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 In continuous contacting equipment, the up-flowing gas remains in contact with down-
flowing liquid throughout the packing, at every point of the tower. 

 Therefore, packed tower is known as “continuous differential contact equipment It is 
different from the stage-wise contact equipment . 

Requirement:  
Calculate the number 
of plates required for 
the desired 
separation. 

Stage wise contact is 
there in a plate 
column

Requirement:  Calculate 
the height of packing in 
a packed column where 
the separation process 
takes place. 

Continuous 
differential column

Introduction
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Mass Balances and the Operating Line for Packed Towers

T = const

P = const

Cross-sectional 

area, A

V2

V’

y2

Y2

L2

Ls

x2

X2

V1

V’

y1

Y1

L1

L’s

x1

X1

dz

V molar total gas flow rate (carrier 

gas + pollutant)

V’ molar inert carrier gas flow rate

L molar total solvent flow rate 

(solvent  + absorbed  pollutant)

L’ molar solvent flow rate

x is the liquid mole fraction of 

pollutant, y is the gas phase mole 

fraction of the pollutants, X is the 

liquid phase mole ratio and

Y is the gas phase mole ratio

Gas out 

Liquid out 

Liquid in

Gas in
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Packing Height (Z)

n



Lin xin

Vin yin

Vout yout

Lout xout

TU

TU

TU

TU

Height of Transfer Unit (HTU)

Transfer Unit  (TU)

Packing Height (Z)

Packing Height (Z) = height of transfer unit (HTU)  number of transfer units (NTU)
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Operating Line for Packed Absorption Towers

• A packed tower with countercurrent flow

• Mass balance around the cross-section A-A:

Therefore, 

However, the flow rates do not remain constant 
through the column:

)()( AAAAAA dxxLdyyVLxVy 

AA L dxV dy 

)()( AA Lx dVyd 

 Integrate from the top of the column down to the cross-section A-A:

1111 AAAA xLLxyVVy  (3)or



Chemical Engineering Department | University of Jordan | Amman 11942, Jordan

Tel. +962 6 535 5000 | 22888 

7

 Rewrite the flow rates on a solute-free basis (use B):

 Rewrite Eq. (3):

(4)')
1

(')
1

(')
1

(')
1

(
1

1

1

1 L
x

x
V

y

y
L

x

x
V

y

y

A

A

A

A

A

A

A

A












)1()1(' 11 AA yVyVV 

)1()1(' 11 AA xLxLL 

Operating Line for Packed Absorption Towers

)(
'

'

1'

'

1 onn X
V

L
YX

V

L
Y  

Eq. (5): Operating line equation 

(5)
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For dilute solution:
1(1 ) 1.0, (1 ) 1.0, .A Ay x etc   

1 1,B A B AG G G L L L   'V V L'L

Operating Line for Packed Absorption Towers



Chemical Engineering Department | University of Jordan | Amman 11942, Jordan

Tel. +962 6 535 5000 | 22888 

9

Two Film Theory: Review

Bulk concentration in 

the bulk liquid phase

yAG

xAL

)( AiAi xfy 
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Two Film Theory Applied at Steady-State

 Consider steady-state mass transfer of A from a gas, across an interface, and into a 

liquid. 

)()( AbAixAiAbyA xxkyykN 
Gas-phase flux 
to the interface

Liquid-phase flux 
from the interface

Aby

Aiy

Abx Aix Ax

Ay

)( AiAi xfy 

liquid-side 
driving force

),( AiAi yxM

),( AbAb yxP

yx kkslope /

Gas-side 
driving force

 Using the above equation, We may 

write
Interfacial 

concentrations 
*
Ay

*
Ax

AiAb

AiAb

y

x

xx

yy

k

k





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AN

)()( **
AAyAAxA yyaKxxaKN 

Overall mass transfer coefficient approach:

m

m

Two Film Theory: Review

interfacial area

unit volume

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Where 

yA
* = equilibrium mole fraction of the solute in the vapor corresponding to the 

mole fraction xA in the liquid

xA
* = equilibrium mole fraction of the solute in the liquid corresponding to the 

mole fraction yA in the vapor

Two Film Theory: Review

: volumetric mass transfer coefficientsaKy aKx
, 
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y

x

AF: Deriving force in the liquid side

B

(y, x)

Bulk composition

A

(yI, xI)

(y, x*)

(y*, x)
D

CF

E

AE: Deriving force in the gas side

m m

Two Film Theory: Review
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Volume-Based Mass-Transfer Coefficients

 If A is the absorption tower cross-sectional   area, and Z the packing height, 

then AZ is the tower packing volume.

Defining Ai as the total interfacial area:

aAzAi 
or in differential form:

aAdzdAi 

 For constant mass flux, with units (moles/unit time) = (moles/unit time‧area) 

(area):

ANd

ANd

*( )y A AK y y aAdz dAN iA 

= Kya(yA-yA
*)Adz = Kxa(xA-xA

*)Adz
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Determining Height of Packing in the Tower: the HTU Method

 For the gas phase, the differential rate of mass transfer of component A is 
equal to the differential rate of change of the mass of A in the incoming gas 
stream in a height dz.

 Rewrite the flow rate on a solute-free basis:

where           is a constant

then, 

ANd )()( AA Lx dVyd 

 Therefore, 

(8)

)1()1(1
)(

2
''

AG

A

AG

AG

AG

AG
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dy
V

y
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dVyVd


















)1(' yVV 


 )1( AGy

dy
V

'VV 

)Adzya(yK *
AAGy 

)1(

'

AGy

V
V




)1(
)(

AG

A
AG y

dy
VyVd


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
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





HTUOG NTUOG

Determining Height of Packing in the Tower: the HTU Method

 Dropping the subscripts G and integrating, the final equations using overall 

coefficients are
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Determining Height of Packing in the Tower: the HTU Method

 The term HOG is called the overall Height of a Transfer Unit (HTU) based on 

the gas phase. 

 Experimental data show that the HTU varies less with V than with Kya. 

 The smaller the HTU, the more efficient is the contacting.

 The term NOG is called the overall Number of Transfer Units (NTU) based on 

the gas phase. 

 It represents the overall change in solute mole fraction divided by the 

average mole fraction driving force. 

 The larger the NTU, the greater is the extent of contacting required.
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 Graphical integration of right hand side of the equation is performed to find 

NTUOG

LMAyy yKK )1(' 

A*
AAA

LMA
y

y '
y

dy
)y(y)y(

)y(

aAK

V
  Z

in

out 












  1

1 *

But

Determining Height of Packing in the Tower: the HTU Method

 For dilute system (i.e. when the mole fractions y and x in the gas and liquid 

streams are less than about 0.10, i.e., 10%.)

A*
AA

y

y
A

'
y

LMA dy
)y(y

 
)yaA(K

)yV(
 Z

in

out 













 
1

1

1 *

 Also , for dilute solutions: (1-yA) ≈ (1-yA)*LM ≈ 1.0 and yy KK '
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A*
AA

y

y'
y

dy
)y(y

 
aAK

V
 Z

in

out 









 

1

Determining Height of Packing in the Tower: the HTU Method

 The ratio of flow rate to mass transfer has been designated as the height of 
a transfer unit (HTU), or, for the gas phase, HOG

 Therefore, HOG has been defined in such a way that it remains constant 
through the absorption column.

  
aAK

V
H

'
y

OG 










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 The number of overall mass transfer units (NTU), or for the gas phase, 

NOG has been defined:

 The height of the column may now be calculated from:

A*
AA

y

yOG dy
)y(y

  N
in

out 
 

1

  NHz OGOG

Determining Height of Packing in the Tower: the HTU Method
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A

A
*

AA

LMA
xout

'
x

dx
)x(x)x(

)x(
  

aAK

L
Z

xin 










  1

1 *

 In similar manner, the analysis can be performed based on the liquid phase 

which would be useful in stripping calculations to give

Determining Height of Packing in the Tower: the HTU Method

  
aAK

L
H

'
x

OL 







 A*

AAA

LMA
xout

xinOL dx
)x(x)x(

)x(
  N




  1

1 *

  NHz OLOL

and 

 For dilute solutions: (1-xA) ≈ (1-xA)LM ≈ 1.0 and

A

A
*

A

x

xOL dx
)x(x

  N
out

in 
 

1

Hence,

xx KK '
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Summary
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STEP-BY-STEP PROCEDURE 

)
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)'/'( VL

STEP-BY-STEP PROCEDURE 

figure In the
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)1/(' AyVV 

A*
AAA

LMA
y

y'
y

dy
)y(y)y(

)y(
  

aAK

V
Z
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out 












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1 *

STEP-BY-STEP PROCEDURE 
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Summary

At a given y take 

Δx = (xe-x)

At a given x take 

Δy = (y-ye)

 

inA

outA

y

y AA yy

dy

)( *

A

A
*

A

x

xOL dx
)x(x

  N
out

in 
 

1
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y = 18.745x - 0.0025

0
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y

x

005.0645.371   nn xy

y1= 0.005

y1b= 0.20

xout= xn= 0.0052

Example

y*

y*

y2b= 0.14

x2b= 0.0035
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yA yA
* (yA-yA

*) 1/(yA-yA
*)

 

inA

outA

y

y AA yy

dy

)( *

• Draw yA vs. 1/(yA *- yA)

• Then find area under the curve numerically

Summary



Chemical Engineering Department | University of Jordan | Amman 11942, Jordan

Tel. +962 6 535 5000 | 22888 

29

A*
AA

y

y
y

dy
)y(y

  
aAK

V
Z

in

out 









 

1

29

Summary

HOG

Integration = NOG

• NOG is evaluated graphically by numerical integration using the 
equilibrium and operating lines.

• Draw 1/(yA
* -yA) (on y-axis) vs. yA (on x-axis). Area under the curve is the 

value of integration.

Substitute values to calculate HOG

y

x

)(

1
*

AA yy  Evaluate area 
under the curve 
by numerical 
integration

Area = N
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Numerical Evaluation of Integrals

Simpson’s one-third rule (3-point):

        210
2X

0
XfXf4Xf

3
h

dxxf 

hXX    
2

XX
h 01

02 




Trapezoidal rule (2-point):

      10
1X

0
XfXf

2
h

dxxf 

01 XXh 

Simpson’s three-eights rule (4-point):

          3210
3X

0
XfXf3Xf3Xfh

8
3

dxxf    
3

XX
h 03 


h2XX  hXX 0201 

Simpson’s five-point quadrature :

            43210
4X

0
XfXf4Xf2Xf4Xf

3
h

dxxf 
  

4
XX

h 04 

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Summary

Top

Bottom

Top

Bottom
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Summary
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We wish to strip SO2 from water using air at 20C. The inlet air is pure. The 
outlet water contains 0.0001 mole fraction SO2, while the inlet water contains 
0.0011 mole fraction SO2. Operation is at 855 mmHg and L/V = 0.9×(L/V)max. 
Assume HOL = 2.76 feet and that the Henry’s law constant is 22,500 
mmHg/mole frac SO2. 

Calculate the packing height required.

Example

A

A
*

AA

LMA
xout

'
x

dx
)x(x)x(

)x(
  

aAK

L
Z

xin 










  1

1
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 Ptot = 855 mmHg

 H = 22,500 mmHg SO2 /mole frac SO2

 pSO2 = H xSO2

 ySO2 Ptot = H xSO2

 ySO2 = (H/ Ptot) x SO2

or  ySO2 = m x SO2

where  m = (H/ Ptot) = 22,500/855

= 26.3 (used to draw equilibrium data)

Draw over the range of interest, i.e., from 
x=0  to x= 11104

at x= 0  y = 0

at x= 11104  y = 26.3 * 11104

= 0.02893 = 28.93 103

Air (solvent)
V 
yin = 0

Example contd.

xout = 0.0001
= 1104

Water 
L 
xin = 0.0011

= 11104

T = 20C
P = 855 mmHg
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(L/V) = 0.9 (L/V)max

From pinch point and darwing, (L/V)max = slope= 29.29

 (L/V) = 0.9  29.29 = 26.36

yout= 10x10-4 (L/V) = 10x10-4  26.36  

 yout = 0.02636 = 26.36103

Draw actual operating line

Example contd.
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11104

xout
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x x* 1/(x-x*)
1.0E-4 0 10,000

3.0E-04 2.0E-04 10,000

5.0E-04 4.0E-04 10,000
7.0E-04 6.0E-04 10,000

9.0E-04 8.0E-04 10,000

1.1E-03 1.0E-03 10,000

Apply a graphical or numerical 
method for evaluating NOL

For example, we can use Simpson’s rule. 







0011.0

0001.0
)( *

inA

outA

x

x AA xx

dx

Example contd.
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Substituting values from Table gives NOL= 7.746.

Z = HOL(given)  NOL(calculated) = 2.76  7.746

 Z = 21.38 ft







0011.0

0001.0
)( *

inA

outA

x

x AA xx

dx
)(

1
)(

*xx
Xf




Example contd.

For the current problem 



Chemical Engineering Department | University of Jordan | Amman 11942, Jordan

Tel. +962 6 535 5000 | 22888 

41

5-point method

 )()(4)(2)(4)(
3

)( 43210

4

0

XfXfXfXfXf
h

dXXf
X

X



 
4

04 XX
h




Pay attention to accuracy 
of drawing and obtaining 
data.

Chemical Engineering Department | University of Jordan | Amman 11942, Jordan

Tel. +962 6 535 5000 | 22888 

42

Analytical Solution: Dilute Solution Case

 Also, for dilute solutions, Henry’s Law is usually a good choice for an 

equilibrium relationship.

And  (1-yA) ≈ (1-yA)LM ≈ 1.0

Therefore, 

The operating line,

AiAi mxy 

A*
AA

y

yA*
AAA

LMA
y

yOG dy
)y(y

dy
)y(y)y(

)y(
  N

in

out

in

out 





 
1

1

1

 y)mx(mx
mV

L
y) x (x

V

L
y AAAAAAA 1111 
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Analytical Solution: Dilute Solution Case

• Keep in mind that the absorption factor, Ab, can be defined as:

mV

L
Ab 
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Analytical Solution: Dilute Solution Case

or
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We can follow a similar procedure to obtain the number of overall liquid transfer 
unit

Analytical Solution: Dilute Solution Case

where
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Example
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 

Ain

AinAout

y

yy
fraction absorbed 

Example Contd
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  0 1

1
ln / 1 1/ 1/

1 (1/ )OG A AN y y Ab Ab
Ab

 
       

mZ  5.3

OGNZ /
tNZ /

Example Contd
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Example Contd
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Aby

Aiy

Abx Aix Ax

Ay

)( AiAi xfy 

liquid-side 
driving force

),( AiAi yxM

),( AbAb yxP

yx kkslope /

Gas-side 
driving force

 Re-arranging

Interfacial 

concentrations 
*
Ay

*
Ax

AiAb

AiAb

y

x

xx

yy

k

k






 The mass transfer may now be 

written based on the overall 

mass-transfer coefficient

)()( **
AAyAAxA yyKxxKN 

Interface composition in terms of the ratio of mass
transfer coefficient
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Counter-current Absorption (local gas phase) 
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Counter-current Absorption (local liquid phase)
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Task 1

Experimental data have been obtained for air containing 1.6% by volume of 
SO2 being scrubbed with pure water in a packed column of 1.5 m2 in cross-
sectional area and 3.5 m in packed height. Entering gas and liquid flow rates 
are 0.062 and 2.2 kmol/s, respectively. If the outlet mole fraction of SO2 in the 
gas is 0.004 and column temperature is near ambient with KSO2 = 40, calculate 
the following: 

a) The NOG for absorption of SO2

b) The HOG in meters

c) The volumetric, overall mass-transfer coefficient, Kya for SO2 in 
kmol/m3.s
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Task 2

A gaseous reactor effluent consisting of 2 mol% ethylene oxide in an inert gas 
is scrubbed with water at 30oC and 20 atm. The total gas feed rate is 2500 
lbmol/h, and the water rate entering the scrubber is 3500 lbmol/h. The column, 
with a diameter of 4 ft, is packed in two 12-ft-high sections with 1.5 in metal 
Pall rings. A liquid redistributer is located between the two packed sections. 
Under the operating conditions for the scrubber, the K-value (y = K x) for 
ethylene oxide is 0.85 and estimated values of kya and kxa are 200 lbmol/h.ft3

and 2643 lbmol/h.ft3 , respectively. Calculate the following: 

a) Kya 

b) HOG and NOG

c) Yout  and xout


