-coefficient data is apt to introduce larger errors than the
assumption of applicability of the Duhem equation. Differentiation of
most of the correlating equations for activity coefficients, including
the Redlich-Kister(ss) equations, produces identically zerc results be-
cause the Duhem equation is inherent in their derivations.

Ibl and Dodge(32) have shown that the rigorous Duhem equation

for isobaric and varying-temperature conditions is given by

dln ¥ dln 7 1 T
et - sty " 8By == e (35)

or in the form used herein

dln 7 dln Tky 1 ,oT
x’j(-a-’;:‘)_i)l’ + % ( Bxd )P = - N_Ih - (EF)P (36)

where Agh is the integral heat of mixing at the bubble point. Substitu-

tion of this relationship for the bracketed terms in Equation (33) ylelds
ox dln 7 dln 7
Ty (e, o108 g, p * (g, )

» ,x 1 ,oT
= R‘l‘i (ﬁi)Plé[- 1 R (5;3')1,1_2] =g (37)
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Thus, Equation (34) might be written

=0 =0 1
)"P = Zij’Tl + ZkLk,Tl + (ZJ CP,j + Zx CP,k) (T2 - Tl) - AE-M . (58)

Whereas the addition of this new term enhances the knowledge about the
original assumption of zero for the expression involving the Duhem
equation, it does not greatly enhance the ability to predict integral
isobaric heats of vaporization, because integral heat of mixing data
at temperatures near the bubble point of the mixture are practically
nonexistent. It would be unrealistic to assume that heat of mixing
data taken at temperatures well below the bubble points would be appli-
cable at the bubble point. If, however, sufficient specific heat data
for the liquid mixture as a funétion of temperature up to the bubble
point are available, the integral heat of mixing data might be adjusted
to the bubble point temperature. It should be added, however, that such
specific heat information for mixtures is not readily available in the
literature.

The definition of the integral heat of mixing at temperature

T is
Ny,p = Hy,p - %5 By o - X Bep (39)
Differentiation of Equation (39) with respect to temperature at constant

pressure and composition and observation of the definition of specific

heat yields the variation of the integral heat of mixing with tempera-

ture.
My, Oy O, Oy
[ BT ]P,XJ - (.a-T—)P’Xj - XJ(S;J)P,XJ _xk(g,i—)P,Xj

=Cp,m - Xj Cp,j - Xk Cp,k (ko)
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The integral heat of mixing in, say, the liquid phase at any temperature
in relation to the integral heat of mixing at some base temperature,

say 25°C, is obtained by integrating Equation (k0).

T
1 1 1 1 1
Ny p = Ay o5 + eé (Cp,m - x5 Cp,j - %y Cp,y) AT (k1)

Data on the specific heat of the mixture are necessary because, as can
be seen in Equation (41), an assumption that a molal average of the
specific heats of the pure components can be used for the specific heat
of the mixture is equivalent to assuming that the integral heat of mix-
ing is the same at all temperatures.

Figure 3 on page 27 shows the comparison of the integral heat
of mixing of the acetone-water binary at the bubble-point temperatures
and at the constant temperature of 25°C. The 25°C data are those of
Kister and Waldmano(36) Specific-heat data for the mixtures(56) and
both pure components(55)u6’6u) were used in Equation (41) in conjunction
with bubble-point data(49) for the computation of the integral heats of
mixing at the bubble-point temperatures. It can easily be seen on the
figure that it is unrealistic to assume a constant integral heat of mix-
ing for this system. The heats of mixing, without regard to sign, are
on the whole much smaller at the elevated temperatures and can be safely
neglected in the prediction of integrai isobaric heats of vaporization

from Equation (38).

Application of Equilibrium-K Values

Edmister(l6) derived an equation for the calculation of inte-

gral isobaric heat of vaporization by reasoning from an enthalpy-temperature
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diagram similar to the one shown in Figure 2 on page 16 of the previous
section. His final equation requires knowledge of equilibrium-ratio-
K values and the ideal-gas specific heats of the pure components. The

equation is

K
}\'P o= R__T..____ng BZ Zi 1n —i-'-'é + Z‘ Zi AE(..) ()4'2 )
To-T7 1 Ky sL Lo *

where R is the gas constant; T; and T, are the bubble-point and dew-
point temperatures, respectively; z; is the mole fraction of component i
in the mixture of interest; Ki,2 is to be evaluated at To and is defined
as yi,g/x%,z, where Yi,2 is the concentration of 1 in the mixture of
interest in the vapor phase (numerically equal to zi) and X?}e is the
concentration of i in the liquid mixture which would be in equilibrium
with a vapor of composition y; at temperature Toj; Ki,l is to be evalu-
ated at T; and is defined as yf,l/xi,l’ where xi,l is the concentration
of 1 in the mixture of interest in the liquid phase (numerically equal
to zi) and y?}l is the concentration of i in the vapor mixture which
would be in equilibrium with a liquid of composition Xi?l at temperature
Tys Agg is the difference in the ideal-gas enthalples between T; and Ts.
The derivation embodies the assumption of the applicability of the Duhem
equation to the mixture of interest; and the assumption that the terms
% yi Aﬁg’T and g Xi Aﬁ%,T shown in Figure 2 on page 16 are constant over
the range T; to To and equal to % Vi Aﬁg}e and % X4 Aﬁ%’l, respectively,
over that temperature range.

A modified version of Edmister's equation is developed in the

subsequent paragraphs. The view point taken and the method of approach
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are similar to those of Edmister; however, additional terms are included
to more adequately define the variation of % >4 Aﬁi,T over the tempera-
ture interval between T; and Tp. The final result is an eguation which
contains the two terms already present in Edmister's equation plus one
additional term.

Equations (20) and (23) have been given previously on pages 18

and 19 where the salient features of each have been discussed.

- =l (A0) - =V
Ap = % xi(AHi,I) + g z, (AH;) % yi(AHi,e) (20)
= _ 0 = _ oln T,

In order to substitute a difference form of Equation (25), instead of
its present differential form, into Equation (20) for the guantities
Aﬁz’e and Aﬁi,l, Edmister integrated Equation (23) over the range from
T; to To under the assumption that Aﬁz’T and Aﬁ%,T were constant and
equal to Aﬁz’g and Aﬁz,l’ respectively, for any point between Ty and Tp

This assumption is followed here, exactly, for the integra-

tion involving the vapor phase. The immediate result is

-V
v RT: T f
My o= - —= 1 (43)

For the integration involving the liquid phase a deviation
from the course taken by Edmister is made. The term Aﬁ%’T for any point

between T] and To can be expressed by

T

-1 0 =l =1 1

My p= Hi p-H - 0H. (P - c aT (4k
1,0 = Hi,p-H coé,z,l T{ P,1 )
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where ﬁ% is the partial molal enthalpy of i in the liquid mixture at
the bubble point; AH éP)i 1 is the partial molal enthalpy difference
involved in the isothermal compression at Ty of the liquid from P;_, to
P (here (P) serves as a reminder that this expression is a function of
the terminal pressure, P, which in turn is a function of the terminal
temperature, T); the term containing the integral sign is the partial
molal enthalpy change involved in the isobaric heating of the liquid
from Ty to T at a pressure of P. §2,T in Equation (L44) is the ideal-gas

enthalpy at temperature T and 1s given by

o _ .0 T -T
B op=H o+ (o) & (45)

if the ideal-gas heat capacity is assumed to be independent of tempera-
ture for the T,-to-Tp temperature range. Substituting HO ,T from Equation

(45) into Equation (44) yields

T
0 -1 1 1
) AHy - Hy g - Aﬁbo&fi,l - Tf Cp,y aT (16)
1

T -Tp

=1 0
AHi,T = Ei,l + <T2 - T

Neglecting the effect of pressure on the enthalpy of the liquid phase and
=l

assuming that CP,i’ the partial molal specific heat of 1 in the liquid

phase, is independent of temperature between T and To, Equation (46)

becomes

1 0 0 1 1
DBy p=H 1 +Cpy(T-T) -H ;-0 (T-7) (47)

since Agg/(Tg - Tl) is equal to Cg,i according to the assumption given

following Equation (45). Collecting terms yields

Aﬁ% T = Aﬁi,l - (T - Tl)(a%,i - Cg,i) (48)

)
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Substituting Aﬁ%’T from Equation (48) into Equation (23) and integrat-

ing between Tl and T, yields

-1
TEdT 1 o To (7-T,) fl 2 N
—. —-— - - - = —
gl Tf = - @1 - %) Tf TZtar=r [ amf (%)
1 1 7L
i,l
Tp - T 1 0 =
Aﬁ% (_2____L) - (CP . - CP ) [1n 2 + ?l_:_Ea] = -R 1n —i,l (50)
L' 7T, )1 2 gy Ty 7L
1,2
_1 RT, T £y 1 0 T, T T
i,1 = - 12 n bty (Cp s - Cpy) ( 12,2, T,) (51)
-1, fip To-Ty, T

From this point the development is the same as that used by
Edmister. Substituting Equations (43) and (51) into Equation (20) and

recalling that for the constant-composition system x; = y; = z; ylelds

-V -1
RT f. : f. Xas
Ap = 12 v z; [1n 1!l/ylzl - 1n -L 1/ i,1]
To-T, i IV L)y T /x,
1 i,2/ 71,2 i,2/ 1,2
hh. 5 1 0
+ (== 1n & - ;) z zy (U P L)+ Z z; OH/ (52)
To-Ty T4 i i st

The definitions for Kj » and Kj j are glven on page 28 following Equation

(42). These definitions in conjuction with the fact that at equilibrium,

E} 7 = £; p, yleld the following expression for the equilibrium-ratio
J 2

K's.
T
Ki 2 = 122/xl 2 (53)
T ,0/v1,0
2
— -i,l/*,1
R (54)

= *
f1,1/¥1,1
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Substituting these K's into the first term on the right-hand side of

Equation (52) yields

- %

RT, T Ki o T3 1/v3 Ky 1 TV 4 /v

—L2 Tz [1n-22Z l/f,],;,/y%l - 1n lsl_rlﬁ,/yl’l] (55)
To-T7 1 3 0/ %g o 3 2/%1 2

Collecting terms and rearranging yields

-V , -]
RT, T ;o f: 1/¥3 £5 /x4
Erlia Z zy [1n 1.2 + 1n :%ll7‘iLL + 1n %%J“——iig] (56)
2=°1 1 K1 T 19,1 i ,2/%1

The latter two terms inside the brackets of Statement (56) can be elimi-

nated by application of the Duhem equation; one form of which is
Y z; dlnf; =0 (57)

Observing that z z; = 1 and writing the Duhem relationship in difference

form rather than in differential form yields

The term A 1n (fi/zi) can be expressed as

Aln (fi/z1) = 1n (fi/2z1)' - 1n (F1/z4)" = 1n Egilfil: (59)
F,/2,)"
where the prime and double prime indicate two different compositions
for the same phase, temperature, and pressure. This equation is appli-
cable to either the vapor or liquid phase. Thus, substituting Equation
(59) into Equation (58) yields
(£3/21)"

L z: ln ————— =
i (Ty/2z1)"
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Application of Equation (60) to the latter two terms inside the brackets
of Statement (56) eliminates them. Under these restrictions Equation

(52) becomes

RT, T K:
Ap = —2 Yz in-t24 % o AR

Tpo-T; i Kjp 1 507
T T 1 0
12 2
+ (&= 1pn=_T 7 i = Cp s 61
(T2 -1 Ty l) % i ( P,i P,l) ( )

This equation differs from that given by Edmister, Equation (42), only

by the inclusion of the last term.

The Enthalpy-Concentration-Diagram Approach

Figure 4 on page 3l is an enthalpy-concentration diagram for
a hypothetical binary mixture. The conditions on the H-x plane are con-
stant pressure and varying temperature. The integral isobaric heat of
vaporization for any composition is the vertical distance between the
saturated-liquid line and the saturated-vapor line at that composition.
The saturated-vapor and saturated-liquid lines, as shown in the figure,
are in general not straight. The frequently used McCabe-Thiele type of
distillation calculation, for example see Brown,(B) embodies the assump-
tion of constant molal heat of vaporization; that is, it is assumed that
on a molal basis the heat of vaporization of both pure components and
the integral isobaric heat of vaporization of all mixtures thereof are
equal. The McCabe-Thiele assumption is tantamount to the assumption
that on the enthalpy-concentration diagram the saturated-liquid and
saturated-vapor lines are not only straight, but also parallel. If
these lines are assumed to be straight, but not parallel, then the in-

tegral isobaric heat of vaporization of any mixture of the pure components



ENTHALPY ,H

-3l

Figure 4.

CONCENTRATION , MOLE FRACTION

Enthalpy~Concentration Diagram for a Hypothetical Mixture.
(Constant Pressure)




is given by a molal average of the heats of vaporization of the pure
components, each taken at the pressure of interest.

The method of construction of an enthalpy-concentration dia-
gram when the integral isobaric heat of vaporization data are not
available has been given by several authors, for example Dodge.(lz)

It is reviewed here quite briefly. A datum level for the enthalpies,
usually the pure materials in their normal state at 0°C and the pres-
sure of interest, is chosen first. The end points of the saturated-
vapor line are fixed by marking on the ordinate of each pure component
its saturated-vapor enthalpy. The remainder of the saturated-vapor
line is then established as follows: (1) on both pure-component ordi-
nates the vapor enthalpies are marked for various temperatures above
the saturation temperature - and in the case of the less volatile com-
ponent are also marked at temperatures below saturation, neglecting
pressure. effects on the enthalpy, (2) straight isotherms are then drawn
connecting the pure-component ordinates, (5) the dew-point temperatures
for a number of mixtures are determined from vapor-liquid equilibrium
data and are located on the H-x plane by interpolation between the iso-
therms, (%) these saturated-vapor values and the previously determined
end points are Jjoined by a smooth curve, which is the saturated-vapor
line. The use of straight isotherms in the vapor region assumes zero
heat of mixing in that phase, which is a reasonable assumption.

It is not likely that the isotherms in the liquid region will
be straight. The temperature at which the integral heat of mixing data
in the liquid phase are available serves as the starting point for the

constructions. The enthalpies of both pure liquids at this temperature
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are marked off on the respective ordinates to fix the end points of the
isotherm. The end points are Jjoined temporarily by a straight line.
The integral heats of mixing for a number of compositions are then repre-
sented by their proper distances above or below the temporary line,
according to sign. These points are joined by a smooth curve, which is
the base isotherm. Other isotherms are established at higher tempera-
tures by determining the enthalpy change accompanying an isobaric heat-
ing of the liquid mixture. The bubble-point temperatures for a number
of mixtures are determined from vapor-liquid equilibrium data; the sensible-
heat terms are then calculated up to these temperatures and marked on the
H-x plane. A smooth curve through these points establishes the saturated-
liquid line.

The foregoing graphical construction yields the entire enthalpy-
concentration diagram. However, if only a few integral isobaric heats of

vaporization are needed, it would be convenient to have the construction

features described in equations. These equations are

Tbp,i 1 'DP,m v
gSateVe =¥ 2 [/ Co  dt+ Li,p * [ cy , avl + AEy (52)
i 0 P,i t . 7
bp,1
. 25 . ;ijgm . ,
gsat.l. ¥, c- . atl + Aﬁi + Co dt (63)
The integral isobaric heat of vaporization is the difference between
Equations (62) and (63).
a e twl.o .
Ap = E?at Vo o Esa (64)

The assumptions involved in writing Equations (62) and (63), none of which

affect the rigor of the equations but which do involve the number of terms
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used and some of the limits on the integrals, are as follows: (1) both
pure components are liquids at the reference temperature (0°C), (2) the
integral heat of mixing data are available at only one temperature,

that being 25°C.

If the heat of mixing in the vapor phase is neglected, the
following data are required for the calculation of the integral isobaric
heat of vaporization by using the enthalpy-concentration-diagram
approach: (1) isobaric vapor-liquid equilibria, (2) specific heat of
the pure components in the liquid phase as a function of temperature
from 0°C to the boiling point, (3) the heat of vaporization of the pure
components at the pressure of interest, (h) the specific heat of the
pure components in the vapor phase as a function of temperature in the
vicinity of the boiling point, (5) the integral heat of mixing in the
liquid phase, (6) the specific heat of the mixture in the liquid phase
as & function of temperature up to the bubble point. The calculations
involved are simple, but tedious.

The relationships between the saturated-liquid and saturated-
vapor enthalpies and both the differential heat of vaporization and the
differential heat of condensation, which were described with equations
in the chapter entitled "Theoretical Background", can be illustrated
graphically on Figure 4 on page 34 with the aid of an equilibrium tie
line and the isotherms. The tie line joins a saturated liquid of com-
position x with a saturated vapor of composition y. Isotherms in both
the liquid and vapor regions terminate at these saturation points.

Equation (9) from the previous chapter gives the differential heat of
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condensation as

sat.l. sat.v. OEV. o
= H - H + (y - =
AT,P 2y Ly (y X) ( v >T9P ( 9)
The distance ~(§3at°v° - §iat°l°) is easily located on the figure. The

derivative is given by the slope of the vapor-phase isotherm at point
B:; however, since these isotherms are straight, simply an extension of

the Ty isotherm beyond the saturation point for a horizontal distance
oHY

of (y - x) yilelds a vertical rise of (y - x) (85—}

" Thus, the dif-

ferential heat of condensation from a vapor of composition y is repre-
sented by the distance A - C. A similar procedure applies for the dif-
ferential heat of vaporization, which as given by Equation (8) in the

previous chapter is

\ Hsat v sat.l + ( ) (aﬂl) (8)
P o o - 4 O - X_ - — s
T,p 7 Iy & TS p '

The difference between the saturated enthalples is the same; however,
the liquid-phase isotherm is not straight so, consequently, a tangent
must be drawn to it at point A, If the tangent is extended beyond the
saturation point for a horizontal distance of ~{(x = v) the resultant
) . i c
vertical rise of -(x - y) (=) shows that the distance B - D repre-
dx 'T,P

sents the differential heat of vaporization. It can be seen from these
illustrations that the essential data for making enthalpy balances for
distillation calculations are not differential heats of vaporization

or condensation, as suggested occasionally in the literature, but are

saturated-ligquid and saturated-vapor enthalpies, which are most readily

obtained from integral-isobaric-heat-of-vaporization data.
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Approximately 17 enthalpy-concentration diagrams have been
published in the literature for various liquid-vapor systems. Most are
on large enough graphs to be useful or are supported by tabular values.
A literature survey by Lemlich EE_Elg39) lists references to the origi-

nal diagrams.

Rigorous Application of Two-Phase, P-V-T-x Data

The integral isothermal heat.of vaporization can be computed
from a rigorous application of the two-phase, P-V-T-x data for a mix-
ture. A combination of the first and second laws of thermodynamics in
conjunction with the definition of enthalpy produces the general expres-
sion

GH = TdS"+ V4P (65)

At constant temperature the entropy term, dS, can be expressed in terms

of pressure, volume, and temperature by use of the Maxwell relationship

&, - @%»K (66)

Substitution of this expression into Equation (65) for dS yields

- (P 6
aBq «T(afr)v av + vdp (67)

Equation (67) can be integrated from the bubble point to the dew point

along a reversible isothermal path.

D.P. Vpp 3p Ppp
M= [ dHy=T [ (55 av+ [ Vap (68)
B.P. VBP T v - Pgp -

In order to carry out the indicated integrations a large amount of pre-

cise P-V-T-x data for the two-phase region are required. The computations
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are tedious, and precision is required because the data must first be
differentiated, then cross plotted, and finally integrated. Although
this method is outlined several places in the literature, for example
Hobson and Weber,(29) it has rarely been carried out because of the
scarcity of the data required and the computational difficulties in-
volved.

Bahlke and Kay(g) performed this type of calculation for a
commercial gasoline and a narrow-bolling-range naphtha. They begarn the
computation by plotting the pressure-volume isotherms for the two phase
region. The volumes involved are, of course, the combined volumes of
the equilibrium vapor-liquid mixtures which would be present during a
reversible, isothermal vaporization. From these pressure-volume iso-
therms a number of the corresponding pressures and temperatures were
read off for a series of different volumes. The pressures and tempersa-
tures so obtained were plotted as log pressure versus reciprocal tem~

perature with the different volumes as parameters. The slopes, (%Jfﬁ%i)
4L T /r

=

were taken at the temperature of the vaporization from each of *the

constant-volume curves in the series. The slopes in this form -

d log P . . OP ,
——e - could then be easily ftransformed t and plotted
(d /T >V y transformed to (5T>V nd plo

against tgé corresponding volumes. The area under the resulting {éz) -V

OT v
curve between the saturated-liquid volume and the saturated-vapor volume
is the value of the first integral on the right-hand side of Equation
(65)n In comparison to the above computation the second integral on

the right-hand side is simple to evaluate. Only the area under the
pressure-volume curve, which was previously plotted, for the temperature

of interest between the bubble-point pressure and the dew-point pres-

sure need be determined.
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Strickland-Constable(66) has carried out the evaluation of
two-phase, P-V-T-x data for the prediction of the heat of vaporization
of an equimolecular mixture of propylene and carbon dioxide at 0°C.

Equation (65) is not adaptable to the prediction of the inte-
gral isobaric heat of vaporization because the restriction of constant
pressure eliminates the second term on the right-hand side and reduces

the equation to an identity.

Clapeyron Equation for Mixtures

The Clapeyron equation, which is often used to predict the
latent heat of vaporization of pure materials, can be applied to mixtures
to relate the differential heat of vaporization or condensation to the
vapor pressure and specific volumes of the mixture. The differential
processes occur both isothermally and isobaricly - conditions which are
requisites for the applicability of the Clapeyron equation. This equa-
tion has been outlined in the literature, for example Hobson and Wéber,(29)
as a possible method of predicting heats of vaporization of mixtures,
but in practice it is seldom used because of the scarcity of the required
data on mixture behavior.

The Clapeyron equation for the differential heat of vaporiza-
tion for the removal of a vapor of composition y from an infinite amount

of liquid of composition x is given by

Mp=T8Y (-g--lT3 . (69)

The terms look identical to those appearing in the Clapeyron equation

for a pure material; however, a closer examination in view of the actual
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phase change being considered reveals that they are slightly more compli-
cated. T is simply the absolute temperature of the differential vapori-
zation., AV is not the difference between the volume of the saturated
vapor y and the volume of the saturated liquid x because the molecules
constituting a mole of the vapor y did not occupy in the liquid phase the
same volume as was occupied by a mole of the liquid x. The exact expres~
sion for the volume difference can be derived in a manner analogous to
that used on pages 7 through 9 , Equations (1) through (8), to derive
the relationship for the enthalpies involved in the differential heat of
vaporization. If one merely uses the appropriate volume terms in place
of the enthalpies in that development, the equation for the volume dif-

ference is obtained. Thus, for a binary

. 6.1 . vt (
AV = ySateVe | yS8T.L. | (X . Y) (;_) (70)
- v —X ox T,P

The last term, (%%) » 1n the Clapeyron equation is the slope of the pressure-
X
temperature curve for the bubbkle points of a mixture of composition x taken
at the temperature; T, of the vaporization.
The analogous equation for the differential heat of condensa-
tion for the removal of a li@uid of composition x from an infinite amount

of vapor of composition y is given by

oP
= TAV (= 71
where T 1s the absolute temperature; (%%) is the slope of the pressure-
v

temperature curve for the dew points of a mixture of composition y taken

at T; and AV is given by

VAR
AT = Vsatulu _ VsatoVn + (y _ X) (

— 2
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Stiehl gz_g£.565) Hobson and Wéber,(28) and Weber,(75) used
Equations (Yl) and (72) to calculate the differential heat of condensa-
tion of & number of hydrocarbon binaries at pressures ranging from 100
to 600 psia. They used precise dew-polmt=pressure-temperature, volu-
metric, and equillibrium data in conjunction with an equation of state
for the vapor-phase mixtures to make the calculations. The derivative
in Equation (72) was determined from a graph of XV versus y at constant
pressure. The Yy - y isotherms for the superheated-vapor region on this
graph were determined from an equation of state for mixtures, and the
saturated-vapor envelope was established with the aid of vapor-liquid
equilibrium data. From the yy - ¥y graph the slope of the isotherm taken
at the saturation point for the temperature of interest furnished the

%%i)T 5 term. Experimental data and a graphical differentiation of the
dew-point - pressure-temperature data yielded the other information re-
quired by Equations (71) ana (72).

The usual assumptions can be made to reduce the Clapeyron
equation to the simpler Clausius-Clapeyron equation. That is, if one
assumes that only the volume of the vapor in Equations (70) and (72) is
significant and that, furthermore, the vapor volume can be expressed with

sufficient accuracy by the ideal-gas law, then the equation for the dif-

ferential heat of vaporization becomes

M,p = RT® <aa$n P)x (73)

A similar equation applies to the differential heat of condensation.
The evaluation of Equation (73) requires only the pressure-temperature

relationship for the bubble points of the mixture. Equation (75) also
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presents a simple relationship whereby vapor pressures of mixtures could
be computed, if differential heat of vaporization data were available
over a wide range of conditions. The latter, however, are not prevelant

enough to make the technique of much practical value.

Simpler Approximations

A number of simple approximations, which are relatively easy
to apply, have been used to estimate heats of vaporization for mixtures.
Most methods have been directed toward the estimation of the integral
isobaric heat of vaporization, because it is this quantity which is mos®
often required in design calculations. Hydrocarbon mixtures have received
the bulk of the attention of those afttempting to establish rapid approxi-
mate techniques.

The most common approximation is the use of a mass average or
a molal average of the pure-component latent heats taken at the pressure
of interest. Another common approximation is based on the fact that on
a molal basis the latent heats of a number of pure materials are roughly
equal. On this premise i1t has been customary to assume constant molal
heat of vaporization for many types of mixtures. That is, an arithmetic
average of the pure-component latent heats is assumed to be a satis-
factory representation of the heat of vaporization for all mixtures there-
of.

Hougen and Watson(Bl) have published a chart for the heat of
vaporization of hydrocarbons and petroleum fractions which uses the molal-
average boiling point in degrees Fahrenheit and the molecular weight or
the A.P.I. gravity as correlating variables. The chart gives the heat

of vaporization at atmospheric pressure in Btu's per pound.
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Hydrocarbon mixtures sometimes have been characterized as
being equivalent to a hypothetical pure component for which the heat
of vaporization can be established. Edmister(l7) refined this technique
somewhat for the integral isothermal heat of vaporization. He proposed
that the calculation be made in two parts. The heat of vaporization of
the equivalent pure component at atmospheric pressure is first estimated
from Meissner's generalized chart(hz) using the pseudo-critical con-
cept to determine the reduced properties. A pressure correction calcu-
lated for isothermal conditlons is then added to the hypothetical pure-
component latent heat to determine the integral isothermal heat of vapori-

zation for the mixture.



EXPERIENCE OF PREVIOUS EXPERIMENTERS

Earliest Investigations

The first attempts to measure latent heats of vaporization
of mixtures were reported in the early nineteen hundredsg(20?59) These
early investigations were concerned with the vaporization of liguid air.
The investigators failed to recognize that the heat of vaporization of
a mixture is not a unique phenomenon. However, Shearer(59) noted,
"There seemed to be a distinct increase in the heat of vaporization as
the liquid boiled away." At the time these experiments were conducted,
the heat of vaporization of one of the pure components, oxygen, had not
been determined. These first investigations suffered from three import-
ant deficiencies. Firstly, the experiments were not disciplined by a
guiding definition of the heat of vaporization which was to be measured.
Secondly, the experiments suffered inherently from attempts to use the
same calorimetric equipment which was then used for latent heat measure-
ments on pure materials. Thirdly, the heat leaks were large.

In the early 1910°'s Tyrer(7of7lf72) and Fletcher and Tyrer(22>
published heat of vaporization data for several mixtures. The integral
isothermal heat of vaporization was adequately defined (Tyrer called it
vaporization at constant composition.), and Fletcher and Tyrer(ee) de-
signed an experiment to measure the defined quantity. Attempts were made
to develop a formula relating the so-called "vaporization at constant
composition" to a so-called "vaporization at constant pressure," an i1ll-
defined term somewhat like the differential heat of vaporization. The

calorimetric equipment and procedures employed by these investigators

-h6-
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did not lend themselves to highly accurate measurements; consequently

their data are not sufficiently rellable for present use.

Recent Investigations

In 1925 Dana(8) published an excellent paper on the heat of
vaporization of liquid nitrogen-oxygen mixtures. In this work Dana
measured the integral isobaric heat of vaporization. Large steps were
taken toward the correction of the aforementioned deficiencies of the
pioneering investigators. Adequate thermodynamic definitions of the la-
tent heats of interest were used as a guide for designing calorimetric
equipment suitable for the measurement of these quantities. Cognizance
of the heat leaks to the low temperature system was taken, and efforts
were made to reduce them. The basic features of Dana's flow calorimeter
have been used in more recent calorimeters constructed by other investi-
gators.

Recently, Tallmadge gg_gi.(67’68) and Plewes gz_gia(52’55’54)
used modified versions of Dana's calorimetric equipment for the measure-
ment of the integral isobaric heat éf vaporization of mixtures which
have boiling points above room temperature. The systems studied by these
investigators are listed in Table I.

Tallmadge gﬁ:&k.(67’68) gave considerable attention to heat
leaks in their apparatus. Calibrated heaters external to the unsilvered,
vacuum- jacketed calorimeter prevented conductive heat losses from the
system. A temperature difference between the calorimeter and its immedi-
ate surroundings, the magnitude of which was{governed essentially by the

difference between the bubble point and the dew point of a given mixture,
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was an inherent liability of their apparatus. Radiative heat losses
from the calorimeter to the surroundings, resulting from this tempera-
ture difference, were estimated, and the necessary corrections were

(67) the

applied to the latent heats. In two of the systems studied
maximum temperature difference probably did not exceed six centigrade
degrees, thus rendering the corrective terms for the radiative heat

losses rather small percentages of the latent heats. However, in the

(68)

other system studied the temperature difference between the calo-
rimeter and its surroundings was probably as high as seventeen centi-
grade degrees. The high precision of their latent heat data attests
to the accuracy with which they were able to estimate the radiative
heat leak.

(52,53,54)

Plewes et al. did not discuss the possibility of
heat leaks in their apparatus. Their apparatus was similar to that of
Tallmadge et al. in that a dew-point - bubble-polnt temperature differ-
ence between the calorimeter and the surroundings was an inherent fea-
ture. They had to deal with heat losses similar to those of Tallmadge
et al., but probably to a somewhat lesser degree because the silvered,
vacuum- jacketed calorimeter they used provided a smaller emissive coeffi-
cient for radiative heat transfer than that experienced by Tallmadge

et al. in their unsilvered calorimeter. In thelr initial paper Plewes
gﬁ_gio(s5> reported studies of systems which produced maximum tempera-
ture differences between the calorimeter and its immediate surroundings
of about fifteen centigrade degrees. However, the important measure-

ment of the amount of power delivered to the calorimeter was made with

only moderate precision; consequently, the heat-leak effects were
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probably masked by the uncertainties in the power measurements. In sub-
sequent studies(52’5u) their technique of power measurement attained a
high precision. However, the systems studied never produced an inherent
temperature difference between the calorimeter and its surroundings of
greater than about three centigrade degrees. These small temperature
differences would, of course, have produced only small heat leaks. The
high precision of the latent heat data presented in their latter papers
probably vindicates ignoring the heat leaks for those systems.

Stallaid and Amis(65) have published differential latent heat
measurements for the system dioxane-water. As was mentioned in a pre-
vious section, the differential latent heat of vaporization is the most

82)

difficult to deal with experimentally. Wrewsky( measured the differ-
ential heat of vaporization of one sulfuric acid-water mixture.
Table I lists the systems studied and reported in the litera-

ture referred to hereinbefore.

TABLE I

MIXTURES FCR WHICH RELIABLE, EXPERIMENTALLY DETERMINED,
IATENT-HEAT-OF-VAPORIZATION DATA ARE AVAIILABLE -

rtm————— e — e —— wm—— m—— ——
e — et ——— — — e e}

Mixture Type of Data Reference Remarks
Water-Formic Acid Int. Isobaric (54) 760mm Hg
Water-Acetic Acid Int. Iscbaric (52) 760mm Hg
Methanol-Benzene Int. Iscbaric (68) 735mm Hg (avg.)
Acetone-Chloroform Int. Isobaric (67) 738um Hg
Acetone-Benzene Int. Isobaric (67) 738mm Hg
Methanol-Water Int. Isobaric (53) 300 & 760mm Hg
Ethanol-Water Int. Isobaric (53) 300 & 760mm Hg
n-Propanol-Water Int. Isobaric (53) 300 & 760mm Hg
Water-Dioxane Differential (63) 760mm Hg
Sulfuric Acid-Water Differential (82) Only one conc.
Nitrogen-Oxygen Int, Isobaric (8) Avg. atm. press.




-50=

Other investigators have made enthalpy measurements on petroleum
fractions and other mixturesn(19’55341’u5’76> In most of these investiga~
tions the emphasis was on measurements of moderate accuracy over wide
ranges of temperature and pressure, including measurements in the super-~
heated-vapor region and in the subcooled-liquid region, as well as in

the two-phase region.



EXPERIMENTAL APPARATUS

Summary

A thermally insulated flow calorimeter which operated at a
steady state was used for the precise measurement of the integral
isobaric heat of vaporization. A continuous flow of the liquid mixture
to the calorimeter was vaporized by the consumption of electrical energy
in the heater. The vapor which escaped was condensed and collected for
an accurately timed interval. The mass of vapor collected and the energy
consumed by the heater during the timed interval were the principal nea-

surements required for the determination of the latent heats.

The Flow System

A modified version of a-flow system, which was used in cryo-
genic work by Dana and originally reported by him in the literature,(S)
was constructed for this investigation. The apparatus was designed for
operation at atmospheric pressure on mixtures with bubble points above
ambient temperatures. Steady-state operation of the apparatus is con-
sidered first. A discussion of the approach to the steady-state condi-
tion is taken up in the latter part of this sectiona

Figure 5 on page 52 1is a schematic diagram of the calorimetric
apparatus, showing the items in the same relative positions as in the
photograph, Figure 6 on page 53.. Only the functions and purposes of
the components are discussed herein. Details of the individual compo-

nents are given in subsequent sections.
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Figure 6. Photograph of the Apparstus.
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Consider the steady-state flow of a mixture, as it passed
through the apparatus,; beginning at the preheater. The function of
the preheater was to maintaln a relatively large, liquid inveuntory of
constant composition at a temperature only slightly below the bublble
point of the mixture. To accomplish this mission the preheater was
equipped with a thermoregulator, heater, thermometer, and stirrer. The
liquid mixture, near its bubble point, flowed by gravity to the calorime-
ter through the heavily insulated liquid line., Near the calorimeter the
liquid lire split into two branches. One branch fed the vaporizer; the
other fed the shield.

Consider, first, the branch which led to the vaporizer. The
liquid feed entered the vaporizer through a capillary tube in the bottom.
The capillary served to prevent any sporadic "kick back" of the vaporizer
contents into the liquid line which might have been caused by boiling
action in the vaporizer. The liquid feed, upon entering the vaporizer,
immediately mixed with the vigorously boiling contents, was vaporized,
and escaped from the vaporizer via the vapor line at the top. Heat for
vaporization of the feed was supplied by consumption of electrical erergy
in the vaporizer heater,

An identical vaporization process was carried out ir the
shield. The purpose of the shield was to thermally insulat the vapori-
zer from heat exchange with its surroundings. This aspect is discussed
in more detail in a subsequent section entitled "Thermal Shielding."

In order to accomplish its mission the shield performed the same func-

tions as the vaporizer; that is, it provided a place for vaporization
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to take place, housed the heater, and provided a volume for the neces-
sary liquid holdup. When in subsequent discussions, a given condition
is said to apply to the vaporizer, it should be recalled that the same
condition also must apply to the shield because identical processes
occurred in each,

The vapor which left both the vaporizer and the shield passed
through externally heated vapor lines to the preheater condensers. Ex-
ternal heat to the vapor lines was required to prevent the above-ambient-
temperature vapor from condensing on cold lines and falling back into
the containers. The vapor was then totally condensed in the preheater
condensers and returned to the preheater, thus completing the cycle.

In summary, the steady-state cycle was as follows: (1) liquid
at its bubble point flowed by gravity from the preheater to the vapori-
zer, (2) in the vaporizer it mixed with the contents, was vaporized, and
escaped via the vapor line, (3) the vapor was condensed and returned to
the preheater,

Control of the flow system rested with the vaporizer heater.
The power supplied to this heater determined the rate of vaporization,
which in turn set the rate of liquid flow by gravity to the vaporizer.

A most important feature of the calorimeter was that under
steady-state operating conditions the composition of the liquid mixture
which entered the vaporizer was identical to the composition of the vapor
which ‘left it. This condition can, of course, be confirmed by an ele-
mentary material balance around the vaporizer, which at steady state had

a constant liquid level with only one entering stream, the liguid, and
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only one exiting stream, the vapor. Yet, this condition may seem pars-
doxical in view of the fact that vapor which rises from a hoiling,

binary mixture is richer in the more-volatile component, than is the 1ig-
uid. Both statements are corrsct, because during the approach to steady
state from the initial state, where ligquid of the same compositior per-
vaded the preheater, liguid line, and vaporizer, the liguid holdup in

the vaporizer became progressively richer in the less-volatile component.
Finally, a composition was resched in the vaporizer such that the wvapor
which rose from the boiling contents was of identical composition to the
incoming liguid. The liguid contents of the vaporizer had thus attained
a composition exactly equal, or at least very nearly equsl, to that of
the equilibrium composition. For a more detailed discussion of the un-
steady-state operating period, the reader is referred to Appendix A where
an intuitive illustration and & time-varying material valance around the
vaporizer are presented.

A steady-state operation of the type described above is not
unfamiliar to chemical engineers. The similar performance of the re-oiler
of an equilibrium distillation column which is operating at ‘total reflux,
a hypothetical situation - but a much studied one, is familiar to most.
The popular Othmer still(u7> used for the determination of vapor-liguid

equilibrium data operates in a similar fashion.

Required Measurements

The flow system described in the previous section was ideally
sulted for calorimetric determinations of the integral isobaric heat of

vaporization for a number of reasons. Firstly, it permitted an almost
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direct measurement of the latent heat, as defined. ©Secondly, it per-
mitted operation at a steady-state condition which eliminated the prob-
lem of having to cope with time-varying temperatures and compositions.
Thirdly, it permitted simultaneous determination of isobaric, vapor-
liquid equilibrium data for the mixtures under study with only a small
expenditure of additional effort.

A considerable cycling period was required to bring the appa-
ratus to its steady-state operating condition. Once this condition had
been reached, the inlet and outlet conditions of the vaporizer corre-
sponded almost exactly to the defined initial and final states involved
in the integral ispbaric heat of vaporization - the initial state was
defined to be liquid of a given composition at its bubble point under a
given pressure, and the final state was defined to be vapor of the same
composition at its dew point under the same pressure. The liquid feed,
however, was not delivered to the vaporizer exactly at its bubble-point
temperature, but usually a few degrees lower. Thus, the electrical
energy consumed by the vaporizer heater, while used almost entirely for
the heat of vaporization, had to make up this small amount of sensible
heat. Equation (T4) indicates the important measurements which were re-
quired for arriving at the integral isobaric heat of vaporization.

Integral Iscbaric . _ {Power) (Time) _ Sensible Heat
Heat of Vaporization (Mass of Condensate) Correction

/o

(7h)

Reference is again made to Figure 5 on page 52. The flow

system was brought to a steady-state condition and operated in that manner
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for a periocd of time pricr to making the latent-heat measurements., The
ctual measurements were begun by simultaneously starting a timerand
turning stopcock number 2 so as to divert the cycling vapor into condenw-
ser number 2 and ifts attached, tared recelver. During the timed inter-
val of the determiration, several accurate current and volftage readings
were made on the vaporizer-heater circuit., The inlet temperature at
poirt TC 12 was measured several times during this interval, as were
the other temperatures a% points marked TC 13, TC 1k, TC 16, and TC 17,

The measurements were terminated by simultaneously stoping the timer and

I}

turning stopceck rumber 2 +o a straight-through position., A similar,
check determization was immediately made with the use of the number 1
stopcock, cordenser, and tared receiver. These measurements constituted
all that were required for application of Equation (74).

Durirg the unsteady-state operating period the temperatures
at all points were reccrded at inftervals. ©Several corsecutive, unvary-
ing temperature readings indicated that the epparatus had reached/sﬁeady
state. Temperatures, however, served only ag ar indication; in all cases

the steady-state cordition was verified by
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the liquid feed and the cordensate.

It kas heen pointed cu® in the preceding sectlion fthat the
liquid contents of +he vaporizer atitaired a composition which was in
equilibrium with the departing vapor. The ftemperature of the vaporizer
and the vapor composition were determired during the latent—heat measure-
rerts as a matter of course. In order to obfain tke vapor-liquid egul-
librium data only the composition of the liquid contents of the vapcri-

zer remained to be determined. At the conclusion of each determination
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a sample of this liquid was removed for analysis. Proper technique and
manipulation of valves A, B, C, and D permitted independent sampling of

any of the liquid contents of the system.

Thermal Shielding

In order to make precise calorimetric determinations of
latent heat, it is imperative that the measurements be made in a thermo-
dynamic system which is adiabatic, or in one in which the heat exchange
with the surroundings is accurately known. In the ideal calorimeter
accurate measurements of energy, mass, and time are made with no heat
exchange occuring between the calorimeter and its surroundings. For
adiabatic operation the ideal calorimeter must have either zero heat
transfer coefficients or zero temperature difference between it and the
surroundings.

A variety of methods have been reported in the literature
for maintaining thermal shields at the same temperature as their
associated calorimeters. These methods have all been applied to calo-
rimeters used to determine the latent heats of pure substances, but many
of the methods would be applicable, probably with more difficulty, to
calorimeters used for mixtures. Several investigators(uu’us) have used
shields which were heated externally by small electrical heaters at-
tached to the surface. Temperature sensing devices detected differences
in temperature between the calorimeter and the shield. These differences
were then corrected, either manually or automatically by adjustment of
the shield heaters. Manual adjustment would demand a considerable por-

tion of the operator's time and attention and distract him from other
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essential tasks. As a consequence, a numbter of complex, automatic

78, 81,83)

temperature-regulating-and-recording shields have been developed57’9?
Other investitcgators(2]"’403'41’1‘“5«"46"58’71:“> have used constant-temperature
baths of boiling liquids, condensing vapors, or heated liquids of suitable
viscosity and vapor pressure to establish shield temperatures.

All previous calorimeters used by other investigators for the
determination of integral isobaric heats of vaporization and reported in
the literature(8955968) operated with an inherent temperature difference
between the calorimeter proper and its surroundings. The magnitude of
the difference was essentially that of the dew-point - bubble-point tem-
perature difference for a giver mixture. For many mixtures this differ-
ence 1s rather small, but for the acetone-water and isopropyl alcochol-
water mixtures studied in this investigation the temperature differences
would have been large and would have caused large heat leaks in calorime-
ters of the previous design. Thus, in the calorimeter designed for this
investigation, the temperature difference between the calorimeter proper
(vaporizer) ard its surroundings had tc be eliminated; and in additionﬁ
the conductive; convective and radiative coefficients for heat transfer
had to be made as small as practicable.

Figure 7 on page 63 is a cross-section of the calorimeer
used in this investigation. In this calorimeter a temperature difference
between the vaporizer and its surroundings was eliminated by setting up,
in the shield, a steady-state vaporization process identical to the one
which was occurring in the vaporizer. This method was well suited for

calormetric work with mixtures,; and especially for the type of flow appa-

ratus used in this investigation, in that, the correct shield temperature
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was easily and automatically guaranteed regardless of the exact, final,
steady-state composition. Furthermore, no complex, automatically con-
trolled apparatus was required to maintain the temperature, and only a
minimum of the operator's attention was required to achieve excellent
results. Heat transfer by all modes was practically eliminated by this
technique.

In addition to the aforementioned precaution for temperature
control, the heat-transfer coefficients were reduced to a minimum by
conventional methods. The jacket immediately adjacent to the vaporizer
was evacuated to reduce the convective coefficient, and both the outer
surface of the vaporizer and the inner surface of the jacket were
silvered in order to reduce the radiative coefficient. The electrical
leads and the lines carrying material to and from the vaporizer provided
a means by which conductive heat transfer occurred. The associated con-
ductive coefficients were reduced by the use of electrical leads as small
as possible, consistent with the limits of electrical resistance tolera-
ble in them, and by construction of the lines from thin material of low
thermal conductivity.

The heat leak along the liquid-feed capillary at the bottom
of the vaporizer which resulted from a higher temperature at the vapori-
zer end of the capillary than at the inlet end of the capillary was re-
duced by the rapid flow of tﬁe liquid feed through the capillary in the
opposite direction. In addition, the low thermal conductivity of the
glass and its thin wall, were favorable to the reduction of this heat

leak to a small quantity.
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A gquantitative discussion of the effect of the very small,
but ever present, heat leaks on the results is taken up in a subse-

quent section entitled "Effects of Flow Rate."

The Calorimeter

The word calorimeter is used here to refer to all of the
apparatus, except the flow lines, shown on the left-hand portion of
the schematic flow diagram, Figure 5 on page 52. The calorimeter
consisted of two main components. Tre vaporizer and its vacuum Jacket
formed the heart of the calorimeter; the shield constituted the other
main component. Figure T on page 65 is a cross section of the calorime-
ter.

The vaporizer and its vacuum Jjacket constituted a single unit
constructed of standard-wall Pyrex glass. The outside surface of the
vaporizer and the inside surface of the Jacket were silvered; the Jacket
was then evacuated to a very low pressure by a mercury diffusion pump
and sealed off. Both the vaporizer and the vacuum Jjacket were cylindri-
cal in shape. The vapor outlet tube at the top was 1hmm in inside diame-
ter and extended approximately 5/h inch beyond the top of the Jjacket.

The outside surface of this fube was tapered towsrd the top. A spiral-
wound capillary tube extended from the bottom of the vaporizer through
the evacuated space to the bottom df the Jjacket where it joined the in-
let tube., This capillary was thin walled with an inside diameter of
1.3mm and a passage length of approximately 6 inches. The inlet tube
was bmm in outside diameter and extended approximately 2-1/2 inches be-

low the Jjacket.
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The shield was constructed for the most part from brass and
consisted primarily of a cylinder with éwo removable ends. A brass
flange was silver-soldered to each end of the cylinder, and a grocve
was machined into each annulus to accommodate a Teflon O-ring which
formed the seal between the flange and the *top or bottom. The flanges
each contained eight tapped holes for the accommodation of the machine
screws which secured the *top and bottom. A sight glass was installed
on one side of the cylinder. Two, l/2=inchy brass pilpe fittings, which
were milled to fit the wall curvature, were silver-soldered to the wall
over 5/4~inch holes. Standard brass fittings for 5/8minch gauge glass
and the glass, itself, were installed. The pipe threads were sealed
with soft solder. The stem packings in the fittings were replaced with
packings cut from Teflon sheet, and the gauge-glass packings were re-
placed with modified Teflon V-rings (nominal size: lf2 inck by 1 inch).

The top of the shield contained the openings for the beginning
of both vapor lines and an outlet for thermocouple wires. A 1/2-inch
copper tube which extended from,l/E inch below the bofttom of the plate,
where it met the outlet tube of the vaporizer, to 5/8 inch above the
top was silver-soldered into the center of the plate. The top of the
copper tube was tapped to accommcdate a l/hminch‘brass nipple to which
was attached a l/hminch brass cross. The left side of the cross was
fitted with a gland (Conax MIG-20-2S Teflon sealant) which sealed
thermocouples number 13 and 14. The right side was fitted with a gland
(Conax TG-24-Ak Teflon sealant) which sealed the vaporizer heater leads.
The top of the cross accomodated a brass compression fitting which con-

tained a short length of 5/8minch copper tubing for the beginning of
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the vapor line. All threads and jolnts were adequately sealed with
soft solder. The vapor line from the shiel&foriginated directly be-
hind the line from the vaporizer as one looks at Figure T7; however,
the shield line was purposely misplaced to the right on the figure for
illustrative purposes. The top of the shield was tapped for the accomo-
dation of a brass compression fitting which contained a short length
of 3/8-inch copper tubing for the beginhing of the shield vapor line.
The bottom of the shield provided openings for the capillary
inlet line to the shield and the vaporizer inlet tube, as well as, an
outlet for thermocouple wires and the shield-heater leads. In addition,
it furnished support for the shield heater and the vacuum-jacketed
vaporizer. A coil of l/8-inch copper tubing with a passage length of
8 inches was silver-soldered into an inlet hole to one side of the
bottom. Five, 1/8-inch brass nuts were soft-soldered in an upright
position to the inside of the bottom of the shield in a pentagonal con-
figuration to form the base for the shield heater supports. Brass
machine screws held Teflon tabs (approximately l/h inech by 1/2 inch by
1/8 inch) to the nuts. Slots cut into the top of the Teflon tabs firmly
secured the bare wire of the shield heater. A recessed space, which
permitted liquid to flow through the inlet tube to the vaporizer un-
affected by the temperature of the shield contents, was formed by a
one-inch brass tube extending 1/2 inch into the shield. This tube was
silver-soldered to the bottom of the shield, and it supported, at its
top, a circular piece of copper 1-1/2 inches in diameter which had the
same contour as the bottom of the vacuum jacket. This dished piece,

which contained a 3/8-inch hole at its center, was silver-soldesred to
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the top of the tube. A l/h-inch, brass, flared tubing connector was
cut in half, drilled out to 21/6% inch, and silver-soldered over the
hole in the copper plece.

Connection between the top of the shield and the vaporizer
outlet tube was effected by a specially formed Teflon sleeve. This
thin-walled sleeve was one inch long and had an inside diameter of
1/2 inch in its upper half. The lower half had the same contour as
the tapered outside surface of the vaporizer outlet tube. An epoxy-
resin adhesive (Armstrong Products Company type C-1) was applied be-
tween the glass and the sleeve to make certain that any small irregu-
larities in the glass or sleeve did not lead to leaks between the shield
and the vaporizer. The strength of the bond with the Teflon sleeve need
not be of concern here, because in the assembled calorimeter this bond
was not under stress. It was observed, however, that the bond was of
sufficlient strength to support the weight of the glass unit. In its
quite limited exposure the resin was adequately resistant to attack by
the vapor. The top of the Teflon sleeve was secured tightly to the
copper outlet tube by forcing it over the tube. In addition, a brass
tubing clamp was installed to make certain of the seal.

In assenbling the calorimeter the bottom of the shield was
secured to the upright cylinder, and the vacuum~jacketed vaporizer,
which was joined to the top of the shield by the Teflon sleeve; was
carefully lowered into position inside the shield. The bottom of the
vacuum Jjacket was cushioned on the copper support by a coil of 2k ~guage

Teflong spaghetti. A check for perfect alignment of the parts, which
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was necessary to prevent damage to the glass; was made before the top
of the shield was secured to the cylinder. ;A specially constructed
Teflon ring with a wedge-shaped cross section was forced over the out-
side of the inlet tube in a position such that it could make the seal
between the tube and the modified fitting. A nylon nut, manufactured
for connectors used in conjunction with l/hminch polyethylene tubing,
was slipped over the inlet tube and tightened to complete the seal at
the bottom.

The entire calorimeter was insulated on its outer surfaces
with about one inch of Fiberglas and then covered with a cloth jacket.
The exposed parts of the sight-glass fittings were covered with molded
asbestos.

The calorimeter was supported on the underside of the top
flange by Flexaframe rods, which facilitated adjustment of the eleva-

tion of the calorimeter during preliminary experiments.

Auxiliary Equipment

The auxiliary equipment consisted of all the apparatus
associated with the calorimeter in the flow system, except the electri-
cal equipment. It can be broken down into three main categories - the
preheater, the flow lines, and the collection system.

Figure 8 on page 68 is a sketch of the preheater. It con-
sisted primarily of a shell constructed from a modified stainless-steel
beaker and a brass top fabricated to accommodate and support a variety
of apparatus. The top of a 5800-ml, stainless-steel beaker was cut off

at a height of 7-5/4 inches to form the shell. A brass flange was
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gilver-scldered to the top of the shellyand a groove was machined into
thg annulus to accommodate a Teflon O-ring which formed the seal be-
tween the flange and the top. The flange ccntained 12 tapped holes for
the accammodation of the mschine screws which secured the top. A sight
glass similar to the one previcusly described for the calorimeter was
installed on tue shell. Thin, brass baffles, approximately one inch
by two Inches, were attached to small tabs, silver-soldered to the in-
side of the shell in an irregular configuration, in order *to facilitate
better mixing of the contents. The liquid outlet from the shell was
located oppcosite the, sight glass about 5/# inch above the bottom. At
this point a l/h»inch, brass pipe fitting, milled to fit the wall curva-
ture, was silver-soldered to the shell. This fitting accomodated the
main, liquid-line valve (Hoke %06M). A drain valve was attached to the
bottom of the shell in a similar manner.

The top of the preheater contained three lines from varicus
condensers, a packing gland for the thermometer, two heater terminals,
a thermoregulator, and the packing gland for the stirrer. The lines
from the three condensers all terminated in short lengths of 3/8-inch
copper tublng which were silver-soldered into holes in the %top of the
preheater. The thermometer (Cenco 19245-C), which was sealed in the
top, bad a range of O tc 100°C with 0.1° subdivisios. Accurate read-
ings were not required of this thermometer, hence its calibration was
unnecessary. The active section of the copper-sheathed heater was bent
into an almest circular shape with a diameter a 1little less than that

of the shell., The "cold" sectlon of the heater extended through the vepor space,



ard the terminals were sealed in the top. These seals were effected by a Teflon
gasket between the bottom nut of each of the electrically insulated
terminals and the bottom of the plate. A Teflon gasket somewhat larger
in inside diameter than the collar of the thermoregulator provided the
seal between its flange and the top of the preheater,

The center of the top of the preheater was tapped to accomo~
date the packing gland for the stirrer, Teflon V-rings (nominal size:
1/4 inch by 5/8 inch) were used as packing. The stirrer was powered
by a Sargent-Cone-Drive stirring motor adjusted for an operation that
gave adequate agitation without excessive splashing. The l/h-inch,
stainless~steel shaft was equipped with two propellers approximately
l~l/2 inches long. The lower propeller was positioned lmB/h inches
from the bottom of the shell, and the other was located 5~5/8 inches
above the bottom.

The entire preheater was insulated on its outer surfaces in
the same manner as the calorimeter. The preheater; like the calorimeter,
was supported on the under side of the flange by Flexaframe rods which
permitted adjustment of the liquid levels.

The liquid line, as shown in Figure 5 on page 52 , began at
the main, liquid-line valve, which was attached toc the preheater, and
extended to the calorimeter where it divided into two branches. The
lines consisted of l/%-inch copper tubing and brass compression fittings.
Because of their short lengths the lines seemed to be more fittings
than tubing. At the point where the lines divided, the bottom port of the

l/h—inch brass cross was fitted with a valve (Hoke 506M) to which the
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sampling apparatus was attached. The vaporizer branch contained a
valve (Hoke 306M) and a l/8-inch brass tee which accomodated a gland
(Conax MTG-20—ES) used to seal the wires of thermocouple number 12,
The end of the vaporizer line was Jjoined to the glass inlet tube with
a short length of thin-walled Teflon tubing which was forced over the
glass and secured to the copper tubing by a tubing clamp. The shield
branch contained only a valve (Hoke 504) and the necessary fittings.
Teflon was used for the steam packing in all valves. All pipe threads
were sealed with soft solder. The lines were wrapped with Fiberglas
insulation to a diameter of about two inches and then enclosed in a
cloth Jjacket.

The vapor lines, as shown ip Figure 5 on page 52, extended
from the calorimeter to the preheater. The lines were constructed of
10-mm, Pyrex glass tubing. They were Jjoined to the short pieces of
copper tubing, which protruded from both the calorimeter and the pre-
heater, by short lengths of thin-walled Teflon tubing forced over the
glass and secured to the copper tubing by tubing clamps. Three-way
stopcocks with 4-mm bores were placed in the lines as shown. West-type,
Pyrex glass condensers, 12 inches long with drip tips and 24/40-ground-
glass Joints, were installed in the vapor lines. Connections to the
condensers were made with the ald of bushing-type adapters and necked-
down 24/40-ground-glass joints. All ground-glass joints were lubri-
cated with Dow Corning Silicone Lubricant. The lines were wrapped with
heating tapes from the points of origin at the calorimeter to the tops
of the condensers. One layer of Fiberglas insulation on top of the
heaters helped to contain the heat and even-out the temperature distri -

bution.



Two, Allihn-type condensers, each nine inches long and

attached in series to the preheater; were open to the atmospuere and

ﬂ.l

served to prevent liguid loss from the preheater, which subsequently
would kave changed the composition. In addition, the top condenszer
provided a convenient opening through which material was charged to
the preheater without removing the top.

The collection system consisted of two condensers, two re-
ceivers, and a timer. The receivers were modified,; 125-ml Erlemmeyer
Tlasks with 24/40~groundmglass Joints. They can be seen in the photo-
graph on page 53 on top of the small platform below the condensers.
During operation of the apparatus;, each receiver rested in a beaker
of crushed ice and was elevated so as to attach directly to the bob-
tom 2k LC-ground-glass joint of its condenser. No grease was used on
this Jjoint. In the attached position the modified flask was open to
the atmosphere via a coil of 4-mm glass tubing. The passage through
the coil began in the flask wall Jjust below the ground-glass Jcin® and
extended externally almost tco the bottom of the flask. A+ that point
the coil turned upward in a straight tube which terminated in a small
opening at a height approximately equivalent to the center of the
ground-glass Joint. This circuitous passage through the dce-filled
heaker prevented losses by evaporation from the receiver, Light-weight
tops from weighing bottles neatly stoppered the recelvers when they
were not attached to the condensers.

The length of time for which the condensate was collected
was recorded on a stop watch which had C.l-second divisions. The stop

watch was checked several *imes with the Michigan Bell Telephone Company
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time signal and with an electric timer over a 20-minute interval. The
differences were never more than 0.2 second, and they were neither
consistently fast nor consistently slow; consequently, the differences

must be attributed to the operation of the stop-start button.

Heaters and Electrical Circuits

Four electrical heaters and the associated circuits consti-
tuted integral parts of the apparatus. They were (1) the vaporizer
heater, (2) the shield heater, (3) the preheater heater, and (4) the
vapor line heaters. In addition, the thermocouple and potentiometer
circults formed equally important components,

The vaporizer heatér was constructed from 40 inches of 36-guage
platinum wire. The wire was colled on a 5/52_inch arbor, and for sup-
port in service 1t was slipped over a sealed, glass, melting-point tube
formed into a helix of about 3/8—inch inside diameter. The room tem-
perature resistance of the heater was approximately 8-1/2 ohms. Twenty-
four-gauge copper leads were soldered to each end of the platinum.
Approximately l-l/2 inches above the heater coil, a position which corre-
sponded approximately to the average liquid level in the vaporizer,
potential leads of 24-gauge copper wire were soldered to the current
leads. This arrangement permitted the very small potential drop in
the leads to be included in the measurement of the potential drop across
the heater. All leads were insulated with 24-gauge Teflon spaghetti.

The four, relatively short leads were adequate support for the heater

coil.
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Figure 9 on page 75 shows the circuit for the vaporizer
heater. The circuit consisted of two parts - the A.C. section which
was used during the long cycling period in order to conserve the
batteries, and the D.C. section which was used while the actual meas-
urements were taken. The A.C. power was controlled by a variable
transformer. The A.C. ammeter and voltmeter aided in the power adjust-
ment. The D.C. power was supplied by three, 12-volt, lead storage
batteries. These;batteries were frequently recharged in order to keep
the specific gravity in the range from about 1.225 to 1.235. Any one
or any combination of the batteries could be switched into the circuit,
as desired. The power consumed by the vaporizer heater was controlled
by a combination of the number of batteries in the circuit and the ad-
justment of the water cooled, 35-ohm and 5-ohm variable resistors which
were in series with the heater. The 35-ohm resistor afforded coarse
control, and the 5-ohm resistor was used for fine control. The D.C.
ammeter and voltmeter were used only for the adjustment of the power
delivered to the heater; the voltmeter was switched out of the circuit
after the adjustment had been made.

An accurate calculation of the power consumed by the heater
was made from determinations of its current and potential drop. The
potential drop was determined from the measurement of the potential
across the 100-ohm standard resistor; which was part of the 10C-ohm -
10,000~chm combination connected in parallel with the heater. The cur-
rent which passed through the heater was determined from the measure-
ment of the potential across the O.l-ohm standard resistor, which was

in series with the heater. A correction was applied for the small
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amount of current which was shunted throuvgh the 100-ochm - 10,000-ohm
circuit. The equation used to calculate the power from the two poten-
tial measurements is given in Appendix B.

The Leeds and Northrup, 100-chm and 10,000-ohm standard re-
sistors were of the National Bureau of Standards type and possessed
recent certificates from the National Bureau of Standards which veri-
fied the actual resistances as 100,000 absolute ohms plus or minus
0,005 per cent and 10,000.5 absolute ohms plus or minus 0,005 per cent.
The resistance of the leads and switch between these resistors and the
heater was measured as approximately 0.2 ohm, which is less than the
stated uncertainty in the 10,000-ohm resistor. The Leeds and Northrup,
0.l-ohm, standard resistor of the Reichsanstalt type also possessed a
recent National Bureau of Standards certificate which verified its
actual resistance as 0.099995 absolute ohm plus or minus 0.0l per cent,
A1l three of the resistors were immersed in an oll bath to a level al-
most even with the top of the 0.l-ohm resistor.

The shield heater was constructed from approximately ?wl/2
feet of 28-gauge, Chromel-C wire. Its room temperature resistance was
approximately 32 ohms. The wire was coiled on a l/8—inch arbor. The
strength of the wire coil made the support given it by the five Teflon
tabs attached to the bottom of the shield more than adequate.

The circuit for the shield heater was quite simple. The
heater was connected through a fuse and an ammeter to the output side
of a variable transformer, which was used to control its power consump-

tion.,
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The preheater circuit is shown in Figure 10 on page 7T8.

The circuit provided a siwmple on-off control for the thermostated
liquid bath. The temperature was quite easily controlled to within
plus or minus 0.05°C. The full 500 watts of the heater were utilized
during the early stages of an operation in order to rapidly bring the
liquid contents of the preheater to the desired temperature. Once the
operating temperature was reached, the variable transformer which con-
trolled the voltage applied to the heater was adjusted so that the
correct temperature could be maintained with only a minimum number of
interruptions of the power supply by the control circuit. The presence
of the variable transformer in the circuit required a modification of
the Trimount Electronic Level Control, which had the function of con-
necting terminals 2 and 3 when heat was required; to prevent burning
of its relay contacts. A 100-ohm resistor and a one-microfarad con-
denser connected in series between terminals number 2 and 3 served
this purpose.

The four commercial heating tapes (60 ohms, two of 80 ohms,
and 100 ohms) wrapped on ‘the vapor lines were connected in parallel
through a fuse and an ammeter to a variable transformer which was used
to control their power consumption.

Copper-constantan thermocouples with bare junctions were used
to measure temperatures at the points indicated on Figure 5 on page 52 .
The thermocouples were Jjoined with soft solder, but not twisted, at
the junctions. One thermocouple was used for the ice-point reference
Junction, and the remainder were soldered to the terminals inside the

switch. This entire unit was then used in the calibration of the
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thermocouples in the controlled-temperature medium of a stirred-liquid
bath. The calibration curves for the thermocouples used are given in
Figure 37 of Appendix E. The wires were covered with a high tempera-
ture insulating enamel. In addition, ceramic insulators were used on
numbers 16 and 17; the remainder were insulated with Teflon spaghetti.
Thermocouple number 12 was constructed from 30-gauge wires
and was used to measure the liquid inlet temperature to the capillary.
The Jjunction was l-mm in cross section and was located exactly at the
entrance cf the l.3-mm capillary. Thus, the average inlet temperature
was determined with one position of the thermocouple. Thermocouples
number 13 and 14 were also constructed from 30-gauge wires and were
located inside the vaporizer. Number 13 was submerged in the liquid
about 1/2 inch above the heater. Number 14 was located in the vapor
stream at the top of the vaporizer. Its size and environment were
favorable for accurate temperature measurement. That is, it bad a
small junction, was located in the rapldly moving vapor stream, and
"saw" silvered walls which were at the same temperature as the vapor
itself. Numbers 13 and 14 were hoth attached to the insulated heater
leads to insure their location at the desired position. Thermocouples
number 16 and 17 were constructed from 24-gauge wires and were located
inside the shield. Number 16 was located lm5f8 inches below the fop
of the shield in the vapor space. Number 17 was used for measuring the
liquid temperatures and was located l~1/4 inches above the botitom of
the shield. The ceramic insulators used on both 16 and 17 also served

as support for the wires.
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The potential-measuring circuit and the thermocouple connec-
tions are shown in Figure 11 on page 8l. The potential measurements
were made with a Leeds and Northrup, K-2-type potentiometer and suita-
ble auxiliary equipment. Two Eppley standard cells (Nos., 132182 and
6101LL) were used during the work. At 25°C their emf's were 1.01867
and 1,01881 absolute volts, respectively, as determined with a Weston
cell (No. 15559) of the unsaturated type which possessed a recent
certificate from the National Bureau of Standards. A ILeeds and Northrup,
type-2500-C galvanometer was used to detect unbalances in the potenti-
ometer circuit. A 330~-ohm damping resistance was installed between the
galvanometer and the potentiometer. The unbalances were indicated on
the etched ground glass of a Leeds and Northrup, type-2100 lamp and
scale located at a distance of one meter from the galvanometer mirror.
Four, 1.5-volt dry cells in a series-parallel connection supplied the
working current for the potentiometer.

A pinch-type; DPDT switch was the hub of the potentiometer
circuit. Its center terminals were connected to both the emf terminals
of the potentiometer and the inner contact rings of the multipoint
thermocouple switch. With the thermocouple switch in an open pcsition
the potential across either the 100-ohm or the O,l=-ohm standard resis-
tor could be applied to the emf terminals of the potentiometer by throw-
ing the pinch switch. With the pinch switch in an open position any
of the thermocouples could be connected directly to the potentiometer.,
The thermocouples were attached to the ten-point, double-pole switch

as shown in the figure.
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Analytical Equipment

Analyses of the mixtures were determined from the measure-
ments of the density of the liquids in calibrated pycnometers. Hot
liquid samples were withdrawn from the system through the sampling
valve, D, (Figure 5 on page 52 ) and were cooled in the detachable
sample cooler before delivery to the pycnometers. The condensate
samples were taken directly from the receivers.

The volumes of six pycnometers of various sizes (nominally:
one 5-ml, four 10-ml, and one 25-ml) with ground-glass joints and caps,
which contained capillary perforations, were determined by calibration.
The calibrations were made at 25°C and 35°C with double-distilled water
in the constant-temperature medium of a well agitated, thermostatically
controlled water bath. The temperature, which was easily controlled
to plus or minus 0.05°C, was observed on a mercury-in-glass thermometer
(Prince No. 460641) which possessed a recent certificate from the National
Bureau of Standards. The pycnometers were submerged to a depth approxi-
mately 1/2 inch below the top of the caps by custom-fitted suspensions
fashioned from l/8-inch copper tubing and attached to the side of the
bath. The weights of the pycnometers were determined quickly and easily
on a Christian Becker Projectomatic Balance (Model AB-1).

The detachable sample cooler consisted primarily of a coil of
l/k-inch copper tubing soft-soldered into a number—le/E tin can. In
service the can contained crushed ice which surrouned the coil. Both
ends of the coil protruded through the side of the can. A short length

of polyethylene tubing was installed for flexibility between the top
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of the protruding coll and the fittings used to attach the cooler to
the sampling valve. The bottom end of the colil delivered the sample

directly to the pycnometer,

Msterials
Reagent~grade isopropyl alcohol of 99.91 per cent purity
marketed by the J. T. Baker Chemical Company was used without further
purification.
Reagent-grade acetone of 99.60 per cent purity marketed by
Merk and Company, Inc. was used without further purification,
Double~distilled water from the University Chemistry Store

was used for all dilutions and calibrations.



EXPERIMENTAL PROCEDURE

Summary

The culmination of the experimental procedure was reached
during a timed interval in which the actual data used for the determi-
nation of the integral isobaric heat of vaporization were taken., Dur-
ing this interval measurements of mass, power, and temperature were
made on the calorimeter. Iess engaging, but of no less importance to
the final results, were the prerequisite procedures of preparation for
the run and of cycling the mixture in the apparatus. The post-requisites

of sampling and analysis were likewise indispensable.

Preparation

The preparation period was considered to have begun with the
routine laboratory tasks and to have extended to the time at which the
first vapor escaped from the shield.

A liquid mixture approximately of the composition of interest
was charged to the preheater through the opening in fthe top of the re-
flux condenser. The liquid was allowed to run into the shield and
vaporizer until it reached a level of 5~l/2 inches from the bottom of
the shield, as shown in the sight glass. At that time the valves in
the shield and vaporizer branches of the liquid line were closed, and
the liquid level in the preheater was brought to 4w1/2 inches from
the bottom, as shown in its sight glass. Experience gained from pre-
liminary experiments with various adjustments of the Flexaframe sup-

ports indicated that these levels were desirable and easily maintained.

~84-
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The entire composition range was covered by beginning with
a rich mixture of the more volatile component, either isopropyl alcohol
or acetone. Thus, the more frequently used charging process consisted
of the dilution of the rich mixture already in the preheater with double=~
distilled water. However, after a number of dilutions the preheater
was drained and refilled with a completely fresh mixture as previously
described.

After many runs, which began with the same liquid composition
everywhere in the system, had been made with the observation that a
steady state was attained as described in a previous section entitled
"The Flow System," it was decided to shorten the lengthy cycling period
by assisting in the approach to steady state. The final contents of
the shield and vaporizer were always leaner in the more volatile compo-
nent (isopropyl alcohol or acetone) than were the initial contents.

(An exception to the foregoing statement occurred for compositions of
the isopropyl alcchol-water binary between the minimum-boiling azeotrope
and pure 1sopropyl alcohol; however, this case is not relevant to the
discussion here because all runs in this composition range happened to
have been made with the original procedure of beginning with the same
composition throughkout the apparatusa) Therefore, a mixture with a
higher concentration of water than the mixture in the preheater was
charged to the shield and vaporizer through the sampling valve. How-
ever, this specilal, shield-vaporizer charge always contained less water
than the final contents of the shield and vaporizer in ordervto guaran-

tee that steady state was at all times approached from the same direction.
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That is to say, to guarantee that the concentration of water in the
shield and vaporizer always increased with time and never decreased.

In order to insure this conditiorn for the vaporizer; it was necessary,
because of the relative volumes of the apparatus involved, to drain
from the vaporizer and its liquid line a volume of the special mixture
equivalent to the 1iine volume and to then allow the line to refill with
the mixture from the preheater,

After the correct mixture was charged to the apparatus and
a number of rcutine tasks, such as turning on cooling water, were com-
pleted, the preheater was readied. ' Stirring and heating were begun,
and the thermoregulator was adjusted to control the temperature at ap-
proximately two centigrade degrees lower than the bubble point. As the
temperature of the contents approached the control temperature, the
voltage applied to the heater was reduced to a level, usually between
27 and 60 volts, which experience had shown was satisfactory for malin-
taining a constant temperature with a minimum of interruptions of the
power hy the controller,

Simultaneously with the preparation of the preheater a pre-
determined amount of power was supplied to the shield heater and the
vapor-line heaters. Experience gained from preliminary experiments
indicated that power at a level 2ml/2 times that consumed by the vapori-
zer heater should be supplied to the shield heater for smooth operation
and a reasonable rate of cycling of material through the shield., Ob-
servations during preliminary experiments showed that, for the complete

range of mixtures, from 72 to 118 watts were required by the vapor-line



heaters in order to prevent condensation in the lines. A period of
approximately lwl/E hours was required to warm-up the apparatus and

to get a significant flow of vapor from the shield. When a signifi-
cant flow was established, the valve in the shield branch of the lig-
uid line was opened and adjusted to maintair a liguid level of §wl/2
to 5w5/8 inches in the shield. Operating conditions ard the rela*ive
densities of the preheater and shield contents affected the levels;
consequently, the operator's experience was valuable In the adjustment
of the valve,

As the mixture hegan to cycle in the shield the valve in the
vaporizer branch of fthe iiquid line was opened, and alternating cur-
rent was supplied to the vaporizer heater in an amount sufficient fo
establish the desired flow rate. Vaporization in this contalner began

almost immediately btecause the surroundinrgs had been conditioned by the

shield; thus, all of *the heat was Immediately avallable to the liguid.

Cycling

The cycling period was censidered to have begun with the mixe
ture circulating through the apparatus and to have extended to the be-
ginning of the actual determination.

The average cycling period lasted about 2wl/2 hours. During
this time temperature readings were taker at intervals at all pcints,
A number of consecutive, unvarying temperatures in the vaporizer ard
shield indicated that the apparatus had reached steady state., This
period also provided time for necessary, routine tasks, such as attach-

ing the receilvers with their ice-filled keskers to the condensers and
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insulating the liquid~-lire valve handles after the final adjustments

had been made.,

=
)
3

1 temperature cbservatlons indicated that a steady state
had been reached and about 20 minutes before the actual determiration
was begun, the vaporizer heater was switched from alternating current
to direct current. Prior to the switch the sliding-contact, water-
ccoled resistors in the D.C. circuit were positioned so as to make tke
initial battery-supplied power approximately the same as the A.C., power,
Experience in positioning the resistors made the instantaneous switch
from A.C. power to battery power, and the subsequent fine adjustment
of the current to the vaporizer heater, a process which required only
a few seconds. After the final adjustment of power had been made, the
D.C. voltmeter, which would have drawn a small amount of current, was
switched out of the circuit.

The steady-state cycling was continued for about 20 minutes
during which time the potentials across the standard resistors and the

emf's of all the thermocouples were measured and recorded.

Measurements

Two successive determinations were always carried out on the
same mixture, at the sawe flow rate; consequently, the measurement
period extended from the start of the timer at the beginning of the
first determination to the stop of the timer at the end of the second
determination. The average length of the first determination was approxi-
mately 22 minutes; the second averaged approximately 17 minutes. Meas-

urements were taken for each particular mixture at flow rates of
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approximately 1—1/2 grams per minute and one gram per minute. Data
were taken for each of the pure components at Tour flow rates between
0.70% and 1.733 grams per minute.

With the material cycliirg smoothly in the apparatus, a de-
termination was begun by simultanecusly starting the timer and turning
stopcock number 2 to divert the vapor into its condenser and tared
receiver. A 60-minute stop clock was then started in order to give
the approximate time of the determination at a glance. Two sets of
measurements of the potentials across the standard resistors were taken
and recorded along with the time of each measurement. The emf'’s of
thermocouple numbers 13, 14, 16 and 17 were measured twice and compared
with the measurements obtained during the cycling period. If they were
not in agreement the determination was halted and discarded, and the
cycling period was continued. The emf of thermocouple number 12 was
measured several times during the interval. This temperature was not
perfectly constant with time; however, it rarely varied more than plus
or minus 0,5°C and usually varied cornsiderably less. An arithmetic
average of the readings taken was used for calculations. After the
thermocouple emf's had beern measured one more set of measurements of
the potentials across the standard resistors was wade. Stopcock number
2 was then turned to a straight-through position simultaneously with
the stopping of the timer in order to end the determination. During
the determination, readings of all the meters and gauges attached to
the apparatus; as well as the barometric pressure and ambient tempera-

ture, were recorded.
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Immediately after the end of the first determination, a
second was begun using stopcock number 1 and 1ts condenser and tared
receiver, The procedure followed was identical to the one described
in the previous paragraph, except that one of the two early sets of
potential measurements was eliminated.

At this point in the procedure two alternatives were availa-
ble. The vaporizer heater could be switched to A.C. power at.a lower
level in order to begin the cycling period for the determinations at
a slower flow rate, or the sampling and analysis could be started
immediately in which case the apparatus would be shut down and the
slower=-rate run made at a later date. The former procedure practically
eliminated another preparation period and considerably shortened the
cycling period. Usually, the slow-rate determination could be commenced
as soon as the sampling and analysis which was assoclated with the faster
rate and which could not be delayed had heen completed. From these
standpoints the former procedure was preferred; however, the time re-
quired for the single run was gqulte lengthy, and an increase of 1/3 to
1/2 was not always possible. In practice the runs were split approxi-

mately equally between the alternative procedures,

Sampling and Analysis

The period for sampling and analysis began immediately after
the final determination. The amount of condensate in each receiver
was determined, and samples of the condensate, preheater contents,
vaporizer contents; and shileld contents were analyzed by density meas-

urements.
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The receivers were detached from the condensers, stoppered,
removed from the ice-filled beakers, and dried. The receivers, which
had tares of approximately 105 grams, were then weighed on a three-
kilogram, chain-type, Seko balance with welghts calibrated with a set
of class S weights which possessed a National Bureau of Standards Certi-
ficate verifying their accuracy.

In spite of the fact that the condensers were cleaned thor-
oughly with chromic-acid cleaning solution and rinsed with distilled
water before use, a few, small droplets of condensate clung to the in-
side of the condenser tubes at the end of determinations on mixtures
which contained high concentrations of water. The droplets which re-=
mained in the tubes and which could not be "coaxed" down the tubes into
the receivers by gentle tapping were swabbed out quantitatively. Two
identical swabs, approximately 3/4 inch by 1—1/2 inches, cut from the
same piece of filter paper were used. One piece was attached to a wire
and used to absorb the droplets on the inside of one of the condensers,
after which it was put into a tared weighing bottle which was welighed
on an analytical balance; the other piece was used as tare on the weight
pan of the balance. The net weight of the additional material, thus
collected and measured, was added to the weight of the recelver con-
tents. The maximum amount of material recovered in this fashion was
0.078 gram, which is approximately 0.2 per cent of the average amount
of condensate of 33 grams. The average difference in weight in ten

preliminary attempts to cut identical swabs amounted to only 0,002 gram.



After the receivers had been welghed, they were returned to
the ice-filled beakers to again cool the condensate. OSamples of the
cold condensate were then *transferred directly from the receivers to
the 10-ml pycrometers.

The apparstus had to be partially shut down prior to taking
the liquid samples. The vaporizer heater was turned off simultarveously
with the closing of the valve in the vaporizer branch of the liquid
line, as were the shield heater and the valve in the skield branch.

It was recessary to continue the power to the vapor-line beaters wuntil
after the samples were teken in order to prevent the rich vapor from
condensing and falling btack into tkhe ccntalners; and thereby changirg
the composition of the contents. Tke main liquid-ilne valwve was then
closed, and one of the ice-filled sample coolers was attached to the
open sampling valve. About 25 mls of the preheater liquid were drained
through the sample cooler before the actual sample was taker ln the
25=-ml pycnometer. This sample cooler was then remcved, and the second
was attached. About 20 mls of liquid were drained from the skielid

line and the shield through the cooler before the actusl sample was

taken in one of the 10-ml pycnometers, After the coil of *he sample
cooler was drained; s similar procedure was follwed in taking the vapori-
zer sample, excepht that only about 15 mls were wasted hefore two suce
cessive samples were transferred to 1O0-ml and the 5-ml pycnometers.

The full pycnometers were suspended in the constant-temperature

medium of a well agitated-water bath for approximately seven minutes,

It was found ir preliminary tests with a pycnometer which contaired a
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thermometer that only about five minutes were required for the contents
to attain the same temperature as the bath. The temperature in the
water bath was always higher than ambient temperature aﬁd‘was easily
controlled to plus or minus 0.05°C, The thermometer coulid be
read to plus or minus 0.02°C with the aid of a magnifying reader., As
the pycnometers were removed from the water hath, each was touched
quickly in ice water to contract the liquid in the capillary-perforated
top and then wiped dry with absorbent, lintless paper. The pycriometers
were weighed rapidly on a projectomatic-type analytical balance. Evapo-
ration losses were quite small because of the contractior of the liquid
down the capillary and away from the atmosphere and because of the rapid
handling which was greatly facilitated by the rapidity with which approxi-
mately known weights could be determined on the projectomatic-type hal-
ance.

Density of the isopropyl alcohol-water mixtures was measured
at 35.00°C. Apalysis was effected by use of the precise density-

composition data at 35.00°C of Langdon and Keyeso<58)

Preliminary meas-
urements of the density of nine carefully prepared mixtures of known
composition, which were randomly distributed over the entire composition
range of O to 100 per cent, showed an average deviation without regard
to sign of only 0.08 mass per cent from the smoothed data presented by
Langdon and Keyes.

Density of the acetone-water mixtures was measured at 25.00°C,
Preliminary measurements of the density of carefully prepared mixtures

of known composition at 25.00°C did not produce agreement with any

single set of published density-composition data<26’62969) over the
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entire range of composition. Agreement within 0.1 mass per cent with
the data of Thomas and McAllister(69) was observed in the composition
ranges of O to 52 and 92 to 100 mass per cent acetone. However, these
investigators covered the entire range of composition with only seven
density points, which made interpolation for accurate analytical pur-
poses quite impractical and uncertain. No set of the aforementioned,
published data agrees over the entire range of composition with any of
the other sets to closer than plus or minus 0.5 mass per cent. Although
the density-composition measurements taken in this investigation were
not completely in agreement with any published set, they were quite
self-consistent and reproducible to less than plus or minus 0.2 mass
per cent. Therefore, a density-composition curve at 25.00°C was pro-
duced for analytical purposes by measuring the density of 24 carefully
prepared mixtures of known composition over the entire range of O to
100 per cent. The smoothed values of density at even values of compo-

sition are shown in Table XIX of Appendix E.



CALCULATIONS

Summgrz
The essence of all the calculations is contained in the equa-
tion
Integral Isobaric (Power) (Time) Corrective
Heat of Vaeporization - (Mass okaondensate) i Terms
(75)

The first term on the right-hand side is referred to as the uncorrected
latent heat. Of a number of possible corrective terms only the sensible-
heat correction was found to be significant, and it averaged only 1.5
per cent of the uncorrected latent heat. A sample calculation which
demonstrates the use of Equation (75) is presented in Appendix B.
Tabular values of the important measured quantities used in the calcu-
lations for each mixture are shown in Appendix F.

The vapor-liquid equilibrium date were obtained directly from
the corrected temperature measurements and from density measurements

ﬁséd in conjunction with density-composition data.

Uncorrected Latent Heat

The calculation of the uncorrected latent heat, the first
term oh the right-hand side of Equation (75), was carried out in three
distinct steps. Firstly, the measurements of potential across the
standard resistors, taken at various times during the determination,
were used to calculate the instantaneous power consumption of the
vaporizer heater. Secondly, these values of power were plotted versus

time and the area under the power-time curve was calculated to determine

-95-
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the total heat evolved by the vaporizer heater. Sample calculations
which illustrate the first two steps are shown in Appendix B. Thirdly,
the total heat evolved was divided by the mass of condensate collected
during the determination and was multiplied by the proper conversion

factor to arrive at the desired se®t of units.

Corrections

Of a number of possible corrective terms only the correction
for the small amount of sensible heat supplied to the liguid was signi-
ficant. The others were either eliminated by the design of the apparatus
or were insignificant from the beginning.

The sensible-heat correction was required because the liquid
was not delivered to the vaporizer exactly at its bubble-point tempera-
ture, but usually a few degrees lower. The corrective term was calcu-

lated from the equation

., e 1o,
Sensible-Heat Correction = 0.981 Cp ‘(°BP tIn) (76)

g

The factor 0.981 is a constant: its significance and origin iz explained
in a subsequent paragraph. Eiym.is the average specific heat of the
liquid mixture between the temperatures, tpp and ty,. Data on the spe-
cific heats of liquid mixtures near their bubble points are scarce, and
for the mixtures studied in this investigation these data are nonexist-
ent. Consequently, the available data for acetone-water mixtures at

25 and MO°C(56) were adjusted for use in Equation (76) in accordance
with the temperature variance of the specific heats of the pure compo-
(33,46,64)

nents and with the observed temperature dependence of the



mixtures in the 25-40°C interval; the available data for isopropyl
alcohol-water mixtures(14556) were treated similarly with the aid of

ol 46)

the pure-component datan( Fortunately, the average corrective
term amounted to only 1.5 per cent of the uncorrected latent heat,

so that an error as large as five per cent in the estimation of the
specific heat of the mixture would introduce an error of only 0,075
per cent in the integral isobaric heat of vaporizatiocn. In Equation
(76) tpp 1s the bubble-point temperature of the mixture. This tem-
perature was read from the bubble~point line on a temperature-
composition diagram, which was obtained from the vapor-liguid equilib-
rium data taken over the entire composition range during this investi-
gation. The inlet temperature, tIn’ is an experimental quantity which
was measured during each determination.

During the timed interval of a determination,material was
withdrawn from the system into a receiver, thus causing a drop in the
liquid level of all containers. This drcp in level was quite small
because of the large surface area and volume of the preheater. During
the average fast-rate determination 33 grams, or approximately LO-mlis,
of material were withdrawn. The resulting drop in level was approxi-
mately 0.1l cm. In spite of the small magnitude of the drop an in-
vestigation of its significance i1s in order.

The drop in level means that during the timed interval of a
determination slightly less liquid flowed into the vaporizer than was
collected as condensate in the receiver. Thus, the sensible-heat

corrective term should include the ratio of the mass of liguid which
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flowed into the vaporizer during the interval to the mass of condensate

collected during that time, because the vaporizer heater was not re-

F

quired to make up the full amount of sensible heat. This ratio o
masses 1s actually dependent only upon the relative cross-sectional
areas of the apparatus and is independent of the amount of material
collected in a receiver during a determination. The essential items

for the calculation of this ratio are shown in Equation (77)0

Liquid Entering Vaporizer Area of Vaporizer
Mass of Condensate =1 - RAres of Entire Apparatus
2
1 Z:Qé.&ﬁ_ 0.981 (17)
266, Tem®

This factor appears in the sensible-heat correction, Equation (76).

When the liquid level fell in the vaporizer this volume,
previously occupied by liquid, was filled by material which was vapor-
ized but which was not accounted for in the condensate at the end of
the determination. This correctiop to the mass of condensate involves
the ratio of the density of the vapor to the density of the ligquid, as
well as the relative cross-sectional areas of the avpparatus. The proper
combination of these factors leads to a corrective term, which indicates
that the measured mass of condensate should be increased by approxi -
mately 0.001 per cent. This amount, of course, is insignificant.

It was also possible that a falling liquid level could upset
the steady-state operating condition. However, the fall of level actu-
ally involved was too slight to produce any significant effects. The
constancy of the composition of the condensate, collected during con-

secutive determinations, experimentally verified this conclusicn.,
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Evaporation of material from the receivers prior to the time
at which they were weighed could involve a correction of the measured
mass of condensate. The design of the receivers cut this loss to an
insignificant fraction. Preliminary tests with 20 grams of acetcne in
each stoppered receilver showed the evaporation rate to be approximstely
0,004 gram per hour at room temperature over a period of appreximately
one day. In actual practice the receivers were set in ice-filled beakers
which further reduced the evaporation rate. The receivers were always
weighed within 15 minutes after the termination of a run. Thus, the cor-
rection involved was insignificant.

The experimental runs were not conducted at s controlled
pressure, but were conducted at the ambient pressure on a given day.

The barometer readings were recorded several times during each run.

The ambient pressure encountered during the entire series of runs rarged
from 723.9 to 745.0 mm of mercury with approximately 90 per cant of the
runs falling between 733 and 743 mm of mercury. The pressure variation
of the heat of vaporization over this range is less thar the experi.-
mental accuracy; however, the measured temperatures used in tne vapor-
liquid equilibrium data had to be corrected for the pressure differences,

Interpolation of the precise data of the National Bureau of
Standards on the heat of vaporization of water(h6> al the pressures ex-
tremes of 723%.9 and 745.0 mm of mercury shows a difference of only
0,499 calorie per gram, or approximately 0.09 per cent of the bhest of
vaporization. The difference between the heat of vaporization of water

at 760 mm of mercury and at the average pressure of 75607 mm of wercury
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is 0.1 per cent, which indicates that the data presented herein can
be used at a pressure of 760 mm of mercury within the experimental
accuracy. |

It was desirable to correct the measured temperatures used
in the vapor-liguid equilibrium data to a common pressure. A linear
relationship between the logarithm of the pressure and reciprocal
temperature was assumed for the small pressure range involved. The
required slope for each mixture was obtained from a molal average of
the slopes for the pure components, which were taken to be =2200 for
water, -2300 for isopropyl alcohol, and -1630 for acetone. The units
used were mm of mercury and °K. All measured temperatures were cor-
rected to a pressure of 760 mm of mercury. The average correction

amounted to approximately 0.8°C.

Effects of Flow Rate

Operation of the apparatus at & number of flow rates aided
in the evaluation of the effectiveness of the thermal shielding and
of the design of the vaporizer and its heater.

The few, remaining, small heat leaks, which were not elimi-
nated by design, were detected bty a variation in flow rate. With a
given material in the apparatus heat leaks would be essentlially con=-
stant with time and roughly independent of flow rate. Therefore,
approximately the same quantity of heat would be lost in any given
time interval, regardless of the flow rate. As a result, the greater
the through-put (or flow rate), the less effect these heat leaks
would have on the magnitude of the resulting heat of vaporization. At

an infinite flow rate the effect would be infinitesimal.
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The heats of vaporization of the three pure components were
measured over approximately a 2,5-fold range of flow rates, and the
results were plotted as a function of reciprocal flow rate. The curve
obtained for water is shown in Figure 12 on page 102. An extrapola-
tion of the data to the ordinate, 1/F = 0, which corresponds to an
infinite flow rate, results in an answer which is devoid of heat lesaks.
The unguided extrapolation of a curve is dependent on judgement and
prejudice; therefore; the latent heats were plotted as a function of
reciprocal flow rate to the third power, as shown in Figure 1% on page
102, which permitted a straight~line extrapolation. The equation of
the line was determined by a least-squares fit of the data. Similar
graphs for isopropyl alcohol and acetone are shown in Appendix E.

The fact that the observed heats of vaporization should be
higher than the extrapolated one is rather easy to explain qualitatively.
Consider the first term on the right-hand side of Equation (75). "Power"
and "Time" are measured quantities unaffected by heat leaks, so “hat
attention must be focused on the "Mass of Condensate." If the direc-
tion of heat flow is from the calorimeter toward the surroundings, as
was the case in this investigation because all the pure comporents and
mixtures had boiling points above ambient temperatures, then any small
amount of heat which leaks out is unavailable for vaporizing material.
As a result, the condensate which is actually collected and weighed is
less than the amount which would be observed in the perfectly adiabatic
system. The "Mass of Condensate" appears in the denominator of the
equation; therefore, this less~than-true-value quantity produces a high

latent hesat,
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The foregoing discussions were developed on the basis that
the heat leaks were constant with time and independent of flow rate.
Actually, the design of the equipment was such that an even more favora-
ble situation was encountered in practice; in that, one of the individual
heat leaks was reduced by faster flow rates. The flow of the liquid
through the capillary at the bottom of the vaporizer was in the oppo-
site direction to the heat flow along the capillary. As a result the
faster flow rates tended to lessen this individual heat leak, as well
as reduce the overall effect of heat leaks.

The difference between the heat of vaporization at rates
greater than 1.5 grams per minute and the extrapolated‘values was small
enough so that data taken in the range of 1.5 grams per minute were ade-
quate. It was, therefore, unnecessary to determine the entire curve
for every composition; however, a run was made as a check at a slower
rate, approximately 1.0 grams per minute; for nearly every composition.

A flow rate of approximately 1.5 grams per minute happens to corre-
spond to the 120-ml-per-hour rate recommended by Canjar and Lonergan(5>
for use in obtaining vapor-liquid equilibria in circulating - type stills.

The variation in flow rate also helped establish the absence
of entrainment or of mechanical ejection of liquid by any mode from the
vaporizer. Observations during preliminary experiments with a number
of vaporizer heaters, used under a variety of conditions, showed that
the bare-wire heater of the design used in this investigation could be
used to vaporize liquids at the contemplated power levels without eject-
ing any liquid ffom the vaporizer onto the externally heated vapor lires.

These observations were borne out by the operation of the apparatus at
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a number of flow rates. Any liquid thrown out of the vaporizer and sub-
sequently vaporized by externally applied heat would have increased the
observed mass of condensate over what it would have been under proper
operating conditions. The mass of condensate appears in the denomina-
tor of Equation (75), and therefore the resulting latent heat would have
been low. As the flow rate, which was controlled by the power supplied
to the vaporizer heater, was increased the amount of liquid ejected from
the vaporizer would have increased markedly, and the curve shown in
Figure 12 on page 102 would have dropped off sharply with increasing
flow rate, rather than level off and approach a nearly horizontal tan-

gent as is actually shown.

Estimate of Accuracy

Estimates of the errors involved in the individual measure-
ments and the results of the calibration data on pure components suggest
that a conservative estimate of accuracy for the integral isobaric heat
of vaporization is plus or minus 0.3 per cent. The compositions were
measured to plus or minus O.l mass per cent for the isopropyl alcohol-
water mixtures and to plus or minus 0.2 mass per cent for the acetone-
wvater mixtures. The temperatures used in the vapor-liguid equilibrium
data were measured to plus or minus 0.1°C; the inlet temperature +o the
vaporizer was good to plus or minus 0.2°C.

The errors assoclated with measurements involved in the inte-
gral isobaric heat of vaporization can be broken down into four groups =~
those assoclated with (l) power, (2) time, (3) mass of condensate, and

(4) sensible-heat correction. The stated accuracy of the standard
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resistors and the expected accuracy of the potentiometer measurements
suggest that the power,; including any uncertainties in the interpola-
tions on the power-time curve, is correct to plus or minus 0.07 per
cent. Errors in the time measurement, which include pcssible errors
of approximately 0.2 second for starting and stopping the timer at the
correct instant, totaled not more than 0.5 second, or about C.04 per
cent, for the average interval of 22 minutes. The mass of condensat=s
was accurate to approximately plus or minus 0.04 gram, which amourts
to about 0.12 per cent for the average collection of 33 grams. The
specific-heat corrective term averaged only 1.5 per cent of the latent
heat; so that errors as large as 7 per cent in the specific heat and
the temperature difference would have caused only about 0,10 per cent
error in the latent heat. If all of the errors affected a latent-heat

determination at the same time and in the same direction, the magnitude

of the total error would be approximately 0.33 per cent.



EXPERIMENTAL DATA AND RESULTS

Summary

Data in tabular and graphical form on both the integral iso-
baric heats of vaporization and vapor-liquid equilibria for atmospheric
pressure are presented in this section for the isopropyl alcohol-water
and acetone-water binaries. These data have been used to accurately
derive enthalpy-concentration diagrams. Heats of mixing in the liquid
phase and differential heats of condensation have also been calculated
using these data as starting points.

A graph to facilitate the conversion between mass and mole

per cent is shown in Appendix E on page 177 for convenience.

Calibration Data

The reliability of the apparatus, which, although designed
specifically for use with mixtures, could be used successfully with
pure materials, was checked by determining the heat of vaporization
of the pure components of each mixture and comparing the values obtained
with recent experimental data reported in the literature. The pure-
component heats of vaporization were taken over a range of flow rates
and extrapolated to infinite flow rate as indicated in the section
entitled "Effects of Flow Rate." Table II on page 107 shows the data
obtained and the comparison with recent experimental data reported

in the literature.
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TABLE IT

HEAT OF VAPORIZATION OF THE PURE COMPONENTS

Fl

Heat of Vap. Heat of Vap.

(cal/g) this Temp. (cal/g) from
Component Investigation (°c) Literature Ref.
Acetone 119.9 55.2 120,0 (50)
Isopropanol 159.3 81.6 159.6 (79)
Water 5k0.2 99,3 540,13 (16)

Integral-Tsobaric-Heat-of-Vaporization Data

The data for the isopropyl alcchol-water binary at atmospheric
pressure are presented in Table IIT on page 112 and in Figures 14 and
15 on pages 108 and 109 in the form of integral isobaric heat of vapori-
zation as a function of composition. Figure 14 shows the data on a mass
basis. The curve on Figure 15, which is on a mole basis, was obtained
simply by conversion of the units of the curve shown on Figure 1k from
a mass basis to a mole basis. Smoothed values of heat of vaporization
at even values of composition have been read from a large plot of Figure
14 and are presented in Appendix E in Table XV,

The data for the acetone-water binary are presented in the
identical fashion as the isopropyl alochol-water data. Table IV on
page 112 and Figures 16 and 17 on pages 110 and 111 show the heat of
vaporization data. The smoothed values of heat of vapcorization at even
compositions are shown in Appendix E in Table XVI. TFigures 15 and
17 have ordinates which are nearly ten times larger than those of
Figures 14 and 16. Due to this magnification the exact inflections

of the curves on Figures 15 and 17 are not to be taken too literally.
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TABLE III

INTEGRAL ISOBARIC HEAT OF VAPORIZATION - ISOPROPYL ALCOHOL-WATER

Atmospheric Pressure

Mass Pect. Mole Pct. Heat of Vap. Heat of Vap.
Isopropanocl Isopropanol (cal/g) (cal/mole)
0 0 540.2 9732
5.1 1.6 528.0 9869
10.2 3.3% 513.5 9964
15.1 5.1 Lo5.7 9982
19.9 6.9 478.3 9991
2k ,7 9.0 4614 10054
35.k4 4.1 hit.2 9976
Lk, 9 19.6 378.9 9953
53.L 25.6 3434 9879
63.9 3h 7 301.3 0828
73.3 45.2 262.9 9726
80.0 54 .5 234 .4 9607
85.0 62.9 214 .6 9523
90.2 73 .4 195.1 9527
9.9 84.8 178.2 9564
100.0 100.0 159.3 9573
TABLE IV

INTEGRAL ISOBARIC HEAT OF VAPORIZATION - ACETONE-WATER

Atmospheric Pressure

Mass Pct. Mole Pct. Heat of Vap. Heat of Vap.
Acetone Acetone (cal/g) (cal/mole)
0 0 540.2 9732
5.2 1.7 529.1 9929
10.3 3.4 514.6 9982
1k.9 5.2 498.1 9998
20.2 7.3 478.0 10005
30.2 11.8 L36.2 9923
Lo.2 17.3 395.9 9873
50.1 23.8 353.9 9745
59.8 31.6 308.2 okk9
69.7 41.6 262.1 9091
80.8 56.6 212.5 8653
90.5 .7 164 .4 7883
93 4 81.5 148.0 7496
97.0 90.9 132.9 7235
100.0 100.0 119.9 696L4
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The data for hoth hinaries were correlated very well by the
equation developed in a previous section entitled "The Enthalpy-

Temperature-Diagram Approach.”

3 e } ek [ _O . T _O h\',“<.‘ _1"":\ S

Wl

Neither Edmister“s(lé) equation nor the modification thereof which was
suggested in the section entitled "Application of Equilibrium-K Values"
were successful in correlating the integral-iscbaric-beat-of-vaporization
data. A sample calculation demcnstrating the use of these equations is
shown in Appendix D on page 167. For the isopropyl alcohocl-water system
Equation (54) in terms of temperatures in degrees centigrade and wmass

fractions bhecomes

Ap = Zp[194.3 - 04254 1 + 244[599.8 - 0.600t ]
+ {2.[0.341 + 0.00100 Lis + 1) - 0,000 0006 E(t. + 1,7
I : 2yt oed ’ 1T oed e
+ Zy[0.438 + 0,000125 %(tl + to) IHtp = 1} (78"

For *the acetone-water system it is

Ap = Zy (1384 - 0,262t ] + 2,[599.6 - 0598t ]
+ {2, 10,285 + 0.00083 £(+, + t,) - 0,000 0005 E(t, + +,)°]
A ° [ 2 *'1‘ ¢ 2 s LL N l ' 2’
+ 20438 + 0.000125 25y + 1ol H{rp - 1o} (791

The resulting integral isobaric heats of vaporization are in units of

calories per gram.
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The integral isobaric heats of vaporizaticn calculated from
Equations (78) and (79) at even values of composition are presented
in Appendix E in Tables XV and XVI ard are shown in this section by the
dashed curves on Figures 14 and 16, The maximum deviation between the
predicted and smoothed experimental values for the isopropyl alochol=-
water binary occurs at 85.0 mass per cent isopropyl alcohol and amounts
to 2.0 per cent of the latent heat. The average deviation without re-
gard to sign is 0.8 per cent. For acetone-water the maximum deviation
occurs at 25.0 mass per cent acetone and amounts of 0.5 per cent of the
latent heat. The average deviation disregarding sign is 0.3 per cent.

Whereas it would be desirable to write Equations(?S) and (79)
with only composition terms on the right-hand side, to do so would pro-
duce cumbersome expressions which would be difficult to handle. The
bubble-point and dew-point temperatures in the equations would have to
be replaced by the appropriate temperature-composition relationships,
which in themselves are quite complex and which, in fact, do not usually
lend themselves to explicit expressions of temperature as a function of
composition. As a result, computations with the correlating equations
were performed in conjunction with vapor-liquid equilibrium data in the
form of temperature-composition diagrams. A sample calculation showing
the steps required for the prediction of the integral isobaric heat of
vaporization of an aqueous mixture of 50 mass per cent acetone is shown

in Appendix C.

Vapor-Liquid Equilibrium Data

The vapor-liquid equilibrium data for the isopropyl alcohol-

water binary at atmospheric pressure are shown in the form of a
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temperature-composition diagram in Figure 18 on page 116 and in the
form of a y - x diagram in Figure 19 on page 117. After smooth curves
had been drawn on these figures for the data obtained in this investi-
gation, two sets of experimental data recently reported in the litera~
ture<4?80) were plotted on the figures for comparative purposes.
Smoothed values read from a large plot of Figure 18 at even values of
composition are shown in Appendix E in Table XVII. The following tabu-

lar values supplement the data shown on the figures.

TABLE V

VAPOR-LIQUID EQUILIBRIUM DATA - ISOPROPYL ALCOHOL-WATER

Atmostheric Pressure

Isopropanol in Vapor Isopropanol in Liquid Temp.
Mass Pct. Mole Pct. Mass. Pct., Mole Pct. (°c)
0 0 0 0 100.0
5.1 1.6 0.2 0.06 99,8
10.2 3.3 0.6 0.18 99.3
15.1 5,1 0.8 0,24 98.8
19.9 6.9 1.1 0.3 98,3
2k, 7 9.0 1.4 0.k 97.7
35.4 14,1 2.6 0.8 9,2
kL .9 19.6 3.8 1.2 ok ,3
53,4 25,6 5.4 1.7 922.3
63,9 3h,7 8.0 2.5 89.1
73.3 Ls.2 1k .0 L7 85.3
80.0 54 .5 k8.0 21,7 81.5
85.0 62.9 81.1 56,3 80.7
90.2 73.k4 91.2 75.7 80.6
ok,9 8L .8 96,0 87.8 81.2
100.0 100.0 100.0 100.0 82,4

The data for acetone-water are presented in idertical fashion
as the data for isopropyl alcohol-water. Table VI on page 120 and

Figures 20 and 21 on pages 118 and 119 show the vapor-liguid eguilibrium
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MASS PER CENT ACETONE

Figure 20. Temperature-Composition Diagram for Acetone-Water.
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data. Three sets of recent experimental data from the literature(49u9’73)
have been plotted on these figures for comparative purposes. Smoothed

values are shown in Appendix E in Table XVIII,

TABLE VI

VAPOR-LIQUID EQUILIBRIUM DATA - ACETONE-WATER

— oo _— ————
—— e —

Atmosphere Pressure

Acetone irn Vapor Acetone in Liquid Temp .
Mass Pct. Mole Pct. Mass Pect. Mole Pct. (°c)
0 0 0 0 100.0
5.2 1.7 0.1 0.03 99.5
10.% 3. 0.3 0.09 99.0
k.9 5.2 0.3 0.09 98.5
20.2 7.3 0.7 0.2 97.9
30.2 11.8 1.4 0.4 9.6
ko.2 17.3 2.0 0.6 9.6
50.1 23.8 3.1 1.0 %.8
59.8 31.6 3.8 1.2 90.0
69.7 41.6 5.8 1.9 85.5
80.8 56.6 11.h 3.8 77.6
90.5 .7 28.9 11.2 66,4
93 .4 81.5 55.1 27.6 61.4
97.0 9.9 95.% 8.3 57.1
100.0 100.0 100.0 100.0 56.2

The vapor-liquld equilibria were correlated by both the

Redlich-Kister (99) equation, which is of the form

log ;i = B(xp - Xj) + C(6XJXk - 1) + D(x - Xj)(l - BxixK) + ... (80)
k <

and by a modified version of the Redlich-Kister equation proposed by

Chao<6>y which is of the form

log ?;‘-L = g + b(Xk - X') + C(6XJXk - l) + d.(Xk - XJ)(l - 8XJXk) + ae

7k J
(81)
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where 73 and 7y are the activity coefficients in the liquid phase of
comporents J and k, respectively; x5 and xj are mole fractlons in the
liquid phase of components J and k, respectivelys and letters a and b
through d in both upper case and lower case are constants used to fit

the data. The Redlich-Kister equation embodies the Duhem,rela@ionship<l5)
and inherently forces the data, when plotfted on a graph of log yjfyk

versus the mole fraction of J in the ligquid, to fit a curve which tounds

t

with the ordinates, xy = 0 and X 1, areas of equal wmagnitude abtove

[t

and below the abscilssa, log Vj/Vk 0. However, many experimental vapor-
liquid equilibrium data do not in fact fall in such a pattern. Chao
used this observation as a basis to modify the Redlich-Kister =quation.
The modified equation includes an additional term, "a", which is a con-
stant and has a magnitude equal to the net area; that is, the area

above the abscissa, log,7j/7k = O, minus the area below. As a result,
the modified equation is more complex than the Redlich-Kister equation.
The acceptability of this added complexity must be Jjudged for eaca sys-
tem on the basis of the improvement in the correlation.

Graphs of log 7I/7W versus the mole fraction of isopropyl
alcohol in the liquid for the isopropyl alcohol-water blnary are shown
in Figure 22 on page 124, A similar graph for the acetone-water sys-
tem is shown in Figure 24 on page 126. Because of the primaryv objective
of this investigation, which was to obtain integral-ischaric-heat-of-
vaporization data, it was necessary to evenly distribute the vapor com-
positions of the runs over the entire range of concentrationa. There-
fore, due to the relative volatilities msny of these runs involved

quite low concentrations of the more volatile component in the eguilibrium
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liquid. As a result, much of the vapor-liquid equilibrium data, when
plotted as a function of mole fraction of the more volatile component
in the liquid, appears, as in Figures 22 and 24, near the leftwhand
ordinate.

The data for both binaries were fit to the correlating equa-
tions by the method of least squares. Only a few of the points at
very low concentrations of the more volatile component were used in
the correlations in order to avoid weighting the results excessively
in favor of the low concentrations. The curves representing both egua-
tions are shown on each graph. For the isopropyl alcohol-water system

the Redlich-Kister equation is

ii

log 71/7w = 0.661(xy-x7) = 0.323(6x7xy-1) + 0.114 (xyy-x1) (1=8x1xy)

it

1.098 - 4400 x + 4.674 x2 - 1.82h x7 (82)
and the modified equation is

0,019 + 0.669(xy-x7) - 0,305 (bxyxy-1)

11}

log 71/7W :

+ 00105(XW_XI)(lm8XIXW)

i

1.09 - 4,198 xy + 4.302 %8 - 1.648 x7 (83)

For the acetone-water system the Redlich-Kister equation is

il

log 7p/7w = 0.825(xy = xp) =~ 0.127(bxpxy = 1)

0.952 - 2.410 x, + 0.760 xi (84)

.
il
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and the modified equation is

il

log 7p/7y = = 0,046 + 0.840(xy - %) = 0.173(bxpxy - 1)

i

0.966 - 2,716 Xy + 1.036 xi (85)

The average deviations, without regard to sign, between the values of
the term log 71/7W calculated from Equations (82) and (83) and those
obtained directly from experimental data were 0.020 for the Redlich-
Kister equation and 0,021 for the modified equation. For the acetone-
water system these deviations amounted to 0.033 for Equation (84) and
0,023 for Equation (85). The small differences in the average devia-
tions leave little to choose between the correlations on that basis;
the Redlich-Kister equations are, on the whole, simpler. The shortage
of the data at high concentrations of the more volatile component, how-
ever, reduces the rigidity of the evaluation of the two correlations.
Figures 23 and 25 on pages 125 and 127 show the individual
7's = 71, 7p, @nd 7y - plotted as a function of the mole fraction of
the more volatile component in the liquid for the isopropyl alcohol-
water system and the acetone-water system, respectively. The curves
drawn on these figures represent the equations for the individual 7's

which can be developed by combining the relationship

2
x5 log 7yt % log 7, = Xij[B + C(xj—xk) + D(xj— k) +'°,o] (86)

with either the Redlich-Kister equation or Chao's modified version.,
Equation (86) was developed during the derivation of the Redlich-

Kister equation.(55) The individual 7's are, therefore, consistent
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with the correlating equations. For the isopropyl alcohol-water system

the individual 7's as obtained from the Redlich-Kister equation are

log 71 = x§[0.661 + 0.323(1 - bxy) - 0.114(xp - x) (1 - 6x7)]
=1.098 - 4,400 o + 6.87k4 xi - 4,940 x? + 1.368 xi (87)
log 7y = x§[0,661 - 0.323(1 - hxy) + OgllH(XI - %) (1 = 6x) ]
= 2.200 5 - 3.116 x7 + 1.368 xi (88)

and as given by the modified equation are

XIXW[O,661 - Oa325(x1—xw) + Oullh(xl-xw)g] + x[0.019

log‘7I

-+

0.669(xy=x7) = 0.305(6xyxy-1) + 0,103 (xyy-x7) (1-8xpxyy) ]

1.096 - 4,196 xp + 6.300 x% - 4,392 x% + 1,192 xl]l:" (89)

il

log 7y xwaiO.66l - O.EEB(XI-XW} + O.llﬁ(xl—xw)g] - x7[0.019

-+

00669(xw-xl) - Oﬂ505(6Xwa_l) + OolOB(waxl)(l - Bxrxy) ]

= 0.002 x; + 1.998 x% - 2,74k x% 4+ 1,192 xLI" (90)

For the acetone-water system the individual 7's as obtained from the
Redlich-Kister equation are

log 7, = x%[0.825 + 0.127(1 - kx,)]

= 0.952 - 2,412 + 1.968 xi - 0,508 xz (91)

x5
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log 7y = x510.825 - 0.127(1 - hxy) ]
. 2 3 .
= 1.206 x; - 0.508 x? (92)

and as glven by the modified equation are

log 7y = %3xy[0.825 - 0.127(x,-xy) ] + % [-0.046 + 0,840(xw-xA)

0.173(6xpxy-1) ]

]

0.967 - 2.733 x, +2.550 x2 - 0.78k x (9%)

il

].,Og 7w XAXw[Oo825 - O°127(XA_XW>] - XA["OoOh-6 + O°82+O(me'XA)

0.173(6x,%4-1) ]

-0.015 x, + 1.512 xi - 0.784 xz (9h)

Enthalpy-Concentration Diagrams

The integral-isobaric-heat-of-vaporization data have been used
for the accurate construction of enthalpy-concentration diagrams for
the two systems studied in this investigation. The diagrams are for
atmospheric pressure, and the reference points for the enthalpies
(ng) were taken to be the pure liquids at 0°C under atmospheric pres-
sure. Tabular values of the saturated~-vapor and saturated-liquid en-
thalpies, as well as a few values in the superheated-vapor and subcooled-
liquid regions, support the graphs presented herein.

The first step in the construction of the diagrams required

the enthalpy-temperature relationships for both pure components. For
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the liquid phase the equation
+
pr
o= [ ol at (95)

was evaluated for a number of temperatures up to the boiling point of
the pure component. The specific-heat data required by Equation (95)
were taken from the literatureo(24!55fh6’6h) The experimentally deter-
mined heat of vaporization of the pure component was added to the en-

thalpy of the liquid at the hoiling point to ottain the enthalpy of the

vapor at the boiling point. For the vapor phase the equation

1
Av ?at,vu + f

at (96)

was evaluated for a number of temperatures above the boiling point.

The specific-heat data required by Equation (96) for the pure compo-
nents at atmospheric pressure were taken from the literatureo(5h’5076o)
For water and isopropyl alcohol it was also necessary to evaluate
Equation (96) at temperatures below the boiling point. A completely
rigorous treatment would require the evaluation of the enthalpy change
which weuld accompany an lsothermsl expansion of the saturated vapor

to a pressure sufficiently low so that the temperature (below the rormal
boiling point) at which the enthalpy was belng evaluated would be the
saturation temperature. Near atmcspheric pressure and over the small
pressure ranges lnvolved the pressure effect on enthalpy can be neglected
safely. Thus, Equation (96) was used for the evaluation of enthalpies
with a temperature either above or belcow the normal boiling point, as

desired, for the upper limit on the integral.
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The enthalpy of a given mixture in its saturated-vapor state
was evaluated by (1) determining its dew-point temperature from the
experimental vapor-liguid equilibrium data, (2) determining the enthal-
pies at that temperature of both pure components from the enthalpy-
temperature relationships in the vapor state, and (3) combining the
pure component enthalpies according to the proportions of each compo-
nent in the mixture. The final step involves an assumption of zero
heat of mixing in the vapor phase, which_is a satisfactory assumption
at atmospheric pressure. A series of such calculations for a number
of concentrations established the curve of saturated-vapor enthalpy
versus concentration.

The enthalpies of the mixtures in the superheated-vapor
range were obtained by combining the pure-component enthalpies at the
temperature of interest according to the concentration of each compo-
nent in the mixture.

The saturated-liquid enthalpy of a given mixture was calcu-
lated by subtracting the experimental integral isobaric heat of vapori-
zation from the enthalpy of the saturated vapor for that mixture. A
series of such calculations established the curve of saturated-liquid
enthalpy versus concentration.

The enthalpies in the subcooled=-liquid region were calculated

by application of the equation

t
gl = gsat-l. 4 7 .cllg dt (97)
- tgp "

where C% 0 is the specific heat of the liquid mixture in question. No
J

specific-heat data near the bubble points are available in the literature



-132-

for the mixtures studied in this investigation. Consequently, the
available data for acetone-water mixtures(56> and isopropyl alcohol-
water mixtures(14’56> at lower temperatures were adjusted for use at

the higher temperatures, pursuant to the observed temperature varia-
tion of the mixtures over lower temperature intervals and the tempera-
ture variation of the pure-component specific heats,(24755’46’6u) These
estimates are, therefore, reflected directly in the enthalpies given
for the subcooled-liquid region.

The enthalpy-concentration diagram on a mole basis for the
isopropyl alcohol-water binary at atmospheric pressure is shown in
Figure 26 on page 133. Note the interruption of the ordinate. The
experimental vapor-liquid equilibrium data were added to the diagram
in the form of constant-temperature tie lines, which connect points on
the saturated-liquid line with corresponding equilibrium points on the
saturated-vapor line. Values of the enthalpy of saturated vapor and
saturated liquid and a few values in the superheated-vapor and subcooled-
liquid regions are listed for even values of concentration in Table VII
on page 135 .

Similar information for the acetone-water binary are shown
in identical fashion in Figure 27 on page 134 and in Table VIII on
page 135.

The integral heat of mixing for a given mixture in the liquid
phase at its bubble point temperature can be determined by subtracting
from the saturated-liquid enthalpy, the molal-average enthalpy of the
pure components at that temperature. The accuracy of the heat of mix-

ing derived by this procedure suffers from the fact that a small answer
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TABLE VIT

ENTHALPY OF ISOPROPYL ALCOHOL-WATER MIXTURES

Atmospheric Pressure * Calories per mole

Mole Pct., Subcooled Lig. Superheated Vap.
Isopropanol 25°C T70°C Sat. Lig. Sat. Vap. 90°C 120°C
0 450 1260 1800 11,540 - 11,710
5 380 1320 1640 11,620 - 11,820
10 340 1370 1670 11,700 - 11,940
15 400 1490 1790 11,780 - 12,050
20 Lho 1590 1900 11,840 - 12,160
30 540 1790 2120 11,970 - 12,400
Lo 630 1970 2320 12,080 12,130 12,630
50 710 2140 2510 12,170 12,300 12,860
60 780 2310 2700 12,260 12,470 13,090
70 840 2460 2870 12,400 12,640 13,320
80 870 2570 3010 12,560 12,820 13,550
90 870 2660 3160 12,730 12,990 13,780
95 870 2710 3250 12,820 13,070 13,900
100 860 2750 3340 12,910 13,160 14,010
TABLE VIII
ENTHALPY OF ACETONE-WATER MIXTURES
Atmospheric Pressure * Calories per mole
Mole Pet. Subcooled Liq. Superheated Vap.
Acetone 25°C 60°C Sat. Lig. Sat. Vap. 80°C 110°C
0 L50 1080 1800 11,540 - 11,620
5 430 1130 1430 11,430 - 11,530
10 430 1190 1340 11,320 - 11,440
15 430 1220 1310 11,210 - 11,350
20 430 1250 1310 11,100 - 11,270
30 460 1330 1360 10,850 - 11,090
Lo 500 1410 1420 10,590 - 10,920
5C 510 - 1460 10,310 - 10,740
60 540 - 1500 9,990 10,070 10,570
70 650 - 1620 9,680 9,860 10,390
80 710 - 1670 9,300 9,640 10,220
90 710 - 1690 8,970 9,430 10,040
95 730 - 1710 8,830 9,320 9,950
100 760 - 1730 8,690 9,210 9,870
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is obtained by subtracting two numbers of nearly equal magnitude.
Table IX on thls page shows some heats of mixing for the bubble point
temperature which were calculated by the above procedure. The heats
of mixing are, of course, not at a common temperature because each
mixture has a different bubble point.

A similar procedure was adopted tc calculate the heats of
mixing at a single temperature, 25°C. These values, however, reflect
the errors introduced into the subcooled-liquid enthalpies by the
estimations of the specific heats of the liquid mixtures, and they
suffer from the aforementioned subtraction of numbers of similar magni-
tude. Thus, some of the heats of mixing calculated in the above fashion
even have the wrong sign when compared to experimentally determined

10,36)

valueso( Table IX on thispage shows some calculated heats of
mixing for both binaries compared to the experimentally determined
values.

TABLE IX

CAICULATED HEATS OF MIXING COMPARED TO EXPERIMENTAL VALUES

Isopropyl Alcohol Acetone
Mole Pct. Heat of Mixing (cal/mole) Heat of Mixing (cal/mole)
Isopropanol  Bubble 25°C,Iit, Bubble 25°C,Iit,
or Acetone Pt. 25°C  Value(10) Pt. 25°C  Value(30)
0 0 o) 0 0 0 0
10 -10 -150 -142 4o <40 -128
20 70 -90 -118 20 -80 -145
30 100 -4o -68 20 -80 =120
1K) 140 10 -21 20 -80 -T2
50 160 60 16 0 -90 -23
60 160 80 35 -20 -100 17
70 160 100 43 50 -20 51
80 130 90 31 50 10 70
90 60 40 17 0 -10 65

100 0 0 0 0 0 0




-137-

Differential Heat of Condensation

The relationship between the integral isobaric heat of
vaporization and the differential heat of condensation i1s given by

Equation (9).

Ap,p o= - By + A e e (9)

The working form of this equation was established by neglecting the
heat of mixing in the vapor phase, which would be insignificant at
atmospheric pressure; and by assuming that the specific heat of the
vapor mixture would be equivalent to a mass average of the pure-
componeﬁt specific heats at the average temperature between the bubble
point and the dew point. Thus, the working equation for a binary
becomes

=V =
by o= hp + (x4 Cp, 35+ % cP)k)(t2 - ) (98)

JDifferential heats of condensation for isopropyl alcohol-water mixtures
and acetone-water mixtures at atmospheric pressure have been calculated
by Equation (98) from smoothed values of the integral isobaric heat of
vaporization taken at even values of composition. Table X on page 138
shows the values for isopropyl alcohol-water mixtures, and Table XI

on page 138 gives the values for acetone-water mixtures. The equilibrium.-
liquid values given in these tables are essential data required by the

definition of the differential heat of condensation.
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TABLE X

DIFFERENTTAL HEAT OF CONDENSATION - ISOPROPYI. ALCOHOL-WATER

Atmospheric Pressure

Mass Pct. Isopropanol Differential Heat of

Vapor Equil. Liquid Condensation (cal/g)
0 0 -5k0.2
10 0.5 -538.9
20 1.1 =5357.1
30 2.0 -53h 4
Lo 3.0 -531.4
50 4.5 -526.7
60 6.7 -519.,2
70 11.1 -503.5
75 17.0 -481.7
80 47.5 -361.7
85 81l.3 -228.7
90 89.4 -199.5
95 93.8 -182.0
100 100.0 -159.3

TABLE XI

DIFFERENTIAL HEAT OF CONDENSATION - ACETONE-WATER

Atmospheric Pressure

Mass Pct. Acetone Differential Heat of

Vapor  Equil. Liquid Condensation (cal/g)
0 0 -540.2
10 0.5 -539.1
20 0.8 =537.9
30 1.3 ~536.3
Lo 2.0 -53k4 .1
o0 2,9 -531.3
60 4.0 -527.9
70 5.9 -521.8
80 10.8 -504.8
85 16.0 -484 .6
90 27.7 -b36,2
93 50.5 -338.7
95 84,3 -189.4
100 100.0 -119.9




CORRELATION OF OTHER INTEGRAL-ISOBARIC-
HEAT-QF-VAPORIZATION DATA
The success of the correlations given in the previous sec-
tion for the integral isobaric heat of wvaporization of the isopropyl
alcohol-water system and the acetone-water system warrant application
of the correlating equation to other systems for which experimental
data are available. The values obtained from the general correlating

equation,

=0 =0
Ap = Z 5 Lj,Tl + oz Lk,Tl + (Zj CP,j + 2y CP,k)(TE - Tl) (34)

are compared to experimental data on Figures 28 through 33 on pages
140 through 145 for most of the binaries listed in Table I on page 49,
The bases for the graphs, either mass or mole, are consistent with
manner in which the original experimental data were presented. The
graphs are supplemented by Table XII on page 147 which summarizes the
deviations between calculated and experimental values, as well as the
references to the data used to make the calculations.

A1l except three of the systems listed in Table I on page
49 for which experimental integral-iscobaric-heat-of-vaporization data
are available have been included in this section. Those not included
are the water-formic acid, the water-acetic acid, and the acetone-
chloroform binaries. The data for the first two can be adequately
represented by a molal average of the heats of vaporization of the pure
components taken at their normal boiling points; Equation (34) will
yield a comparable correlation, but the molal-average method is much
simpler. Calculations for the third were restricted by lack of heat-

of -vaporization data as a function of temperature for chloroform.

-139-
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The enthalpy-concentration diagrams of Ansell EE_§£°(1) and
Smith g}_§£°(6l) for methyl alcohol-water and ethyl alcohol-water,
respectively, provide additional comparative information for these sys-
tems. Their diagrams were derived in a manner similar to that outlined
in the section entitled "The Enthalpy-Concentration-Diagram Approach"
without the aid of any integral-isobaric-heat-of-vaporization data.

The integral isobaric heats of vaporization obtained from these dia-
grams agree, as shown in Figures 30 and 31 on pages 142 and 143, almost
identically with those predicted by Equation (34). The simplicity and
ease with which Equation (34) may be used in comparison to the tedious-
ness of constructing an enthalpy-concentration diagram is again pointed
out. Or, in lieu of the construction of the diagram, the comparative
cumbersomeness of Equations (62), (63) and (64) on page 36 , which are
tantamount to constructing the diagram is also noted.

In the subsequent table, which supplements the graphs shown
in this section, the first three columns following thelist of systems
give references to the data which were used to make the calculations.
For cases in which the heat of vaporization of the pure components
which made up the mixtures did not agree with the data taken from the
literature, the latter had to be adjusted. For, if there is no agree-
ment between the experimental values and the values used for calcula-
tions at the end points, x = 0 and x = 1, of a composition versus
integral-isobaric-heat-of-vaporization curve, then any agreement between
calculated and experimental values at intermediate compositions is
merely fortuitous. In these cases the adjustment ofbthe literature

data was simply a constant displacement of the heat-of-vaporization
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versus temperature curve, for the pure component in question at all
temperatures, by the difference in the stated heats of vaporization
at the normal boiling point. The heading "Avg. Diff." in the table
is the ariﬁhmetic average of the percentage difference, without regard
to sign, between the experimental curve and the predicted curve at the
nine concentrations which are multiples of ten in the range between

10 per cent and 90 per cent.

TABLE XTI

SUMMARY OF THE COMPARISON BETWEEN EXPERIMENTAL AND
CALCULATED INTEGRAL ISOBARIC HEATS OF VAPORIZATION

Vap.-Liq. Heats of Ideal-Gas Avg, Max.

System Equilibria Vap. Sp. Heats Diff. Diff,
Methanol-Benzene (68) (21)(79) (17) (57) 1.8% 3, 4%
Acetone-Benzene (48) (50)(79) (50) (57) 0.2% 0.4%
Methanol-Water (25) (21) (46)  (77) (34) 1.5% 3,1%
Ethanol-Water (51) (21) (46)  (37) (34) 1.3% 2.2%
n-Propanol-Water (18) (19)(46) (37) (34)  2.1% L ;0%
Nitrogen-Oxygen (11) (23) (27) 0.6% 1.0%




CONCLUSIONS

1. The apparatus designed, constructed, and operated for
this investigation can be used for the precise measurement of the
integral isobaric heat of vaporization with practically no heat leaks,
even with mixtures which have a large temperature difference between
the bubble point and the dew point. In particular, the integral iso-
baric heat of vaporization of the isopropyl alcohol-water system and
the acetone~-water system were measured at atmospheric pressure with
an accuracy of plus or minus 0.3 per cent.

2. Reliable vapor-liquid equilibrium data can be obtained
simultaneously with the heat~-of-vaporization data and in the same
apparatus, as evidenced by the agreement between such data taken in
this investigation for the isopropyl alcohol-water system and the
acetone-water system and similar data which have been reported in the
literature.

3. The experimental integral-isobaric-heat-of-vaporization
data for both binaries studied in this investigation are correlated

by the equation

=0 =0 R [ ;
}\.P = ZJ' Lj}Tl + Zk. Lk,Tl + (Zj CP,j + Zk. CP’k)(TE o Pl) (3h>

This equation is relatively simple to apply. The average difference,
without regard to sign, between experimental and calculated results is
0.8 per cent for the isoproyl alcohol-water system and 0.3 per cent for

the acetone-water system.

-148-
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4. The equation given under 3 above is also very successful
in correlating the data taken by other investigators for the methyl
alcohol-benzene, acetone-benzene, methyl alocochol-water, ethyl alcohol~
water, n-propyl alcohol-water, and nitrogen-oxygen systems.

5. Neither the equation relating the equilibrium - K values
to the integral isobaric heat of vaporization, which was proposed by
Edmister,(l6) nor the modification of that eguation, which was suggested
hereinbefore, is successful in correlating the data for the systems
studied in this investigation.

6. .Both the Redlich-Kister(55) equation and a modification
>f that equation suggested by Chao(6) are successful in correlating the
vapor-liquid equilibrium data for both binaries studied in this investi-
zation. The improvement of the correlation by the modified equation
ls not sufficient to justify its added complexity. However, it must
>e pointed out that the preponderance of the vapor-liquid equilibrium
lata taken during this investigation were at low concentrations of the
amore volatile component in the liquid phase - a condition which reduces

the rigor of the comparison.



NOMENCLATURE, UNITS, AND CONVERSION FACTORS

Nomenclature
Superscripts
1 liquid phase
o) ideal-gas state
sat.l. gsaturated-liquid condition
sat.v. saturated-vapor condition
v vapor phase
* equilibrium composition
Subscripts
A acetone
B.P. bubble point
Com compression
Cool cooling
D.P. dew point
Exp expansion
H heavy (less volatile) component
I isopropyl alcohol
In inlet to the vaporizer
L light (more volatile) component
P constant pressure
T constant absolute temperature
Tl bubble point temperature (absolute)
W | water

-150-



b.p.
heat
1,35k

leads

112)551*'

100; 10,0003
0.1

735.7, 760

Tatin Symbcls
B,C,D

B.P.

-151

normal boiling point of a pure material

heating

pure components i, J, and k which make up a mixture
heater leads

mixture

mole fraction in liquid phase

mole fraction 1ln vapor phase
reference to points or some dlagram

nominal size of standard resistors

pressures in mm of mercury

arbitrary constants
hubble-point conditicns
syecific heat at constant pressure

ideal-gas or vapor-phase specific heat of 1 at average
temperature between bubble point and dew point

partial-moial specific heat® of 1 1w the liguid phase
except where it is noted to be the specific heat of
at some average temperature

[

a1

dew-point conditions

potential drop

flow rate

enthalpy, internsive property

ideal-gas enthalpy of i at temperature T2

partial molal enthalpy of i in either vapor or ligquid
phase at point 2 on some diagram



<

a,;b,c,d

?y or 1
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o] —_Y
Hioo=H o
-0 ——
Hi1-Hi g
H° - ®°

—i,2 —Ti,1

integral heat of mixing in either the vapor or liquid phase
current

equilibrium ratio, yi/x4

heat of vaporization of pure j at temperature Ty
heat of vaporization of pure j at pressure P
moles of liquid holdup in vaporizer

constant total composition

pressure

power

gas constant

entropy, intensive property

absolute temperature

bubble-point temperature (absolute)

dew-point temperature (absolute)

voltage drop

volume, intensive property

mass fraction in any phase

arbitrary constants

differential operator

fugacity of component i in a mixture in either the vapor
or liquid phase
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h heat released by vaporizer heater
i current

log logarithm to the base 10

in logarithm to the base e

Pi vapor pressure of pure i

t temperature, °C

ty bubble-point temperature, °C
to dew-point temperature, °C

X mole fraction in liquid phase
y mole fraction in vapor phase
zZ mole fraction in any phase

Greek Symbols

A difference operator

AT,P differential heat of condensation

z summation over i

75 activity coefficient of component i in the liquid phase,
y1iP/%1p1

o partial differential operator

Ap integral isobaric heat of vaporization

A integral isothermal heat of vaporization

XT,P differential heat of vaporization

e time

0] functional relationship
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Units and Conversion Factors

1 calorie = 4.18i0 absolute joules

1 absolute watt-minute = 14.3403 calories

Gas constant, R = 1.9872 calories per gram mole-°K
0°C = 273.16°K

Molecular weight of acetone = 58.078

Molecular weight of isopropyl aicohol = 60.09%

Molecular weight of water = 18.016



APPENDIX A

UNSTEADY STATE OPERATING PERIOD OF THE VAPORIZER

An intuitive example is useful to illustrate the approach of
the vaporizer to steady-state operation. Consider a binary mixture of
L, the more volatile or light component, and H, the less volatile or“
heavy component. Assume that the liquid holdup in the vaporizer amounts
to ten grams and that the feed preheater 1s stocked with an infinite
supply of a 50.0 per cent mixture. Table XIII on page 156 is a running
inventory of the vaporizer contents and of the vapor composition. Vapori-
zation is assumed to occur in one-gram increments. In each of the in-
crements 1, 2, 3, ..., n the following order of events is assumeds (1)
one gram of vapor in equilibrium with the liqpid contents is evolved,
and (2) one gram of feed, immediately thereafter, enters the vaporizer
and mixes perfectly with its contents. For the purposes of this example

1.5X%;,

the relationship, Y[, = ~———— , 1s taken as a representation of the

1 + 0.5X%g,
vapor-liquid equilibria for the hypothetical L-H system. Prior to any
vaporization (Increment 0) the 50.0 per cent mixture pervades the en-
tire apparatus. For increment 1 the composition of the vapor, as calcu-
lated from the equilibrium relationship and shown in the table, is 60.0
per cent L. At the n-th increment the vapor will have reached a composi-
tion of 50.0 per cent L, and the vaporizer contents will have reached
L0.0 per cent L.

A more sophisticated view point is the consideration of a time-
varying material balance around the vaporizer. For the same, hypotheti-
cal L-H binary this material balance is

MaX

F(X)o - FYp, = E@—L' (99)

=155~
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where

3|
il

flow rate (constant) in moles per unit time

(XL)O = mole fraction (constant) of L in liquid feed

Y1, = mole fraction of L in vapor at any time
M = moles (constant) of liquid holdup in vaporizer
XL = mole fraction of L in liquid holdup at any time

@ = time

TABLE XIIT

INVENTORY OF VAPORIZER CONTENTS

Vapor lLeaving ILiquid Entering Vaproizer Contents (10g)
(50% Mixture)

Increment L(g) H(g) L(e) H(g) L(g) H(g)

O 5.000_ _ 5.000 _ 50.0%L_

1 0.600 0.400 -0,600 -0.400

. L0o0 L.600

0.500 0.500 +0,500 +0.500
________________________ 5.000_ _5.100 _ 49.0%L_

2 0.590 0.410 -0.590 -0.410

1,310 I.690

0.500 0.500 +0,500 +0.500
________________________ 4.810_ _ 2.190 _ 48.1%L_

3 0.581 0.419 -0,581 -0.419

“,229 L7771

0,500 0.500 +0.500 +0.500

ama MmN Deme M e e D b e M e s Meae  Cve  Buma e et ewt  Omew e M teaa Rme G M fees M MG M Mam WA s Wad  fma e

coo coo cee coe ceo 4,000 6,000
n 0.500 0.500 0.500  =0.500
3,500 5.500

0.500 0,500 +0.500 +0.500

— e m Gvm  maw e w e G mmm S e o Gmmm Gwem  Gman e e G G G e Mo G G e M emm Gt S ome S Cmme e e
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The vapor composition is related to the liquid composition by some
function

Y, = o(Xg) (100)

For the purpose of expediting a solution to the equations an equilibrium
relationship of

Yy = m¥p, (101)

will be considered valid over the composition range of interest.
Differentiation of Equation (101) and substitution into Equa-~

tion (99) for d¥, yields

|

(102)

R
o| &
b

Fl(Xp)o ~ YLl =

Separating variables, integrating between 1limits, and collecting terms

results in

0= YL = YL dYL

Im [ ae= [ . (103)
M o= (YL>O = m(XL)O L(XL>O - YL]

%? 6 = -In[(%), = ¥p1 + n[(¥X), - m(¥Xy),] (104)
-fm g = 1n S%LEQ_:_ZL (105)
M (X1,) o (1-m)

exp [ 0] = U)o - X1 (106)

(XL)O(l_m)

As © becomes large the term on the right of Equation (106) must approach
zero. Therefore,

YL - (XL)O
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as © becomes large. The case of m=l1 1s of no interest because m would
equal one only for pure materials and azeotropic mixtures; and in those
cases no steady-state problems are lnvolved.

Equation (99) can also be solved with the use of the more
realistic vapor-liquid-equilibrium relationship

. BXr,
I, = —F
1+ (B-1)%g

(107)
in the place of Equation (101). The result is, of course, the same,
but the solution is much more tedious.

The fact that in the actual apparatus the vapor was condensed
and recycled to the preheater has been ignored in this analysis. In
the apparatus the mass of the preheater contents was so large in compari-
son to the amount of material recycled that the composition of the
original condensate had a negligible effect on the composition of the
preheater contents. However, if the condensate had had an appreciable

effect on the preheater contents, it would have been in a directlon so

as to hasten the attainment of the steady state, rather than delasy it.



APPENDIX B

I. SAMPLE CALCULATION OF ENERGY CONSUMPTION IN THE VAPORIZER

The power consumed by the vaporizer heater was determined by
the product of its voltage drop and current.
P = EI (108)
Neither E nor I was measured directly.
From the circuit diagram, Figure 9 on page 75, it can be
seen that

E=V. +7V (109)

100 T 10,000 7 V1

eads

where Vipop is the voltage drop across the 100-chm resistor, and similarly
for the 10,000-ohm resistor and the leads. The use of Ohm's law and

actual values of the resistances yields
E = 1,00(100.000 + 10,000.5 + 0.2) (110)

Ohm's law can be used to express the current, ilOO’ carried in this
segment of the circuit in terms of the measured quantity, VlOO? and

the actual value of the 100-ohm standard resistor. Thus,

V100

= o . + 5 4 0.2) = 007 y
155005 (100.000 + 10,0005 + 0.2) = 101,007 Vioq (111)

The current; as measured in the O.l-ohm standard resistor,
was corrected for the small amount which passed through the 100-ochm

- 10,000-chm circuit. Application of Kirchoff's law yields

I =151 = 1100 (112)

=159~
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where ip 7 is the current in the O.l-ohm resistor. The application of

Ohm's law and actual values of the resistances yields

L V0.1 V100
0,099995  100.000

(113)

Combination of Equations (lll) and (115) in the manner in-

dicated by Equation (108) produces the final equation for the vaporizer-

heater power, P, in terms of the measured quantities, Vipo and Vp,1-

Vo.1 V100 )

P = 101.007 V -
¢ 1100 (0,099995 100.000

. 2 :
= 1010.12 Vy4q Vg.1 - 1.01007 Vi (114)

Potential measurements of VlOO and Vonl'were made at intervals
during the course of a determination. The measurements taken during
Run No. A26-0 are shown in Table XIV along with the power, as calculated
from Equation (114), for each pair of potentials. The second term in

Equation (114%) amounts to only 0.1 per cent of the first.

TABLE XIV

SAMPLE POTENTIAL MEASUREMENTS AND CALCULATED POWERS

Run No. A26-0 Approx. Starting Time - 1l:44 PM

Time of Run - 19.582 min. Approx. Ending Time - 2:0L PM
Time V1go(Volts) Time Vo1 (Volts) Power (Watts)
1:41 0.25565 1:k2 0.22619 58.345
1:46 0.25549 17 0.22623 58.318
1:48 0.25549 1:49 0,22608 58.280
2:01 0.25536 2.02 0.22585 58.191

2:03 0.25526 2:0b 0.22583 58,163
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Figure 34 on page 162 shows the values of power as a function
of elapsed time. The fall off in power with time, as in this example,
usually amounted to about 0.3 per cent for a single run. The area under
the curve between time-zero and time-19.582 minutes, which is the energy
consumed by the heater in that time, amounts to 1140.68 watt-minutes.
Errors introduced by interpolation of the power are less than the un-
certainties of the individual power terms.

IT. SAMPLE CALCULATION OF INTEGRAL ISOBARIC HEAT OF

VAPORIZATION FROM MEASURED QUANTITIES

A calculation of the integral iscbaric heat of vaporization
from measurements obtained during a determination proceeded in two steps.
The energy consumption of the vaporizer heater was determined first,
as shown in the previous section, after which the basic equation

Integral Iscbaric - (Energy Consumption)

=1
- 0,981C5(Trp-T1. )  (115)
Heat of Vaporization (Mass of Condensate) P "BP™"In

was applied. The following sample calculation is executed with the meas-
urements obtained during Run No. A26-0,

The energy consumption, as shown in the calculation in the_
previous section, amounted to 1140.68 watt-minutes. The net mass of
condensate was 31 .46k grams, which was calculated from a gross of
134,625 grams and a tare of 103,161 grams. The uncorrected latent heat,

the first term on the right-hand side of Equation (115), becomes

Uncorrected  (1140.68 watt-min) 4
= 14,3403 cal/watt-mi 116
Latent Heat (31.46k4 g) (14,3403 ca /Wa min) ( )

H

519.88 cal/g
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Before the sensible-heat corrective term,éould be computed,
1t was necessary to know the exact composition of the mixture. Densi-
ties of 0.9832 and 0.9830 grams per ml from two trials with the con-
densate and of 0.9830 and 0.9829 grams rer ml from two trials with the
preheater liquid established the composition of the mixture at 10.3
mass per cent acetone. The bubble point temperature, Tpp, for this
composition was read from the temperature-composition diagram which
was produced from the vapor-liquid equilibrium data obtained for the
entire range of composition. After making the small correction for
pressure to 735.7 mm of mercury, the pressure at which the vaporization
proceeded; Tpp was determined to be 77.8°C. T1p» the only directly de-
termined experimental quantity which appears in the sensible-heat cor-
rection, was 72.7°C. 5% for 10.3 mass per cent acetone at the average
temperature of 75.2°C was estimated to be 0,996 cal/gOCo The value of
the corrective term is calculated, as follows, to be

Sensible.HEat = (0.981)(0.99 cal/g°C)(77.8 « 72.7)
Correction ‘

4.98 cal/g (117)

it

The actual latent heat is the difference between the uncor-
rected latent heat and the sensible-heat correction. Thus, the inte-
gral isobaric heat of vaporization for an aqueous mixture of 10.3 mass
per cent acetone has been determined to be 514.9 calories per gram.

For this particular mixture the composition of the vaporizer
contents was determined from density measurements to be 0.3 mass per
cent acetone. The temperature of the contents at 735.7 mm of mercury

was found to be 98.0°C. This temperature was corrected for pressure
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to 760 mm of mercury by a simplified version of the equation
A log P = s10pe (118)
A1/T

which expresses a linear relationship between log P and l/To The simpli-

Tied equation actually used, along with its application to this example,

is
2
-T 60
Temp. Correction = T76O - TP‘g’SlP log ZE‘
ope
JP( . . (119)
=(371.16°K 760 o
= T - T = l = Oo K
760 © TT35.7 T T _p1ho°k 1357 ’

The slope, -2140°K, 1s the mass average of the pure-component slopes of
-1630(°K) for acetone and -2200(°K) for water. The corrected tempers-

ture is 98.9°C. Thus, at 98.9°C on the temperature-composition diagram
points of 10.3 mass per cent acetone on the dew-point line and 0.3 mass

per cent acetone on the bubble-point line have been established.



APPENDIX C
SAMPLE CALCUIATION OF INTEGRAL ISOBARIC HEAT OF
VAPORIZATION FROM DATA AVAILABLE IN THE LITERATURE
The general equation developed in the section entitled
"Enthalpy-Temperature-Diagram Approach" for the calculation of integral

isobaric heats of vaporization is

| =0 =0
p=zy Ly m +oog omy + (25 Cp g+ o2y Op i) (T2 - Ty) (3%)

For acetone-water mixtures at atmospheric pressure this equation in terms

of temperatures in degrees centigrade and mass fractions becomes
Ap = Zy[134.0 - 0.262t) ] + 2 [599.6 - 0.598t; ] + {2,[0.283

| 2
- £+t
+ 0,00085(1122) - 0,000 0005 (-4=5)] + zy[0.438

T+

t
+ 0.000125 (-1 21 {1, - £} (79)

The units of Ap in Equation (79) are calories per gram. The following
example shows the calculation of the integral isobaric heat of vapori-
zation of an aqueous mixture of 50.0 mass per cent acetone.

The first step 1s to find the bubble-point and dew-point
temperatures from vaﬁor—liquid equilibrium data. For a 50.0 mass per
cent mixture of acetone and water at atmospheric pressure the bubble
point, tj, is 61.9°C and the dew point, tp, is 92.8°C. The mass frac-
tions have, of course, been set by the statement of the problem at
Zp = Zy = 0.500. If one desires to use Equation (34) directly, the

heat of vaporization at 61.9°C of both pure water and pure acetone

=165-
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would have to be determined from either graphs or tables which give

the heat-of-vaporization - temperature relationships. The ideal-gas heat
capacities of the pure components at the average temperature of 77.3°C
would have to be determined similarly. However, the temperature vari-
ance of each of these properties has already been incorporated in
Equation (79), so that insertion of the numbers tl = 61,9, t2 2z 9208,
i(tl+t2) = T7.3, and Zy = Zy = 0,500 yields the desired answer immedi-

ately.

i

Ap = 0.500[13h .k - (0.262)(61.9)] + 0.500[599.6 - (0.598)(61.9)]

+

{0.500[0.283 + (0.0008%)(77.3) - (0.000 0005) (77.3)]

+

0.500[0.483 + (0.000125)(77.3)1} {92.8 - 61.9}

(0.500) (118.2) + (0.500)(562.6) + [(0.500)(0.3kk)
+ (0.500)(0.448)1[%0.9]

59.1 + 281.3 + 12.3 = 352.7 cal/g (120)

Equation (54) can be used to make the calculation on a mole
basis if the z's are mole fractions and the units of the L's and the
)

CP'S are calories per mole and calories per mole ~°C, respectively.

The resulting Ap would be in the units of calories per mole.



APPENDIX D
SAMPLE CALCUILATION 'OF INTEGRAL ISCBARIC HEAT OF
VAPCORIZATION USING THE EQUILIBRIUM-K-VALUE EQUATIONS
The equation given in the section entitled "Application of
Equilibrium-K Values" for the calculation of integral isobaric heats

of vaporization is

RT, T Ki 2
—ALii z. 1n _il_ + Z AHO

Ap = . DH;
Fompem 1T T Ky TR

T T To —

1-2 - 1 o

—=f£— In— - T,] 2Zz; (CB.i - Cp.3 61

T, - Ty T 1} e ( P,i P,l) (1)

The following example shows the calculation of the integral isobaric

heat of vaporization of an aqueous mixture of 50.0 mass per cent acetone.
The calculation is in three steps - one for each of the terms in Equa-

tion (61).

The first term, when written out for an acetone-water binary,

Jecomes
RT, T K K
——l—g-[zA 1n - VY-S zy 1n _ﬂ421 (121)
To-T Ka,1 Ky 1

The z's here refer to mole fractions. The mixture corresponding to
0.500 mass fraction acetone contains 0.2368 mole fraction acetone,
From vapor-liquid equilibrium data the bubble-point temperature,; Ty,
is found to be 335.1°K (61,9°C), and the dew-point temperature, T,, is
found to be 366.0°K (92.8°C). Vapor-liquid equilibria also contribuie

the y - x values for calculating the K's, The definition of KA,E is

-167-
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yA,E/XK’ga The value of yA’2 is, of course, 0.2368, and the composition

of the equilibrium liquid, XK » at the dew-point temperature, T,, is

2
4
0.00918. Similarly, the definition of Ky, 1s yK,l/XA,l° The values

of the equilibrium-vapor yz 1 and the liquid are 0.803 and 0.2368,
7

respectively. Substitution of these values into Statement (121) yields

RT.T K.
12 Y, qp —kee

T-T;1 1 - Kij1

_ (1.987)(335.1) (366.0) (0.2568 1n 0.2%68/0.00918

(366.0 - 335.1) 0.803/0.2368
0.7632/0.99082
+ 0.76%2 1
7632 1 0.197/0.7632 :
= 7890(0.481 + 0.834) = 10,390 cal/mole (122)

The second term in Equation (61) is evaluated from the follow-

ing expression

a1e) =0
The z's and T's have been given in the previous paragraph. 5; A and
J
5; y are 19.97 cal/mole-°C and 8.07 cal/mole-°C, respectively. Apply-
>

ing these values to Statement (123) yields

[(0.2368) (19.97) + (0.7632)(8.07)1[366.0 - 335.1]

o}
Lozy O

(10.87)(30.9) = 366 cal/mole (124)

The third term in Equation (61), when written out for an

acetone-water binary, becomes

T1T2 T2 =1 o =1 o
In == - T1][zp(Cp » - Cp p) + 2y(Cp y - Cp )1 (125)

[T2 le T]_
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The z's, T's,and Cg's have been given previously. The partial molal

specific heats in the liquid phase were evaluated from specific-heat

data for acetone-water mixtures. 5% , 1s 36.7 cal/mole-°C, and 5%,W
J

is 20.5 cal/molem°C. Substitution of these values into Statement (125)
ylelds _ T

O
ooty T 71 %2 (CP 1 - Cp,i)

[(555.1)(566,0) 1, 366:0

(366.0 - 335.1)  3%5.1 335.1][0.2368(36.7 - 19.97)

+ 0.7632(20.5 - 8.07)]

(15.9)(13.4%) = 213 cal/mole (126)

The sum of the first two terms of Equation (61), which con-
stitute the Edmister equation, is 10,726 calories per mole, while the
total of the three terms is 10,939 calories per mole. The smoothed
experimental value for an aqueous mixture containing 23.68 mole per
cent acetone is 9699 calories per mole.

The results for another typical mixture of 80 mass per cent
acetone (55.37 mole per cent) show that the integral isobaric heat of
vaporization as calculated from Equation (61) is 17,893 calories per
mole. The corresponding experimental value is 8662 calories per mole.

Some of the reasons for the inability of Equation (61) to pre-
dict the experimental results can be seen by referring to the first term
on the right-hand side. In this example this term is written out in
Equation (122), where the value of 0.00918 (or 0.918 per cent) is entered
for x* . If the equilibrium compositions are known to, say, plus or

minus 0.2 per cent, then an error of approximately 20 per cent could be
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introduced into KA,2 which is not compensated elsewhere. This error
would, of course, be reflected severely in the final answer because
the first term is much larger than either of the other two. In addi-
tion, it should be observed that the fterm (T2 - Tl) appears in the
denominator of the first term on the right-hand side of Equation (61).
Thus, for any mixture which has a small temperature difference between
the bubble point and dew point, and in particular for mixtures which
have a high concentration of either component, the first term in Equa-
tion (61) will become quite sensitive to any small error introduced in

the estimation of the dew-point - bubble-point temperature difference.
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TABLE XV

SMOOTHED INTEGRAL ISOBARIC HEATS OF VAPORIZATION
AT EVEN COMPOSITIONS - ISOPROPYL ALCOHOL-WATER

Atmospheric Pressure

Mass Pct. Experimental Calculated (Eq. 78)
Isopropanol Heat of Vap. Heat of Vap.
(cal/gram) (cal/gram)

0 5k0.2 539.8

5.0 528.3 527.6
10.0 513.8 513.9
15.0 496.0 L96.5
20.0 L77.8 Lr7.7
25.0 459.4 458.6
30.0 Lz9.5 L39.2
Lo.o 398.3 399.9
50.0 357.6 360.4
60.0 316.9 320.3
70.0 276.0 279.9
75.0 255.L 259.2
80.0 23k4.3 238.6
85.0 21k.5 218.7
90.0 195.7 199.3
95.0 NN 179.5
100.0 159.3 159.3

TABLE XVI

SMOOTHED INTEGRAL ISOBARIC HEATS OF VAPORIZATION
AT EVEN COMPOSITIONS - ACETONE-WATER

Atmospheric Pressure

Mass Pct. Experimental Calculated (Eq. 79)
Acetone Heat of Vap. Heat of Vap.
(cal/gram) (cal/gram)
0 540.2 539.8
5.0 529.7 531.5
10.0 515.5 517.3
15.0 498.1 499,8
20.0 478.6 480.7
25.0 458.6 460.9
30.0 438.% 440.0
40.0 396.3 397.0
50.0 352.6 352.6
60.0 307.1 307.3
70.0 261.3 261.5
75.0 238.4 238.2
80.0 215.5 214.5
85.0 191.5 190.8
90.0 166.1 166.7
95.0 142.2 1k2.3
100.0 119.9 119.7
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TABLE XVII

SMOOTHED VAPOR-LIQUID EQUILIBRIA AT EVEN
COMPOSITIONS - ISOPROPYL ALCOHOL-WATER

Atmospheric Pressure

Mass Pct. Mass Pet.
Isopropanol Isopropanol Temperature
in Vapor in Liquid (°c)

0 0 100.0
10.0 0.5 99.4
20.0 1.1 98.3
30.0 1.9 97.0
40.0 3.0 95.3
50.0 h.5 93.1
60.0 6.7 90.5
68.2 10.0 87.5
70.0 11.1 86.9
76.3 20.0 83.3
78.6 30.0 82.0
79.6 4o.0 81.6
80.0 h7.5 81.5
80.1 50.0 81.5
80.7 60.0 81.3
81.9 70.0 81.0
84.5 80.0 80.7
89.4 90.0 80.5
90.0 90.7 80.5
95.0 9.1 81.2

100.0 100.0 8.4

TABLE XVIII
SMOOTHED VAPOR-LIQUID EQUILIBRIA AT
EVEN COMPOSITIONS - ACETONE-WATER
Atmospheric Pressure

Mass. Pct. Mass Pct.

Acetone Acetone Temperature

in Vapor in Liquid (°c)

0 0 100.0
10.0 0.2 99.1
20.0 0.6 98.0
30.0 1.3 9.7
Lo.o 2.0 9.9
50.0 2.9 9.8
60.0 3.9 89.8
70.0 5.9 85.3
79.0 10.0 79.1
80.0 10.8 78.2
87.1 20.0 70.6
90.0 27.7 66.8
90.5 30,0 66.3
92.3 40.0 63.4
92.9 50.0 62.3%
93.6 60.0 61.0
9.1 70.0 60.3
ok, 7 80.0 59.4
95.0 84.5 59.1
95.7 90.0 58.k4

100.0 100.0 56.2




=174

TABLE XIX

SMOOTHED DENSITY-COMPOSITION DATA
AT 25°C FOR ACETONE-WATER MIXTURES

Mass Pct. Density
Acetone (g/cc)
0 0.9971
5.0 0.990k4
10.0 0.9836
15.0 0.9765
20,0 0.9693%
25.0 0.9618
30.0 0.9539
35.0 0.9454
40,0 0.9365
L5.0 0.9265
50.0 0.9160
55.0 0.,9051
60.0 0.,8940
65.0 0.8824
70.0 0.8700
75.0 0.8569
80.0 0,843k
85.0 0.8294
90.0 0.8153
95.0 0.7999
100.0 0.7846
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Figure 35. Heat of Vaporization of Isopropyl Alecohol as a
Function of the Reciprocal Flow Rate to the
Third Power.
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Figure 36. Heat of Vaporization of Acetone as a Function of

the Reciprocal Flow Rate to the Third Power.
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Figure 38.
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Graph Relating Mole Per Cent to Mass Per Cent.
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TABLE XX

RAW DATA FROM ISOPROPYL ALCOHOL-WATER RUNS

Avg. Avg. Density (g/cc) Avg. Temperature (°C) Bar.

Time Power Net Con- at 35°C Point Point Point Press.

Run No. (min.) (watts) densate(g) Condensate Vap. Liquid 12 13 1k (mm Hg)
T12-0 27.947 k9,587 36,188 Pure Water 90.1 99.4 99.2 737.8
T12-N 29.793% 49.569 38.479 Pure Water 90.0 99.4 99.2 737.8
T13-0 30,587 26.851 21.495 Pure Water 95.3 99.3 99.3 738 0
T13-N 28.437 27.364 20.351 Pure Water 94.9 99.2 99.2 738.0
T14-0 25.052 65.448 43,356 Pure Water 88.7 99.3 99.2 738.0
T14-N 28.6k42 66.238 kg k1o Pure Water 88.9 99.3 99.1 738.0
T15-0 30.548 36.637 29.299 Pure Water 92.7 99.2 99.3 740.9
T15-N 25.028 36.975 2k.220 Pure Water 92.9 99.2 99.2 740.9
111-0 14,360 12.300 14,970 Pure Isopropyl Alcchol 70.3 81.6 81.6 738.0
I11-N 2k, 996 12.286 26.055 Pure Isopropyl Alcohol 70.h4 81.6 81.6 738.0
I12-0 17.429 16.355 2k, 054 Pure Isopropyl Alcohol 68.3 81.6 81.6 737.2
I12-N 22,387 16,344 30.952 Pure Isopropyl Alcohol 68.4 ' 8.6 81.6 737.2
113-0 19.380 9.b77 15.754 Pure Isopropyl Alcchol 73.4 8.7 81.7 740.5
I13-N 20.043 9.455 16.265 Pure Isopropyl Alcohol 73.5 81.7 81.7 740.5
T14-0 15.337 20.237 26,141 Pure Isopropyl Alcohol 67.7 81.7 81.7 740.3
I1k-N 22.198 20.219 37.849 Pure Isopropyl Alcchol 67.7 81.7 81.7 740.3
115-0 15.152 15.913 20.454 Pure Isopropyl Alcchol 68.9 81.6 81.6 73k.4
I15-N 22.095 15.916 29.832 Pure Isopropyl Alcchol 69.1 81.6 81.6 7344
116-0 14775 20.270 22.799 0.78552 - 67.0 80.4 80.4 738.4
I16-N 23,110 20.303 35,644 0.78565 - 66.8 80.4 80.4 738.4
117-0 16.150 13.946 17.265 0.78548 - 69.2 80.3 80.3 735.7
117-N 23.166 13.953 2k, 804 0.78570 0.78260 69.2 80.3 80.3 735.7
118-0 17.74%0 19.618 24,388 0.7974h - 68.0 79.8 79.9 739.7
118-N 23.012 19.60k 31.624 0.79767 - 68.0 79.8 79.8 739.7
119-0 14,639 14,703 15.160 0.79751 - 70.2 79.7 79.8 737.9
119-N 2k 461 14.689 25.353 0.79755 0.79481 70.2 79.7 79.8 737.9
120-0 13.652 25.1k2 21.880 0.810%1 - 67.3 79.8 79.8 73%6.6
120-N 23.680 25.112 37.925 0.81043 - 67.2 79.8 79.8 73%6.6
121-0 15.297 1A.722 16.436 0.81031 - 70.0 79.7 79.7 733.5
I21-N 24,038 16,702 25.806 0.81013 0.81906 70.1 79.7 79.7 733 5
122-0 15.516 27.902 25.4o7 0.82192 - 68.2 80.8 80.7 735.7
122-N 23.730 27.933 38.943 0.82215 - 68.2 80.8 80.7 735.7
123-0 16.966 17.713 17.873 0.82188 - 72.3 80.8 80.6 738.5
123-N 25.153 17.726 26.469 0.82195 0.89841 72.3 80.8 80.6 738.5
12k-0 14,075 27.961 20.908 0.83825 - 72.3 84.5 84.5 7374
124N 25,34k 27.988 37.767 0.83813 - 72. .k ak.5 T37.4
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TABLE XX (CONT*D)

Avg. Avg. Derity (g/ce) Avg. Temperature (°C) Bar.

Time Power Net Con- at 35° Point Point Point Press.

Run No. (min.) (vatts) densate(g) Condensate Vap. Liquid 12 13 14 (mm Hg)
125-0 1k.1k2 20.17L4 15.317 0.83869 - 76.1 8h.b 84.5 736.7
125-N 22,405 20.147 24,198 0.83861 0.97119 76.2 84.5 8k.5 736.7
126-0 16.038 33,155 24,954 0.86076 - 75.6 88.3 88.3 739.3
126-N 23,052 33,084 35.781 0.86072 - 75.6 88.3 88.3 739.3
127-0 18.137 22.721 19.452 0.86089 - 79.0 88.3 88.3 738.1
127-N 23,472 22.638 25,164 0.86076 0.98022 79.2 88.4 88.3 738.1
128-0 20.023 36.252 30.083 0.88558 - 77.5 91.3 91.% 734 .6
128-N 23.401 36.136 35.038 0.88585 - 78.0 91.3 91.3 T34.6
129-0 14,619 25.211 15,347 0.88601 - 79.2 91.3 91.3% 733.5
129-N 22,145 25.208 23.201 0.88597 0.98463 79.2 9L.h 91.h 733.5
130-0 15.062 hy.384 2%.635 0.90603 - 81.2 93.4 9%.3 734 .8
130-N 19.969 Lo, kok 30.429 0.90617 - 79.5 93.5 93.2 734.8
131-0 12. 80k 26.353 12.686 0.90630 - 80.5 93.4 93.5 735.1
I31-N 22.419 26.394 22.281 0.90624 0.98727 80.5 93.4 93.5 735.1
132-0 1k.070 418.216 23.018 0.92860 - 75.8 95.4 95.2 737.7
132-N 20.400 48,082 33,242 0.92866 - 75.7 95.4 95.3 37 7
133-0 14,577 32.050 15.8%2 0.92909 - 78.4 95.4 95.2 732.5
I33-N 25.384 32.161 27.809 0.92865 0.98978 78.5 95.4 95.3 732.5
I34-0 15.264 47,326 22.335 0.95177 - 80.3 97.1 97.0 Th2.5
I34-N 23.032 47.538 33.917 0.95137 - 80.9 97.0 97.0 The.5
135-0 13.700 33,092 1k, 024 0.95155 - 81.3 96.9 97.0 Th1.5
I35-N 21.207 33.109 21.735 0.9515h 0.9918+ 81.5 97.0 97.1 T41.5
136-0 15.838 50.448 23,830 0.96153 - 80.5 97.6 97.5 Th1.0
I36-N 23.053 50.412 3L.613 0.96160 - 80.5 97.6 97.5 741.0
137-0 15.418 34,908 16.087 0.96159 - 81.7 97.5 97.6 736.6
I37-N 26,844 35.058 28.0%2 0.96146 0.99218 81.6 97.5 7.5 736.6
138-0 14.020 53.79%4 21.604 0.96925 - 79.6 98.2 5,1 Th1.1
138-N 20.033 53.751 30.862 0.96932 - 79.3 98.3 D2 Thi.1
139-0 15.138 36.921 16.002 0.96938 - 78.8 98.1 93.0 738.6
139-N 20.352 36.852 21.396 0,969k 0.99278 78.6 98.1 98.0 738.6
140-0 13.335 56.848 20.921 0.97680 - 81.1 98.6 98.6 738.0
I40-N 20.238 56.859 31.862 0.9766k4 - 81.5 98.6 9" 6 738.0
I41-0 14127 39.324 15.333 0.97684 - 81.6 98.8 9.6 Tho.3
T41-N 20.120 39.320 21.847 0.97676 0.99328 81k 98.8 98.6 Th2.3
Th2-0 12.012 57.856 18.609 0.98495 - 85.4 99.3 99.0 Th3.3
Tho-N 18.871 57.84k1 29.305 0.98461 - 85.6 99.3 99.1 43,3
143-0 13.425 38.757 1k, 00k 0.98551 - 87.5 99.3 99.0 7h1.6
I43-N 22,010 38,858 23.035 0.98528 0.99373 8r.2 99.3 99.1 Th1.6
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TABLE XXI

RAW DATA FROM ACETONE-WATER RUNS

Avg. Avg. Density (g/cc) Avg. Temperature (°C) Bar.
Time Power Net Con- at 25 °C Point Point Point Press.
Run No. (min.) (watts) densate(g) Condensate Vap. Liquid 12 13 1k (mm Hg)
A1-0 23.583 14,968 ho.7h1 Pure Acetone 48.1 55.3 55.1 T34.3
Al-N 17.915 15.000 31.039 Pure Acetone 48.2 55.4 55.2 T34.3
A2-0 19.278 12.601 28.121 Pure Acetone 49.5 55.3 55.1 732.6
A2-N 1k.155 12.600 20.649 Pure Acetone k9.5 55.3 55.1 7%2.6
A3-0 21.375 8.895 22,145 Pure Acetone 51.7 55.3 55.3 730.0
A3-N 18.260 8.892 18.873 Pure Acetone 51.7 55.3 55.2 730.0
Ak-0 22.796 7.076 18.371 Pure Acetone 52.4 55.3 55.2 731.0
AboN 20.2L45 7.068 16.301 Pure Acetone 52.4 55.3 55.3 731.0
A5-0 19.137 14%.980 30.019 0.7940 - 48.7 56.3 56.2 T37.1
A5-N 13.672 1%.956 21.ke2 0.7938 - 48.9 56.4 56.2 737.1
A6-0 2k, 165 9.939 25.333 0.7939 - 51.7 56.4 56.2 736.7
A6-N 15.450 9.90k 16.147 0.7938 0.7986 51.7 56.4 56,2 736.7
AT-0 18.484 15.541 27.516 0.80k9 - 53.8 60.6 60.6 738.7
AT-N 13,784 15.565 20.506 0.8049 - 53.5 60.6 60.6 738.7
A8-0 21,981 11.161 23,645 0.804k4 - 55.8 60.7 60.5 738.8
A8-N 13.333 11.176 14,343 0.8045 0.9051 55.9 60.7 60.5 738.8
A9-0 18.060 17.912 28.180 0.8131 - 56.0 65.0 65.h 732.1
A9-N 13.700 17.864 21.208 0.8138 - 56.0 65.3 65.5 T32.1
A10-0 21.394 12,262 22.628 0.8147 - 57.4 65.1 65.3 732.3
A10-N 14,200 12.240 14.882 0.8150 0.9559 57.4 65.3 65.6 732.3
A11-0 20.077 23,061 30.992 0.8411 - 55.8 76.6 76.6 733.1
Al11-N 15.937 23,057 2k 588 0.8k12 - 55.9 76.5 76.6 733.1
A12-0 19.71k 16.970 22.360 0.8410 0.9816 57.1 76.8 76.5 733.7
Al2-N Run Discarded. Shield Line Plugged.
A13-0 18.833 28,074 28.903 0.8705 - 58.1 8.7 84.6 7%6.5
A13-N 16.717 28,027 25,467 0.8708 0.9893 58.0 84,7 84.5 73%6.5
A1k-0 Intermittent plugging of liquid line upset the steady state.
Alka-0 20.975 32.328 31,468 0.89k4 - 58.4 88.6 88.7 726.5
Alla-N 15.375 32,292 23,002 0.894k4 - 58.3 88.6 88.7 726.5
A15-0 25.297 22,996 26.811 0.8947 - 59.6 88.5 88.7 723.9
A15-N 15.178 23,116 16.177 0.8947 0.9920 59.4 88.5 88.6 723.9
A16-0 21.012 37.352 31.629 0.9157 - 59.2 91.6 91.6 T28.7
A16-N 17.59% 37.351 26,546 0.9158 - 59.0 91.6 91.7 728.7
A17-0 21.896 26.066 23,021 0.9155 - 60.8 91.6 91.6 728.0
A1T-N 14.835 26.015 15.615 0.9158 0.9929 60.8 91.6 91.6 728.0
A18-0 19.510 42,520 29.973 0.9360 - 61.0 9k.2 9.0 Tl .6
A18-N 18.222 [-RINE 27.806 0.9362 - 60.6 9h.2 94,0 Thh 6
A19-0 20.123 29.852 21.653 0.9360 - 62.1 9.0 93.9 Tk .6
A19-N 16.835 29.792 18.028 0.8358 0.9944 61.9 9.0 93.9 Thh .6
A20-0 22,565 18,343 35.713 0.9535 - 63.4 9.3 9.0 T45.0
A20-N 18.032 48,381 28.554 0.9535 - 63.1 9.3 9.0 T45.0
A21-0 14,841 30.980 15.047 0.9534 - 64.7 95.9 96.0 43,7
A21-N 15.008 31.138 15.241 0.9535 0.9953 6. b 96.2 96.0 Th3.7
A22-0 20.145 51.233 30.920 0.9691 - 68.0 96.6 96.6 725.5
A22-N 14.293 51.14%2 21.833 0.9689 - 68.0 9%.7 9.6 725.5
A23-0 20.805 35.682 22.226 0.9689 - 69.2 9%.6 96.6 726.8
A23-N 20.200 35.680 21.423 0.9690 0.9962 69.2 9%6.6 9.6 726.8
A2k-0 20.595 54,730 32,252 0.9767 - 1.6 97.8 97.8 The.2
A2k.N 17.990 54,72k 28.281 0.9766 - 1.6 97.8 97.8 Th2.2
A25.0 19.799 38.977 22,144 0.9766 - 72.9 97.8 97.8 Thi.7
A25-N 15.575 38.908 17.378 0.9768 0.9966 72.6 97.8 97.8 Thi.7
A26-0 19.582 58.251 31.464 0.9831 - 2.7 98.2 98.0 735.7
A26-N 18.432 58.061 29.554 0.9832 - 2.7 98.2 98.0 735.7
A27-0 20.409 39.111 22,065 0.98%0 - 75.3 98.2 98.1 737.0
A2T7-N 16.302 38.979 17.525 0.9831 0.9966 75.0 98.2 98.1 737.0
A28-0 21.065 59.268 33,469 0.9900 - 79.1 98.7 98.6 736.9
A28-§ 19.258 59.295 30.531 0.9901 - 79.0 98.7 98.6 73%6.9
A29-0 22,192 40.354 24,017 0.9901 - 83.1 98.7 98.6 73%6.6
A29-N 19.187 ko.2k2 20.730 0.9902 0.9969 83.0 98.7 98.6 73%6.6
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