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Teaching separations processes is a central part of the 
undergraduate chemical engineering curriculum. The 
most important separations processes, including dis­

tillation, gas absorption, stripping, and liquid-liquid extrac­
tion, are based on driving forces determined by phase equi­
librium and rates determined by diffusion (mass transfer). 
These separation processes are carried out with either plate 
columns or packed columns. The teaching of plate-column 
and packed-column design usually proceeds from different 
viewpoints : plate columns are taught from a phase-equi­
librium perspective, while packed columns are taught 
from a mass-transfer perspective. llJ Due to the different 
approaches , the relationships between plate and packed 
columns are not always clear. 

This paper will show how the design of packed columns 
can be approached from the phase-equilibrium perspective 
used for plate columns. This approach is based on the physi­
cal phenomena underlying the processes: a packed column is 
shown to be equivalent to a plate column with an infinite 
number of infinitesimally-efficient plates. This approach 
contrasts with correspondences between plate and packed 
columns based on the concept of equivalent theoretical 
plates ,l21 which does not have physical significance for a 
packed column_l3.4! 

The philosophy underlying this approach is based on two 
premises. First, a unified approach to teaching plate and 
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packed columns will elucidate their relationship; second, 
plate-column concepts (e.g., plates and efficiences) are physi­
cally intuitive and easily visualized with graphical methods 
such as McCabe-Thiele diagrams, while packed-column con­
cepts (e.g., transfer units) are much more abstract. An under­
standing of packed-column concepts in terms of plate-col­
umn concepts will therefore enhance student intuition for the 
packed-column concepts. 

This teaching strategy has been implemented in the unit 
operations course taught at Tulane. In this course, the design 
of equilibrium plate columns is taught first, followed by the 
design of inefficient plate columns. The design of packed 
columns is then introduced as an extension of inefficient 
plate-column design as detailed below, allowing packed­
column concepts to be understood and visualized in terms of 
plate-column concepts. After this introduction to packed 
columns, the traditional mass-transfer approach to packed 
columns is taught, motivated by the fact that the present 
approach yields only the number of transfer units but not the 
height of a transfer unit. 

In particular, this paper addresses the underlying physical 
relationship between plate and packed columns, which leads 
to a definition of transfer units for plate columns that is 
consistent with the usual definition of transfer units for packed 
columns. This new definition of transfer units is based on 
concrete and intuitive quantities and elucidates the relation­
ship of transfer units to other plate- and packed-column 
concepts. First, however, the fundamentals of plate-column 
design necessary for the present analysis of packed columns 
are briefly reviewed. Note that the present focus is on dilute 
systems, to simplify the analysis . 

REVIEW OF PLATE-COLUMN DESIGN 
FOR DILUTE SYSTEMS 

The vapor and liquid streams flow counter currently through 
the column (vapor flows up and liquid flows down), with 
flow rates of V and L, respectively. The vapor and liquid 
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phases on an equilibrium platen are in equilibrium; i.e., the 
vapor concentration Yn = y~ and the liquid concentration 
x" = x~, where y~ and x~ are the concentrations determined 
by the equilibrium relation y: = mx ~. On real plates, how­
ever, equilibrium is not reached in the time that the streams 
are in contact, and therefore y" * y ~ and x" * X:. The frac­
tional progress toward equilibrium can be described by the 
Murphree plate efficiencies for plate nri.si 

n(n) _ Yn -Yn+I 
••My - • 

Yn-Yn+I 
or (n) _ Xn - Xn-1 

TIMx - • 
Xn - Xn-1 

(1) 

(where plate numbering starts from the top of the column) 
which are related byf11 

TIMx mV (
1 

mV I 
Tl My = L + Tl Mx l - L ) (2) 

For dilute systems, m, V, L, TIM, , and Tl My are approximately 
constant throughout the column, which allows the number of 
plates required for a separation, Nplates• to be obtained ana­
lytically with the Kremser equation for inefficient plate col­
umns,r1 .6,7J 

(3) 

(an analogous equation based on TIMx also exists). The over­
all column efficiency, Tio, is defined as 

NETP Tio=--
N p1a1es 

(4) 

where NETP is the number of equivalent theoretical plates 
(i.e. , the number of plates when the plate efficiency equals 
one). The relationship between the overall efficiency and the 
Murphree efficiency is 

(5) 

Note that all of these concepts for plate columns are readily 
visualized in terms of McCabe-Thiele diagrams .r 11 

PACKED COLUMN DESIGN FROM A 
PLATE-COLUMN PERSPECTIVE 

Physical Basis 

A packed column is presently considered as follows: At a 
given height in the column, Z, the vapor stream flows up to 
Z with concentration y(Z·), and the liquid stream flows down 
to Z with the concentration x(Z+), where z - and z+ refer to 
the heights just below and above Z. If equilibrium were 
reached between the vapor and liquid at Z, then the vapor 
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concentration at Z is given by y(Z)=/(Z)=rnx(Z). But the 
liquid and vapor streams are flowing in opposite directions 
and are in contact at the height Z for only an instant; there­
fore, y(Z) will not be at the equilibrium value but will lie in 
between y(Z·) and y*(Z). This situation is equivalent to a 
plate column, with the height Z corresponding to plate n, the 
height z · corresponding to plate n+ 1, the height z+ corre­
sponding to plate n-1, and the change in concentration y(Z)­
y(Z·) described by the Murphree efficiency of plate n. These 
effective plates in a packed column are only infinitesimally 
efficient: since the liquid and vapor streams are in contact 
only instantaneously at a given height Z, the change in 
concentration y(Z)-y(Z·) is infinitesimal. But there exists an 
infinite number of these effective plates, corresponding to 
all heights Z. This relationship of packed and plate columns 
is physically justified, in contrast to the relationship based 
on equivalent theoretical plates. 

Concept of Transfer Units 

The concept of transfer units is abstract and thus difficult 
for students to fully understand. To address this difficulty , 
the physical relationship between plate and packed col­
umns is used to define transfer units in terms of more 
concrete plate column concepts. For dilute systems, the 
number of transfer units contributed by a plate is defined 
here to be equal to the Murphree efficiency of the plate. 
The total number of transfer units for a plate column, 
N~;te col. , is obtained as the sum of the contributions from 
each plate 

Nplates 

N~; tecol = L, Y~ -Yn+I 
n=I Yn-Yn+I 

= N plates Tl My 

(6a) 

(6b) 

The number of transfer units of a packed column is now 
obtained in the limits TI My • 0 and N plates • 00

• For the very 
inefficient effective plates that comprise a packed column, 
the quantity Yn-Yn+I approaches zero; thus Yn -Yn+I = dyn' 
and y ~ - y n+I = y ~ - y n + dy n = y ~ - y n. The number of trans­
fer units for a packed column is obtained by integration 
(rather than summation) over the infinitely many effective 
plates between the top and the bottom of the column 

bottom 

Noy = f ---!i---
y -y 

(7) 
lop 

(note that the subscripts have been dropped because they are 
the same for all terms). This expression for the number of 
transfer units in a packed column for dilute systems is the 
same as that obtained from the standard mass-transfer analy­
sis,r1.4J which demonstrates the validity of the present ap­
proach. Additionally, this approach shows that the number 
of transfer units can be understood physically to be equal to 
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the sum of the plate efficiencies of a column. 

Derivation of the Colburn Equation 

The present approach leads to a simple derivation of the 
Colburn equation, which is the analytical expression for the 
number of transfer units required for packed column separa­
tions with dilute systems. The derivation begins with the 
number of transfer units of a plate column (Eq. 6b) with 
Npia,es given by the Kremser equation (Eq. 3). The number of 
transfer units for a packed column is then obtained in the 
limit that the Murphree efficiency approaches zero. As TIMy 

approaches zero, the denominator of the Kremser equation 
en[I + TIMy(mV / L- I)]= TIMy(mV / L - 1), and thus 

e [ 
Yin - mx in ( 1 mV I mV] 

n I - - j +-
y out - mx in \ L L 

Noy = ( mV) 

l1- L) 

(8) 

This equation is the Colburn equation and is identical to the 
result obtained from mass-transfer analysis.11•61 The present 
approach shows clearly the relationship between the Kremser 
and Colburn equations. 

Relationship of Transfer Units 
to Equivalent Theoretical Plates 

A usual source of confusion for students is the relationship 
between transfer units and equivalent theoretical plates; the 
present approach elucidates this relationship. Combining Eqs. 
(4) and (6b) yields the results for plate columns 

N plate col. Tl 
_ oy __ =~ 

N ETP Tio 
(9) 

To obtain the result for packed columns, the ratio Tl My / Tio is 
evaluated in the limit that TIMy approaches zero. Using the 
relationship between TIMy and Tio given in Eq. (5), and 
noting again that en[1+TIMy(mV/L - i)]=T1My(mV/L-I) as 
TlMy approaches zero, the following result is obtained for 
packed columns: 

(10) 

This result is the same as that obtained from the standard 
mass-transfer analysis . But the present derivation demon­
strates that the relationship between N ETP and Noy is the same 
as the relationship between Tio and Tl My, which is readily 
understood in terms of McCabe-Thiele diagrams, as shown 
in Figure 1. 

Other Definitions of Transfer Units 

Another source of confusion for students is the different 
definitions of transfer units, based on either liquid and vapor 
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concentrations and either bulk or interfacial equilibrium 
concentrations (i. e., N oy, N0 , , N y, and N,); again, the present 
approach elucidates this concept. The analysis described 
above could analogously be carried out based on liquid 
concentrations to give N~:•ecol. = Nplates ll Mx> and thus 

N~:•ecol. - TI Mx 
N platecol. - --

Oy Tl My 
(11 ) 

As the Murphree efficiencies approach zero, the ratio 

TIMx / Tl My = mV / L (see Eq. 2), and thus for a packed column 
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Figure 1. McCabe-Thiele diagrams that show the origins 
of the differences between T\o and Tl My. The solid lines 
represent the actual plates, and the dashed lines repre­
sent the equivalent theoretical plates; the operating lines 
are the upper lines, and the equilibrium lines are the 
lower lines. The analysis of these diagrams proceeds as 
follows: For m>LIV, diagram (a) shows that more than one 
equivalent theoretical plate is required to achieve the 
same separation as two plates with Tl My =0.5 , and so 

Nm >Np1a1e,T\ My form>L/V. From Eqs. (4) and (6b}, it follows 

that Tio> TIMy and NETP > N~;'°c01for m>LIV. The analysis 
for m=L/V and m<L/V proceeds analogously. 
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TABLE 1 
Example Problem 

Problem Statement 
A packed column is being used to absorb acetone from 

an air stream using water at 293K and I atm. The inlet 
and outlet concentrations of acetone in the air stream are 
0.6 mol % and 0.1 mol %, respectively, and the entering 
air and water flow rates are IO mol/hr and 40 mol/hr, 
respectively. 

the height of a transfer unit does not change). The values of N0~w and N~i can be obtained 

from the Colburn equation, because the system is dilute: 

[
0.006- 1.1 9(0) ( 1.1 9(10}] 1.19(10}] f n --------'--'- 1---- +---
0.00 1-1. 19(0} 40 40 

2.14 
The separation given by this column must be improved 

(at the same flow conditions), such that the outlet acetone 
concentration in the air stream is reduced to 0.0 I mo! %. 
By how much should the height of packing be increased 
in order to achieve the desired separation? 

The equilibrium re lation for acetone at 293K and I atm 
is given by y=l.1 9 x, where y is the molar concentration 
in the air phase and x is the molar concentration in the 
water phase. 

f [ 
Y; 0 -mx;0 ( 1 mY \ mY] 

n l - -)+-
N

new _ Yout -mX;n L L [ 
0.006 -1.1 9(0} ( 1.19(10}] 1.1 9(10}] en ---~~ 1---- +---
0.0001- 1.1 9(0) 40 40 

5.34 Oy - (
1 

mV ) 

l -T) 

Problem Solution 
The solution to this problem is that the height of pack-

Nnew 
~ = 5.34 = 2.50 
N~i 2. 14 

ing must be increased by the factor N o~w / N~i (because Thus, the height of packing must be increased by a factor of 2.50. 

N Ox = mV 

Noy L 
(12) 

Again, this result is the same as that obtained from the 
standard mass-transfer analysis, but the present derivation 
demonstrates that the relationship between N0 x and Noy is 
the same as the relationship between 11Mx and 11My, which is 
readily understood in terms of McCabe-Thiele diagrams. 
Note that the number of transfer units based on interfacial 
concentrations (Ny and Nx) cannot be addressed with this 
approach. 

DISCUSSION 

The present approach, of course, does not lead to the 
complete design of packed columns-the height of a transfer 
unit has not been addressed. This approach is therefore in­
tended to supplement, not replace, the usual mass-transfer 
approach to packed-column design. Even so, some design 
problems with packed columns can be addressed with just 
the present treatment, as shown in Table 1. 

The present analysis was described for dilute systems for 
simplicity, but can be extended to concentrated systems. 
This extension requires the use of a more complicated defi­
nition of the plate efficiency 

17
, _ Yn-Yn+I 
y - ( I - I 

(1-Yn +i)enl 
1
}t) 

in place of 11My. Note that 1l
0

y = 11My in the dilute limit. The 
sum of the efficiencies 1l

0

y for all plates will generate the 
correct equation for the number of transfer units of a packed 
column for a concentrated system, in the limit that T1°y ap­
proaches zero and the number of plates approaches infinity. 
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As noted above, this approach was used in the unit opera­
tions course at Tulane. The approach was received very well 
by the students in the course. They seemed to enjoy thinking 
through the steps in going from plate columns to packed 
columns and did not have problems understanding the rela­
tionship between the columns based on this approach. The 
students generally thought that this approach gave them a 
physical understanding of the concept of transfer units and 
provided a clear understanding of the relationships between 
plate columns and packed columns. 

REFERENCES 
1. E.g., (a) King, C.J ., Separations Processes, 2nd ed. , McGraw­

Hill, New York, NY (1980); (b) Sherwood, T.K. , R.L. Pigford, 
and C.R. Wilke, Mass Transfer, McGraw-Hill, New York, 
NY (1975); (c) Perry, R.H., and D. Green, eds. , Perry's 
Chemical Engineers' Handbook, 6th ed., McGraw-Hill, New 
York, NY (1984); (d) McCabe, W.L., J .C. Smith, and P . 
Harriott, Unit Operations in Chemical Engineering, 4th ed., 
McGraw-Hill, New York, NY (1985); (e) Geankoplis, C.J. , 
Transport Processes and Unit Operations, 3rd ed., Prentice 
Hall, Englewood Cliffs, NJ (1993); (f) Wankat, P .C., Equi­
librium Staged Separations, Prentice Hall, Englewood Cliffs, 
NJ (1988); (g) Treybal, R.E ., Mass Transfer Operations, 3rd 
ed., McGraw-Hill, New York, NY (1980); (h ) Hines, A.L. , 
and R.N. Maddox, Mass Transfer Fundamentals and Appli­
cations, Prentice Hall , Englewood Cliffs, NJ (1985); (i) 
Seader, J.D., and E.J. Henley, Separation Process Prin­
ciples, John Wiley, New York, NY (1998) 

2. Peters, W.A. , Ind. Eng. Chem., 14, 476 (1922) 
3. Sherwood, T.K. , and E .R. Gilliland, Ind. Eng. Chem., 26, 

1092 (1934) 
4. Chilton, T.H. , and A.P. Colburn, Ind. Eng. Chem., 27, 255 

(1935) 
5. Murphree, E.V., Ind Eng. Chem., 17, 747 (1925) 
6. Colburn, A.P. ,. Ind. Eng. Chem., 33, 459 (1941) 
7. Silver, L., Trans. Inst. Chem. Eng., 12, 64 (1934) 0 

305 


