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SUMMARY

“An equilibrium still which may be used to determine

-vmpor-liquid équilibrium,.the equilibrium pressure and tem-

perature, the isobaric heat of vaporization at the vapor
compoSitibn of the system has been successfully tested.
Vapor=ligulid equilibrium dats for the ethanole=water system
compared with those of other investigators on a temperature-
composition dlagram showed a maximum devistion of 20,2°C in
the Iigquld phase and £0.6°C 1n the vapor phaxse_‘° Activity
coefficients.calculated from experimental data showed & max-
tmum deviation of 2% from the values of other investigatorso'
Thermodynamlc consistency of the data was checked, and the |
@ata were found to fit the van Laar eqpatibn'and'to satisfy
the Redlich-Kister criteria for consistency w thin 4%, La-
tent heat data.wére found to agree within P with that of
other Investigators. | |

The still as deslgned by Koechert 1s described in

~brief, and impro?eﬁents to the apparatus are discussed.

Thermodynamic considerations involved in vapor-liquid

equilibrium and latent heat measurements are outlined.
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INTRODUCTION

The determination of the vapor-liquid phase

equilibrium and the enthalpy of a mixture is impor-

tant for}both‘indusfrial design calculations and theo-
retical cbﬁprehenSion of the themmodynamics of solu“?ms
and phaée eduilibrium. Determination of thermodynamic
properties 1s also of utility to many ihdustrial{nroccsses
in determining minimum work or heat associated with
glven change in the system.

Phase equilibrium data in conjunction W th asso:-.ated
enthalpy values can‘be used to construct an entire =znthalpy=-
concentration dlagram for graphical solutims of binary
d stillation pfoblems or may be used in tdabular form for
analytical solutions. The thermodynamic data required to
establish graphical or analytical relationships is scat-
tered throughout the literature, frequently inadequate, snd
most often non-existant, Therefore, dlagrams for only &
few blnary systems have been constructed. Furthermoré,
if mbre:fhan one interrelated ﬁhermodynamic property can
be measured‘simultanéously one the same apbaratus, a good
check on internal consistency of data exists. Such as
apparatus 1s described hefein° ‘I

To\completely define the enthalpy-composition nete

work of a system, the following data are necessarys
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For the liquid phase== isobaric specific heats of -
the pufe components, -heats of solution of the com-
ponents: at a reference temperature and pressure,
and isobafic gpecific heats of the mixtﬁfé'from
some reference‘tenmerature and pressuré to the bub-
ble polnt of the system.

b. For the vapor phase=- isobaric latent heats of
véporization of the mixture at ths reference pres-
sure and vapor-liquid equilibrium date.

The present apparatus 1s designed to measure all the
data required_to complete the vapor phase structurey however,
gince a reference saturated ligqiid (bubble point) line
must be established, the remainder'qa the necessary data
must be elther calculated br expérimentally'determinéd by
another means. The latter glternative was consldered be-
yond the scope of the initial investigation so that vapor-
liquid equilibrium and enthalpy measurements were restric-
ted to systeme for which the bubble point line could be
calculated.

The desceription and design criteria of the apparatus

described in this report are reported by Koeckert (12)

- for the equilibrium still. This apparatus represents the

complete revision of equipment which was constructed and

| operated to test the basic features of fhe design, The

report describes thermodynamic considerations of the ap-
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paratus snd the results of atest run with the ethanol-

electrolytlc binary vapor-liquid systems at equilibriuvm.

Non-1dealities in the vapor phase were not considered.

o
!
i
A
|
i
N

¢

e e e

wafer system; 'In‘general,~attention is confined to non-

,‘
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DESCRIPTION OF APPARATUS

‘An equilfbrium still designed for the simulteneous

'meaSurement of vapor-liquid equilibrium and heat of vépor=

1zation was constructed'(lz)° The equilibrium still is a
reclrculating phase, flow-type calorimeter which provides

the proper thermodynamlc pathfer measurement of equ 1librium

. vl ues and 1gobaric latent heats of vaporization at the va-

por composition. To eliminate contamin&tibn problems, the
entire apparatus in contact with the gsystem under study ﬁas
fabricated of glags and Teflon.

As can be seen on PFigure 1, ligid is vaporized in
an external reboiler., Heat to the feboiier is supplied by
t&o 4-foot 250 watt heating tapes wound around the glass
tube of the boller. The glass tube used was flattened on
the bottom to provide for an increased area of heat‘trans=
fer to the liquid. Vapor from the reboiler is directed up
into & liquid reservoir in the equilibrium flask which
consists of a slngle bubble cap to.provide for effective
vapor=-liquid contact. The vapor temperature from the re% |
boiler is measured by thermocouple TC-2 s d the liqiid
temperature in the equilibrium pot by TC=5; A sample tubs
is provided to ﬁ.thdraw'equilibrium liquid for ammalysis.

- Vapor from the equilibrium flask passes through a

cbunter-current vapbr-liqzid contacting section. This in-
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rsufeS‘that lig 14 from'the condenser above 1s saturated &t

the bubble point° Temperature of the rising vapor is
measured by TC=-4, thermocouple'TC-V measufes,the tempera-
ture of the liquid in the condensate reservoir, and therho=
couple TC-9 1s taped to the side of the contactor wall and
meagures the temperature'of the condensed vapor in equl-
1ibrium with the liquid in the equilibrivm flask.

Heat is removed from the vapor with a standard West-
ty@e condenser inserted into the contactor. Enthal py re-
moved in the condenser is measured by metering the cooling
water flow md noting the temperature rise of the water
(thermocouple TC-1). This enthalpy represents the latent
heat'of the total mixture flowing.at the vapor composition.

The condensate 1s collected and passed through a small
Lieblg cooler where the temperature is reduced from that
of saturated liquid at the bubble point to approximately
05%C, At this point it might be possible to measure the
gensible heat effect of the golution but no attempt has
been made fo do‘soa The 1iq11d {s then collected in a
leveler which permlts adjustment and observation of the
1iguid level in the o ndensate reservolr. |

The 1iquid from the leveler represents the feed to the
reboiler, i.e. recycle bgck to the equilibrium flask. The
I1iquid feed rate\is-meteredjmdth.a rotameter in the line
and provision 1is made for obtaining liquid samples.‘ To
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‘ecury regulator controlling a 50-watt heater. Watbter at con

7=

Tovinsure accurate determination of’feed rate, the rota-
meter is jacketed with water at 25 0° Co

To minimize heat losses in the system and accompanying
internal reflux, disruptlon of equilibrium, and errors in
enthalpy_measurements, it was found necessary to keep the
heat losses below one percent. The use of simple insulie

ating material would have produced too great a loss. Trhere-

(4]

fore, the principle of adlabatic walls was used to redu:
losges. Two lengths of aluminum pipe were used =~ one a-
round the equilibrium flask and the other around ths o n-
tactor. These sections of pipe were wound with hea*tingz
tape and their tempe ratures controlled to that within the
apparatus. Insulation.was alsc paced between the pives
and the apparatus as well as one the outside of the pilpes.
The condenser section was insulated.
The,coolingmmtersystem provides constant tempe rature
coolant (25. OO - 0.02 C) at a constant contrelled rate toO
the calorimetric condenser and to the cooling water jacket
of the fe~d rotameter. This water 1is also used to sub-
cool the_seturated liquid le aving the vapor-liquic con=

tactor. Temperature‘control is provided by an on-off mer=

Y =

~

stm t head is provided by circilation of the cooling ‘water

between the upper and lower tanks.

Temperature measurement is UPOJlded by 2 Rublcon Type




Bﬁpotentibmeter and galvanometer useduwith copper=constan=-

tan thermocoPpIes. The 1nstfument 1s accurate to to.5
microvolts or 0.02°C for enthalpy measurement or 1.1 micro=
volts or 0.05°C for equ 1librium temperatures.

The pressurein the apparatus is maintsl ned at 7€0

tO.l nmm.
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DESIGN CRITEREA

R D W T E T

Following is a brief description of thé—design cri-
terea of the equilibrium still as presented by Koeckert
(z). “

1. Recirculating Path

‘Flow calorimeters Which.would-provide for elther a
-gingle=pass or‘a rgcifculating path for the vapcr phass
were considered. Designs of the single-pass typse have
been proposed by Dana ( 5) and modified by TallmadgeS
Schroeder, Edminster, md Canjar (25)., This latter ype
offers the advantage of accurate measurement of flow rats,
but uncertainties in maintaining a constant liq id volume
and unceftainties in cofrection’for‘heat leaks precluded
confidence in enthalpy measurements. A variation of this
| type has also been used by McCracken and Smith (13) nd
| , | : ; Callendar and Barnes (2 ), but neithef type was adaptable
to vapor=liquid equilibrium measurements.

The other alternative is a design in which the moving

vapor bhase 1s recirculatéd through the apparatus until
squilibrium is attained. The two chief advantages of this
type are that the movihg vapor stream follows the exact
thermodynamic path fequired for enthélpy measurements and
that vapor=-liguid equilibrium is assured. The chief dis=
advantage of this type of still lies in the difficluty of
meaéuremeht of flow rates. Since it is inherently imprac-

- T | - - o | 1 tical to remove material from the system, a ball-type rota-
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i meter wes chosen as the most accurate of in-line flow

- measuring devices.
A | 2. Vaporizer Design
Two types of devices to generate vapor within the.

still were consldered; in one case, conaensate is wvapor=
1zed in an external reboiler and, in the other cass, the
condensate 1g circulated directly to the equilibrium chaun-

"ber prior to vaporization. >Designs by Jones, Schoerbori,
and Colburn (10) and Murti (15,16) incorporate vaporization
of the recirculating phase prior to contact with the equi-
librium liquid. The Othmer design (17,18,19) employing
the direct return of recirculating ligqiid to the s iil-
brium flask appears to insure establishment of the equi=-
1ibrium liquid composition. The results of Swientoslawskl
geem to indicate that the vapor formed by boiling within the

equilibrium flask 1s superheated perhaps bscause it is in

.
.
-
(
{
y
1
:
i
i

in contact with the flask liquid for too short a time to es-

tablish equilibrium. .
Since it 1s felt that truer equilibrium can be attained

1f the recirculating liqid 1s vaporized before contact with
the equilibrium flask 1iquid, a tubular external reboller
has been employed;

, 3. Constant Liquid Level
o \ } |
‘ B To establish steady-state for enthalpy measurements,

1t 1is necessary to maintain flxed liq1id levels in the sys-

tem. One liqiid level is fixed at the inlet of the
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downsloping reboiler, and the quantity of 1liquid in the
recirculating loop is fixed by the_liquid level of the ’

condensate collected from the coﬁdensero‘ The liquid quan-

tity at the point of hold-up -- the equillibrium flask =-

’is then also fixed.

4, Enthalpy Measurement
To isolate the latent heat and sensible heat effects,

vapor must leave the o ndenser as saturated ligqxid so that

the exact isobaric heat of condensation is removed in the
condenser° It i1s likely that the vapor condensed in con=
denser such as is designed for the apparatus could be sub-
cooled; however, by providing effective contact between
the downflowing liquid and upflowing vapors, the vapor
will be partially condensed and the liquid reheated to its
bubble point. The net heat removed by the o ndenser 1is
then the isobaric latent heat of vaporization.
5. Pressure Control

The various designs of recirculating stills which use
a closed system and regulate the pressure by the adjustment
of heating or cooling offer distinct disadvantages for en=
ﬂﬁalpy measurement. The simplier method of pressure con-
trol at one atmosphere involves use of a reflux condenser
connected to a reservolr of confining gas. If the system

is adjusted fo a pressure of 760 mm Hg and sealed, con-

densation of the vapor automatically maintains the inter-




| ‘f, | |
S - _@ o , -12-
f nal pressure at the control value.
! 6. Calorimeter
| Involved in the measurement of enthalpy is measure-
ment of the temperature rise of the cooling water across
;i the condenser. To damp fluctuations in this temp rature
; difference caused by serging in the cooling water line, a
holding tank (ca. 50cc) was placed in the water discharge
f _ line.
4
| 4
| \
! ;
|




OPERATING PROCEDURE

S At the start of the experimental run, the equilibrium

- flask, the vapor-liquid contactor, the_leﬁelerp and the re-
circulating lines are charged with the test mixture. After
adjustment of the temperature and flow rate of the cooling |

water to the condenser and the liquid subcooler, heat is

applied to the adlabtic walls and the reboiler. Fiow is
then slowly started until a steady-state boliing sondition
is reached and all liquid levels can be maintained a%t v
steady-state. The still 1s run in this manner until con=-
stant values of the liquid and vapcr temperaturss inélcate
that equilibrium is affected. ~The usual length of & run 1s
about five hours.

After equilibrium is attained, the cooling water-rate

1s measured. At the end of the run samples are taken of the

;
:
{
;
}
57
i
‘

11g13d fromthe equilibrium flask and of the condensed va-
por. Then the feed rotameter is calibrated wi th the conden-

ged v or feed.
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- THERMODYNAMIC CONSIDERATIONS

The.following discussion is applied to a thermodyna=

r : : o \ T _ ) ﬁﬁ mic analysis of vapor-liquid equilibria in a closed system.
ﬁg' Thermodynamic analysis starts from perfect solution and

i f? perfect gas behavior and, in the first apprdach, lumps to=

'{ %% gether deviations into empirical and theoretical correction
| ?% factors.

3 When two phases are present, each phase represents a
complete system, and, for equilibrium to exist between the
5; j? phases, 1f the restraints of constant temperature and pres-
'g' Jrﬁ }g gure are applied to the system, the free energy change 1s
‘é % zero if no means of performing work is present.

j % To define the thermodynamic properties of a solution
% of glven mass, the one additional variable, in addition to
| temperature and pressure, Introduced is chemical potentisal.
Then for a small change in internal energy, the general

k relationship 1s glven by
AP = =SAT +VAP + Lty L, A ol AT )
3 where F= free energy ‘
: ‘ = entropy
o T = absolute temperature
5 P = pressure
g V = volume
: M= chemical potential
] N = number of moles of 1, 25 3, ceoo
E = internal energy

j 1 and the chemical potnetials are defined

1

' E ’

| 4

: %
3

K .
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"~ The above equations appiy to the whole phase or to the

“whole of any multiphase system. At equilibrium

AF > ~SdT +udP | (2)
From the definition of partial molal properties, the

chemical potentiai of acomponent 1is eQual to the partial

molal free energy//q:-ﬁ% » Then on a molal basis for the

entire system :
VAP - SAT = E(X g#1i) (°)
The fugacity of a component i 1s defined for a compo-

nent of a solutlon as follows:

(AE:  Ji = BT A ) 7 (4

But since Equation (4) applies at constant temperature,
it cannot be substitutedAihto Equation (3) as long as it
is the total derivative of,q;as a resu1t of changes 1n~
temperature as well as preséure and compoéitiono Therefore,
Eqation (4) 1s integrated from the low pressure 1deal gas
reference state of the pure component to the actual state

of the component in the solution.

i s Rt - AT ()

where f-— the fugacity at a low pressure such that ;(-P*
- p¥= free energy at the above reference state

Differentiating Equation (5) with respect to temper=

ature at constant pressure

,(/m df"'+z?7‘,&f,+ﬁ/mf 917' @2-.7[ 4’7' )
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I SRR ST,

:‘ : | | | | : ; , Cﬁmbining EQ1ations (5) and (6) . -
_ | S - /) /':47) F ZI rrT(M“f") 0

‘From the thermodynamlc definition of free energy Fz H=TS

and for component i -Fp= Mm( and Fta He =T5;
’ _\%3’4_3& He* /T - /H/T' S 5 - RT ( JA f‘)ﬁ (%)

where.F the entropy at the reference state

. o | 1 k] | B | |

tg : 'Writing‘Equatian (9) for the same temperature and
| pressure and in the same phase as the solutioh in which 1
é is a component, multiplicatiom bszgand sﬁmmation over all
| components
| €(HHY ) & ey |
| - | RTE a7« £hidlnti)  (m)

Derrivation of the Gibbs-Duhem Equation

The Gibbs=Duhem Equation'is a. relationship deduced
from thermodynamics to correlate the effects of composi-
tion oh all the components in the mixture. This relation-

ship 1s expressed mathematically as an equation between

the change in fugacity of each component with the compo-
ﬁ sition and may be derived in the following manner:

| ‘ The molal free energy of a solution at constant tem-

3 perature and pressure is given by

R T s
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£ sXF}*KP"' P-oe- : ' )
nr e (% vho Aty ren oo (1)

wnd slnce 4, o 7y

Far = (M + 4 m”‘;/“;*‘*")ﬁ—r ("4

For any change in state this equation may be differentiated
gehera'lly, '
("F)»BT-; (Y, Jo//u, 4-/{4.0“:, +'X-‘¢h\,4/410{)f;f .-._)”T {I.j)

At constant temperature and pressure Equation (13)

reduces to

(AF)pT = L, A s m, ol + Y. (1Y
Subtracting Bquation (14) from (13)
(xl 0‘/“,"‘)(;0’/“1_ PR #)87—- 2 p (héj

and since é/M; e BT A #L ‘

[;"/"':“‘Q“‘ (&.w\)* vrex0fpr 00

Equation (16) is ageneral statement of the Gibbs=Duhem
relationship and represents the regtriction which thermo-
dynamics places upon the variation of fugaecity with com=
position for a two-phase system in equilibrium. WhenvKua-

tion (16) 1s applied to a binary system, it reduces to

G, e,

Activity Coefflclents

The departure of a solution from ideal behavior can

be represented by an empirical correction factor known as

the activityvcoefficient,if. The numerical value of the
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activity coefficlent 1s dependent both on the standard
state and on the units of expression for composition.
Commonl-y, the activity coefficient 1s defined as
v BER) (9
where #: = fugacity of 1 at a standard state

The sctivity coefficient is found to vary in the
following manner with pressure:
AFiz =5idT wV, AF (19

where superscript — indicates a partial molal quantity.

At constant temperature

LF_)‘V v (29

Since dFie RT4#: and applying Equation (20) to both

# and 1
§ b (RSE) V-Vﬁ  qa)
9P

Simlilarly the activity coefficients are found to vary
in the following menner w th temperature at constant pres=

sure and compositlions

From Equations (10) and (18)

| ddure £ e HL
(“ﬁ"')cx ® (—F:_)a»e (3

| The termMy=—A: 1ls the integral heat of mixing of
compound i from its standard state to the solutlon of

given composition both in the same state of aggregation

and pressure.

The Gibbs-Duhem Equation may also be expressed in terms

of activity coefficlents:
From Equation (17) substituting the definition of an

activity coefficlent in terms of fugacity
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and similarly X. ( &f';( "'j x|

(455 - [ —n:*}ZT (2

Equation (23) 1s valid at constant temperature and

constant pressure for non-electrolyte solutions.

General Forms of the Gibbs=Duhem Equation

Since Equation (23) applies only at conditions of
simultaneous constant pressure and temperature and vapor-
.1zation operations are carried out at either constat
temperature and variable pressure or constant bressure and

varying temperature, modifications to the Gibbs=Duhem Equa-
These

tion are of considerable practical importance.
modifications follow the procedure of Ibl ad Dodge (8 ).

For a two component system Equation (5) reduces to

oA ot Adm 1~ Yoo AP
=T " Thfw) | RTA¥ (24

* where Y = molal volume of the liquid phase.

From 47 jc'/’(f;" (% F2 /1) £

~ and Equation (24)
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, at T constant {25)
where W and W * are the mean molal volumes of the pure
; * liquids at the pressure and'temperature“ of the mixture, and
' the term Wm=x i t=(I1-xy® 1s, therefore, the molal volume
; ; chen ge acqompanying the mixing.
o , Similarly, by writing Equation (9) for a two compc=
. =
},’ i . nent system
; x(Ket) o >/M~~‘) _LH (1)
l i Y Jex T el T*
]
i i -
! o where Lp= X HP F (199 HE —xcHy = [1=%) ¥y
| o = molal enthalpies of the pure components in the
| E . : oo ideal gas state,
; AN = molal heat of vaporization.
’ J Applying the G$bbs=Duhem BEquation
:% ' A___J_ - G{ZLV%L- - an K (ZJU
: dowx  dn 1) @T'§L<
where Equation (27) 1s an exact form of the Gibbs=Duhem
( Equation valild at constant total pressure and varlable
temperature. |

Eqation (27) can also be written in terms of actlive

ity coefficients

[ddeki] Aol
AL [1¢) -
H “"“)H-L"KH;*—/I.‘*)R-\_* 7%’“ é)_z:

at constant P (28)

Al %
- [f,+
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-/ where the term"xéz‘.»+»(/‘>‘°)'7\.‘>‘"Ek'(’*"")“7.* is the molal in=
% - tegral heat of mixing.
' ‘i Eqations (25) and (28) apply to elther phase under
ﬁ consideration. The volumes and the enthalples refer to the

phagse under consideratién. However, for the vapor phase

at low pressures the‘activity coefficients are near unity.

In the 1liquld phase the unmodified Gibbs-Duhem Equation

2? ‘% 1s usually‘applicable in the case of constant temperature,

§ % variable pressure.

f Excess Thermodynamic Properties

| ; |

; i? Do predict vapor=liquid equilibrium in non=-ideal sys-=

g i% tems, the concept of exceés thermodynamic properties be-
 % comes useful. It becomes possipie toO é&aluate the devi-
% | ation of the non-idéal solution in terms of the excess

properties and actlvity coefficients.

When a mole of solution at standard state and unlt

fugaclty 1is added to a solutlion at the same pressure and

temperature
o 0 .
/h"_fﬁ‘r'/bw-f‘_ "/‘”."‘/?T/&VM%L' (7—9/
Redefining the actlvity coefficient
& 3 ‘p\i/?[io X.

,Definingb/«*as the chemical potential at a pfessure suffi-

k?, o | | o | ;g_ ~ clently small that
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i - - L - %; where/ﬁqe= excess chemical potential.
} - : _ 5 Then, the excess free energy'Féfper mole of solution
i o / |
i -becomes: ,
E E_ o a e e ~
| . FrLgi s gXeRT A Y (21)
; Redlich-Kister Equation
| i One common method of representing activity coeffi=
i & -
. clents is that developed by Redlich and Kister (22), 1In
;i this approach, excess free energy is related to mmposi-

tion at conditions of constant temperature and pressure

by use of a series function with sufficient terms to ac-

curately represent the experimental data.

The function @ for a binary mixture 1s defined by

1 Q= x, Lay ¥, + Xxlog o (*2)

The function & is zero for a perfect solution at any

e e

also zero for any solution at the

concentration and 1s
end polnts x; = 1 and x5 = 1. Then the most sultable
representation of Q'is ‘

@ = x' )(\- E‘B"" C(X)'Xz) + P (x; ’X\—) L‘IL v’ 7
where the coefficlents B,C,D are temperature dependent,

(23)

and the term xx, provides for the zero value of § at com=

positions corresponding to the geparate pure components.

If the activity coefficlents are given by the relations
L~V = &+ x, AP/ ; Lnk,r 92, 9/AX
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V2 (o (Tg oD (24
Al =X L ave(x-2x.) + D( v-xal%- $x) "
B MR N R B

For most applications, the following quantity is

L [V00) < d§Jdx, > BUX%) ¢ el xa=1)
"’D(x,—h)wx,x_r/)+/z‘/k,'—)gj"(/0x,x;0+" (26)
Equation (36) is very useful for pﬁactical applica=
tidn since the relation between relative volatility

and vapor pressures P’ and®’ of the components is glven

by .
A = #'Ngéh y, = 37f?>61f;a
if the vapor ls a perfect gas mixture. Since measure-=
ments were all takén at one atmosphere, this assumption
is well Justified. o

In general, Equation (36) is a convenient represen=
tation since only the first term 1s required for a nearly
perfect solution, two terms for a less ideal  solution,
and only éxtremely imperfect sqlutions require as many
ag four terms. Thus, experimental data on activity co=
efficients for binary systems are correlated by a single
expresslon which is applicablé at the simultaneous criterea
of 6qnstant temperatﬁre and constan# pressure. A modifi-

‘cation of the Redlich-Kister Equation by Chao and Hougen
(3) has &lleviated this difficulty and 1s discussed be-

-
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é; lows.
% TQ clarify thls explanation an exact expression for
’ «%‘  excess molal free énergy from exact forms.of the Gibbs-
5 g. Duhem Equation will bé derived. This,derivation has been
; é% performed by Van Ness (). |
% From Equations (5) and (6)

Rltrod T~ Lo’ T~ //LT.;I_“ AT (27)

| ‘ | , _ Tﬁen, since F’zH;"’QST and S¥ert/T ¢ H /T

I | . N . e 4~‘—Fc7 e 4
Apo= =S AT " ( T aTr 7 %

; 1 Maltiply through by Xv and sum over all components
f} - [xo ¥
. s XM 1 L’*’.:)a/T s M) AT
; — g ===+ RT 20 Adnd) (78)
| L But £(xehi¥)s H® ; sl M) = F
| where N = molal ideal gas enthalpy of the solution
{ F = actual molal free energy of the solution

Then,

sl dpc) = < (W) AT (P AT+ RTE ol T, ) ()
‘ VAP=sSAT = Sy d4)

. S R/ H/T

Yoor BED s sladbat) (%)

Writing Equation (40) for pure { at the same temper=

ature and pressure in_the‘same phase as the solution in

which i ia .a component, multiplication bet and summation

over all components

s(x; V‘),JP . Elxe
T 7 ,

al
R

el ) d're.ﬁ'/)f[ d,%ft) )
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| A(AF%T)'? -AV//ET AP -

Lot V-£lxi%) = AV the volume change on mixing

| H=g0aMde ay the heat ‘of.mixing.
gx A NEL) = 2 (e Ao §2)

then, LU d P L of7 = 5 (KXiddhu i) (V2]
In terms of the molal free energy, if |
Ale Bo¥e) = xede Aty +An Vidx,

2(cicd mtr) = As fxeddo 1) = ST
APRT = g(XL L k)

then from Equat-ion (42)

Qs T rglhtidxs) (43

and integrating Equation (43) o

s _ [peE YA ﬁ# . .

(465) (—ﬁ%), = /nr”"’ / M’Li/”g“ﬁ”{*‘ (9
/

If the data are taken for a phase at cons_tant compo=

sition, the last term of Equation (44) is zero and
44 -'7'4://%;)% "LMF /'7"))

Egquation (45) applies at the simulteneous restrictions

of constant temperature and constant pressure.

Chao and Hougen ( 3) have applied a similar analysis

to the Redlich Kister Equatilon. Redlich and Kister relate

excess free energy to composition by a series function

i | .
0 = FERT < s [Brelr-%) + Ax %) 5 <0 7
at constant temperature Or pressure. By using slightly

different constants in the above equation as temperature
the following v

or pressure are not independent variables,

e i
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q can be written for an isobaric processs ,

1 re- |
,i FE =RTx [ B'vc'(x-x)+0 /X—)q) g ,,.j (L)
| ' - The exact d fferential equation 1s written

} (A (G IT), A TH (M fik ) grolhe X T p

The variation of activity

and similarly for component 2.

coefficlents wi th temperature at constant pressure and

composition has been given by Equation (22)

), < (- ) RT

Combining Equations (22), (46), and the Gibbs=Duhem

Relationship (Equation 23):
st YA Y-
vhat) ot O
[)J&AX Al Ko ‘+/{j7
where 5. _ /Am/ﬁ.v) (A‘T’/’/X’ )

AW H-x H =3 Hy
and H, #°, andMy =molal enthalples of the mixture and the

pure components respectively.

AH = integral heat of solution In dissolving liqlids in

their standard state to form a liquld solution of given

compositlion at constant pressure and corresponding temper=

ature.

From Equation (47)
[% dh ¥+ Foddda Vot 2AG T

L (¥8)

| f*zzr %waﬁ%«*»*wff&t‘ P

| < lnkj -2t 2T ()
Bquation (49) may be compared with Equation (43) as




applied to an lsobarlc process.- Asldescribed by Chao and

~ Hougen (3) the values of Z are @lfficult to determine.

These values involveﬂmeasurement of variations of temper-

. ature with composition at constant pressure and measure=

ment of heate of solutions which involve hypothetical

standard states (the more volatile component at the bub-

ble point)° To avoid these measurements the effect of

7z 18 included in the empirlcal equation for the ratio of

the activity coefflcients.
2o = b(y) +C [Gxyerm1) +All=xD o x)+er (7

I -~ Combining with the Redllch—Kister Equation
s X X [aveln-x) +D (k=% ~ ]
3o [[blxk)) + €[ biky =) oK) By =1t or (=4

and similarly for Lty -

Other Eqnations for Excess Free Energy

An equatlion for excess free energy was developed by Wohl

(8 ) in terms of composition, effective molal volume, and

volumetric fraction of the separate components.

FE ¢ ’
RT (59X Ezﬁmw S 3y 22BN ¥ STV NNy
(f! I'.) th LhJ ‘-JK
- aaa (JZ)
where for component 1 :

X = mole fraction of 1
9. = effective molal volume
¥ = effective volume fraction
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Subscripts i,h,j, ehd 1 correspond to the separate compo-
nents of the mlxture. -
¥ ) 7 a i ;@uu- = empirical constants
T
) 5 where ] = any component other than 1.
f’ The term {.iﬁk“qk represents the contribution due to
’: ; 1 the molecular interactién between unlike components in
j | groups of two. The term £xzZj4i,; 1s analogous for groups
; | | of three. As 1n the case of the RedlichaKister Equation
g o / ag many empirical oonstan’gs_b‘__as are required to represent
the experimentai data accurately may be used. |
* ' | For a binary system, & three suffix equation of the
form of Equation (51) may be written |
_FE = 2,2, 24,,F -2,”2‘7_.?a,,L+ %5: 38 (.S'?)

4 RTI3XT V4
and since 2, + %, 2/

FE/RT = (X + B/8%0) 23, [39, (20 1 t300)
""%L?:/M'l”'?“!n)] | &y

By letting 4 < { (241, + 5 A1) |

. R (22, + 34,,.-;)

Equation (54) becomes
1 Py ) ez YT rmnl
By expressing x in terms of 2

P R T RN LY A
Ietye 22 [ g4 (4 /7= 6) BT (57)
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When %/' reduces to one, then Eqatlons (56) and (87)

become the Margules Equé.'tions:
] Mhe xX¥[Ar2(0-R)X,]

P L X [ g+ v(A-g)x)
When %+ ;s A/p, Equations (56) and (57) reduce to the two-

guffix form of the equations as develoi)ed by Van Laar (26),
Ax> |

| (Alg X, + X2)”

By>
A, v 2B

1 (X, +84 %)

Gaseous Mixtures

" The foregoing considerations of thermodynanic equi-

librium as applied to actlvity coefficients- were derived

to account for non~ideality in the liquid phase° For a

\ description‘ of behavior of gaseous mlxtures 1t is desirable
to substitute a quantity analogous to the activity coef-
ficient called the fugacity coefficient. The fugacity co-
efficient, tp[, of the component 1 1s defined'by

fox Yo o P

The fugacity coefficlent is cdl culated from P=V-T

data or any equation of state by means of

o fi= [ 1520 AP

wherei 2 PV /RT and 1is called by partial molal compres=

1bility factor. V is the partial molal volume of compo-

i . A nent 1.
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Pressure dependence of the thermodynamic properties

in ﬁhe:gas phase presents no problems as long as the pres=

Since the scope of this project in-

sure remains 1o0We

= ' | ‘ ' . ’ A | yolves only atmospherlc pressure measurements, ideality
| ‘ E of the gas phase may be assumed to be valid, and the be= '

havior of gaseous mixtures will not be considered further.

Testing Bxperimental Data

One of the simplest tests of the validity of thermo-

dynamic data is obtained by the integration of the Red-

1ich-Kister Equation (Equation 36).

A lv)r) = dQlds, (5B

Since the excess free energy of the solution, Q, 1s zero

for. both)( = 0, X, = 1, then

[l ig)dx e (9
° If.ﬁmlhlngis plotted against x, , the area above the
This condition ap-

!

abscissa axls must equal that below.
- pliles strictly for an isobaric process only at constant

t can be applied'to data in a

temperature. Generally, 1

moderately small boiling interval. .
Noting the results of Equation (47), it is possible

| that at non-isothermal conditions the negative and posis
tive areas.may not be equal. This difference may then be

due to the WZ“ effect and not to inoonsiStent measu rements.
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- GENERAL COMMENTS,ON THE CONSTRUCTION OF THE ENTHALPY-
| CONCENTRATION DIAGRAM
fé | A Construction of the enthalpy-conéentration diagram
:f | " | - ; may be divided ihto two parts. First, construction of
‘j = ' A | E the liquid portion of the diagram which requires knowledge
,;' | | | i -of \
5 | - (1) Isobaric specific heats of the pure ligid compo-
,f : nents. |
g ) ‘i (2) Heat of Solution data of the components at a refer-
% , ’ | ‘ ' }% ence temperature and pressure.
| E{ (3) Isobaric specific heats of the mixture from the
i é reference temperatufe and pressure to the bubble
f point of the mixture.
; Second, construction of the vapor portion of the dia-
; gram which requires a knowledge of
(1) Isobaric latent heat of vaporization of the mix=
ture ﬁt the reference pressure.
(2) Liquid-vapor equillbrium data.
; Tf the enthalplies of the pure compdnents'are equal to
:% ‘gero at a standard state t = 32°F and P =1 atmosphere,
Haz X(H) +/l~}<)l-ll +4Hm T /(CP]),-; AT
S P ~ .
. where H, - / (_;;_PQ 9“, - fﬂCP, AP
fo ? ‘4 *
O Hp = heat of miximg |
| \
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’ Ce, = molal specific heat of component 1

| Cpir = molal specific heat of the mixture

f 4, = standard state temperature of the liquid

a Po = satliz;ation pressure of the compound corresponding
to
= , ‘ g = reference temperature at which the heat of mixing
| o S © 18 imomn v

- Similarly

For 1iquids, however, the pressure integral 1s neg-

| | TN R
1igib1e and Bquation (58) reduces to

i, X:/c,o AP+ xz/CfJ'P*‘”“ */(C*’”'MT

1
The enthalpy of the vapor at the dew point is then

equal to
Ho= Mo l/ﬂ-

t heat of vaporization at the

where 412 = molal laten ‘
f the 1liquid at its

temperature and pressure o
bubble point.

The scope of the present investigation includes the

measurement of vapor-liquid equilibrium data and of the

molal latent heat data required to construct the dlagram.

Assuming that, in general, gpecific heat data is available

for most pure compounds, then data remaining to be meas=

ured include the heat of mixing at a reference temperature

and the specific heat of the solution. A number of methods

are avallable for the measurement of these data, and to

scope of future in-

1& complete -the thermodynamic system the

vestigations will be exmnded to include them.

il \ .
K 3

iES
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An interesting relationship exists between the heat
of mixing of a solution and ﬁapor”pressure data and the

gxcess free energy of'solutions. By'means of Equation

(45) the heat of mixing can be calculated from experimental

values taken at cmstant temperature and at varying pres-=

ﬁf sure along the saturation curve. From these vd ues the

activity coefficients and excess free energy values may

'Fﬁ be calculated.
1w (E) () (D
3T /sty 9T/RT, X

As the present investigation is restricted to constant

|
;
|
|

pressure, the variation of temperature w th pressure can-

, y ‘
not be calculated, and of course the above expression cali-

not be evaluated.
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EXPERIMENTAL RESULTS

To check the design of the equilibrium still, the .

binary system, ethanol—water, was used. It was felt that,

if vapor- liquid equilibrium results compared favorably to
thoge of other investigators and the results were thermo-
dynamically consistent, the validity of the vapor-1liquid
equilibrium measurements would be substantiated. Latent‘
heats were to be compared w th those of Bosnjakovic {1)
and those of Smith, Kuong, Brown, and White (24).

Analyses were made by a modified method of Karl Fisgcher

}(14)_for water. Ethanol was determined by difference ez~

cept in the range of low alcohol concentrations (less than
20%W) where refractive indexes wefe used.

Absolute - ethyl alcohol of USP grade supplied by
United States Industries was used without further puri-

fication.

VAPOR-LIQUID EQUILIBRIUM DATA

The ve or=liquld equilibnium'data.obtained in this

study are presented in Table 1. Actlvity coefficients

were calculated from the definitions (Equation 18)., In

computing the values the vapor pressures were intefpolated

fpom data in the International Critical Tables ( 9) and
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the vapor pressures of water from the data of Kennan and
Keyes (11). |

The data are also plotted on a.temperature=compbsie'

tion diagram (see Figure 2) and compared with what is

considered reliable data of other 1nvestigators (20 4, 10)
Tn the 1iquid region, the best line through the data points
of this work does not deviate from the values of the
other investigators by more than ¥0.2°C.. In the vapor re-
glon, the best line through theidata'df this work does
not deviate from the data of other. investigators by more
than +0.6°C. This 1is considered an adequate represenﬁav
tion of the data since the deviations among the comparie
tive data sre as much as 0.3°C in the liquid phase and O. BPC
in the vapor phase. |

Calculated values of the activity coefficients of
sthanol md water were also plotted (see Figure 3) and
compared to the values obtal ned by Otsuki and Williams
(20) and Jones, Schoenborn, and Colburn (10). The vel ues
of activity coefficlents do not deviate by more than og)
'frdm those of the other investigators.

The applicability of the Van Laar BEquation was deter~

mined by calculating the values of A and B from the values

of the activity coefficlents from & smoothed curve at the

11quid mole fractions of 0.2, Oed, 0.6, and 0.8, The values
of the activity coefficients determined from these con- |
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stants are'compared in Table 3 with the experimental values

obtaiped'from the smoothed curve. The clese agreement ob-
tained from this comparison indicates that the data fit
the prediction of the Van Laar Equation. Therefore, 1t
appears that a two constant equation 1is a suitable repre-
gentation of the ethanol-water vapor-liquid equilibrium

system.

As seen in Equation (59) a method of testing for the

_consistency of the experimental vapor- -1liquid equilibrium

data 1s the use of Scatchard's free energy of mixing ag

shown by Redlich and Kister (21).

Q= /,QAJ’/A',_%X=0

The condition of constant temperature and constant
pressure must be simultaneously imposed on the above equa=
tion. Since the temperature range involved in the ethanol-
water system is small, the assumption that the effeét of
this temm rature change 1s negligible will be madeo The
values for the ratio of the activity coefficlents vs.

.the moIe:fraotion othanol in the liquid are plotted on.
Figure 4.i The integrated areas of the positive and nega-
tive segments of the plot agree within 4%,.indicating ~
vthermodynamic consistency of the experimental data. .

A further check on the internal consistency of the

experimental data 1s provided by measurement of the tem-

perature of the condensed vapor in equilibrium with the -
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‘gaturated liquid in the'equilibrium.pot. This relation-

ship 1s illustrated on the following temperature composi-

o

tion dlagram. Thermocouples ugsed for each measurement

il are 2180 indicated.

The temperatures measured byvthermocouple TC=9 should

fall on the saturated liguid line at the composition of
,the vapor leaving the equilibrlum pot. In this investl=-

ation, the saturated 1iquid and vapor lines were first es- e
$ablished, and then the temperatures-meaeured by thermo=

couple TC=-9 were plotted. As can be seen on Figures5 the
t; agreement 1s reasonably good (less than f0.2°C average de=
| viation) thus further gubstantiating the consistency of the

equllibrium data.

Latent Heat of Vaporigzation Data

Due to operating and experimental difficulties en=

countered with the first nine runs, the experimental»lar

: tent heat values deviated by as much as 6-77 from the re-

e

_ ference values and show no gsystematlc error. It was
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found that these I'rge errors were caused by inaccuracles

in calibrating the rotameter and by a surging e

ncountered

in the cooling water gystem. After these difficulties

were corrected, experiémntal values of latent
the remaining runs were in all cases within o%

erence values of Bosnjakovic.

heat for

of the ref-

Latent heats were calculated by a heat balance as de-

termihed by the following equations:
MWC’PO{'T = lh\;"" CP

where ' Ww= mass of water flowing per minute
~¢p = gspecific heat of water ‘

AT = difference in water inlet and outlet tempera-

tures

As= isobaric latent heat
Q= heat leak correction. There is an

mass of system flowling per minute -

opportun=

1ty for heat transfer between the adiabatlc

wall (the upper aluminum cylinder)

and the

condenser jacket water. Heat transfer was
dependent only on the temperature of the al-

uminum wall and was found to be 13

, 18, and

o3 cal/min at 80, 90, and 100°C respectively,
These velues, which represent approximately

5¢ of the total heat load, were in
the latent heat evaluatlons.

The reference enthalpy data for the pure

cluded in

components

were taken from the International Criticeal Tables (9 ).

The reference enthalpy data for the mixtures w
by Bosnjakovie (1 ) and by Smith, Kuong, Brown

(24 ). The results of these two investigations

as determined
’ and White

are come=

pared with the results of this work on Flgure 6 and in Table

'6;. Tt was found that experlemntal results compare to with-

in 2% of the values of Bosnjakovie and to within 4% of
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, B The seturated 1iguid line on the enthalpy-composition
: ' | : ' ‘ | : | diagram was ca.lculated for this work by -the same method a8

Vthose of Smith et al.

used by Smith et al. Date for the heats of mixing of eth-v
anol-water and the gpecific heats of the pure components
are ayailable in the Interna_:.tionavl Critical Tables (9 ).

Heats of solutlion date are tabulated in Teble 5., The en=

thalpy-concentrmtion' @iagram for the ethanol=water system

1s presented on Figure 6.
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vOPERATIONAL CONSIDERATIONS

The foliowing is a list of current signifigent consid-
eratlons ip the operation 6f the equilibrium still.
1. The liqid leaving the condenser may be considered sate
urated (i.eovat {1ts bubble point) since 1ts tempefature
as measured by thermocouple TC=9 corresponds‘to'that of
the bubble point temperature.
2, Surging of the vapor thn;ﬁgh the.equilibrium flask
was reported by Koeckert (12). This has been eliminated
by reducing thé liquid holdup}on the equilibrium tray
from sbout 400 ml to about 200 ml.
%z, Tt is felt that errors in measurement of the system
flow rate have been reduced to below 1% since the repro-=
dueibility of duplicate measurements was in all cases wi the=
in 0.5%.
4, Surging in the cndenser cooling water flow rate as de-
ténmined by the absence-of cyclic fluctuations in the in-
let and outlet temperature difference and by constant
cooling water flow rateé meagured in duplicate was oon-
gidered eliminated. |
5,'From calibrations of the - thermocouple TC-1 by Koeckert
(12), 1t 1s felt that errors in the repord@cibility and

stability of enthalpy meausrements would not exceed 0.3%

_of the measured potential. From calibratlons of the re-
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md ning thermoéguples,'it 1g felt that errors in temper=
" ature measurement would not exceed 0,052C.

BHe An ungxpected»heat leak was encountered when it was

found that the vapor rising from the eqilibrium flask could
transfer heat to the condépsed 1liquid in the condensate
collector. The temperature of this limid was, at equilib=
rium, as much as 9°C less than the temperature of the vapor
from the equilibrium flask. 'The difference in temperatures
between thls superheated ligld énd saturated liguid as
measured respectively by thermocouples TC-7 and TC=9 indi=
cated the extent.of»heat transferred. This temperature

a1 fference amounted to as much as 3°C.

Since this heat transfer.represented a net heat loss
to the system, a like amount of heat mist be supplied as
superheat to the vapor leaving the reboller. The super=
heat-supplied and the heat loss are compared in Table o
From this table 1t can be seen that the maximum heat loss

15 less than 0.7% of the total. To eliminate this loss,

"1t is recommended that the condensed liquid reservoir be

removed from consact with the rising vapor and be placed
outsidé the upper adiabatic wall.

8. To insure that a large pressure drop through the appar-
atus did not cause errors in vépor—liquig equilibrium |
measurements, Koeckertl(lz) calculated the pressure drop

of the flowing vapor. It was found to be negligible (1.5

x 107° m Hg).
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CONCLUSIONS AND LINITATIONS

The reflux design for latent heatvmeaSurements has
pw ven to bé“a'promising device with but two 1imitationss
1. Heat transfer between vapor. from the equilibrium flésk
and thg dundenéed‘vapOr in the condensate chamber has caused
a heat loss in the system. It is proposed to alleviate this
gltuation by relocating the condensate chamber away from
intimate contact with the upflowing vapor.

2.f Heat transfer from the adiabatic wall to the cooling
water used for enthalpy measurements has necessitated the
use of a factor tb correct for this error in ehthalpy meas-
surements.

 There are certain limitations imposed by the present
degign on the utility of the apparatus:
1. Data are restricfed to one atmoéphere pressure.
2. Systems are restricted to intermed ate bolling sub=-
stances which can be condensed with 25°C cooling water
anid which are completely miscibla in Qach other.
3, In addition to the enthalpy and vapor-liquild measure-
ments from the pfoposed apparatus, heats of solutlons and
specific neat data are necessary to complete an enthalpy-
concentration diagram.

In spite of the above considerations, it ig felt that

- data from the ethanol-water system.have proVen the applic~

abllity of this new desigﬁ to the simultaneous measurement
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'of Tatent heat and vapor-liguid equilibrium. It is hoped

‘ot incorporate a method of measurement of heats of mixing

i e e DNl el

and 1sobarlic speciflic heats of mixtures into the scope
of the project so thét the complete themodynamic met-
work necessary for the construction of enthalpy-compo-‘
gition diagrams can be determined. It may also be pos=-

sible to apply the apparatus to systems of three compo=

nents.
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TABLE 1

) VAPOR-LIQUID EQUILIBRIUM DATA EtOH-HoO

f | Ilq.  Vap.® Condensate®

i : Liq. Vap.  Temp Temp Temp

. ' Run No. Im - T 5.  .°C C

§ 1 1265 48,8 85.2 81,2 8l.5
; I 2 10.6 45,8 86.1 80.7 81l.7
! g 4 5.0 - 35,3  90.0 8l.2 81,3
;i g 6" 80.5 8l.4 78.3 78,3 78.2
6 ] 7 - 68.9 74.1 8.6 78.4 78.4
i § 8 60.2 69.5 79.2 78,6 78,8
i § 9 64,3 71.3 79.1 78,6 78.8
g ! 10 5546 67.5 79.5 78.8 79.0
4 } 11 40.3 62.5 80.2 78,8 79.1
\ 'i 12 4005 61.9 800 6 790 2 790 5
b 15 3201 57-2 8106 7907 8090
N ] - 14 31l.5 57.1 8l.8 79.7 80,0
; i 15 13.5 48,4 84.7 80.0 80,9
! : 16 8.5 41.1  87.2  80.4 81,7
i{ 17 3.3 27.2 91.9 8250 84.7
18 2.1 1909 94.5 820‘1 ' 8506 :
; 21 92.6 91.7 8.3 78.2 78.3

(1). As measured by thermocouple TC-9.
(2). As measured by thermocouple TC-7. .
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TABLE 2

. EXPERIMENTAL ACTIVITY COEFFICIENTS ‘Et0H=-HoO

Lig.

Run Temp. - Mole fp.. 0 A
No.  °C Toeon | JEtoH T EGOH © Hg0  Y/BtoH YEt0H
1 85.2 0.125  0.488 995 418 2,98  1.05
2 86.1 0.106 0,458 1020 = 455 3,22 1.0l
4 90.0 0,050  0.353 1180 525 4,55  0.999
6 8.3 0.805  0.814 760 332 1,01  2.18
7 78.6 0.689  0.741 770 336 1.07  1.88
8 9.2 0.602  0.695 785 345 1,11 1.89
9 79.1 0.643 . 0.713 782 343 1.08 1.8
10 79.5 0.556  0.675 795 348 1.16  1.80
11 80:2 0.403  0.625 g5 360 1,43  1.53
12 80.6 0.403  0.619 835 365 1.40  1.33
13 81.6 0.321  0.572 se5 378 - 1.56 1427
14 81.8 0.315  0.571 = 870 381 1.58  1.26
15 8¢."7 0,135  0.484 970 430 5,81  1.055
16 er.3  0.085  0.411 1070 475 .41 1,030
17 91.9 0,083  0.272 1260 565 4.97  1.012
18 . 94.3 0.021  0:199 1430 625 5.03 1,000
20 8.2 0.987  0.985 1755 771 1,01 2;§§;

% T owgs oW e s 0.9%0 2
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TABLE 3

COMPARISON OF ACTIVITY COEFFICIENTS CALCULATED FROM

VAN LAAR CONSTANTS AND EXPERIMENTALLY DETERMINED VALUES

Van Laar Equations:

A
Jo ¥ =2
[""o('-x)

A YV' [‘H_ rs{/-ac)j

where from a average of experimental data A was found to

equal 0,775 and B 0.378.

Nole fr. From Van Laar Constants  Experimental Values
EtOH Yl X-\. & » r:.
0.10 3.10 1,03 3.19 1,03
0,20 2.17 1,11 2.17 1,10
0,30 1.66 1.22 1.69 1.22
0.40 1.38 1,34 1.41 1.31
0050 1.21 1048 ' 1025 1046
0.60 1.11 1.63 1.13 1.64
0.70 1.05 1.81 1.05 1.93
0.80 1.02 2.00 1.02 2.23




TABLE 4

COMPARISON OF HEAT TRANSFERRED AT THE CONDENSED LIQUID

RESERVOIR AND SUPERHEAT FROM REBOILER

Heat Transferred - Net Heat

, Superheat From at Condensed Lig.  Loss
Run No. Reboiler (1). Reservolr (1). - %of"Total

1 1.6 2.8 0.4

2 0.2 1.0 0.3

4 0.1 0.1 0.0

6 0.0 0.0 0.0

7 0.0 0.1 0.0

8 0.0 0.2 0.1

9 0.0 0.1 0.0

10 0.0 0.0 0.0

11 0.0 0.2 0.1

12 0.0 0.1 .0.0

13 0.0 0.3 0.1

14 0.0 0.3 0,1

| 15 0.0 0.6 0.2
, 16 0.9 3.3 0.7
: 17 0.9 2.7 0.5
§ 18 0.7 2s7 0.6
20 0.0 0.0 0.0
f 21 0.0 0.0 0.0

(1). Cal/gm-min.
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TABLE 5

HEATS OF SOLUTION FORvETHANOL~WATER(1)

Mole % t = 0°C t = 17.33C t = 42.05°C ¢
Hp0 q Q! Q A
5 .088 .0044 .042 0021 0029 .00015 .
10 o176 0176 .092 ~ .0092  .0063 . 00063
15 - 289 . 0433  .167 .0250 013 .00195
20 410 .0820 251 . 0502 . 023 .00460
25 498 + 124 « 355 . 084 . 042 .0105
30 + 590 . 207 «423 «180 2075 . 0263
35 . 691 e 242 519 182 +109 » 0381
40 .824 « 330 636 . 254 .167 . 066"
45 1.004  .452 o757 . 340 0243 2105
o 50 1.251 .626 046 473 0 343 172
W : . : 55 1.52% .838 1,201  .660 « 465 2256
} : . 60 1. 900 1.14 1, 507 ° 904 . 649 . 389
; : 65 2.385 1.55 1.925 1.25 .870 » 559
70 3.038 2413 2.478  1.73 1,209  .845
75 3,972  2.98 3,218 2.34 1,691  1.27
T - 80 50428 4,34 40269 . 3042 ~ 2,356 1.88
‘ ' : 85 70407 6050 50 821 4094 50281 20 79
bR ' 90 9,856 B8.88 7.801 7.03 4,528  4.07
- 4 95 12,54 11,92 9.818 9.52 6.36 5,93
[¢
Mole © | :
o wec @
64.0 77.0 =0,078

8405 7902' +05159

Q = kilojoules heat evolved per mole of water
Q' = kilojoules heat evolved per mole of mixture

1., International Cri tical Tables, Vol. V, 137, 138, 148,
154, 159, McGraw-H1ll Book Co., N.¥. (1928). :




~ TABLE 6

COMPARISON OF IATENT HEAT DATA BEOH-Ho0

Vap. Comp.‘ c
Mole fr. . Latent Heats, Btu/lb .
Et0H This Work  Refs (r) Refe (4)

0.675 462 460 473
0.625 482 484 495
0.619 472 486 - 497
0.572 508 503 516
0.571 ' 493 503 516
0.484 550 548 563
0.411 586 - 580 603
0.272 694 . 690 695
0.199 774 756 . 753
0.985 ' 367 370 315
0.917 379 382 378
0.000 962 972 ' 972
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SCHEMATIC DIAGRAM
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" FIGURE 2

TEMPERA TURE-COMPOSTTION DIAGRAM FOR
ETHANOL-WATER |
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FIGURE 3 |
ACTIVITY COEFFICIENTS FOR THE
ETHANOL-WATER SYSTEM
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FIGURE 5

TEMPERATURE OF SATURATED LIQUID IN EQUILIBRI UM WITH

THE CONDENSED VAPOR
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FIGURE 6

ENTHALPY~CONCENTRA TION DIAGRAK FOR
ETHANOL~WA TER
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