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Prediction of diffusivities

The diffusivity {Dag) forr_fhe transfer of one component (A) In ahorher component (B)

can be calculated empirically:

1. Empirical correlation for calculation of gas diffusivity:

The diffusivity (IDag) for the transfer of one gas in another is not known and
experimental determination 15 not practicabl . It is necessary to use one of the many
predictive procedures, The equation developed by Fuller et al. {1966) is easy to apply and

gives reliable estimates:

1 1
1.013x 1077 T'7° | +§1
A B
Dap = 1 112
P [(Ta v7 + (Ty w3
Where:
Dap: s the diffusivity of (A) in (B), m’s.
T: is the temperature, K.
p is the total pressure, bar.

M., Mg are the molecular masses of component {A) and (B).
Yo Vi o, oy Vy: are the summation of the special diffusion volume coeTﬁments for
components a and by, given in Table 8.5 '
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Example: Estimate the diffusivity of methanol in air at atmospheric pressure and 25°C.

- Solution:

Diffusion volumes from Tabie 8.3 methanol;

Eiement v, No, of :
C 1630 x ] = ]6.350
H .08 x 4 = 792
O S48 x 1 = 3.8
S 26.90

Diffusion volame for air = 20,1,
+ standard atmosphere = 1.013 bar,
molecular mass CHROH = 32, air = 29,
1013 % 1077 5 298701 732 — 17290 ¢

Iy = - e - —
) POT3[29900 % — 2001y -

= |

£.2 5 107%m-7s

—

. . N = -yt 2y
Experimental value, 139 x 1077 m /s,

2. Empirical correlation for calculation of liquid diffusivity:

The equation developed by Wilke and Chang (1955), given below, can be used w0
predict liquid diffusivity diffusivities of dilute solutions of non-electrolytes. The Wilke-Chang
equation gives satisfactory predictions for the diffusivity of organic compounds in water but

not for water in organic solvents.

1.173 x 10716 (Pg Mpz)*> T
pvgﬁ

Dyg =

Dag: isthe diffusivitf of soillte {A) in solvent (B), m/s.

T: 1s the absolute temperature, K. |

Ma:  is the molecular weight ot the solvent.

b is viscosity of the solufion', (N s;fmz).

Var 15 the molar volume'r of the solute at its boiling pointﬁ m*/kmol. Values for simple

- molecules are given in Table 1014, For more complex molecules, V4 is calculated by
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summation of the atomic volume and other contributions given in Table 8.6. It may be

noted that for water a value of 0.0756 m*/kmal should be used.

@B: is the association factor for the solvent (2.26 for water, 1.9 for methanol, 1.5 for

ethano) and 1.0 for unassociated salvents such as hydrocarbons and ethers).
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Maovzeeiar valeinsi

Cos: DOXML H-E AT B
: aziz Cas SR l: BATIS N
(e LUdsE M- N- BOIZ 0
Co L3177 H:O AT NH: aarsy 8

p—
1)

i H"':-"

4 x
VAL T
- \

F

Hr

[ PV

Ambrucens

24




Mass Transter Third Year

.S

Asst. Prof. Dr. Ahmed Daham

Example: Estimate the diffusivity of phenol in ethanol at 20°C (293 K).

Solution:

Viscosity of ethanot at 20°C. 1.2 mNshn,
Molecuiar mass, 46. -
Molar volumie of phenol =TV from Table 8.6:

Atlom Val, No,oef

C (10148 x 6 = {(J.88%
H 00037  x & = (00222
O 00074 x ! = (0074
ring =0.0153  x ] = {0013

01033 Mk mo!l

b ! .-~ LA B 3 o Ty L
= — = §.2% x 107 F s

Experimental value, 8 x 10~ e s

*  The Wilke-Chang correlation is shown graphicaily in Figure 8.2. This figure can be use
to determine the association constant for a solvent from experimental values for Dag (D} in
the solvent. The Wilke-Chang equation gives satisfactory predictions tor the diffusivity of

organic compounds tn water but not for water in organic solvents.
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It will be noted from the diffusivity equation is inversely proportional to the pressure and -
varies with the absolute temperature raised to the power of 1.5. In order to correct the

diffusivity coefficient given in Table (10.2) we use the equation below:

G- @)

Das(2) B/ R

Where:
Dag(l] is the diffusivity at T and P, gnen in Table (10.2) at 298 K and 1{]. 3 kPa.

Dag(2) 18 the diffusivity at T> and P .

Unsteady-state Diffusion

Considering an element of gas of cross-seciional area A and of thickness dy in the
direction of mass transfer in which the concentrations Cy and Cpg of the components A and B
are a function of both position y and time t {See Figure below). then if the mass transfer
flux is composed of two cofnponems: one attributable to diffusion according w Fick's Law
and the other to a bulk flow velocity uy, the fluxes of A and B at a distance v from the origin
may be taken as Ny and Np, respectively. These will increase to Nyt (dNQ"dy) oy and Ngt

(dNp/dy) 8y at a distance y + 8y from the origin.

____;__.__,N, VR S
Rates of cr\ange of
concentraions :

: . : I AN s
i Ch Ma 1T
M. : At : ; SR "
E—— H
a i
| ) . { ANy
:r.ca Ne = =5y 15
Ng ol e B
4 i SRR o
.fj :
#
I" u
Croas-sectional area A a 5
Buik fliow vetocity

B

¥ o y o+ By
Figure 10.4: Unsteady state mass transfer
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Thus, for A;

mues [Nfunit lime - moles QLITAaric time =rale of change of conen,
[l ¥3 : _ Pt v div % element volur
g [ i i e S 3¢
! R TIRR 1 4 - ! T R T AL S i f)— Ay Bp g dy s 1 18y
1 iy [ H iy dy | .‘17\' P L
o ac. PO, dMupCy)
Stmplifying: R A
i dye dv
B 3(,.‘3 = CH r}{H A 5l
For component B: mrmeee z= e St
i dv dy
. HC, + Cuo (3 (Cq + Ch'} d
and adding: — =D - -~~€{£ 4+ Caphepl
: i i \,, iy

Since. for an ideal gas. Cy + Cp = Oy = constant

% .
=10-- fiepC )
v
ey
andd: —l =0
|'f}-’
where wp is therefore independent of v,
3, a0, A0
= ey
# av- gy

For equimolecular counterdiffusion, ap =0 °

A, HE o
S = Fy IR
i1 Yy

N

}( Fick's second law for unsteady state diffusion in one direction

This equation can be solved for a number of important boundary conditions. For the more
general three-dimensional case where concentration gradients are changing in the x, y and z

directions, these changes must be added to give:

.. e e AT i s P P |

TSI IC I L

/

Fick's second law for unsteady state diffusion in three direction

af‘,.i b ( FC,  0Ch  3°CaT
of
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Diffusion through a varying cross-section area

kmol

The mole rate { Ny, :

) through a system of a varying cross section area is constant, while

kmaol

the mole flux { N, } is variable. The mass transfer through a cone and sphere can be

m?.s
consider as a mass transfer through a system of varying cross section area. On the other hand,
the transfer through a cylinder can be consider as a mass transfer through a system of constant

Cross section area.

' _ kmal
N mole rate Na S kmol
AT surfacearea A m?  m2s

Na1 = Naz=Nas ' Nat > Naz > Naa
\‘s "x
4 "‘
I\ ‘\
4 1
Na ) VP
N N
r r
.'f .l'.
* 1
)’ "
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Diffusion through a spherical body

No= D 86 G Ly |
N dC Ci /(N4 N
A A A (Na Ng
LI —_— e = —t— {2
A D dr’_’_CT(A-,NA) @
— dC C,
Ny=-Dap A —dr—‘“ + ——(NA+NB) e e e e e (3)
But: The surface area of sphere = A = 4n r
_ \ dc, €y _ _ .
NA = — 4'[‘[[‘ DAB _ci';‘— + _6,; (NA + NB) Prr 1ih mms med ot rer mee e aas mes omes ...-... . (4) I‘
|
i
Case (I): Diffusion through a stagnant layer (Ng = 0):
— dC, Ca
N = - 41‘[]‘ DAB d + -0 (NA + U)
Ny(1—Cy)=— 4mr? Dyg € dCy
Na Al = mr? Dag Cp —— dr
_ rdr - [Cr— Ca,
NA f F: 4in DAB CT lnl:m
Fp .
-
N, = 4 Dap Cr 1677 Cay (1)
AT 11 Cr— Ca,] | R
rg Iy

The most important things is to calculate the mass transfer rate for the sphere surface where

the surface area is constant ( 4m ¢ ):

Cr— C,
NAA_ 4t DAB CT ln[ T 4‘512]

Cr— Cp,
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o (2)

\ Mole flux from the sphere surface

* When the mass transfer from surface o a large distance compare 1o the sphere surface (rg):

rf—- w and Ca, =0
N, = Dag Cr In {CT— CAz '
AT 1 1 Cy— C
Hemm) (T A
|
y. — Das Cy nCT“CAZ | S 3)

In partial pressure form:

_ Dpp Pr Pr— Py,
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Example: A s.phere of naphthalene having a radius of 2 mm is suspended in a large volume
of still air at 318 K and 101.3 kPa. The surface temperature of naphthalene can be assumed to
be 318 K and its vapour pressure at this temperature is 0.555 mmHg. The diffusivity of
naphthalene in air at 318 K is 6.92 * 10" m%/s. Calculate the rate of naphthalene evaporation

from surface.

Solution:

The sphere is suspended in a large volume of still air means:

ry - « and Pa, =0
v — Das Pr | Pr— Py,

(0'555) *101.3 = 0.07397 kP
* 7760 ST .
ro = 2 * 10_3

(692 =107%) (101.3) 101.3- 0 . kmol

Ny = — n =968+ 1078

(2 =10733(8.314)(318) 101.3 — 007397 me.s
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Case (1I): Equimolecular Counter Diffusion (Ng = '—I‘_JA-):

dc, C o
N, = —Dug —-cf + c—: (N, + Ng) T ERERENEIIN ¢ )
Na dCy  Cy [N, Ny
—E-——DAB—d'I"_—'i'C—T ‘K—I (2)
_ dc,
Ny == 4mr? Dy, d—r" e e e e (3)
rld CAZ
o T
L} CA‘]
N, [E_FI} = 41 Dap (Ca, = Cay) oo vee e (5)
—. 4w Dyp
NAz‘"——‘—l (C'Al _CAZJ
&

For the mass transfer from surface (A = 4w r2):

5 ]
Ny = —5—7 (Ca, — Ca,) |

2
r — e ——

1
[n the case of Ty isverylarge —> — =40

D
Na = r,jB (CA1 - Cﬁz) {

In the form of partial pressure:

NP. (PAI PAZ)

rRT
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Case (111): Unequimolecular Counter Diffusion (Ng = —n N,):
Dy Py 1 | P~ (1-m)Py |
ATRT 1, (1—n) P, (1-n)P,,

Example: Calculate the rate of burning of carbon particle 2.56 cm radius in an atmosphere of
pure oxygen at 1000 K and 1 atm. Assuming a very large blanking layer of CO; has formed a
round the particle. At the carbon surface Prg, = 1atm and Pp, = 0. Ar very large radius
Peg, =0 and Py, = 1atm. Given the diffusivity of oxygen in carbon dioxide = 1.032

2,
cm' 4.

Solution:

C+HO; — L0

The diffusion is equimolecular counter diffusion:

D .
Na = ——F—7 (Pa, = Pa,)

- - E:‘> 1
In the case of Ty is very large (r; = =) o G

D ©1.032+ 107"
(P, — Pa,) = =
RT. Iy 1 %27 (8.314)(1000)(2.56 + 107%)

N, = (101.3 - 0)

kmaol -
2

Ny = 495=107°

m-=. s
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Mass transfe'r theories

1. The Two-Film Theory

The two-film theory of Whitman (1923) was the first serious attempt Lo represent
conditions occurring when material is transferred in @ steady state process from one fluid 7
stream to another. In this approach, it is assumed that a laminar layer exists in each of the two
fluids. Outside the laminar layer, turbulent eddies supplement the action caused by the
random movement of the molecules, and the resistance to transfer becomes progressively
smalter as shown in Figure below. The thicknesses of the two films are z; and z; . Equilibrium
is assumed to exist at the interface and therefore the relative positions of the points C and D
are determined by the equilibrium relation between the phases.

interface :
Phase ] Phase 2
{Gas phase’ l |L1q1 ic phase)
gas film | Liq. film |
Py |
Cy

concenlration

]

distance. Z

-+ Z .
- »

v

Figure 1: Two - Filn Theory

The rate of mass transfer per unit arca in terms of the two-film theory for equirolecular
counterdiffusion is given for the first phase as:

N 5 dC,
A— AB dz

Ca” —Ca)
V4

‘DAB
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In the form of partial pressure:

-_&'DAB (PA - PA*)

ATTRT 1

(CA* - CA) _ T DAB [PA - PA*)
Z RT Z

Ny = @Dys
Where: Z=127Z,+1Z,

The rate of mass transfer per unit area from the gas film:
D),

Ny, =——=
Ag Z,. RT

(Pa—Py)

The rate of mass transfer per unit area from the liquid film: -

(D

)
NAL _ AB

7 (G

The relation between the partial pressur (P4) and concentration (Cy):

Rault's law:

Py = Py" X,

P P,°

LY N

Py Pr

va =K X4

Henry's law:
. pA :H CA -

Where: H is the Henry's constant.

P,”=H C, or _ v = H x,
CA =H PA* or . ' YA:HXA*
PAE = H CAi . or yAi = H xAi
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2. The Penetration Theory

The penetration theory was suggested in 7935 by Higbie who was investigating
whether or not a resistance to transfer existed at the interface when a pure gas was absorbed in
a liquid. In his experiments, a slug-like bubble of carbon dioxide was allowed rise through a
vertical column of water in a 3 mm diameter glass -tube. As the bubble rose, the displaced
liquid ran back as a thin ﬁhn be_:tween the bubble ard thé tube, Highie assumed that each
efement of surface in tkis: liquid was expa&ed to the gas for the. time taken for the gas

bubble to pass it; that is for the time given by the quotient of the bubble length and its
velocity. It was further supposed that during this short period, which varied between 0.01 and
0.1 s in the experiments, absorption took place as the result of unsfeftdy- state molecular
diffusion into the liquid, and, for the purposes of calculation, the liquid was regarded as

infinite in depth because the time of exposure was so short.

The way in which the concentration gradient builds up as a result of ex;ﬁbsing a liquid
- initially pure - o the action of a soluble gas is shown in Figure 10.6. The percentage
saturation of the liquid is plotted agains the distance from the surface for a number of
exposure times in arbitrary units. Initially only the surface layer contains solute and- the
coneentration changes abruptly from 100 percent to ( percent at the surface, For progressively
longer exposure times the concentration profile develops as shown, until after an infinite time
the whole of the liquid becomes saturated. The shape of the profiles is such that at any time
the effective depth of liquid which contains an appreciable concentration of solute can be
specified.If this depth of penetration is less than the total depth of liquid, no significant error

is introduced by assuming that the total depth is infinite.

. t P
i00
c
A=)
g
=3
T
w
o
(&)
T
=
5 Exposure time
e (arbitrary units}
o

Distance from surface
CFigure 10,6, Penctration of solute it a ~olvent
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The work of Higbie laid the basis of the penetration theory in which it is assumed that
the eddies in the fluid bring an element of fluid to the interface where it is exposed to the
second phase for a definite interval of time, after which the surface element is mixed with the
bulk again. Thus, fluid whose initial composition corresponds with that of the bulk fluid
remote from the interface is suddenly exposed to the second pha.se. It is assumed that
equilibrium is immediately attained by the surface layers, that a process of unsteadv state
molecular diffusion then oceurs and that the element is remixed after a fixed interval of time,
In the calculation, the depth of the liquid element is assumed to be infinite and this is
Justifiable if the time of exposure is sufficiently short for penetration to be confined to the
surface layers. Throughout, the existetice of velocity gradients within the fluids i5 ignored and

the fluid at all depths 1s assumed to be moving at the same rate as the interface.

The diffusion of solute A away from the interface (y-direction) is thus given by:

dC A D E:;?. (:11‘
g dy-

The following boundary conditions apply for the pentration theory:

=10 < Vo Ca=Ch,

t !‘( ¥ oo () Yy o= 0 { P— (; ,‘ '.ﬁ

The mass transfer rate per unit area of surface is then given by:

ff( A
-D )
N lj\ EORS
N

. ' /D |
{-{\gri 3!._‘;‘::“ _ !C‘,iu ( An } / —_
Fomt

)4
it

(Nad oo

Note:
NA CLDAB fi]lIl thE[lr}'-_

Ny a/Dup pértration theory
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3. The Random Surface Renewal Theory

Danckwerts (1951) suggested that each element of surface would not be exposed for the
same time, but that a random distribution of ages would exist. 1t was assumed that the
probability of any element of surface becoming destroved and mixed with the bulk of the fluid

was independent of the age of the element.

Thus, the overall rate of mass transfer per unit area when the surface is renewed in a random

manner is:

Ny = (Cyi ~ Cy1VDs

Where:

S is the rate of production of fresh surface per unit total area of surface.

4. The Film - Penetration Theory

A theory which incorporates some of the principles of both the two-film theory and the
penetration theory has been proposed by Toor and Marchello (1958) . The whole of the -
resistance to transfer is regarded as lying within a laminar film at the interface, as in the two-
film theory, but the mass transfer is regarded as an unsteady state process. It is assumed that
fresh surface is formed at intervals from fluid which is brought from the bulk of the fluid to
the interface by the action of the eddy currents mass transfer then takes place as in the
penetration theory, except that the resistance is confined to the finite film, and material which
traverses the film is immediately completely mixed with the bulk of the fluid. For short times
of exposure, when none of the diffusing material has reached the far side of the layer, the
process is identica to that postulated in the penetration theory. For prolonged periods of
exposure when a steady concentration gradient has developed, conditions are similar to those

considered in the two-film theory.

- The diffusion of solute A away from the interface (y-direction) is thus given by:

ac D P Cy
i 0yv2
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t:O - CA:CAQ
y:(} ' — CA=CA‘
yZL = CA:CAQ

The mass transfer rate across the interface per unit area is therefore given by:

D ' = ) 1!

£ . ’ . o S E j .

(..f\’r,*’\. )f == {Cﬂ - CEHJ} } -4 2 Z C sl {
{ - b ,

When:

Dt . .. , .

Z s small the pentration theory applicable.

Dt .

z is large the two film theory applicable.

The concentration profiles near an interface on the basis of:
(a) the film theory (steady-state) |
(b) the penetration-theory {unsteady-state)
{c} the filn1-penetration theory (unsteady-state}

are shown in Figure 10.7.

{a) Fimtheory  {b} Penetration theary ' ic} Film-penetration theory
i; ; t et o i—@ L_‘""!

g b, increasing
[ tncrgasing :

€ :

< : :

5 | |

C*‘ﬂc Cas
;
¥ - Y : > ¥  Distance

Figure 137, Concentration profiles near an infer{ace
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Mass transfer coefficients

Consider the two-film theory as shown in Figure (1):

interface
Phase 1 Phase 2
(Gas phase)} l {Liguid phase)
gas film  Lig. film
Py 1 3
rRe= Re=
. Ke K-
4 Ca }
3
= Paj
2 Ca; ~
i:: \k\ C,.:;
g Tl S
z P;
u -
Zg LL
> |
. Dan. e Dig 1
distance, £ AB. g :
«— Z S

¥

Figure 1: Two - Filin Theory

The rate of mass transfer per unit area from the gas flm:

'(Dﬂﬂ)g ’ ':‘.
Nag =z, mr o Fa)

The rate of mass transfer per unit area from the liquid film:

#D,H C
NAL :__.ik I(Cﬁq - CA*)

Z
- Where:
(DAB)g = {DagpJL
Nag =Ny =
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Since the film thickness Zg and Zy are difficuit to define or estimate, then we rewrite the

above egyations as follow:

NA:kg (PA_PAJ

N.A = kL (CAi - CA‘J

But Py, and Ca, are difficult to measure, therefore we define the overall mass transfer

coefficient:
NA = KOG {(Pa— PA*)
Na =Kgp (€4 —Cy)

Where:
Ky, isthe individual liquid film mass transfer coeficient.

Ky isthe individual gas film mass transfer coeficient,

Kg), is the overall mass transfer coeficient based on liquid phase.

Kgg s the overall mass transfer coeficient based on gas phase.

is the partial pressure of the gas (A) at the interface.

15 the coneentration ofthe liquid (A) at the interface.

P,"  isthe partial pressure of the gas phase which is in equilibrium with the liquid phase C4.

Csy"  is the concentration of the liquid phase which is in equilibrium with the gas phase Pj.

The Relationships between the various mass transfer coefficients

Na=kg (P,-P,) PR RSRRIN ¢ §
Ny = ky (C, — ) S s (2)
Ko Ky ki | |

1 1 1 :
i — TR (=)
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R L A A

1
Q: Provethat — = — +—
Koe kg Kkt

From Eq.(3) above:

Kog Na

1 _PA—PA*+PAi—PAi
KUG . NP.

1 _ PA. — PA]' P.‘-\i _ PA’
Kog Na Na

1 _PA_PAi , H(CAi_CA)

Kog Na Ny
1 1 H
— 4+
KUG kg kL

1 .1

1
Q: Provethat —— = ——— + —
KDL H kg kL

From Eq.(4)- above:

1 G —Cy

Kol Na

1 _CA*_”CA'FCA—CA

KoL N,

1 _CA*-—-CAi_l_CA_C&

KU]—- NA . NA
PA PA]'

1 _H- I, GG

Koy Na Na

Ko, H\ Nj N,
1 1 N 1
KOL H kg kL
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Notes:

. . 13 . . :
1. The inverse to mass transfer coefficient (E) 1s termed as a resistance to mass transfer.

2. The term (gas film control) refers to the ;esistancﬁe lie in the gas film.

0
Thus: L = L —% [when the solute is very soluble in liquid selvent]
Kog = kg ke . -
_ '{"}\. nom
3. The term (liquid film control) refers to the resistance lie in the liquid film.
: 0 '
1 1A 1

Thus: — = e —
S KoL y’kg ™

4, The units of mass transfer coeficients are as follows:

Na =Kk, (CA1 - CAZ) - k= i:‘

- - kmol
Mok B -ra) o ke g
= = kmol

Na=Kg (X, — Xs,) - kg = g

1
kp~—=Kk
L™y E

" m? kN |
\ kj=kN.m = kg — . kPa=— g
. S me= ‘
p m 1 m kmol m  kmol kmal kmol i
e —_ = — = & = = —
k, « L = k- 5 K] 5 k[ s kN.m S.kN kN
L T & kmol.[{*}{ 3. me m
kmol =
T m?. kPa.S kg
m kPa m kPa.kmol m kN kmal kmol
—_—— = — —_— e —— g = —
5 K PR k| s m?f kN.m mis
kaI.K _
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Example: For a system in which component (A) is transfering from the liquid to the gas
phase, the equilibrium is given by y,* = 0.75 x4 . At one point in the apparturs the liquid
contain 90 mol% of (A) and gas contain 45 mol% of (A). The individual gas film mass
transfer coefficient at this point in the appar*tué of 0.02716 kmol/m®.s , and 70% of the

overall resistance to mass transfer is known to be encountered in the gas film: determine:

1. The molar flux of (A).

2, The interficial concentration of (A).
3. The overall mass transfer coefficient for liquid and gas phases.
Solution:
mrerface
1 07 1 Gas phass : Liqueid phass
E; o (KOG) ga: film ' Lig. film 3

1 =07 1
0.02716 (KOU)

. Yai i :
. ya = C.45 /
kmal e .

. E
Xa [

Kog = 0.019

me. s
Na=Kog (v,"~v,) o T

va'=0.75x%, = (0.75)(0.9) = 0.675

1. Nj=(0.019) (0.675 — 0.45) = 4274 + 107 =
2. . NA = kg (YAi - }7},1)
42741073 = (0.02716)(y,, — 0.45)
y.ﬂj = 0607
1 1 H
3.0 =t
Kog - kg Ky
1 _ 1 . (.).?S.
0.019 ~ 002716 k|
ki = 0.0476
111
Koo Hkg k

Kop ~ (0.75)(0.02716) ' 0.0476 5 KoL = 0.0142 e
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The wetted wall column

The wetted wall column is a small experimental device used to determine the average
mass transfer coefficient (Kgg ). Usually it is (1 - 1.5 inch) in diameter and one meter long.

Gas out (G}
Kmaol's

Liguid in (L)

Kunolks
XAE
YA,
Gas in (G)
Kimol’s
y_,
?1 ' 1 [ Liquid out (1)
*a, | .
Kmols
,"(Al
Ya,
Let the mass transfer being from gas phase to liquid phase:
Wa =G (YAl - }’AEJ =L (XA; - XAZ)'
Where:
- W, s the total mole rate diffusion along the column.
At one point in the apparatus the diffusion is as follows:
Na = Kog-A.(Py — P7) or Ny =Kog.-A.(ya—ya)
Z Ny =W, = Z Kog; - & - (Aya);
ﬂrA = KOG AL ﬂPAm .............. (1{1'1101-‘:5)

T e e

Third Year g Asst. Prof. Dr. Ahmed Diaham

Where:

A is the transfer area (ndL) in (m>).
AP 1s the logarithmic mean of partial pressure.

] e

lwﬁ S KOG)A. AP | veeerveererremrereenrernanns (1)
o

Now to caleulate (Kog) from Eq.{1) we must caleulate (Wy) and (APgr):

' AP, — AR,
1. ’ﬁpém - T :
n [Hv;]
Where:
AP, = Py — P - Pi = HCa,
AP, =Py —Pi : Pi =HCa,
2. From overall material balance:

b_'vrA .: G (};"A: - }rﬁsz) =L (XAJ - XAQ)

Where:
¥a and xy are the tmole fraction of component (A) in gas'and liguid phaé&, respectively.
G isthe mole flow rate of gas (kmol/s).

L 1s the mole fow rate of liquid (kmol/s).

~We can rewrite the Eq.{1} 1n the mole fraction form instead of partial pressure as follows:

-
WA = KOG AL ﬂyﬁm [ erereererernrenensneersnaons (2)
Where
Ay, ~ Ay,
AYam = Ao T
- In [_3_1]
Ay
Byr = Yay, —¥a, and Va, = HXay

Ay = Ya, —Ya, and Ya, = Hxy,
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Example: A wetted wall column is used to absorbed NH; by water from 6 vol.% in air. The
gas flow rate is 1.2 kmol/min at 1 atm and 20°C. Calculate the overall mass transfer
coefficient. The data given are:

. The water flow rate to gas flow rate ratio is 1.4
. The outlet gas concentration is 1.5 vol.%.

. The column height is 100 cm.

° The column diameter is 2 cr.

. Henry's constant is 1.3,

Solution:
W, =G ) = 12 (0.06 — 0.015) = 0.054 22t
A= (YA;. Ya) = L. : ALa) = min
WA =9« 10"t kmoi _ G =1.2 Kmolniz
® va, = 0.015
A =qdl = (3.14) (2¥16™) (1) _ T Xi, =7
A =0.06283 m? o
Av. = Ay; — Ay, L= 1
Yam = “1—5;‘—"‘ Na, =7 |
" &y, v,=? TT— @
Ayl': },AJ _}'rﬂ*l
BYz = Va, — ¥a,
air+ NH3 — _
G = 1.2 Kmol/mir, @
_ YA =S-06 I [
To find { x4,) Ha, T ' Xa, =7

y" =
G (YAl - YAz) =L (XAl - XAg) A

G, ' ,
Xng = L’()"Al - YAE) + Xa,

X“?":l

1
= — (0.06 — 0.01
— (0.06 — 0.015) + 0
Xa, = 0321
¥, = Hxa, = 1.3 % 0.0321 = 0.04173

y§2=HxA2=1.3*D#U
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Ayy = ya, — ¥i, = 0.06 — 0.04173 = 0.01827
By, = Ya, —¥5, = 0015 — 0 = 0.015

001827 - 0.015

"70015

Wy =Kog-A. A¥am
v Wa 9% 107% 0868 kmol
O T A Ayam  (0.06283)(0.0165) mZ.s
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~ Mass Transfer Coefficient From Empirical Correlation

Several workers have measured the rate of transfer from a liquid flowing down the
inside wall of a tube to a gas. passing count.er currently upwards. GILLILAND and
"SHERWOOD vaporized a number of liquids including water, toluene, aniline and propyl.
amyl and butyl alcohols into an air stream ﬂowing up the tube in _order to measure the
individual mass transfer coefficient (k,J. GILLILAND and SHERWOOD used the empirical
relation below 1o measure the individual mass transfer coefficient (kg) and this relation in

forms of dimensionless groups:

Sh = a.(Re)". (Sc)?-_

Where:
ko d
Sh:  Sherwood number , Sh = %
pud
Re: Renold's number, Re = "
Sc:  Schmidt number , Sc = L
pD
k,  individual mass transfer coetficient (m/s).
d: diameter (m).

D:  diffusivity (m%s).
p:  density (kg:"mg}.

w:  viscosity (N.s/m’).

. When the constant (a), (b) and (¢} in the above equation are unknown, then we can take

them as below:

Sh = 0.023 (Re)"83 (5¢)0**
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Example: Calculate the gas film coefficient for the absorption of sulpher dioxide from a
dilute mixture with air in a wetted wall column using Gilliland and Sherwood correlation for

~wetted wall column for the following data:

»  Gas velocity = 2.5 m/s.

* (Gas temperature = 293 K.

o Gas viscosity = 1.78 * 107 N.s/m”.
e Gas density = 122 kg/m’. |

e Gas diffusivity = 1.22 * 10 m¥s.

e [nside column diameter = 23 mm.

Solution:

Sh = 0.023 (Re)%83 (Sc)044

k., d 25 % 1077
Sh: = Ikg < = 20049 kg
= \N12 =10

_pud (1.22)(22)(25+ 107
LT 1.78 % 1075

= 3370

n 1.78 = 107°

S = —— =
¢ pD  (1.22)(1.2+ 107°)

= 1.1959

2049 kg = 0.023 (3370)%8% (1.1959)04¢

m
kg = 001129 —
S
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Chapter (12) in Volume (2)
Absorption of Gases
((Gas — Liquid Separation))

In absorption (also called gas absorption, gas scrubbing, and gas washing), a gas
mixture is contacted with a liquid (the absorbent or solvent) to selectively dissolve one or
more components by mass transfer from the gas to the liquid. The components transferred to

the liquid are referred to as solute or absorbate.

Absorption is used to separate gas mixture; remove impurities, contaminants, pollutants,
or catalyst poisons from gas; or recovery valuable chemicals. Thus, the species of interest in
the gas mixture may be all components, only the component(s) not transferred, or only the
component(s) transferred. The opposite of absorption is stripping (also called desorption),
wherein a liquid mixture is contacted with gas to selectively remove components by mass

transfer from the liquid to the gas phase.
There are two types of absorption processes:

1. Physical process (e.g. absorption of acetone from acetone — air mixture by water,
2. Chemical process, sometimes called chemi-sorption (e.g. absorption of nitrogen oxides by

water to produce nitric acid.

Equipment:
Absorption and stripping are conducted in tray towers (plate column), packed column,
spray tower, bubble column, and centrifugal contactors. The first two types of these

equipment will be considered in our course for this year.

1. Tray tower:

A tray tower is a vertical, cylindrical pressure vessel in which gas and liquid, which
tflow counter currently, are cbntacted on a series of metal trays or plates. Liquid flows across
any tray over an outlet weir, and into a down comer, which takes the liquid by gravity to the

tray below. The gas flows upward through opening in each tray, bubbling through the liquid
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on the other tray. A schematic diagram for the flow patterns inside the fray column is shown

below,

i

- Hatgabove
P =
—

Froth b= .. s .
sa’;.. Vot :-,Spray . '. ‘13'! .
el R - TN
=H LT X 0
A e ot T2
- - = — o =
~+ i .
-7 ¥ 5 Frath =" 5%,

Clear §. -3 “- LT 3 s e T %

liquid | - —E Liguid flow ;_3‘

{ | |==
[V b

F Active area =2
=

Calming =z

Zone ==

Downcomer — | ]

gpren =3

Flate below =

Figure : Typical cross-flow plate (sieve)

2.  Packed tower:

The packed column is a vertical, cylindrical pressure vessel containing one or moré
section of packing material over who's the liquid flows down wards by gravity as a film or as
droplets between packing elements. Gas flows upwards through the wetted packing contacting
the liquid. The sections of packing are contained between a lower gas — injection support
plate, which holds the packing, and an upper grid or mish hold - down pIate,. which prevént
packing movement. A liguid distributor, placed above.the hold — down plate, ensures uniform

distribution of liquid as it enters the packing section.
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Liguid in

g

Distributor

Hald - down
plate

|

Packed bed

|

TITLLTTINTY

Gas
in
Liquid
out

Figure: Packing absorber column,

Packing

support

Figure: Types of packing (a) Raschig rings (b) Pall rings {c) Berl saddle ceramic (d) Intalox saddle
ceramic {e) Metal Hypac ( ) Ceramic, super Intalox.
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General Design Consideration:

Design or analysis of an absorber {or stripper) requires consideration of a number of

factors, including:

1. Entering gas (liquid) flow rate, composition, temperature, and pressure.
Design degree of recovery (R) of one or more solutes.
Choice absorbent (solvent) agent.

Operating pressure and temperature and allowable pressure drop.

T

- Minimum absorbent (solvent) agent flow rate and actual solvent flow rate as a multipie
of the minimum rate needed to make the separation,
Number of equilibrium stages.
Heat effects and need for cooling (heating).
Type of absorber (stripper) equipment.

Height of absorber (stripper) column.

10.  Diameter of absorber (siripper) column.

The ideal absorbent (solvent) should have:

a.  High solubility for the solute(s) to minimize the need for absorbent (solvent).

b, A low volatility to reduce the loss of absorbent (solvent) and facilitate separation of
absorbent (solvent) from solute(s), 84

c. Be stable to maximize absorbent (solvent) life and reduce absorbent makeup
requirement.

d.  Be non ~ corrosive to permit use of common material of construction.

D

Have a low viscosity to provide low pressure drop and high mass and heat transfer
rates.
f. Benon - foaming when contacted with gas so as to make it unnecessary.

Be non - toxic and non — flammable to facilitate its safe use.

oo

Be available, if possible.
The most widely absorbent (solvent) used are water, hydrocarbon oils, and agueous

solutions of acids and bases. While the most common stripping agents used are water vapor,

air, inert gases, and hydrocarbon gases.
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Equilibrium Relations Between Gas and Liquid Phases:

The equilibrium of any gas-liquid system can be expressed as:

l l

Non-ideal system (Henry's law): Ideal system (Raoult's law):

P, =Hx, divided by (Py) Py =Plx, divided by (Pp)
P, H p, PO

5 T35 Xa — =——Xp

Pr Pp Pr Pr

Ya = M Xy Ya = M Xy

Al b (A) 2l 388 o A ey ) Jolall 3Ee D dd jee lia ageld e pelialel) Slee 4 ¢
Be ikt &% (Yp) 5 (Xp) O el Al 0555 6 (X ) Jiladl i (A) o2 58 5 s (V)

Aot 38 gy ol gall Aagds o dldis ) plad e

Equilibrium relation Equilibrium relation

Where:
X4 : is the mole ratio of solute in liquid phase (A/C).

Yy : is the mole ratio of solute in gas phase (A/B).
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Notes:

The equilibrium relation is the ratio between the mole ratio of solute in gas phase (Y, ) and

the mole ratio of solute in liquid phase (X4). The equilibrium relation may be linear or no
linear.

(Yy=mXy) Ml JQal eati Ak (alash 380 cilg 1)

ool A LaS iy JS8 et R8s cylae {13 il #

Ya - - - - - -
de pfive b o Y, xAL-}wa)sldsm.wjigu@x&J#dawam@Laﬁuulm.&a

ety dadl O S i aind e S Yy 5 Xy oo gl me oIS 131 L

S dssly e AL (X)) Adsdl dpadl (Pa) ieonll bl g Joadll 8dle asd sl (iony 3 #

(Xyg, Ya) oniddle Jighpas oy illalieta i 5 sia

The relation between the mole fraction and mole ratio:

X
_ A and Xa= A
11—y, 1—-Xp

Ya

Where:
Xp and Yu @ are the mole fractions of solute (A) in liquid and gas phases, respectively.

XA and Y, : are the mole ratio of solute {A) in liquid and gas phases, respectively.
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The relation between the mole fraction and weight fraction:

]

o, _ (mol%) + (M. wt)
WL = S moloey + (M. wh)]

o _ (wt. %) /(M. wt)
MOl = St %)/ (ML WD)
Where:

Wt. % : is the weight fraction.
mol% : is the mole fraction.

M. wt : is the molecular weight.

Symbols used in the absorption processes:

A solute (A) in a mixture (A, B) shall be absorbed in Liquid (C), the inert gas (B) is

insoluble in solvent (C). The following symbols will be used:

. is the mole rate of the gas mixture (A + B), kmol/s.

PR

tn

13 the mole rate of the inert (insoluble) gas (B), kmol/s.

&y

: is the mole flux of the gas mixture (A + B), kmol/m®.s.

Lol

: 1s the mole flux of the inert (insoluble) gas (B), kmol/m®.s.

: 1s the mole rate of the liquid mixture (A + C), kmol/s,

| -

L)

 1s the mole rate of the liquid solvent only (C), kmol/s.

: is the mole flux of the liquid mixture (A + C), kmol/m®.s.

i
W

: is the mole flux of the liquid solvent only (C), kmol/m™s.

<
o

: 1s the mole fraction of solute (A) in liquid, (A /A+C).
Ya 115 the mole fraction of solute (A) in gas, (A /A+B).
X4 : is the mole ratio of solute (A) in liquid, (A / C).

Y, : is the mole ratio of solute (A) in gas, (A / B).
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Calculation of Tower Height

The physical absorption process can be carried out in countercurrent flow process,

which may be carried out in packed or tray column:

!

Packed Tower

Z=HOG * NOG

Where:

HOG: is the height of transfer unit
(HTU) based on gas phase, and it
can be calculated from the equation
below;

s

HOG =
06 KaG. a

,in (meter)

NOG: is the number of transfer
unit (NTU) based on gas phase,
and it can be calculated based on
equilibrium data:

1

Tray Tower

Z=H*N

Where:

H : is the distance between two
trays, and it is given (0.3 - 0.7 m)

N : is the number of trays, and it
can be calculated based on

equilibrium data;

!

}

l

l

If the equilibrium
data are [inear,
then NOG will be
calculated using a
suwitable equation. .

If the equilibrium
data are non-
linear, then NOG
will be calculated
graphical method.

If the equilibrium

data are [linear,

then N will be
calculated using a
suitable equation.

If the equilibrium
data are non-
linear, then N will
be calculated
graphical method.
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1. Packed tower:

Absorption and stripping are frequently conducted in packed columns, particularly when:

(1) the required column diameter is less than 0.6 m.
(2) the pressure drop must be low, as for a vacuum service,
(3) corrosion consideration favor the use of ceramic or polymeric material.

(4) low liquid holdup is desirable.

The gas liquid contact in a packed bed column is continuous, not stage-wise, as in a
plate column. The liquid flows down the column over the packing surface and the gas or
vapour, counter-currently, up the column. In some gas-absorption columns co-cutrent flow is
used. The performance of a packed column is very dependent on the maintenance of good
liquid and gas distribution throughout the packed bed, and this is an important consideration

in packed-column design.

Calculations of the packing height:

Overall material balance on the solute (A) over an element (9z) based on gas phase:

Gy
Gs.A.dY-—'LS.A.dX:NA G, a
¥z
dy ¥z
Na=6Y— G, (¥ + - az) = (KoG)(a § 3z)(Y — Y*)
BRI -
Where:
The interficial area for transfer=adV =a Sz G
1
G, _
S: is the cross-sectional area of column (m?), Y1J > >
Y1
a: is the surface area of interface per unit volume of
dy
column (m*/m>). ' G, (Y + I dz)
dY * S, NA Ez
~ G, (Y +&-az)= (KoG.a)(S.9z)(Y — Y*) RiL TN
G. (V)
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dy .
G, - —(KoG.a)(§.9z)(Y - Y")

2]

Yz

f (KoG a) S f (Y — Y*)

L=}

_ /9 f
" KoG.a } (Y- Y*)

Y1

I{oGa f(Y Y*)

Z=HOG * NOG =HTU * NTU

Where:

HOG =

Ko(s; 2 heiht of transfer unit (HTU) based on gas phase, with the units of (m).

Y1

dY
NOG = f Y-y, number of transfer unit (NTU) based on gas phase, without units.

Equation of the Ope'rating line:

Solute material balance between one end of the column and any point will give;

G5 (Y= ¥;) = Lo (X - Xy) |
Go — — L,
L Y, H L X,
Y=2X-X,)+Y. 5 .
GS 4 ."
\ X l '
* The equation of operating line is a relation between TY
mole ratio of solute in gas phase (Y} and the mole ratio of
solute in liquid phase.
. Gs ) ' Ls
Yy, — * —
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* The operating line can be draw from two points (X, Y1) and (Xa, Y3), or from its slope ( %f-)

and one of the two points.

.‘ {X'l )Y'l)

Operating line

Equilibrium relation

(X2,Y2) 1

L 3

Xa

Calculation of Number of Transfer Unit (NOG):

A. For Linear Equilibrium Relationship (Y* = m X):

Y1
dy
NOG = Yf e vt st e (1)
Y'=mX PPN 3
G (Y-Y,) =L, (X—X,) OISR ¢ )

Gy
—> X=-3(Y-X;)+X,
Ls
For pure liquid solvent used then, X;=10

G
X = E':' (Y-Y) (4)

Substitution Eq.(4) into Eq.(2) to get:

G
Y = mL S (Y- Yy) e e (5)
s
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Substitution Eq.(5) into Eq.(1) to get:

Y1
dy
NOG = f
(Y - "——s- (Y-Y:))
Lot M G, _¢= Slope of equilibr-iuni‘line ™
L, Slope of operatingline L, /G,
Y1
NOG = dy
Yy
{1
NOG = f av
J A=Y+ oy,
1
1 (1-¢)Y; + ¢'Yz]
NOG = In
(1-9) [(1 - )Y, + OY;
NOG = |

NOG:'{

B.  For Non-linear Equilibrium Relationship:

In this case the integration [ NOG = f ] will be solved using graphical method or

(Y -Y*")

numerical method (Simpson rule) following steps below:

1. Draw the given equilibrium data.

2. Draw the operating line, from two points (X, ¥;) and (Xz, Y2) or one point and slope of
(= G )
3. Create the table below by calculated (Y*) from the plot as below:
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Y Y* 1
Assume points between (Y, - Y3) | Calculated from plot ¥ -Y9)
Y - calculated V= fy
- (assumed) - caleulated V=1
- (assumed) - calculated ! V=1
- (assumed) - calculated | V=1
Y, - calculated V=1,

Figure: Caleulation of { Y*) for packed column.

1
(¥~¥")

4. To calculate NOG we draw [ ] Vs.[Y] to find the area under the curve:

f

Where: 1 .
- |

:

NOG = Area under the curve

1
1
|

NOG=Area under the curve '

I

Y, Y

+
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.

Simpson rule for calculation of NOG:

NOG = Area under the curve

f
| h
| NOG = [fo + £u+ 2 E feven+4§ foda

Where:

Y- Y,
h= - \ n=2468,......etc

Notes:

*  [fthe entering solute concentration is dilute (Y < 5%), then:
YA:YA f XA=XA B GSIG ' LSZL

* If the tower type is not mention in the problem we can take it as a packed tower.

Example (1):

Ammonia is to be removed from a 10 percent ammonia—air mixture by countercurrent
scrubbing with water in a packed tower at 293 K so that 99 percent of the ammonia is
removed when working at a total pressure of 101.3 kN/m?. If the gas rate is 0.95 kg/m’.s of
tower cross-section and the liquid rate is 0.65 kg/m’. s, find the necessary height of the tower
if the absorption coefficient KoG.a = 0.008 kmol/m’s. kPa., The equilibrium data are:
Y*'=mX.

Solution:
Y, = (1 —recovery) Y, = (1 —0.99)(0.1) = 0.001
Convert mole fraction to mole ratio:

y, 0.1

Y, = =
171y, T 1-01

= 0.11
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y, 0001

We can see that at low cone. (mole ratio = mole fraction):

gas mass flux
average gas molecular weight

The gas mole flux, G =

= 020 — 0.0341 el
T [onan+ 0902y s

liquid mass flux
average liquid molecular weight

The liquid mole flux, L =

_ 065 0.0361 kmol

T m?.s
the mole flux of the inert gas, Gy = G(1 —y, ) = (0.0341)(1 - 0.1) = 0.0307 }::;:E;l
the mole flux of the inert liquid,, Lg = L(1 — X4{) = (0.0361)(1 — 0) = 0.0361 kmnlzl

Therefore, for pure solvent: L, = L

Gs 0.0307

H0G = ¢ Ga Pr (0.0008)(101.3)

=038 m

Since the equilibrium is linear:
NOG = -

_mGs  (0.8)(0.0307)
$= L, (0.0361) 0.68

NOG = -
{

Z=HOG *NOG = (0.38) (11.19)= 425 m
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Example (2);

Ammonia is to be removed from a 10 percent ammonia-air mixture by countercurrent
absorption with water in a packed tower at 293 K. The outlet gas concentration from the top
of the tower is 0.1%. The absorption tower is working at a total pressure of 101.3 kN/m?. If
the inlet gas is 0.034 kmol/m®s and the liquid rate is 0.036 kmol/m®. s, find the necessary
height of the tower if the absorption coefficient KoG.a = 0.081 kmol/m®s. The equilibrium

data is given by the following data:

kmol NHy/kmol water: 0.021 0.031 0.042 0.053 0.079 0.106 0.159
Partial pressure NHy in 1.6 24 33 42 67 93 152
gas phase (kKN/m®):;

Solution:

First of all we have to convert the equilibrium data to mole ratio:

P 1.6
mole fraction of NHy in gas phase ,yyy, = A < 0.0158
0.0158
mole ratio of NH; in gas phase ,Yyp, = Ity = 0.0160

1-yyg, 1-0.0158"
The equilibrium data becomes:

XN, 0.021 0.031 0.042 0.053 0.079 0.106 0159
Yy, 0.0160 0.0243 (.337 0.0433 0.0708 0.1011 0.1765

Gy  0.034
KoG.a ~ 0.081

HOG = = 0.419m

Yy

NOG = —w-dY
- f (Y -Y")
Y1
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The equilibrium data may be not linear relation, so that the integration should be solved by

plotting or by Simpson's rule as follows:

1. Draw the equilibrium data:

- 2. Draw the operating line from two points:

(X1, YI) and (Xg, Yz)
Vi 0.1
Y, = = =011
1 1y, 1-01
0.001
Y, = 2 = 0.001

1y, 1-0.001

Overall ammonia material balance:

Gs(Yy — Y =Li(Xy - Xy)

0.034
(Yl - Yz) + Xz = —(011 - 0.[][]1) +0

X =
1 0.036

£

X, =0.0935
Operating line;

X, Y1) = (0.09350.11) = (9.35%107, 10*10?)

Il

(X2, Y3) (0,0.001) = (0, 0.1%10%)

We will solve the integration by Simpson's rule:

Y- Y,
h = - , We choose n=4

_0.11-0.001

h
4

= 0.02725

Calculate Y* from the plot as follows:
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Y Yy ] 1
Assume points between (Y, - Y3) Calculated from plot (Y-Y)
0.11 0.088 4545 =1,
0.08275 0.061 4598 =1
0.05550 0.0375 55.56 =1
0.02825 0.0175 93.02 =13
0.001 0.00 1000 =f;

h
NOG = f(,+fn+22fm,,+42f[,dd

0.02725
NOG = ——— [45.45 + 1000 + 2(55.56) + 4[(45.98) + (93.02)]]
‘ NOG = 15.56

£Z=HOG *NOG = (0.419)(15.56)= 6.52m




