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The distillation of binary systems in a wetted-wall column oper-

ating at total reflux was investigated with and without external heat

transfer. It was shown that predicting the height of a distillation

column by simply multiplying the height of a transfer unit by the num-

ber of transfer units as defined by Colburn is not adequate. For the

two systems investigated, different heights were predicted and neither

was equal to the height of the column actually in use. Specifically, the

heights predicted for a system of n-butanol-benzene and a system of

n-propanol-benzene averaged 141.5 cm and 133.5 cm, respectively,

while the wetted-wall distillation column measured 127 cm.

An overall mass and energy balance was applied to a differential

cross-section of the wetted-wall column, wherein the effects of heat-



transfer from the vapor to the liquid and from the surroundings were

considered in addition to the effects of the concentration gradient.

The following expression for the column height was the result.
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This expression was simplified by removing the terms in brackets

from inside the integral and by utilizing the definition for HOG and

NOG.
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The heights predicted by the above expression for the butanol and

propanol systems averaged 128.2 cm.

A 2. 3 cm I. D. wetted-wall column, 127 cm long was used.

The column was surrounded by a 7.06 cm I. D. glass column through

which the heating and cooling solutions were circulated.
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A STUDY OF THE EFFECTS OF HEAT TRANSFER ON THE
PERFORMANCE OF A WETTED-WALL COLUMN:
A REFINEMENT OF THE DESIGN CORRELATION

OF CHILTON-COLBURN

INTRODUCTION

Distillation may be defined as the separation of two or more

miscible components of a liquid solution by means of vaporization and

condensation. When a column is designed to carry out such a separa-

tion on a continuous scale, one of the criteria is the degree of separa-

tion required. T. H. Chilton and A. P. Colburn (1935) defined the

height of a transfer unit and the number of transfer units, the product

being equal to the height of a column which would yield a specified

separation. The height of a transfer unit is predicted from the physi-

cal properties of the system and the flow rates in the column while

the number of transfer units is a function of the vapor-liquid equilib-

rium and the degree of separation.

The above method of calculation has not been completely satis-

factory for the simple reason that the predicted height has not been a

consistently accurate representation of the correct column height.

Chilton and Colburn did not take into consideration thermal

effects which might affect the distillation process. The objective of

this work will be to show that by taking into account the heat transfer
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from the vapor to the liquid and from external sources, a simple

correction factor results which can be applied to the design correla-

tion of Chilton and Colburn.



3

PREVIOUS WORK

A survey of previous research into the phenomena of thermal

effects in distillation shows very little agreement among investiga-

tors, and in some cases between the works of a single investigator

completed at different times. Accordingly, one has a choice of

believing that the performance of a distillation column may be

described by thermal effects alone, by a concentration gradient

alone, or by some combination thereof.

Kirchbaum (1940), in a text on rectification, postulated that

heat transfer at the vapor-liquid interface produces simultaneously

condensation of a portion of the vapor and vaporization of a portion of

the liquid. Assuming that this was the only source of mass transfer,

he obtained an expression for the net rate of transfer which involved

a temperature driving force (TG - TL), and a term (yl- xV which

Dankwerts, Sawistowski and Smith (1960) referred to as a concentra-

tion driving force. The concentration driving force is usually defined

as the difference between the bulk concentration and the equilibrium

concentration, both referring to the same phase. In the second edition

of Kirchbaum's book (1950), the approach was revised so that the

transfer rate could be calculated by the use of either the temperature

or the properly defined concentration driving force.
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Surowiec and Furnas (1942) postulated that in distillation,

where the latent heats of vaporization of the two species are not

equal, the condition of equimolal counterdiffusion does not exist. A

fictitious molecular weight was defined for one of the species in the

binary system such that its molal heat of vaporization would appear

equal to that of the other species. The ethanol-water system was

investigated and required a molecular weight correction of only five

percent. A comparison between the theoretical and experimental

values of HOG was made for an average alcohol composition

between 0. 046 and 0.233 mole fraction, but using only the data cor-

rected by the fictitious molecular weight. No evidence was given

that the use of the fictitious molecular weight was an improvement.

Qureshi and Smith (1958), in a study of the distillation of

binary and ternary mixtures in a wetted-wall column, observed that

HOG for a binary mixture exhibited a minimum value as the concen-

tration varied and became very large as the mixture became pure in

either component. The authors noted that the concentration effect

should be slight by virtue of the relation between the mass transfer

film coefficients and the physical properties of the system. It is

important to note that the slope of the vapor-liquid equilibrium line

was used by the authors to relate the overall mass transfer resis-

tance to the individual film resistances. Although the individual film
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coefficients may have varied only slightly, the large variation in the

slope of the equilibrium line could have resulted in the large variation

in the overall resistance.

In response to the above behavior, the authors noted that the

dependence on composition could be eliminated by multiplying

Z/NOG by some function which had the following properties: a

maximum and a zero value as the composition tended to zero and

unity. Such a function was y(1 - y); for the six binary systems

studied, the expression (h/N )y(1 - y) showed a definite decrease

in concentration dependence. It was therefore postulated that

(y* - y)y(1 - y) rather than (y* y) was the proper driving force in

the column. It had been previously shown by Sawistowski (1955) that

the function y(1 - y)L 35 yielded an improved correlation for the

system heptane-toluene but that the requirement that a different index

be defined for each binary system did not serve to simplify the

situation.

Sawistowski and Smith (1959), in order to more nearly approxi-

mate the pulsating flow of a packed column, designed a column which

was equipped with drop-forming devices. This column produced a

regular rate of pulsation as well as an easily-specified interfacial

area between the liquid and the vapor, thus facilitating analysis.

Results for the heptane-toluene system were presented graphically
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to illustrate how the individual terms HGN0G, mHLN0G, and

H
OG

NOG varied with composition. H
OG

NOG exhibited a maximum

at mid-composition and decreased to about half the mid-point value

at each end of the composition range. Such behavior was taken by

the authors to indicate that the physical property variation manifested

in the individual film mass transfer coefficients did not account for

the observed variation in NOG. Sawistowski and Smith used the

results of Chari and Storrow (1951) for the prediction of HI.., and the

results of Pratt (1951) for the prediction of HG. These two investi-

gations were concerned respectively with a packed column and a

wetted-wall column. No justification was given for the application of

the results of these works to the experimental apparatus used by the

authors.

Dankwerts, Sawistowski and Smith (1960) investigated the

effects of heat transfer and interfacial tension in distillation. In

attempting to explain the observed maximum in h/N0G, they noted

that the contribution of thermal distillation should be greatest when

the temperature difference is greatest and that the temperature dif-

ference between two saturated phases passed through a maximum as

the composition changed.
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The work of Liang and Smith (1962) was another example of the

failure to consider the effect of the variation of HOG with composi-

tion on the performance of a distillation column; the variation of

NOG with composition was taken to indicate a lack of agreement with

theory. The authors hypothesized that heat can be transferred faster

than required in order to keep the liquid and vapor at their respective

saturation temperatures, thus resulting in a partial vaporization of

the liquid and a partial condensation of the vapor. Based on this

hypothesis, an expression for dy/dz was derived. This expression
Y)

contained the overall heat transfer coefficient as well as terms taking

into account the changes in the vapor and liquid enthalpies.

The authors investigated the behavior of two binary systems,

cyclohexane-toluene and methanol-water in a short, packed column.

By use of the following relationship, both the theoretical and experi-

mental ratio of NOG with thermal effects to NOG without thermal

effects were presented for various values of the heat- to mass-

transfer coefficient ratio and as a function of composition.

N (w/)
y*- Y

N
OG(/ O) 1/HOG Theory

NOG

h/HOG Experimental

Several reasons might be given for the lack of agreement between the

experimental and theoretical results. The ratio of heat- to mass-

transfer coefficient normally varies as a function of composition.
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This was mentioned by the authors but no attempt was made to take

such variation into consideration. Further, no indication of the

method used to predict the value of HOG was reported.

Brady (1968) questioned, with apparent justification, the experi-

mental technique used by Liang and Smith. However he pointed out

that the effect of the difference in heats of vaporization, and the

requirement that the liquid remain at its saturation temperature had

been ignored. A careful analysis shows that such considerations are

implicit in the work of Liang and Smith, and that the latter criticism

by Brady was in error.

Hochgesand (1962) investigated the effects of the external heat-

ing and cooling of a wetted-wall distillation column, postulating that

an additional convective term in the flux of the more volatile com-

ponent would result. He assumed that this convective term had the

same composition as the average vapor composition and that it thus

did not contribute to the enrichment of the vapor but only to a change

in the vapor flow rate along the column. An expression was derived

which related the flux of the more volatile component to the concen-

tration gradient and the change in vapor flow rate.

The author investigated the behavior of a mixture of n-hexane

and benzene in the concentration range of fifty to seventy mole per-

cent n-hexane. The results showed that in the case of external
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heating an increase in separation occurred, while a decrease in

separation occurred with cooling. The binary system studied was

such that the vapor film resistance was predominant. When the

liquid film resistance predominates Hochgesand's equation predicts

that external heating or cooling should produce a decrease or increase

in separation, respectively. This was not investigated.

Hochgesand omitted the effect of heat transfer between the

liquid and vapor on the rate of mass transfer between the two phases.

The temperature term used by Hochgesand in his convective term

was that which existed between the bath and the vapor. As noted by

Brady (1968), the proper temperature difference which is associated

with the convective term is that between the bath and the liquid flow-

ing down the column wall.

If the separation in a given column or the column height

required to effect a given separation is to be predicted by Hochge-

sand's equation, a foreknowledge of the variation in flow rate along

the column is required. This restriction would tend to preclude the

applicability of this work to column design.

Ruckenstein and Smigelschi (1962) undertook to explain the

results of Liang and Smith (1962). The analysis was similar to

Kirchbaum (1940), differing in that an additional flux due to a con-

centration gradient was included. For the case where k /k = 0,x y
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the variation of NOG with composition for values of hv
/k X

y

between 0.0 and 0.1 was presented, and the resulting family of

curves well encompassed the results of Liang and Smith. The fact

remains that the authors did not include the actual variation of

h /k X with composition in their calculations. A more realistic
v y

value for k /k would also have been preferred.x y

Ruckenstein and Smigelschi (1965) again examined the problem

of thermal effects in distillation. Instead of an excess of the more

volatile component being vaporized at the surface due to heat trans-

fer, they postulated that part of the heat resulting from the conden-

sation of the less volatile component caused vaporization at the inter-

face while the remainder of this heat of condensation was transferred

by conduction to the bulk of the liquid phase where it produced addi-

tional vaporization. Assuming further that the heat transferred from

the vapor to the interface is insignificant in comparison to the heat

transferred from the interface to the bulk of the liquid, an expression

relating NOG
to kx, h

v
, Ti - T1, and the interfacial composition

was derived. The following is a summary of the values of the param-

eters used by the authors in comparing their equations of 1962 and

1965 with the experimental results of Liang and Smith (1962).



hv/kyx

k /kx y

kxa/G

Methanol-Water Cyclohexane-Toluene

1965 1962 1965 1962

0.051°C 0. 08/()C

0.1 0.1

1.2 1.05 0. 74 0. 65

11

Excellent agreement with experimental results was found for both

theories, with the newer theory showing a slight improvement.

Ruckenstein and Smigelschi do not state the method used to

obtain the values of the parameters listed above. One has a feeling

that values were chosen such that a best fit of experimental results

was obtained. It was noted that for the two systems studied, the

Chilton-Colburn analogy predicted values for h /k X of 0. 018 and
v y

0.035, respectively. Independent evaluation of all the parameters

would have been informative.

Everitt and Hutchinson (1967) attempted to eliminate the varia-

tion in NOG with composition by modifying its definition to take into

consideration the variation in the vapor film mass transfer coefficient.

This modified NG was compared with NOG and it exhibited a defi-

nite decrease in compositional dependency. However, since the

major contribution to the change in NOG is usually attributed to the

change in the slope of the equilibrium line, a more realistic appraisal

of the authors modified NG would have been to have compared it
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with the unmodified NG.

These authors found a ten percent variation in NOG for the

system of benzene and acetone. This variation was considerably

different from the more than fifty percent variation found by Qureshi

and Smith (1958) for the same system.

Hutchinson and Lusis (1968) investigated the dependence on

composition of NOG in a wetted-wall distillation column for the four

binary systems benzene-toluene, cyclohexane-toluene, methyl ethyl

ketone-toluene, and isopropanol-toluene. They found that if the value

of HG calculated via the correlation suggested by Gilliland and

Sherwood (1934) were increased by twenty percent, the resulting

value of HOG would correspond more closely to h /NOG. This

behavior was first noted by Chari and Storrow (1951), who commented

that resistance to rectification in the vapor phase is greater than that

observed in evaporation of one component into a gas. Hutchinson and

Lusis concluded from their study that thermal distillation did not need

to be considered.

Brady (1968) attempted to account for anomalous behavior in a

wetted-wall distillation column by evaluating the variation with com-

position of several thermal terms. Specifically, the following were

considered:
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1. The existence of a thermal driving force.

2. The requirement that the liquid remain at its saturation
temperature.

3. The rate of change of the difference in enthalpy between
the liquid and vapor along the column.

4. The heat of mixing in the liquid phase.

5. The lack of satisfaction of the equation NAXA + NBXB = 0.

6. Heat transfer from the outer walls of the column.

It was suggested that these terms could be combined with the concen-

tration gradient flux in order to arrive at a new definition for NOG.

Such a combination was not attempted. Instead, the ratio of each of

these terms to the concentration gradient flux was calculated as a

function of composition for the system n-butanol-benzene.

Brady failed to consider the interaction between the individual

terms listed above and failed to observe the interaction between the

butanol and a portion of the experimental apparatus which had been

fabricated from aluminum. The latter resulted in the evolution of

hydrogen gas and thus affected the vapor phase flow rate and compo-

sition. The reaction itself produced a net loss in butanol, while a

net loss of both organic species resulted from entrainment in the

hydrogen gas leaving the system through the vent in the column.

Brady attributed the loss of organic species from the top of the

column to inefficient condensers.
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PRESENT THEORY

In the past, when considering the transfer of mass between

phases, only the flux arising from a concentration gradient has been

considered. In order to place a more general analysis into proper

perspective, a short outline of this previous reasoning is presented.

All algebraic terms are defined in the appendix.

A section of a wetted-wall column, operating under steady-state

conditions, is shown in Figure 1, indicating a differential volume hav-

ing a radius r and a height dz.

A mass balance is applied to species A in the vapor phase.

input: GyA
Tr (r - 6)2 + NAaTr (r - 5)2 dz

output: GyA Tr(r 5)2 = [GyA
+

d
d z

(Gy
A)

dz] TT (r 5)2
z+dz

accumulation: zero (steady state)

From the relationship

(input) - (output) = (accumulation)

there results that

d
dz (GyA) = NAa. (1)

In the simple case considered here, the overall mass-transfer coeffi-

cient is defined by

NAa = Ky Aa(y* - yA ), (2)



whence dz (GyA) = Kya(yjk - yA),
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(3)

The following expression for the column height may be obtained

by rearranging equation (3) and integrating, and by considering that

the ratio G
K a is constant over the length of the column.

Y2 dy
A

Z = K a (Y Y )

Y1
A A

(4)

The ratio K a and the integral have been defined as the height of a

transfer unit (HOG) and the number of transfer units (NOG) respec-

tively (Chilton and Colburn, 1935; Colburn, 1939). There exist

several correlations--based upon physical properties--for predicting

the value of HOG.

In the above analysis, the flux of A was considered to have

been produced entirely by a concentration driving force. No thought

was given to any other effects which might have added to this flux.

The contribution which arises from the transfer of heat from the vapor

to the liquid and from external sources will now be examined.

An overall expression for the flux of species A may be con-

sidered to consist of three independent terms.

N
A

a = NAa + NA*
A

a + N a

where NAa is the contribution due to a concentration gradient

(5)
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NA is the contribution due to heat transfer from the vapor

N***a is the contribution due to external heat transfer.
A

The heat-transfer term relative to the vapor phase is considered

first. An energy balance is constructed in the vapor phase.

input:
B

(NA
B

+ N**aX. )Tr(r 5)2 dz + GHG
A

**.rr(r 6)
2

z

output: hva(T
G

Ti) Tr (r 6)2 dz + GHG =' "'' Tr(r 6)2
z+dz

But since GHG ** = GHG ** + d
dz

(GHG)**dz, and from the fact
z+dz

that at steady-state the accumulation term is zero, the following rela-

tionship results.

N** aX
A B

+ N**
B

aX = h va(T
G

- Ti) + dz (GH
G

)** (6)
A

The portion of the fluxes of A and B which arise by virtue of the

transfer of heat from the vapor to the liquid can be related by the

equilibrium vapor composition, that is

N**a
A

NA + N**a
= y

The first two terms in equation (6) are thereby simplified

a

N4.4*aX. + Nt*aX = Nk'c*aX. - 1\1.=';c4ca XAA BB AA y*A
,

B

N**a
A

= (v* x x
yA * ''A A 'B B'

If the following definition is made,

(7)

(8)



v* x v* x = x'A A 'B B M

then a simple expression for N**a results.
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( 9 )

v v-*
'A 'A d

N**a h a (T Ti) + (10)
A X m v G X m dz (GHG)**

To determine the effects of heat transfer from the wall of the

column, an energy balance on the liquid phase is constructed.

input:

output:

Ub(Tb- TL) 2Trrdz + LHL

-,--,4caX
A id

+ Nt**aX.B)Tr(r
(NA

*** Tr[r2 (r
z+dz

5)
2dz + LHL

5)2]

*** Tr[ r
2- (r 6)2]

But since LH L
** = LH *** + d (LHL)***dz, and from the fact

z+dz L dz
z

that at steady-state the accumulation term is zero, and by use of

equation (9), the following expression results for N***aA

* *'2N* **a = Ub (Tb- TL) 2r
v
'A d (LHL)**

r (r-5)
* (11)

A AM (r - 5)2
X dz (r - 5)2

Considering the portion of the flux which may be attributed to a

concentration gradient, one may write

N* a = K
y A

a(y* y
A A.

) + (N,'4 a + N=1_4a). (12)

Three separate situations will now be considered wherein the individ-

ual fluxes N*a and N*a will be related.
A

Case I
N* a

A = *

A
N* *a + N a ' (13)



19

It may be immediately shown upon substitution of equation (13)

into equation (12) that the term Ky A
a(y* - y

A
) must be identically equal

to zero. Thus equation (13) leads to the situation wherein y*A equals

iyA,
a situation certainly not consistant :with that existing in a wetted-

wall distillation column.

Case II N*
A

aX
A B

+ N*
B

aX = 0 (14)

Using equation (14) to eliminate the term Na * in equation (12),

and recalling the argument whereby equation (6) was reduced to equa-

tion (10), the following expression results for MicA a.

Case III

X
BN*a = - K a(y* y )

A XM A A
(15)

N*A a + N*a = 0 (16)

Combining equations (16) and (12), one obtains

N*
A

a = K
y A
a(y* -y

A
). (17)

The overall flux NAa, as defined in equation (5), will now be

evaluated, using alternately the results of Case II and Case III.

Case II

Combining equations (10), (11), and (15), as indicated by equa-

tion (5), the overall flux of species A becomes
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X
B yA yA 2r

NAa =
X

Kya(yA* - ) + hva(TG- Ti) + 7 Ub(Tb - TL)
2

i`M u (r - 6)

d
+ (GH )** + (LH I*** r - (r - 6)2

(18)
X

m
dz G dz L' (r -6)2

An immediate simplification is made by observing that when a wetted-

wall column is operated at total reflux, the vapor and liquid flow

rates, at any cross-section, are equal but opposite in sign. That is,

G-r(r - 6)2 = [r 2
(r 5)

2
] . (19)

Furthermore, equation (14) states that there is no contribution to the

enthalpy change along the column other than that indicated in the final

terms of equation (18). This observation, plus the substitution of the

vapor flow rate for the liquid flow rate as stipulated by equation (19),

yields equation (20).

B ,
+ n

'A
v

,
NAa = akric

A
y

A
-r) ak 1.)

X my X G
(20)

NT*
'A U (T - T )

2r d
Xm b b L (r-6) 2 4. dz[ G(HG-FIL)]

Case III

If in place of equation (15), equation (17) is combined with

equations (10) and (11), and equation (19) is used to eliminate the

liquid flow rate, equation (5) becomes



yANAa = K
y A
a(y*- y

A X
) + h

v
a(T

G
- Ti)

21

(21)

+ bbL (r-5)2 dz G** - dz
d

(GHL)*** .'A U (T -T ) +
Zr d

(GH )

In the situation encountered in Case III, there is the added complica-

tion that by virtue of equation (16), equation (14) is not satisfied. That

is, there exists an additional contribution to the enthalpy change along

the column which assumes the form

Na X + N*aX =A A B B dz [G(HG HL )]*

The total enthalpy change along the column is

(22)

[G(HG-HL)] = dz [G(HG-HL)]*+ (GHG)** - (GH )***.
dz

(23)dz L

This may be simplified by use of equations (16) and (22),

cT;[G(HG-HL)] = NI..a(XA-XB) + -d--z- (GHG)** --dz (GHL )***. (24)

Equation (24) can now be used in conjunction with the expression for

NAa given by equation (17) to simplify equation (21).

2rNa = K a(y*-y ) + h a(T -T.) + Ub(Tb-TL)
A y AA X v G m (r- 6)2

'A [d
cl-z-[G(HG-HL)1-

Kya(q-yA)(XA-XB) (25)

If the terms containing the expression K a(y*A -yA
) are combined as

Y

follow s,



X
B'AK a(y* -y ) - K a(y* -y )

y A A Xm yaYA.-YAn-AmB° X y A A

then equation (25) becomes

X.B
K a(y* ) +

'A hN
A

a =
X. m y A

-y
A X m v
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(20)

yA 2r
+ x

m
Ub(Tb-TL)

5)2+ XmA ddz [G(HG L )]-

This is the same as the result obtained in Case H.

that

If equations (1) and (20) are combined, and if it is further noted

dz [G(HG-HL)]

dyA
(HG-HL)

cflz(GYa)

then the following expression is obtained

1 =

X
B

v*
'A 'A 2r7--- K a(y*A -yA) + -,--- h_a (TG-Ti) + 7---- U.(Tb-TL)

2
l\il Y ll M v M u (r-ö)

d
dz (GyA)

(26)

+

M y
(HG-HL) (27)

A

The enthalpy of each phase may be expressed as follows

HG = y
A

[CpG(T
G

-T )+X. A] + (1-y
A

)[CpG(TG-TO)+X.B]
A B

HL x ACpLA (TL
-TO) + (1-xA)CpL (TL To) + O Hm

B

If the temperature of the liquid is taken as the reference temperature,

the enthalpy difference becomes



HG-HL = y
A

[C pG
(TG-TL)+X. A] + (1-yA )[CpGB(T

G
-T L)+X

A
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(28)
Generally speaking, for most systems, and in particular for the

systems under consideration in this work, both the sensible heat

terms and the heat of mixing term in equation (28) are small com-

pared with the heat of vaporization term. The expression for the

enthalpy difference therefore assumes the following form

HG-HL yAXA + (1-yA)xB

If this is differentiated with respect to yA, there results

dyA
(HG-HL) = X.

A
- X

B
.

(29)

(30)

Equations (27) and (30) are now combined and simplified, resulting in

an expression analogous to equation (3).

2r
Ub 2

(T
b L ). (31)(GyA) = K a(y* -y ) + h a(T -T

dz y A A X.
B

v G
)

X
B (r- 6)

An expression analogous to equation (4) for the column height results

from the rearrangement and integration of equation (31) and from the

consideration that the ratio

gration.

Z =

y2

KGa ,51
Y Y1

G
K a is constant over the range of inte-

dyA

y* h a y*
A b ZrUA vy* y + (

l.
T -T) + ( Tb- TL )AAXKaG X KaB y B y (r- 6 )

(32)
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IMPLICATIONS OF THE PRESENT THEORY

Equation (32) may be rearranged as follows.

G
y2 dyA

Z = K a y=1. hva TG- Ti y A* ZrUb Tb-TL
Y Y1

A) 1 4- Ka yr B y (r-5)y X. Ka 2 Y''` -Y

The results of this investigation, as presented in Appendix D, have

shown that the two heat-transfer terms in equation (33) are small

compared with unity and that the term in brackets is essentially con-

stant over the range of integration. Equation (33) thus assumes the

following simplified form.

Z

(Y2 dy
A

Kya iy A Av y
1

yA hva TG-T. Ub Zr Tb-TL
i

B YA YA
X.

B
Kya (r -5)2 y A* yA

For the case where the external bath is not used,

Z

G (Y2 dy
A

Kya iy A Av v
1

y)1. hva TG-Ti
1

+ X Kya yIyA

(34)

(35)

Finally, for the case corresponding to the absence of thermal effects,

equation (4) is used to define Zo.

(36)
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Considering first a wetted-wall distillation column without

external bath, it is observed that if equation (36) were to be used to

calculate the column height, the result would be greater than the

actual height of the column by the factor in the denominator in equa-

tion (35). Similarly, the height predicted by equation (36) for a

column with external heating (Tb-TL > 0) would be greater than

the actual column height and for the case of external cooling

(Tb-TL < 0) the predicted height could be greater or less than the

correct height depending on the relative magnitude of the two heat

transfer terms in equation (34).
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REDUCTION OF EQUATIONS TO EFFICACIOUS FORM

Equations (34) and (35) are not in forms which lend themselves

directly to experimental investigation, however, they may be easily

changed into such forms.

From the Chilton-Colburn analogy (1934), one may write

2 2

k 3 h C il 3v
G pcd GCp

(37)

Furthermore, from the work of Eucken (1913), the thermal conduc-

tivity may be eliminated.

C C

K C + 5 R
p 4

Combination of equations (37) and (38) yields

2

hv p
5 3C+ R
4

pcer C

(38)

(39)

The quantity which is required is h /K rather than h /k , but if
v y v y

equation (39) is multiplied by H
OG

/HG the following transformation

takes place.

hv HOG hv G/K a hv

ky HG ky G/kya Ky
(40)

The vapor heat-transfer term thus assumes the following configura-

tion, and 0 is defined.



2

5 3

yA
C + 7 R TG-Ti HOG HOG

C P 0
k B P PSI C yA * - y

A
H

G
HG
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(41)

The reason 0 is defined in this way is that it may be calculated from

physical properties and vapor-liquid equilibrium alone, whereas

calculation of the entire vapor heat-transfer term requires a knowl-

edge of flow-rates and the column diameter as well. It is possible to

prepare a plot of 0 for a given system, and then to calculate values

of the vapor heat-transfer term by multiplying 0 by HOG /HG cor-

responding to a particular design problem.

In order to eliminate k a from the bath heat-transfer term,
y

the definition of HOG is utilized as follows.

1 G 1
HOG

K a Kya G
y

(42)

The bath heat-transfer term thus assumes the following configuration,

and t. is defined.

A HOGOG 2 r (43)
b

B
G 2 y* y(r- 5) A A
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BINARY SYSTEMS INVOLVED IN INVESTIGATION

When this study was begun, it was proposed to extend the work

of Brady (1968) which was concerned with the binary mixture of ben-

zene and n-butanol, by examining the behavior of systems of benzene

and other low molecular weight normal alcohols. Problems discussed

in the section on previous literature precluded the extension of

Brady's work; however, the choice of the binary systems n-butanol-

benzene and n-propanol-benzene proved completely satisfactory. The

relative volatilities of these systems are 4.5 and 3.0, respectively,

and there is a significant difference in the ratio of heat- to mass-

transfer coefficients between these two systems.

The vapor-liquid equilibrium data of Wehe and Coates (1955)

obtained at atmospheric pressure were found by the composition-

resolution method (Van Ness, 1964) to be consistent. These data, as

well as the data of Yerazunis, Plow right, and Smola (1964) for

n-butanol-benzene, are presented in the appendix. The latter set

was found consistent by Brady (1968).

All chemicals were of reagent grade and were obtained through

local sources from the following manufacturers.

Benzene

n-Propanol

n- Butanol

Mallinckrodt Chemical Company
St. Louis, Missouri
Matheson, Coleman and Bell
East Rutherford, New Jersey
J. T. Baker Chemical Company
Phillipsburg, New Jersey
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DESCRIPTION OF EQUIPMENT

The wetted-wall distillation column of Brady (1968) was modi-

fied and used in this investigation. These modifications, which are

listed below, were directed towards improving the operation of the

column.

The upper chamber was made removable in order to facilitate

the dismantling of the column as well as to allow for any needed

repair of the delicate knife-edge.

The restriction against the use of stopcock grease made adjust-

ment of the stopcock at the bottom of the column difficult. This diffi-

culty was eliminated by replacing the stopcock with a stainless steel

needle-valve.

The reaction between butanol and the aluminum lid on the boiling

vessel required that the lid be replaced by one fabricated from stain-

less steel. The new lid was soldered directly to the eight-liter stain-

less steel beaker which continued to serve as the boiling vessel. No

evidence of excess reflux escaping from the vent was observed with

either the propanol system using the aluminum lid or the butanol sys-

tem using the stainless steel lid.

Two +-inch Fisher-Porter Tri-Flat flowmeters with constant

density glass floats were used to measure the flow rates of the con-

densed reflux and the liquid returning to the boiling vessel. The
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reflux flowmeter had a maximum scale reading of twenty and a

nominal maximum water flow rate of 203 cm3/min. The other flow-

meter had a maximum scale reading of twenty-five and a nominal

maximum water flow rate of 254 cm3/min. Calibration of these

rotameters indicated that the ratio of actual flow rate to predicted

flow rate varied from 1.03 to 1.06 for the first rotameter and from

1.16 to 1.28 for the second.

The three immersion heaters used for heating the external bath

were replaced by a single 1040 watt constant temperature heater-

stirrer manufactured by Techne (Cambridge) Limited. Distilled

water was used for the external bath and was circulated by an Eastern

Model WB centrifugal pump.

The column itself measured 127 centimeters long and had an

internal diameter of 2. 3 centimeters. A cross section of the column

is shown in Figure 2 and a schematic diagram of the entire system

is shown in Figure 3.



Figure 2. Column cross-
section.
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OPERATING PROCEDURE

The boiling vessel was charged with approximately six liters of

liquid, an amount sufficient to cover the immersion heaters protrud-

ing from the bottom. The immersion heaters and the flow of cooling

water to the condensers were turned on. After the liquid and the

vapor began to pass through the column, the heater at the top of the

column was turned on, thus removing the possibility of fractionation

above the wetted-wall section. When it was observed that the con-

densed reflux was passing smoothly through its return route into the

top of the column, the reflux pre-heater was turned on. Power to

this heater was controlled by a six-watt Powerstat and was adjusted

so that the entering reflux was within five centigrade degrees of its

bubble-point. The needle-valve at the bottom of the column was then

adjusted to keep the liquid level constant at the lower edge of the

enlarged section of the wetted-wall.

When the external bath was used, the constant temperature bath

was allowed to reach its desired temperature and the flow was started

before the reflux pre-heater was turned on. Care was required in

the operation of the pre-heater since any decrease in the reflux flow

rate would cause the liquid in the pre-heating section to partially

vaporize. This resulted in a vapor-lock which in turn caused the

reflux to back up into the condensers.
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After all adjustments were made, a half-hour was allowed for

steady-state operation to be reached. Two-tenths of a milliliter

samples were taken at ten to fifteen minute intervals. Removal of

samples was continued until the average of three successive refrac-

tometer readings did not change by more than two-tenths of a division,

corresponding to 0.0006 variation in mole-fraction.

Compositions were determined by a Bausch and Lomb precision

refractometer, the prisms of which were maintained at 25°C. Cali-

bration of the refractometer reading vs. mole-fraction was made

without considering the corresponding refractive indices.

The thermal EMF's generated by the copper-constantan ther-

mocouples were measured on a Leeds and Northrop potentiometer.

A schematic diagram of the thermocouple-ice junction circuit is

shown in Figure 4.
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Figure 4. Schematic diagram of thermocouple-ice junction circuit.
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RESULTS FOR THE CASE WITHOUT EXTERNAL
HEATING OR COOLING

The magnitude of 0 as a function of composition is shown in

Figure 5 for the two binary systems n-butanol-benzene and n-

propanol-benzene. For each system, HL amounted to approximately

fifteen percent to the value of HG. Thus the magnitude of the slope

of the vapor-liquid equilibrium line presented in Figure 6 indicated

that H
OG

/HG is significantly different from unity only over the

range of composition where 0 becomes insignificant. Therefore 0

may be used to qualitatively predict the comparative behavior of two

systems. Accordingly, since 0 is larger for the butanol system

than for the propanol system, it is expected that the difference

between the calculated column height, Zo, and the actual column

height would be correspondingly larger for the butanol system. Such

is indeed the case. The calculated column height, Zo, as a function

of composition, is shown in Figure 7. It is observed that the average

value of Z 0 for the propanol system is five percent greater than the

actual column height and that the value of Z 0 for the butanol system

is eleven percent greater than the actual column height.

The calculated column height is corrected for heat-transfer

from the vapor in the following manner. The value of 0 correspond-

ing to the arithmetic average composition is determined from Figure

5. The vapor heat-transfer term is then calculated by multiplying 0



37

by HOG /HG. Z is then calculated by equation (35). The corrected

column heights are shown in Figure 8 where it is observed that the

actual column height is within the probable error of the mean value

of Z. Values of the standard deviation and the probable error of the

mean for the corrected and uncorrected column heights are shown in

Table 1. The values corresponding to the corrected column heights

include the results of external heating and cooling discussed below.

Table 1. Statistical results.

Zo(PrOH) Zo(BuOH)

Average value 133.5 cm 141.5 cm 128.2 cm

Standard deviation 2.3 cm 2.6 cm 2.6 cm

Probable error of the mean 1.5 cm 1.8 cm 1.8 cm
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RESULTS FOR THE CASE WITH EXTERNAL
HEATING AND COOLING

The values of Z 0 as calculated by equation (36) are presented

in Figure 7. As predicted by the present theory, external heating

has served to increase the separation and thus the uncorrected column

height, while external cooling has engendered the opposite result.

In the presence of the external bath, the design equation for the

wetted-wall distillation contains the second heat-transfer term as

indicated by equation (34). Details of the calculation thereof are given

in the appendix. It was determined that either the arithmetic average

of the top and bottom values of or the value corresponding to the

average conditions existing in the column could be used interchange-

ably. The results for the runs which included external heating and

cooling are presented in Table 2, and are incorporated with the

remainder of the results of this investigation in Figure 8.

An estimation of the external heat-transfer corresponding to

the absence of the external bath was made, wherein it was determined

that the overall heat-transfer coefficient was approximately one-half

of the value which existed when the external bath was present. Fur-

thermore, the temperature difference analogous to Tb - TL was

measured for several of the runs, and was found to have a maximum

of less than two degrees centigrade. Thus any correction term which

might be applied to these runs would be at least an order of magnitude
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less than the values of (10 corresponding to external heating and

cooling.

A comment should be made concerning the narrow range of

composition over which the results for the butanol system were ob-

tained. At the higher benzene concentrations, the degree of separa-

tion was extremely small and adequate steady-state operation of the

column was not obtainable. At the lower benzene compositions the

liquid film became unstable. That is, at the lower end of the column

where the butanol composition was the greatest, the liquid film

coalesced into rivulets. As more butanol was added to the boiling

vessel, the point at which the film broke up moved progressively

towards the top of the column. Since incomplete wetting of the

column by the liquid film precludes a constant interfacial area, data

were not obtainable below an average benzene mole fraction of 0.55.

For the propanol system, erratic behavior of the column was

observed for runs 18, 28, and 29. Since they are not considered

representative, they are not included in the results.
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Table 2. Corrected and uncorrected column heights corresponding
to external heating and cooling.

Run bL7c1)H
T-T Z0

No.

2 0.626 - 5. 5°C 114.8 cm 123.3 cm

3 0.622 - 9.1 118.7 133.7

7 0.553 - 8.5 115.2 123.7

8 0.557 + 8.4 146.5 127.5

11 0.480 - 8.4 123.9 129.9

12 0.483 + 7.2 145.8 130.0

15 0.422 - 8.9 122.4 127.1

16 0.422 + 7.9 145.2 130.1

19 0.132 -11.1 122.2 129.4

20 0.130 + 0.9 131.4 126.2

21 0.130 + 2.2 137.3 130.7
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DISCUSSION AND CONCLUSIONS

The philosophy behind this investigation may be stated as

follows. The individual behavior of either HOG or NOG is not

important. What is important is that the product H
OG

X NOG should

yield an adequate estimation of the column height required to effect a

given separation or that the ratio h/H
OG

should give a value of

NOG from which the separation could be predicted. Furthermore, a

conscious effort has been made to ensure that any corrections for

heat-transfer should be a logical extension of the mechanics involved

in the calculation and use of HOG and NOG.

The need for a refinement in the method of calculating the

height of a distillation column based on the use of transfer units is

evident from the results presented in Figure 7. Not only has the

actual column height not been predicted, but a different height is

found for each system. The latter result means that the separation

obtained for one system in a given column could not be used to safely

predict the separation which would be obtained for a second system

in the same column.

The results shown in Figure 8 are as they should be. Not only

is the actual height within the probable error of the mean value pre-

dicted for the butanol and propanol systems but also the results

account for the added variable of external heat-transfer.
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The effort required to calculate the correction terms suggested

in this investigation is minimal. Furthermore, in addition to the

parameters required for the calculation of HOG and NOG, only the

heat capacity of the vapor, the heat of vaporization, and the equilib-

rium temperatures of the vapor and the liquid are required.
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SUMMARY

It has been shown that if in a wetted-wall distillation column the

effects of heat-transfer from the vapor to the liquid and from the sur-

roundings are considered in addition to the concentration driving force,

the following expression for the column height is the result.

G
=

cy2 dyA
Z K a

1
Y Y

hva TG-T.
Ub Zr Tb-TL

[(YYA)I 1 X B Kya rA-yA BX K a (r- 6)2 yA yAY

This was simplified by removing the terms in brackets from inside

the integral, and by utilizing the definition for HOG and NOG.

Whence HOGX NOG
Z =

1 +
y h a TG -Ti y* U
A v A b 2r Tb-TL

X K a y* -y
B y A A X

B
Kya (r- 6)2 yA

y
A

Column heights for the propanol and butanol systems as pre-

dicted from the product of HOGX NOG averaged five and eleven per-

cent greater respectively than the actual column height. When the

corrections for heat-transfer were applied, the average predicted

column height was within the probable error of the mean of the actual

column height. The probable error of the mean has been calculated

to be 1.4 percent.
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SUGGESTIONS FOR FUTURE WORK

1. Doubts exist concerning the constants used in the expressions for

HG and HL. This investigator used values which were most

prevalent in the literature. The results of this present work

should be used to re-evaluate these constants, perhaps in the

following manner. HOG may be evaluated experimentally from

the expression

However,

y* h T -T
A v Gi

H
+

OG NOG X
B

K yA yy A

HOG = HG + HL

Thus it is suggested that h

NOG

'A
+

X
B

hv TG-Ti
K

Y
yA1 - yA

should be

plotted vs. m, and that the slope and the intercept be used to

determine the experimental values of HL and HG, respectively,

from which the constants may be determined.

2. The results of this work should be applied to multicomponent

systems.
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APPENDIX A

NOMENCLATURE

a Surface area per unit volume 1 /cm

A Column cross-section cm2

C Heat capacity at constant pressure cal/gmol °C

D Column diameter cm

Diffusivity cm2 / sec

gc Gravitational constant lbm ft/lbf sec

G Vapor mole velocity gmol/cm2 sec

2

G' Vapor mass velocity gm/cm 2 sec

h Actual column height cm

hv Heat transfer coefficient between cal/cm 2 sec oK

liquid and vapor phases

H Molal enthalpy cal/gmol

HG Height of a transfer unit, gas phase cm

HL Height of a transfer unit, liquid phase cm

HOG Height of a transfer unit, overall gas phase cm

OH Molar heat of mixing cal/gmol
m

kx Liquid film mass transfer coefficient gmol/cm2 sec

k Vapor film mass transfer coefficient gmol/cm 2 sec

K Thermal conductivity cal cm/cm2 sec oK

K Overall vapor mass transfer coefficient gmol/cm 2 sec

L Liquid molar velocity gmol/cm 2 sec
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m Slope of vapor-liquid equilibrium line dimensionless

M Molecular weight gm/gmol

N Molar flux, radial component gmol/cm 2 sec

NG Number of transfer units, gas phase dimensionless

NOG Number of transfer units, overall gas dimensionless
phase

r Radius of column cm

R Gas constant cm 3 atm/gmol oK

Re Reynolds number, GD/p, or LD/p_ dimensionless

Sc Schmidt number, piptr dimensionless

T Temperature oc

Ub Heat transfer coefficient between cal/cm 2 sec oK

bath and reflux liquid

V Molal volume cm 3 /gmol

x Liquid mole fraction dimensionless

Y Vapor mole fraction dimensionless

Z Generalized compressibility factor dimensionless

Z Column height corrected for thermal effects cm

Z0 Column height uncorrected for thermal effects cm

5 Film thickness cm

e Vapor heat-transfer parameter defined
in Equation (41)

dimensionless

X Molal heat of vaporization cal/gmol

1-1
Viscosity gm /cm 2
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00

sin(x )dx
Tr 2 tc dimensionless

0

p Density gm/cm3

a- Collision diameter dimensionless

(i) Association parameter

Bath heat-transfer term defined in dimensionless
Equation (43)

SI Collision integral dimensionless

Superscripts

Equilibrium value

Indicates a term which owes its existence to that portion of
the mass transfer which is caused by a concentration gradient

Indicates a term which owes its existence to the transfer of
heat from the vapor phase to the liquid phase

Indicates a term which owes its existence to the transfer of
heat from the bath to the reflux liquid

Subscripts

A More volatile component

b Bath

B Less volatile component

G Vapor phase

hm Harmonic mean value

i Interfacial value

M Arithmetic mean value
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APPENDIX B

METHOD OF CALCULATION

Transfer Unit Height

To calculate the value of HOG for a given run, HG and HL

were determined from the following relationships, as suggested by

Hutchinson and Lusis (1968).

Furthermore,

HG = 13.0 D (Re
G

)0.17 (ScG)
0.56

1

H
MB 1.0 0.5 2 2

L
= 2.35 -M ( L)

(ScG) ip gc)

HOG = HG + mH .

The values of HOG corresponding to the compositions existing at

the top and bottom of the column were thus calculated; the harmonic

mean was then calculated as follows.

1
1

1

(HOG) hm (HOG)1
(HOG

2]

Number of Transfer Units

NOG was determined by use of a graphical procedure based

on Simpson's three-point integration formula. For several runs, the

values of NOG were checked by counting squares. Virtually no differ-

ence was observed.
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Heat Transfer Terms

It has been shown (Brady, 1968) that it is adequate to consider

that the interfacial temperature is equal to the equilibrium tempera-

ture of the vapor. Accordingly, it was a simple matter to use the

vapor-liquid-equlibrium data to calculate 0 as a function of compo-

sition.

Unfortunately, in the calculation of the bath heat transfer

term the temperature difference Tb-TL is not a function of the

vapor-liquid-equilibrium, but rather is a function of the conditions

existing during a given run. Thus for each run, .1 was calculated as

follows. The graphical procedure used to calculate NOG yielded an

integral-average value of , which was used in equation (42)
YI1 YA

along with the arithmetic average of Tb-TL. Brady (1968) showed

that the film thickness was less than two percent of the column diam-

eter and could be omitted. The remainder of the terms in equation

(42) were evaluated from the average physical properties existing in

the column.
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APPENDIX C

VAPOR-LIQUID EQUILIBRIUM DATA

n-Butanol-Benzene, Yerazunis, Plow right, and Smola (1964)

Mole fraction
benzene in
liquid phase

Mole fraction
benzene in

vapor phase
Temperature

(°C )

0.0062 0.0395 116.56
0.0117 0.0693 115.74
0.0215 0.1152 114.57
0.0647 0.2968 109.04
0.1994 0.6026 97.82
0.2031 0.6076 97.67
0.2683 0.6823 93.87
0.3030 0.7129 92.45
0.4230 0.7867 87.89
0.4329 0.7955 87.37
0.5965 0.8501 84.18
0.7279 0.8839 82.37
0.8255 0.9085 81.32
0.8854 0.9283 80.80
0.9075 0.9389 80.64
0.9265 0.9462 80.49
0.9535 0.9617 80.35
0.9805 0.9822 80.23

n-Pro anol-Benzene, Wehe and Coates (1955)
Mole fraction

benzene in
vapor phase

Temperature
(°C)

Mole fraction
benzene in
liquid phase

0.0000 0.0000 97.20
0.0115 0.0620 95.70
0.0200 0.1170 94.37
0.0240 0.1225 94.23
0.0270 0.1360 94.11
0.0440 0.1940 92.29
0.0625 0.2510 91.39
0.1460 0.4295 86.50
0.3275 0.6100 81.10
0.4985 0.6925 78.19
0.7700 0.7830 77.21
0.9020 0.8525 77.69
0.9555 0.9130 78.68
0.9730 0.9410 79.23
1.0000 1.0000 80.10
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APPENDIX D
TABULATION OF EXPERIMENTAL DATA AND RESULTS

Run
No.

T1

oc

T2

°C

T
3

°C

T
4

oc

T
5

°C

T
bl

°C

Tb2

°C

Rota- Rota-
meter meter

1 2

grn/rn in gm/min in

Benzene Mole Fraction
Aver-

1 2
age

N
OG OG

cm
FIG

cm
0

cm
-6
HOG

cmHG

Propanol System . .

1 76.8 73.6 71.0 77.1 81.6 114.9 124.9 .6820 .5815 .632 1.055 129.4 122.3 136.5 0.0439 130.8
2 77.2 66.5 61.8 77.4 81.6 66.1 66.8 84.9 125.4 .6741 .5775 .626 .910 126.1 119.6 114.8 .0448 -.123 123.3
3 78.1 75.2 72.8 77.6 82.0 67.2 67.5 123.9 158.0 .6700 .5740 .622 .880 134.9 126.7 118.7 .0458 -.158 133.7
4 78.1 72.3 72.3 78.3 84.5 122.8 138.5 .6330 .4870 .560 .993 134.9 126.7 133.9 .0499 127.5
5 79.1 73.2 72.3 79.3 85.4 117.7 134.4 .6370 .4970 .567 .987 134.2 126.5 132.9 .0493 126.6
6 78.2 73.8 71.0 78.8 84.7 89.0 96.0 .6450 .5013 .573 1.042 124.8 118.9 130.0 .0488 124.0
7 79.0 73.4 71.4 78.8 85.0 67.5 67.8 81.0 137.9 .6185 .4860 .553 .861 133.8 125.1 115.2 .0502 -.119 123.7
8 78.5 74.3 72.9 78.9 85.2 85.0 85.0 163.8 133.2 .6365 .4785 .557 1.064 137.7 129.3 146.5 .0500 +.099 127.5
9 79.6 74.5 72.8 80.1 87.1 134.8 127.4 .5865 .4025 .496 .984 137.2 127.4 135.0 .0501 128.6
10 78.8 74.4 71.2 79.6 86.9 91.1 88.9 .5990 .4100 .504 1.018 126.6 120.0 128.9 ..0493 122.8
11 80.6 75.6 72.7 80.7 88.1 69.5 70.0 97.6 116.6 .5720 .3870 .480 .945 131.1 122.7 123.9 .0492 -.096 129.9
12 80.5 75.8 73.6 '80.7. 88.2 84.4 85.5 142.7 118.6 .5840 .3820 .483 1.050 138.9 128.2 145.8 .0498 +.072 130.0
13 80.4 74.1 73.0 81.1 88.9 122.2 124.3 .5450 .3320 .438 .981 138.3 127.6 135.7 .0488 129.4
14 80.8 74.1 72.2 82.1 89.8 97.8 102.4 .5449 .3265 .436 1.007 131.5 123.2 132.4 -0477 126.4
15 81.5 74.7 72.7 82.0 90.3 69.0 69.9 95.3 125.3 .5249 .3200 .422 .902 135.8 124.4 122.4 .0480 -.085 127.1
16 81.5 74.3 74.1 82.9 90.8 86.5 86.5 139.8 120.4 .5370 .3070 .422 1.021 142.2 129.2 145.2 .0484 +.067 130.1
17 88.8 80.0 77.5 93.1 95.9 95.1 109.4 .2350 .0435 .140 .769 176.3 129.4 135.5 .0336 13r.0
19 90.2 71.2 62.0 93.4 96.4 78.0 78.0 79.7 109.5 .2165 .0475 .132 .678 180.2 128.3 122.2 .0344 -.090 129.4
20 90.5 71.2 67.0 94.0 96.6 83.5 83.5 78.8 109.4 .2170 .0425 .130 .735 178.7 127.7 131.4 .0342 +.007 126.2
21 90.2 79.5 78.5 94.0 96.8 89.0 89.0 92.6 104.2 .2220 .0390 .130 .776 177.0 128.6 137.3 .0337 +.017 130.7
22 91.6 80.0 81.2 94.5 96.4 96.6 109.0 .1626 .0250 .094 .696 193.3 131.2 134.5 .0265 131.0
23 91.1 78.3 80.5 94.0 96.2 83.0 93.4 .1650 .0235 .094 .731 181.7 128.0 132.8 .0256 129.4
24 90.9 81.7 80.6 94.0 96.0 95.4 109.0 .1700 .0270 .099 .712 189.8 130.7 135.2 .0270 131.6
25 90.5 80.8 80.0 93.6 95.8 84.8 95.7 .1700 .0270 .099 .712 181.4 128.3 129.1 .0263 125.8
26 90.3 81.0 79.9 93.3 95.4 96.0 110.5 .1740 .0290 .1015 .689 189.7 131.1 130.7 .0267 127.2
27 91.2 82.0 81.0 94.5 96.4 96.5 109.0 .1785 .0300 .1042 .698 189.9 130.7 132.6 .0289 128.8
30 86.6 77.0 75.4 90.5 95.2 98.4 103.7 .3300 .0920 .211 .833 161.8 129.5 134.7 .0400 129.5
31 85.9 76.1 75.0 89.7 96.8 97.5 106.0 .3485 .1050 .227 .845 158.4 128.0 133.8 .0396 128.7
32 85.7 75.1 74.8 86.9 93.4 106.1 107.9 .4300 .1700 .300 .925 147.3 126.8 136.2 .0442 130.4

Butanol System
4 85.4 77.2 73.6 84.0 92.9 105.5 119.3 .8400 .7230 .7815 1.070 127.1 121.5 136.0 .111 122.4
5 85.6 77.3 75.6 82.0 94.3 107.8 121.3 .8270 .6875 .7572 1.109 127.1 121.8 141.0 .113 126.7
6 86.4 77.6 75.3 85.6 95.8 117.7 121.2 .8150 .6565 .7358 1.114 128.8 122.8 143.5 .114 128.8
7 87.6 79.4 76.4 86.1 97.3 107.8 115.9 .7935 .6070 .7002 1.110 127.0 121.2 141.0 .113 126.7
8 89.4 79.2 77.4 88.7 102.3 112.7 129.8 .7660 .5480 .6570 1.103 129.3 122.6 142.6 .112 128.2
9 91.2 77.4 74.2 90.2 104.1 102.8 107.9 .7330 .4745 .6037 1.101 126.3 119.4 139.0 .107 125.6
10 92.4 79.0 77.0 91.0 105.7 107.7 109.8 .7090 .4250 .5673 1.105 129.0 120.8 142.5 .105 129.0
11 93.4 79.5 77.6 92.3 106.3 112.7 118.0 .6950 .4055 .5502 1.103 130.5 121.4 143.9 .104 130.0



APPENDIX E

PHYSICAL PROPERTIES

Benzene n-Propanol n-Butanol

3

2-3

1 ) (P CAB)
A B

AB= 1.85X10 T2 (McpAB Hirshfelder et al. (1949)

frABI-LB
T

V
0' 6

7.4X 10 -8
(0)BMB) (For dilute mixtures) dE3'mlim x141[11 + xe512P-2

Wilke and Chang (1955) Amer. Petroleum Inst. (1966)

V N-
= x

A[IA + xB B Reid and Sherwood (1958)

L YAPA YBI1B Reid and Sherwood (1958)

p V

MA MB P= +
Compressibility factor from:
Hougen, Watson and Ragatz (1959)p (v

m 'A Z
A

yB
ZB ) RT

p L

p = x +Ap A xB
p

B

Reid and Sherwood (1958) Reid and Sherwood (1958) Kreith (1965)

C V
Cp y

A
CPA + yBCPB

Smith and Van Ness (1959) Henley and Bieber (1959) Dobratz (1941)

X
YAXA YBXB Dreisbach (1952)Dreisbach (1 952) Clark (1947)


