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Introduction

» 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 .
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Liquid in Gas out
L, - v, V molar total gas flow rate (carrier
gas + pollutant)
L V’
V’ molar inert carrier gas flow rate
X =
2 T = const % L molar total solvent flow rate
X, P = const Y, (solvent + absorbed pollutant)

Cross-sectional L’ molar solvent flow rate

dz x is the liquid mole fraction of
pollutant, y is the gas phase mole
L, v, fraction of the pollutants, X is the
. L’s Liquid out V’ liquid phase mole ratio and
— Y is the gas phase mole ratio
X1 G . y1
as in
X, Y,
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Packing Height (Z)

V.

out Yout

Transfer Unit (TU) \0_ _TU_ _

Packing Height (Z)
Height of Transfer Unit (HTU) | TU

nJ

——
I/in yin

¢

L,, x,.,

out 0

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

* A packed tower with countercurrent flow

r\?.‘IJt JI-Il'l
 Mass balance around the cross-section A-A: [-“'Uut l"i" _
Cross section, &
Vy,+Lx,=V(y,—dy,)+L(x, +dx,)
Therefore, ok __l_-;_____ :
Vdy,=Ldx, ______V___F_____df_
However, the flow rates do not remain constant yady i
through the column: P lf' - -
d(VyA) = d(LxA) ¥in Faut

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

VyA - VlyAl = LxA - leAl or -TinLin t _TV,I = -TLE i Tuulvml (3)
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Operating Line for Packed Absorption Towers

> Rewrite the flow rates on a solute-free basis (use B):
=V({1—-y4)=Vi(1-ya)

= L(1—x4) = Li(1—xa1)
> Rewrite Eq. (3):

LAy = (e @)
1- V4 1- X 1_J7A1 1_xA

=Y

n+l

L X +(Y L X))
=—X +Y, ——
V n 1 V o

Eq. (5): Operating line equation
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Operating Line for Packed Absorption Towers

For dilute solution: -y, =10, 1-x,)=1.0, etc.

—) <) L' =L
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Two Film Theory: Review
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» Consider steady-state mass transfer of A from a gas, across an interface, and into a

liquid.
Vi

N,= ky(yAb = V) =k (x,;—x4) v

Gas-phase flux Liquid-phase flux
to the interface from the interface

» Using the above equation, We may [y = _l S

slope=—k, Ik,

P(x 453 4)

TN e/

Gas-side
driving force

|
|
|—— = = M(xAi’.)'IAi)
|
|

driving force

write |
I InterfacIl
- _ & _Var ™ Vi 3 liquid-side | concentrations
- Y |
;l

ky Xap ~ X4

X ab Lai Xy Y
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Two Film Theory: Review

NA — lc_l,a(y _ .@/I) G.:;ls Interface Liq.uid
bulk gas ! '
— b o I
= kya(zy — ) m ()
yorp : POsitiom~~{ 10 py :
\ A:ra : :
y =y~ (r—x) A !
: - I I
Yy | |
/ l l
- - 1 bulk liquid
relative resistance of | icomposition
mass transfer between : xore

the two phases
Overall mass transfer coefficient approach:

N, =Kxa(x2 —Xx,) :Kya(yA _yZ)

a = surface area per unit
volume of packing

_interfacial area 1 _ 1 m
unit volume Kya kya — kgpa
1 1 1

Kya  kza  mMkya
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Two Film Theory: Review
Where

¥4 = equilibrium mole fraction of the solute in the vapor corresponding to the
mole fraction x, in the liquid

X, = equilibrium mole fraction of the solute in the liquid corresponding to the
mole fraction y, in the vapor

K,a, K a :volumetric mass transfer coefficients

kg mol . kg mol
K a= 3 , kia=—— - S1)
s-m” packing- mol frac s m” packing-mol frac
kg mol kg mol
Kjg=—s b Koa=—a— (s1)
s-m? packing - mol frac s-m* packing- mol frac
Ib mol Ik mol .
kK a = mo k. a o (English)

h-ft* packing - mol frac T hie packing - mol frac
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Two Film Theory: Review

L
0224 y==x <‘—> + Yout — Tin (T) Gas Interface Liquid

0.2 - \ e bulk gas '
O composition as f
0.18 - ; ) " | Compg Uy
. yorp S/tio,7 y; Or p,
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I
I
0.16 - !
(y’ X) I Xx; Or ¢
0.14 - oS :
I
0.12 - —
= (3 bulk liquid
o1y /S BT I Icomposition
! ! xore
0.08 :
kra
0.06 AB line: ¥ = Y1 — (x — 1)
kya
0.04 -
0.02 | AF: Deriving force in the liquid side
' AE: Deriving force in the gas side
0 T T T T T )
0 0.002 0.004 0.006 0.008 0.01 0.012
X
T - * i
A\‘A,\ = [x.,.(‘l‘;x — .l“,;b) YA, x
.l‘\ = — 1/\ _'IA\bm
=K, (ya, — Y4) m
— Ny (YA, Ya
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Volume-Based Mass-Transfer Coefficients

» If Aiis the absorption tower cross-sectional area, and Z the packing height,
then AZ is the tower packing volume.
Defining A, as the total interfacial area:

A, =aAz
or in differential form:

dA. =aAdz

» For constant mass flux, with units (moles/unit time) = (moles/unit time-area)
(area):

dN,=N,d4 =K (y,~y, addz
— AN, = Kayy,)Adz = K a(xx, )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 i |

equal to the differential rate of change of the mass of A in the incoming gas

stream in a height dz.

d N,=d(Vy,)= d(Lx,)

> Reuwrite the flow rate on a solute-free basis: ' =1/ (1-y)

where}/ = J/'is a constant

-y,
. v
since V=
(l_yA_) »
» Therefore, d
V—y
U—yA)

v, )

dVy, )=V Y,

(I=y,)

= K,a(v, -y,)Adz
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:V' dyAl =V dyA
(1- 1-

(8)

Determining Height of Packing in the Tower: the HTU Method

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

coefficients are

dy,

yin V
Z:Iyouz (K aA 1_ _ *
y I=y)Yi=y4)

A=y,)-

(1-y,)

(I=y ) =
n [(l—yn

(l_yA*):|

(l_yA)*LM dyA

yin V
/=
'[yw" (KyaA(l -V,

)*LM]

1=y ), _yA*)

HTUqg

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

> The term H 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 K a.

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

> The term Ny 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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Determining Height of Packing in the Tower: the HTU Method

But K;= Ky(l_yA)LM
- o= |l
vl KaA | (1= )0, ¥4 )

» Graphical integration of right hand side of the equation is performed to find
NTUqg

> 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%.)

7= [.V(l_yA)*LM JJ'“W L —dy,
KyaA(l_yA) o Y=Y )
> Also , for dilute solutions: (1-y,) = (1-ya)y=1.0and K, = K

y
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|4 yin 1
- Z= (K'aAJ Jyouz —dyA

(yA _yA*)

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

V
H =|—
00 {KyaAJ

> Therefore, Hog has been defined in such a way that it remains constant
through the absorption column.
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Determining Height of Packing in the Tower: the HTU Method

» The number of overall mass transfer units (NTU), or for the gas phase,
Nog has been defined:

Ny = Iym 1

—*dyA
o Ya=Ya)

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

z=H,eNoye
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Determining Height of Packing in the Tower: the HTU Method

» In similar manner, the analysis can be performed based on the liquid phase
which would be useful in stripping calculations to give

» 7 - L J'xo'” (1- xA):LM dx
KxaA . (1 - ‘xA)(xA - xA)

Hence, H,, - L _ jw"’ (1=x )

. NOL_ ) * A
K.a4) and o (1=x, ), —x, )

» z=Hy Ny,

» For dilute solutions: (1-x,) = (1-x4)y=1.0and K = K

X

Xout 1

= Vo= [

(x, —x,)
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Table 6.7 Allernative Mass-Transfer Coefficient Groupings

Height of a Transfer Unit, HTU Number of Transfer Units, NTL
EM Diffusion EM Diffusion®
or Dilute or Dilute
Driving Force Symbol UM Diffusion UM Diffusion Symbol UM Diffusion UM Diffusion
vV 4 dy I — yiumdy
L=y Hog i Noo ¥ (1 — y)mdy
Kya$ Kja(l — yims r—y9 (1 —y)y—¥")
v Vv dp (P — piimdp
2. —r* H, N,
(r=r) o KgaPs Kga(l — vy PS oo P —p" (P—pip—p*
Vv I'4 dy dy
3.(Y-Y* H, —_— P N, [
d ) o8 KyaS Kyas o f (¥ — ¥ ] -1
v v dy l—y dy
4 (y =) Ho L No Y (1 —¥)rmey
kyaS kyail — y)ms y— (I=y)y—y)
B v v dp (P — p)yudp
5. (p— pr) Hg =y SR B— No f I f Piemdr
kpaPS kpa(P — phmS (p—pr (P—pip—p)
. TE L dx (1 —x)imdx
6. (x* —x) H —_— - N,

( o K.aS Kia(l — x)im8& oL f (x* —x) _f (1 —x)x*—x)
iy L L : de (pL/Mp — c)Lmdx
1. (" —¢) How = . Nor, o -

KpaipL/Mr)§ Kpalpe/Mp —c)imS (c*—¢) Jipo/ML —c)c* —c)
- . 2 L . dX dx
. (X*—X) oL Kgas Kyas ar (X*—X) (X*—X)
L L dx (1l—x dx
9, (x;—x) Hi e Ne LM
kyas kla(l — xjLMs (x1 — x) (1 —x)(x—x)
L L 4 Mp — c)pmd
10.(cr —¢) Hy _ N, f dc (pr/Mr — c)imde
kpa(pp/Mp)S  kpa(pp/Mp — chimS (c1—c) (pL/Mr —c)ec1—c)

“The substitution Ky = K} yn,,, or its equivalent can be made.
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STEP-BY-STEP PROCEDURE

(1)  For a particular gas-liquid system, draw equilibrium curve on X-Y plane.
(2) Draw operating line in X-Y plane (PQ) using material balance Equation.
Lower terminal Q (X3, Y>) and upper terminal P (X}, Y;) are placed in x-y plane.
QOverall mass balance Equation for the absorption tower is as follows:
LAy () = (A )V Ly
~—X40 1=y, 1_ 1=y,
If liquid mass flow rate, L'is not known, minimum Ilquid mass flow rate L' . is

to be determined L' is generally 1.2 to 2 times the L' . .
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STEP-BY-STEP PROCEDURE

In the figure , lower terminal of absorption tower is represented by Q (X5,
Y,); i.e., bottom of the tower. Operating line is PQ. If liquid rate is decreased,
slope of operating line (L'/V") also decreases and operating line shifts from PQ to

P'Q, when touches equilibrium line. This operating line is tangent to equilibrium

line.
The driving force for absorption is zero at P’ and is called “PINCH POINT”.

(3) A point A (x, y) is taken on the operating line. From the known value of k;
and k, or k.a and k,&, a line is drawn with slope of k, /k, to equilibrium line,
B(x,y;). Line AB is called “TIE LINE" and x;and y; are known for a set of values of

xand y.
(4)  Step (3) is repeated for other points in the operating line to get several

(i y;) sets for yi2yzys.
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STEP-BY-STEP PROCEDURE

(5)  Calculate flowrate of gas 7 =J"/(1— y.) ateach point

(6) Calculate height of the packing graphically or numerically.

|4 yin 11—y, )
7 - ’ J‘ (1= s —dy,
KyaA o (l_yA)(yA — Va4 )
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At a given x take o>
Ay =(y-y.) ~— ﬁf
yj‘m dy
* w >
Vo Vi=>4) S, e <
L 8 . 3\\“9
s n o
<
EY & ,
8 |~ ] At a given y take
8 >0 _
g (¥ | Ax = (x,%)
5 |2 ©
U_o') & '\\‘oi\\)
Yo —— 3 o o 1
i » NOL = J-)Cin ( * — )dxA
(Xg— X) Xy =Xy
X Xg

Solute concentration in liquid

Gas absorption concentration relationships
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Example

— y.., =37.645x +0.005

0.22 -

0.2

0.18 -

0.16 -
0.14 - y = 18.745x - 0.0025
0.12 -
0.1 |
0.08 -
0.06 -
0.04 -

0.02 -

| Xou= X,= 0.0052

0 \ T \ T \ )
0 0.002 0.004 0.006 0.008 0.01 0.012

y,= 0.005 Xop= 0.0035
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ya ya (YA'YA*) 1/ (YA'YA*)

* Draw y, vs. 1/(ys™*-y,)
e Then find area under the curve numerically
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Hog
Substitute values to calculate Hyg
Integration = N

* Ngg is evaluated graphically by numerical integration using the
equilibrium and operating lines.

» Draw IAy," -y,) (on y-axis) vs. y, (on x-axis). Area under the curve is the
value of integration.

Evaluate area
under the curve
by numerical

oo NI | integration

5 Area=N F

Numerical Evaluation of Integrals

Trapezoidal rule (2-point): Simpson’s one-third rule (3-point):
! focgax = [F(Xo) + F(X)] |} JH0c)dx = 2 [f(Xo )+ 41(Xq)+ f(X2)]
0

h=Xq-Xg Xo —Xo

2

h= X1=X0—I—h

Simpson’s three-eights rule (4-point): X1=Xg+h Xy =Xg+2h

X3 3
(j) f(x)dx = 8h[f(X0)+ 3f(X4)+3f(X5) +f(X3)] ho X3=Xo - Xo

Simpson’s five-point quadrature :

X4 o _Xg4-Xo
(j)f(x)dx = g[f(X0)+ 4F(Xq)+ 2f(Xo ) + 4f(X3)+T(X4)]

4
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Absorption Desorption

Yom
Yo
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XU=X0'E_(YJ'YU) 'VL'z

X,y .Mole fraction in liquid, gas or vapour

myx Slope of the equilibrium line
L/V Molar liquid-to-gas ratio or slope of

the operating ling —=——
X,Y Load fraction of transfer component in liquid /gas
L,V Carrier stream of liquid /gas phase
Yo‘Yu
Xo-Xy

I

/V Y0=Yu’%(xO‘Xu)
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Example

We wish to strip SO, from water using air at 20C. The inlet air is pure. The
outlet water contains 0.0001 mole fraction SO,, while the inlet water contains
0.0011 mole fraction SO,. Operation is at 865 mmHg and L/V = 0.9%(L/V),ax-
Assume Hgy, = 2.76 feet and that the Henry’s law constant is 22,500
mmHg/mole frac SO.,.

Calculate the packing height required.

s ) O,
Kad) o (1-x,)(x, —x,)
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Example contd.
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40

35: /

30

25 + /
i .

20

15: //
10: 4/

\

Y so2x1073

— o mm mm mm e mm mm mm Em m mm o Em = =

0 2 4 6 8 10 12 14 16
Xou=1x10-4 X sop X104 Xin=11x10"4

Example contd.

(L/V) = 0.9 (L/V)max
From pinch point and darwing, (L/V),,.x = slope= 29.29
= (L/V)=0.9 x 29.29 = 26.36

Yout™ 10x104 (L/V) = 10x104 x 26.36
= Yout= 0.02636 = 26.36x10-3

Draw actual operating line
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Example contd.

X xX* 1/(x-x*) | Apply a graphical or numerical

1 OE-4 0 10.000 method for evaluating N,
3.0E-04 2.0E-04 10,000 X 4in=0.0011 dX
5.0E-04 4.0E-04 10,000 I =
7.0E-04 6.0E-04 10,000 . (x,—x,)

A out=0.0001
9.0E-04 8.0E-04 10,000
1.1E-03 1.0E-03 10,000
For example, we can use Simpson’s rule.
b A
[ f(z)dz ~ ;[yo+4(yl +ys+ys +..) 2y +ys+Hys +.-.) + Ynl
This gives us an easy way to remember Simpson's Rule: Az = ’ ; 2

b
[ f(z)dz =~ % FIRST + 4(sum of ODDs) +2(sum of EVENs) + LAST]
Ja b
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Example contd.

For the current problem

(xA - xA)

X 4 0ut=0.0001

Substituting values from Table gives N = 7.746.
Z = Hg, (given) x N (calculated) = 2.76 x 7.746

= Z2=21.38ft
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Pay attention to accuracy
of drawing and obtaining

data.
14 16

[ "

; a : ‘ﬁﬂ-‘ VJo-x)
“ |.[]i'.-4 'C" 'L"-'fﬂﬁn
: I 5 S-'l‘\lu-.ﬁ | 2.5 AlD " ‘ l!ff{'_‘*\f_\
: | i"_- " ._\'f-l S_ 1'-'\.:‘-'1 | ia.#‘f‘ﬂ
: 8.9 xr074 F.6x10™ | (0,000
4 | I1E-4 08 x 10" | 10,000 11942, Jordan

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

equilibrium relationship.
Yai = MXy;

And (1-ya) = (1-ya)m = 1.0

Therefore, =30

Yin Yin 1
N, .= —dy, = ——dy
0G .[yout A=y )v,-v, ) 4 J‘yom 0.-v.) a

The operating line, L L

Y= =X+t You— — X
G G

L L
Ya :E (X, =Xin ) + Y =——(mx, —mXin )+ Vour
m
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* Keep in mind that the absorption factor, 4,, can be defined as:
L
4, =—
mG
Chemical Engineering Department | University of Jordan | Amman 11942, Jordan
Tel. +962 6 535 5000 | 22888

Since y*out = mxip, we have

1 ml (1 mG)\ V., —V*,. N mG
Noc= ——=In||1-
) ''0G mG 3

J = Your —

L

}.‘*

out

Chemical Engineering Department | University of Jordan | Amman 11942, Jordan
Tel. +962 6 535 5000 | 22888




Analytical Solution: Dilute Solution Case

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

yl)l.l XIH
X dx, '
NoL= I out — 2
(X —x%)
in
Yy X
1 L xin —X >kour L & -
NorL — —L ln 1 - % + ~
1 mG)x,,—x* . mG T
mG Pl
yin qut
where 3 ——
X ><out = Yin/M.
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Example

Subject: Absorption of SO, from air into water in an existing packed column.

Given: Feed gas flow rate of 0.062 kmol/s containing 1.6 mol% SO,. Absorbent is 2.2 kmol/s
of pure water. Packed column is 1.5 m? in cross sectional area and packed with No. 2 plastic
super Intalox saddles to a 3.5-m height. Exit gas contains an SO, mole fraction of 0.004.
Operating pressure is | atm. At operating temperature, equilibrium curve for SOz is y = Kx =
40x

Assumptions: No stripping of water. No absorption of air.
Find: (a) L/me

(b) NOG and N;

(c) Hog and HETP
(d) Kga
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Interface composition in terms of the ratio of mass <

transfer coefficient

» Re-arranging
slope=—k /k,

y
k. _Yar = Vai !
_ P(x 45V 1)
ky Xap ~Xai Y |— = i —T—Ah ______
T I Yai = f(xAz') I
Gas-side
» The mass transfer may now be driving force | |
written based on the overall _l |
.. Yl —m——— - M(x,, ),
mass-transfer coefficient : | (42 )
| I InterfacIl
* * i
NA = Kx (xA - xA) = Ky (yA - yA) y* | liquid-side I Concemlnons
A . driving force I
|< ;I I
X 4p X 4i x; X4
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—k.a

X

slope =

a

Yin

Y out

X. Xout
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Experimental data have been obtained for air containing 1.6% by volume of
SO, being scrubbed with pure water in a packed column of 1.5 m? 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 SO, in the
gas is 0.004 and column temperature is near ambient with Ky, = 40, calculate
the following:

a) The Ny for absorption of SO,
b) The Hpg in meters

c) The volumetric, overall mass-transfer coefficient, K,a for SO, in
kmol/m3.s
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A gaseous reactor effluent consisting of 2 mol% ethylene oxide in an inert gas
is scrubbed with water at 30°C and 20 atm. The total gas feed rate is 2500
Ibmol/h, and the water rate entering the scrubber is 3500 Ibmol/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 k a and k,a are 200 lomol/h.ft3
and 2643 Ibmol/h.ft3 , respectively. Calculate the following:

a)K,a
b) Hogand Ngg
c)Y,, and x

out out
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