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Prediction of diffusivities

The diffusivitl, (DnB) for the transfer of one component (A) in another component 18)

can be calculated empirically:

1. Empirical correlation for calculation of gas diffusivitl:

The diffLLsilit1" (Dns) tbr the transfer of one gas in another is not knorvn and

experimental determination is not practicable. It is necessar,v to use onE of the man1"

predictire procedures, The equation developed b1- Fuller et al. (1966) is easy to appll and

gives reliable estimates:

1.013 x 1g-z 11zs
DaB = . 1 tr2

P [G" vi)i + (Iu vi)il

\\rhere:

D,".e: rs the diflusir.it-r of (A) in (B), mris.

T: is the temperature. K.

p is the total pressure, baf,

\'1-r, i\4e are the nrolecular luasses of courpc-nent (AJ and (B)

Xu vi , Iu vi : are the srrnmatitrn of the special diffusion volurne coelficients for

cDr.uponents a and b, given in Table 8.,s.
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.t
Example; Estimate the diffusivrtl of rnethanol in air at atmospheric pressure and 25oC

Solution:

DiiTusiou rrtlu;n,:s irorrr Tltl!r: 8.5: nrcihlnitl;

Elelrcnt r', \it. of
C lt,:0 x I -J6.-sil
Il 1.98 x "l ,1 .9)
o -i, 

j3 x I -5._ls

:l 
:g.eii

DilJirsion \,01$nrc i0r air' : 10. l.
I stlnLl:rrd atnlosphere - l.ill3 brL,

rrri)lccrLlr rr:xss CihOII - il, air - i!.
I .il l-l x lr.l-- x l''JSr :i i r ,'-j: - I iilg l: :l) =- l.0l..rIi]9.9ilr: 1 - i1(). I ): rl:

- l5,l x lf tnrlts

ExpcrirucrtirLl vilrLc, 1.i,9 x l(l-1' rtrl,is.

2. Empirical correlation for calculation of liquid diffusivif"v-:

The equation deleloped b1" Wilke and Chang r.1 95 5 ). given belu.'rl', cau be r'rsed to

predict liquid diffusivitv diff,usivities of tlih-rte sclutions of non-electrol,vtes. The Wilke-Chang

equati0n gives satisfactorl predictior.rs 1br the diftusivit,v of crganic compounds in rvater httt

not lor r.vater in organic solvents,

r.1?3 x 10-16 (oB Me)ot T
DaE =

Where:

FVfU

Dee: is the diffusivity of solute (A) in solvent (B), m?is.

T: is the absoltte temperature, K.

Nls: is the molecular \\'eight ofthe solvenl.

ll: is tiscosrl,v of lhe solrrtion. (N sim:,t.

V,q: is the molar volume of the solute at irs boiling point. mr'rkmol Values for simple

molecules are given in Table 10.4. For more cotnplex molecules, Vn i5 calculated by
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0s:

summation of the atomic Iolume and other coutributiOns given in Table 8.6. lt ma,v be

nored that tbr u,ater a value of 0.0756 mlikmol should be usecl.

is the association {actor for the solvent (2,76 for rvater, 1.9 lor methanol. 1.5 for

ethanol and 1 .0 for unassociated solvents such as hl drocarbons and ethers)
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N{ass Transt-er Thrrd Year Asst. Proi-. Dr. Ahmerl Dahant

Exampler Estimate the diffusivitl'of phenol in ethanol at 20'C (293 K).

Solution:

\isctsitv (rl jthindj at lll'C. l.l rtr\si rtt:.
llclccui*r' ilxss. Jar.

I1,.:lrtr voiurtc ui'plrcn*l ,4-;,u" liarlt I*hlc -fi.(r:

tt
,.\tirrri \iti,
C it.i) l-iS x
It 0,0{-13 j x.

O {l.OCl+ x
rins - tl.0 l -5 x

-\r.). () I

{r = O.i}S SS

h - i-ln.'.lr

1 - 0,il011
I = _i.l.i}]5

0. l(_j_31 nr./k t():

J. iij x i0-:i( l.-_{ x -15 j.jlt3 _ iJ li: x lql-:r' 111:;,1l.r, -
l .l x ii. 1(l-ll'r'

Exp:rir':re r:tr1 \'ilLrc. [i x ii)-l'r i]t:,'s

" The tVilke-Chang correlation is sirol'n graphicalll in Fipure 8.2. This figr-Lre ciin be used

trr determine the association constant tbr a solvelt fiom erperimetrtal valries ibr.D,^,e (Dr.'t rn

the solvent. The \trrilke-Chang eqr-ration gives satislactorl" predictions tbr the ditTusivit."" of

organic compounds in rl ater but not for water in organic solvents.
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It r.vill be noted from the diffusivir;' eqltalion is i versell'' proporlional lo the pressure and

varies r.vith the absolute temperature raised to the por.ver of 1.5. In ordel to correct the

diffusivitl' coefficient given in Table { I 0.2) r've use the equation belo'"v:

Dne(1) /Tr\
\Tel

15 /P' \
ti{lDes(2)

Where:

D,qe(1J is the diffLrsility at

D..re(2) is the diffusivitY at

Tr ancl PL given in Table (10.2) at 298 K and 101,1 kPa.

T: and Pl .

considering an element of gas of cross-secrional area A and of thickress 6y in the

directior-r of mass transt-er in r.l'hich the conceurrations C1 and Cs of d-re conponenls A anC B

are a i'uncLion of br:th position y and time t (See Figure belo"v). then ii the mass transfer

fllrx is composed of trvo components, one atribtltable to diftusion according to Flck's Larv

and rhe orher to a bLrl| llor.r velociry f?, Lhe fluxes of A and B at a distance "'- 
from rhe oriein

ma-v be taken as ){ 1 and }l{B. respec{rve l.v. These ',lill increase 16 f'11+ (dN.ar'd-v) dy and N3+

(dNe/d-"-) dy at a distance Y + 0y tiom the otigtn

il ----. --*
ll
I uates oi cbangs ol i

ioncenllailons ;

{Jnsteady-state Diffusion

jea i n". {&,,J"-- -"lt--'>
| 'cu| _:-

N3 I ,rL

/i
r' k--'-- -it--'

/l

,,,/.''
Cross-sectro.el area A -- i --j'--I Bu'k lto+ vercc ti i

ii

I Y*ii/

Figute 10.4: Unsteady state mass transfer
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'l'hu.s. lbr A:
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aud adding:

Since. lirr an

*nr:i:

n herc uy.' i.s

- /).)'(c^-l!4 - ltrc,, + (rslrrrl

idetl gas. {lr -i- Ca =' Cf = c(llrsfallt :

= {} - , (iir(-/ )

iu7
;.i l.

tlrcrretlrre indcpendent of i"

i(,t ..,i](.'.q. =I)':., -'tti
r1! i1\''

Filr ct;uirrtrrlccular counterdiffusittil. rr,' = 0 :

tt( t ,. ijj ['-{':.- - tJ j
rtf 'r\-

This equation can be solved for a number ol imporlant bo,.tndar.v conditlons. For the more

general three-dimensional case rvhere concentration gradients are changing in the x. 1' and z

directions, these changes must be added to give:

i,{l
iJY

'rlCs

itt

Fick's second larv for unsteady state diffusion in one direction

Fick's second larv lbr unsteady state diffusion in three direction

- [ .rr ('.0 il 
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Diffusion through a yarying cross-section area

The mole rate ( N6, S ) tn.ough a system of a varying cross secticn area is constant. while

the mole flux { Na, ** t t, variable. The mass transfer through a cone and sphere can be

consider as a maSS transfer tlrrough a S-vstem Of valying croSs section area On the other hand.

the transfel through a cylinder can be consider as a mass transfer throi-rgh a s]'-stem of constant

cross section area.

kmol
mole rate NA kmol

surface area m2

Na1 = Na2 = N53

m2, s

P.rr = Pr

Na1 > )iq2 > N.{J

P.rl

t
I

28



Ir'Ias s Tr:ans t'er Third Year' Asst. Ploll Dr'. Ahmed Daham

Diffusion tbrough a spherical body

Na = -Dle

No

7- = -uo'

_ dc^
Ne = -D,rB A ;; *

But: The surface area

(1)

(2)

dce
dt

dcn
dr

CA

cr

cA

G

(NA + NB)

/No Nu\

\A * Ai

c._
Cr 

(NA + NB)

ofsphere = A = 4t rz

N.,r = - 4n r? Dee
dcA , c.q

d" -G (N^ + Nu) (4)

dr
tz

No (r

INel
J
rO

Case ({): Diffusion through a stagnant la.r,'er'(Ns - $;;

Na=
dC^ C^

- 4nrt Dae Tf + c; (NA + 0)

, ? ^ ^ dC.q
- C^r) = - 4n r' Dte Ct d;

4nD^s.,r,lffi]

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

the surface area is constant ( 4n ro2 ):

4rt Das C1

N6A-?f ,'l+=pJ
16 f1
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N, f4nr-2) - 
4n.Des Cr ,- [Cr - Cerl

..A (..a.o/ - __I-__l_ ,r 
le=1;1ro-rr

* when the mass transfer f'rom surface Io a rarge distance compare to the sphere surface (ro):

f1"r oo and Cor=0

*^=ffi'"[#41

In partial pressure form:

,^=ffirlr?+]
(4)
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Erample: A sphere of naphthaiene having a radius of 2 mm is suspended in a large volume

of still air at 3 1 S K and 1 01 ,3 kPa. The surface temperature of naphthalene can be assumed to

be 318 K and its vaporu pressue ar this temperatLrre is 0.555 mmHg. The diffusivity of

naphthalene in air at i l8 K is 6.92 " 16-6 6?r5. Calctrlate rhe rare ofnaphthalene evaporation

from sulLace.

Solution:

J he sphere is suspended in a large volume oI srilI air means:

f1 -+ co and Po, = 0

Don Pr . [Pr - Pn,lN^: *'ffi t" [n;l;]
r0.5 5 5r

Po, = | :c,t J 
+ 101.3 = 0.07397 kPa

ro=2*10-3

i(t\t -
6.9? -

";
)
)

1.3
;;J !O

0

i
(1

14)

u)

;,Js

10

"t\
kmol

m2. s

l
l-9.68+10-b

0
:;;;/59/00.

01
--.J

1

110
ln
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Case (II): Equimolecular Counter Diffusion (Ns = -Na):

N^=

NA

A

N.c =

+

* 4rt r2 Do"

NA

NA

In the case of 11 is very large

NA = i19 (co, - cor)

For the mass transler lrom surface (A = 4x ri):

-o^, *

-o^, *

C"
;: (Nn + Ns)
LT

c,, /No Nr\
cr \A Al

dC,t

d.

. ..(1)

. (3)

,. cAz

l+= - 4n Das I o.oJ f" J
ro CA1

f"L - 1l - 4n Doo fcrLro rrl nu \-dl
_ Cnr)

Ir-----\ 
- - n
r1

*^ = #tr (Po, - Po,)

In the form ofpartial pressure:

3L
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Case (III): Unequimolecular Counter Diffusion (Ne = -n N4):

*^=#* . [p, - (r - n) no,l
ln|--.._-.---:---._|

lPt - (1- n) Po, J(r-n)

Example: Calculate the rate of buming of carbon particle 2.56 cm radius in an atrnosphere of

plre oxlgen at 1000 K and 1 atm. Assuming a verl large blanking la.ver of CO2 has formed a

round the particle. At the carbon surface P66, = l atm and Po, = 0. At very )arge radius

Pco, = 0 and Ps, = 1 atm. Given the diffusivitv of ox-vgen in carbon dioxide : 1,032

1,
ClTl iS.

Solution:

C + O: --+ CO.

The diffusion is equimolecular counter diffusion:

t^=- "F-=(Po,-Po,)Rr.16Lro--l

ln lhe case cf rr is very large (r1 - *1 O i = O

N^= Do'(po.-po^)=, ,l'ott.lto-o - (101.3-0)"A 
RT. ro \- trt - t12t (a. sf+)(tooo')(z.so r 10-z) t

- kmol
Na = 4.95 * 10-' ---;-

m". s
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rYrass transler tneorres

1. The Trvo-Film Theory

The tr.vo-hlm theor:y of llhitman (1923) was the llrst serious attempt to represent
conditions occuning r,hen material is transferred in a steadr- strte process from one iluid
stream to another. ln this approach, it is assumed that a laminar layet exists in each of the trvo
fluids. Oltside the laminar layer, turbulent eddies suppletrent the action caused by the
random movement of the molecnles, and the resistance to transi-er becomes progressivell,
smaller as shoun in Figure belor.v. The thick-nesses of the trvo films are z1 and z2 . Equilibrium
is assumed to exist at the interface and therelore the relative positions of the points C and D
are determined b.v the equilibrium relation berween the phases,

interi-ace
Phase l

iGas phase)
Phase l

iLiqL:ii phase )

ga s ii ln:

cd

otslanct. l-
{ ...._-.-._ Z --- ----*

Figure 1: Trva Filnr Theorl'

The rate of mass transf'er per unil area in terms of the trvo-film theor,v for equimolecular
counterdiffusion is given for the first phase as:

rZ"tZr
fr'---.---.-.}l.{--------.--_--*1' t"{8. c ' Drs. L

P3

{;

ri\

\.

dc^Ne=-oor;i

Ne =#Dae
(Co* * Cr,)
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In the form of partiat pressure:

rr J Dae
Lld = 

-

.- 
RT

No = dDo"

(P. - P.')
z

(ca- - ce) - DAB (PA - PA-)

RT

Where: Z=Zs+ZL

The rate of mass transfer per unit area f,rom the gas film:

#1D,")
No- = =--# (po - p,\,)

zs. RT

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

-. fl (D^u)Nn,= Zi (co,-co1

The relation betlveen the partial pressur (P1) and concentration (C1):

Rault's larv:

Pa = Pa" Xa

Po 
= 

Poo

PT PT

Henry's larv:

lPe = H C,r 
I

Where: H is the Henrl-'s consLant.

Pe- = H Cn or Ya'= H xe

Ca =HPr- or yA=HxA"

P6,=H Cs or Ya, =Hxo,

Yn=KXn
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2. The Penetration Theory'

The penetration theon' r.vas suggested in I 93 5 by Higbie n.ho r,vas investigatilg

whether or not a resisl.ance to transfer eristed at the interiace when a pure gas lvas absorbed in

a liquid. In his experiments, a slug-like bubble of carbon dioride rvas allorved rise throLrgh a

vertical column of rvater in a 
-l_ 

mm diametet' glass tube. As the bubble rose, the displaced

liquLd ran back as a thin film betr,r'een the bubble and the tube, Higbie nsumed thut edch

element of sttrface in this liquid t+ s expotsed to the gas for the time taken for the g s

bttbble to pass it; thal is for tlte tine given by the quotient of the bubble.length flnd its

velocitl. It u,as further supposed that during this short period. r.vhich varied betrveen 0.01 and

0.1 s in ihe experiments, absorption took place as the result of unsteady state moleculor

rliffusion into the liquid. and. tbr the purposes of calculation, the liquid r,vas regarded as

infinite in depth because the time of exposure r.vas so short.

The way in r.vhich the c0ncentration sradient builcls up as a result of erposing a liquid

- initiall,v pure - to the action of a soluble gas is shor.rn in Figure 10.6. The percentage

saturation of the liquid is plotted agains the distance from the surlace 1br a number of

exposure times in arbitrarl' units. Initiall), onlv the sLrrface laver conlains solute and the

concentralion changes abruptl-v from 100 percent to 0 percent at the surt-ace, For progressirell-

Jonger erposure tinrcs the corLccnlrrtion prufile .lcrelops as slrur.rn, rLrrljI afler aLr infin]te tin:e

the r.vhole ol the liquid beccmes saturated. The shape of the profiles is such thar at an,v time

the effective depth of liquid which contains an appreciable concenbatiorl oi solute can be

specified.lf this depth of penetration is less than the total depth of Jiquid, no significant error

is introduced by assuming that the total depth is inhnile.

C
.E

E
f,

o
E

Y
o-

Distance f rom surface

[;igtr;r' 10.(r- I'rr]rclrati(]rt i]l solutc iIt(r il 1i]l\fttl
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The u'ork of Higbie laid the basis of the penelralion theory in u'hrch ll is assumed that

the eddies in the fluid bring an eiement of fluid to the inrerface w.here it is exposed tc the

second phase for a definite intenal of time, after which the surface element is mixed r+ith the

bulk again. Thus, fluid r.vhose initial composition conesponds r.r.ith that of the bulk fluid

temote from the interface is suddenly exposed to the second phase. lt is assumed that

equilibrium is immediately attained by the surface layers, that a process of xnsteadJ' state

molecular diffusion then occnrs and that the element is remixed after a fixed inten,al of time.

Tn tlre calculalion. Lhe deplh of Lhe liquid elemcnr is assumed Lo be inilnite and rhis is

justifiable if the tjme of exposure is sufficientll. shon for penetration ro be confined to the

surlace la;-ers. Throughout. the exisrence ofvelocity gradients within the fluids is ignored and

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

The diflisicn ofsolute A ar.vay tiom the interface (y-directionJ is thus siven bv:

{}L. .4

The follor.ving boundar,v condittons appl,v for the pentratiLrn theory:

(' .

("

The mass transfer rate per unit area of surface is then given b;,.:

/ iic' \,

(-\ 1 );,, ir :: -l) l. .,;i', J ,=_,,
V

{.N.t ).l ,=,r - {{)ri -. { .r,,t
.I I

Note:

Na cr Da6 film theory

pertration theory

ii- ( 
..1

-.. '; -
rJl-;)l

r -ll

/:. i)

/>0

() < r' .: rc
! =1,

Na qrE;
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3. The Random Surface Renerval Theory

Danckverts (195f suggesled that each elen-rent of swface would not be exposed for the

same time, but that a landom clistribution of ages rvould exist. It rvas assumed that rne

probabilitl'- of any element of surface becoming destro-ved 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 u.hen the surface is renewed in a random

manner is:

Where:

S is the rate ofproduction of fresh surface per unil toral area of surface.

4. The Film - Penetration Theory

A theor.v rvhich incorporates some of the principles of btrrh the ts,o-film theor_,- and the

penetraticn theorl has bcen proposed by Toor and trIarchello (1958) . The rvhole of the

resistance to lransfer is regarded as l,ving rvithin a laminar film at the interfac.e. as in the two-

film theor1,, but the mass transi-er is regarded as an unsleadv srate process. it is assr.rmed that

fresh surface is f,omed at iotervais fiom fluid r.vhich is brought from the bulk of the lluid to

the interface by the acticrt of the edd,l curents mass rransfer then takes place as in the

penetratioll theory. except that the resistance is confined to the finite fi1m, ar-rd malerial r.vhich

traverses the film is immediatell' con]pletely mixed with the bulk of the fluid. For short times

of exposure, when none of the diftiLsing material has reached the t-ar side ol the la1,er. the

process is identica to that pi:stulated in the penetration theory. For proloneed pericds of
exposure r.l'hen a stead"v ccncentration gradient has developed, conditions are simiLar to those

considered in the trvo-film theory,.

The diffusion ofsolute A arvay from the interface (.r-direction) is thus given by:

irC,r '.] /.
.., d" L.'t

=: Lt -.i-7-
d \1-{ll

:\/..1 - I ('1; -- t' .y,, tJ nt
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The follor.ving boundar.v conditions apply for the penlration theory:

t=0

Y=0

Y=L

Ca = Ceo

Ca = Ca-

Ca = C.+o

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

iN,a), : tC,r --

\\rhen:

Dt
n is smalLthe pentraLion theory applicable.
L.

Dt
ic lrroo rho hrrn film tsheory appLrcable.G

The concentration prcfiles near an interface on the basis of;

la) the lilm thJorr (stcad) -srartrJ

(b) the penetration-theor,v (unstead,v-state)

(cl the filnt-penetration theory' (Lrnsteadl.-srare]

are shou,n in FigrLrc 10.7.

(cl Frlnr.pgnel/atian ihecry

,, / rr -:\ \I) I l.rl1lr,/l1
C,.r,.,).. {l+.J ) . '" I,tlf , 1 /\ li:r- I

c

-> y

l'igurc l(l?. fu]]'.-f nlrilli(ln p.olilt\ n.Jr trr iirrcri:i-r:

.+ . L'-+l
cA.

.

I

|,Increasrng

l

---- t *'.
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Mass transfer coefficients

Consider the trvo-film theory as shor.vn in Figure ( 1):

Phase 1

iGas pl:ase)

D

Phase l
iLiquid phase)

L;1

p:

iistance. Z

Figule 1: Trlo - Filrn Theorr

The rate of mass transfir per unit alea lrom the gas film:

No*
f(Do")e

lZzlZtlt-l<-----------_-}i' 8.+g. u D-ra, L

7

I-.r

:.

/D 
-D 

)
28. RT

The rale of mass lransfer per unit area from the liquid lilm:

,f (n.*),
Ne, =---# (ca, -cs',)-LL

Where:

(Dee)e = {Dee)r-

No* = No, =

40

gas iil':n
1
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Since the film thickless z"and zy are dilficult to dellne or.estimate, then rve rervrite the
above egyations as follow:

Na = kg (po - po,)

Ne = kr (Co, - Co1

But Pa, and c1 are difficr-rlt Io measure, therefore rve define tle oi.eralr mass transfer

coefficient:

Na = Koc (Po - Pa')

N,r = Kor- (Co- - Co)

Where:

kL is the individual liquid film mass transfer coeficient.

kg is the lndividual gas fiJm mass transfer coeficient.

Ko1 is tlte overall mass transier coeficient based on tiquid phase.

K66 is the overall mass transf'er coel-rcient based on gas phase.

Per is the partial pressure ofthe gas (A) at the jntelface.

C.+r is the concentratir:n cfthe 1;quid iA) at the interlace.

PA' is the partial pressure ofthe gas phase u'hich is in equilibrium rvith the iiquid phase c.q.

cA' is the concentration of the liq.id phase n'hich is in equilibrium r,vith the gas phase po.

The Relationships between the various mass transfer coeflicients

Ne=ke (po-po)

Na = kr (co, - cof)

Ne = Koc (Po - Po-)

Ne = Kor- (co' - co)

1tH
R*=qnE
r7l

R*=nrGnE
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P" _P,'7

RoG

L7H
Q: Prove that r-- = -- + 

-Koc k* ' kt

From Eq,(3) above:

Na

1 _ Pa- Pe- * P,r, - P,r,

R; - -----T^
1 _Pe-PA , PAr - PA'

t<o;---nto-- Nn

7 _ Pn - Po, , H CA j - H CA

R;;- --N;

1 _ Pa-Po, ,H(Co,-Co)
G; - --E^

1H
k*' kt

1

R;

Q: Prove that 
KoL = 

"T; 
* T;

Fron'r Eq.(4)' above:

Ce- - C.l

Na

ca--c"+cA -cA

771

1 _ Ca- -CAi , CA,-C4
R----l;- No

1 l rPo -Po, C,r, -Car
R;-H\-NA - NA /

|t 7

-=_J 

_

Ko'- H ks kL

NA

1

R;
7

R;

1

R*



N4ass Transfer Third Year Asst. Prof, Dr'. Ahmed Daham

Notes:

l. The inverse to mass transfer cocfficienl (]) is L*nn.A as a resistanue fo mass Lransfer.
' \ K,/

2. The term (gas film-control) refers to the resistance lie in the gas film.

r0| 7 j1./
In q _ 

=_-+_t_Koc kc '/\t

-\il3. The term (liquid lilm controll refers to Lhe resistance lie in the liquid fi1m.

0
7 |ra 7

K^r Ft'k" k,,/'

The units of mass transfer coeficients are as follorvs:

Ne = kr" (co, - cor) --+ kL=I
s

Thus:

4.

NA

[r.vhen the solute is very soluble in liquid solvent]

kmol

m2. s. kPa

kmol
ko=

m2, s.

4 kg==ke (Po, - Po,)

(xo, - xo,)l\J 
^

kl *

= I{s

t=k-
RT5

k,. h= i.-"RT6

kmol kmol
- .-- - -' i-
s. kN S, I|, m,

m_

m' kN
kl =kN.n- kE, - lip;, t-n.

ln 1 nkmol m kmol

s kJ , s kl s k\.rn
Emol, K 

* 
^

EmOl -- mt. kPa s - '*B

kr*P.= P*

m kPa m kPa.kmoL m kN kmot kmoL

s kl ., s kl s m! kN.m m:.s
kmol. K "

I._ rlo
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Example: For a svstem in which componenr (A) is transfering ftom the liquid to the gas

phase. the equilibrium is given by y,r- = 0.75 xd . At one point in the appartrLrs the liquid

c.ontain 90 mol% of (A) and gas contain 45 molg6 of (A). The individual gas film mass

transfer coelficient at this point in the appartus of 0.02716 kmolim2.s . and 70% of the

overall resistance to mass transfer is knowr to be encountered in the gas t-rlm: determine:

L The urolar flur of (A).

2, The interficial concentration of (A).

3, The overall mass transfer coefficient fcr liquid and gas phases.

Solution:

1 r1r
- = o.? [K*J

11r
=0.7 i_ )\noi/0.027 16

Koc = 0.0L9

Na = Koc

"ve- = 0.75

l<mol--;-
m'. s

+Z-

)r

T.

xa=(0.75)(0.9)=0.62s

NA = (0.019) (o.azs - 0.4s) = 4.274 * r0-3

_ y^)

(0.02716)(yo, - 0.a5)

1H
-:--..---Ko Kr

1 0.75
=_*_.:_o.02716 k1.

2. No = k. (.v.
' E \' ,'rr

4.274+110-3 =

Yr,, = 0 607

.1
|.OG

1

0,019

t-I\l, =

1

Kor-

1

Kor.

1

0.0+7 6

0.0476

1t_+_
Hks kL

1 , - kmol
Kor - 0.0142 ^mt. s(0.7s) (0.02716)
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The wetted wall column

The wetted q'all cohtmn is a small experimental device used to determine the averape

mass transfer coefficient (K66 ). Usually it is (1 - L5 inch) in diameter and one meter long.

Gis out (G)
Kmolis

Y{-
ll x:.

___,.l r-.'--_ nl

Liquid in (L)
l(lnol$

xA,
y,i"

\r
{-

<-
Gas in (G)

KmoLrs
- --}! -l {1)-rr

Liqu id cut iL)
I<uloL$

.\A,

Let the mass transibr being from gas phase to liqr-rid phase:

wo =c(Yo - Yor) =L(xa. -x6r)

Where:

W^ is the total mole rate ditTusion along the cclumn.

At one point in the apparatus the diffusion is as follon's:

or Ng = Koc .A.(ye - yi)

.A . (aya)i

(kmolis)

(kmot/m2,s)

NIass Transfer Tl-rird Year Asst. Prof. Dr'. ,Aluned Daham

N.A=Koc.A.(PA-q)

Z "o, 
= wo - ,l Ks6,

tt'o = 6o. .A, APA.

\'Va=Ke5.APa.

45

tr\,'here:

A is the transfer area (zdl) in {m2)

AP6' is the logarithmic mean of parlial pressure.

Now to calculate (K66) from Eq.( I ) l.e must calculate lfrti; and (AP4-):

AP, - AP'1 
^PA. 

=;iEl
"'tAP2l

We=K A. Api'"OG

Where:

AP1 = Po- -
APr = P^- -

Where:

Av, - Av,ayn.=#
'"lffi1

Ayr= yar-Ii,

LJ,z = J,az-!i,

rr

Dr - u a

Dr - ll a

From olerall lnarrf ial balance

vYA = {, (YA: - !or) = L (X4, - x4, )

\\rhere:

yA and xA are the mi:le fraction i:f component (A) in gas and liquid phase. respectir e11 .

G is the mole flor.v rate of gas (ltmolr s).

L is the mole flo*'rate of liquid (kmolis)

We can req,rite the Eq.(l) in the mole fraction form instead of partial pressure as follor.vs:

and

and

Hx o.

Hxaz

v;,

!i,
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Example: A wefled rvall column is used to absorbed NH3 b1* r.vater frorr 6 vol.9/o in air. The
gas flou' rate is 1.2 kmolimil at I atnr and 20oC. Calculate the olerall mass transfer
coefficient. The data giren are:

r The $'ater flow rate to gas flor.v rate ratio is L4.
e The oltlet gas concentration is 1,5 vol.%.
c The column heisht is 100 cm.
c The column diameter is 2 cm.

r Henr-y.-'s constanl is 1.3.

Solution:

W^ = c (vo' - vor) = 1.2 (0 06 - 0.015) = 0.054

W,1 =9 * 10-n *:o'

A = rdl = (3.14) (2*t0-:) (I)

A - 0.06283 ml

kmol
------
mln

Av, - Av'
Arr.-r Am fAv-l

ll L l_-l
loY:J

AYr = Ya, -)i,
ayz = Yez -y.i,

air = \H,r
G = l f K!]rol./mi1:

G = i.l Kmcl,nri:r

l'.r. : 0 015

To find ( xar)

C [Y-qr - YarJ = L (xar -xaz)

G,
xa, = g(ya, - yelJ * xo,

1
x6r=17(0.06-

xar = 0'3 21

Ii,=Hxor=1.3

Li,=Hx6r-1.3

0,015) + 0

* 4.032L = 0.041,73

+0=0
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Ayr = Iar - !i,= 0 06 - 0.04173 = 0.01827

Ay" = vo, -y;- = 0,015 - 0 = 0.015

0.07827 - 0.015
Aya^ = ------;6;1;5;;- = 0.0 165

'" [-T-o-Trl

Uto = 11o..A, AYr,,n

W^ 9+10 a kmol
= 0.868 -Koc = l-n - = (0.06283) (0.0165) -'"-- m2. s
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Mass Transfer Coefficient From Empirical Correlation

Several qorkers bave measured the rate of transfer from a liquid flori'ing dorvn the

inside rvail of a tube to a gas passing connter cunently upi.vards. GILLILANIJ and

SHERWOOD vaporized a number of liquids including water, toluene, aniline and prop;"I,

amyl and butyl alcohols inlo an air stream florving up the tube !n order to meqlure the

individual mass transfer coefficie!1!_(kil. GILLILAND and SHER\\iOOD used the empirical

relation belor.v to measure the individual mass transfer coefficient (kn) and this relation in

forms of dimensionless groups.

sh=a.(Re)b.(sc).

Where:

Sh: Sheruood numbcr. Sh = lt
D

Re: Renold's number, Re-!',i
$

Sc: Schmidt number , Sc : -:-
pD

ks individual mass transfer coefficient finis).

d: dian-reter (m)-

.)
D . dlttxsl\'rty (m-'s ).

'. , ?.p: oensrly (Kgim I.

p: visccsill-(\.sim:).

r \\rhen the constant (a), (b) and (c) in the above equation are unk-no!\'n! then we can lake

them as belorv:

sh - 0.023 (Re)o83 (sc)ona
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Example: Calculate the gas film coeflicient lbr the absorption of sulpher dioxide from a

dilute mixture q'ith air in a wetted rvall column r-rsing Gilliland and Sher-lr,'ood conelation for

rvetted rvall column for the following data:

r Gas ielocit,u- - 2,5 mis.

. Gas temperature : 29i K.

r Gas viscosit,v : 1 .78 * 10{ N.sim:.

. Gas densit) = 1 ,22 kg'm3.

o Gas diffusivitl, : 1.22 * I 0'i m2i s.

. Inside colr-Lmn diameter:25 mm-

Solution:

Sh : 0.023 (Re;o e' (Sc;oon

eL-

Re=

k.d

n rr dt.**

tlr
= 3370

. lzs * 1o-3\=k-l -l=zOaek-
" \1.2 * lo-'/ 6

(7.22)(2.2)(2s + 10 3)

.F
nfJY-

1.78 * 10 s

1.78 * 10-s

(1.22)(r z * ro-s1
= 1.1959

kc = 0.023 (3370)0e3 (1.1959)044

m
0.0117.9 -

S

2049

l_
6

50



Mass Transfer Third Year Asst. Prof. Dr. Ahmed Daham

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 u'ith a liquid (the absorbent or solvent) to selectir.ely dissolve one or

more components by mass transfer from the gas to the liquid, The components transfened to

the liquid are refened to as solute or absorbate.

Absorption is used to separate gas mixtue; remove impurities, contaminants, pollutants.

or catalyst poisons from gas; or recovery valuable chemicals. Thus, the species ofinterest in

the gas mixture may be all components, only the component(s) nct transfened, or only the

component(s) transfened. The opposite of absorption is stripping (also called desorption),

wherein a liquid mixture is contac.ted \ 'ith gas tc selectively remove componenls by mass

transfer from the liquid to the gas phase.

There are two types of absorption processes:

Physical process (e.g. absorption ofacetone flom acetone - air mixtwe by rvater,

Che.mical process, sometimes called che.mi-sorption (e.g. absorption of nitrogen oxides by

waler to produce nitric acid,

1.

2.

Equipment:

Absorption and stripping are conducred in tray ro\\,€rs (plate column), packed column,

spray tower, bubble column, and centrifugal contactors, The first two Rpes of these

equipment will be considered in our cowse for this yeat,

l. Tray tower:

A tray tower is a vertical, cylindrical pressure vessel in which gas and liquid, which

f'lou' counter currently, are contacted on a series of metal trays or plates. Liquid flows across

any tray over an oudet rveit, and into a down comer, u'hich takes the liquid by gravity to the

tray below. The gas florvs upward through opening in each tray, bubbling through the liquid
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on the o rer tray. A schematic diagram for the flow pattems inside the tray column is shor,ru

belorv.

Plate above

Froth

C. ar?l

7e

Frotl
t3

'.J

JFe
'...:

Clear
liq u id

- triq-uio fto* -'^i5

#rI Active area /
Calming'

zone

Downcomer ..*
ap ron

Plate below

Figure : Typical cross-flow plate (sieve)

2. Packed tower:

The packed column is a vertical, cylindrical pressure vessel containilg one or more

section of packing material over who's the liquid flows down wards by gravity as a film or as

droplets between packing elements. Gas florvs upwards through the u.etted packing contacting

the liquid. The sections cf packing are contained between a lower gas - injection supporr

plate, which holds the packing, and an upper grid or mish hold - down plate, which prevent

packing movement. A liquid distributor, pJaced above the hold - doir,lr plate, ensures uniform

distribution of liquid as it enrers the packing section.

t:-t::
tr -
lJ-
l-^
l-t::t::t--
F,:
: --:
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Distributor
Hold-down
Elate'l

I

l
I

H
o-

I
I

i
Packino
suppod

Liquid
out

Figure: Packing absorber column,

Figure: Types of packing (a) Raschig rings (b) pall rings (c) Berl saddle ceramic (d) Intalox saddle
ceramic (e) Metal Hypac ( f ) Ceramic, super Intalox.

E1

I1e::i'tr-lEi
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General Design Consideration:

Design or analysis of an absorber (or stripper) requires consideration of a number of
factors. including:

l. Entering gas (liquid) flow rate, composition, temperature, and pressure.

2. Design degree ofrecovery (R) ofone or more solutes.

3. Choice absorbent (soh.ent) agent.

4. Operating pressure and temperatue and allowable pressure drop.

5. Minimum absorbent (solvent) agent florv rate and actual solvent flow rate as a multipie

of the minimum rate needed to make the separation,

6. Number of equilibrium stages.

7. Heat effects and need for cooling (heating).

8. Type ofabsorber (stripper) equipment.

9. Height of absorber (stripper) column.

10, Diameter of absorber (stripper) column.

The ideal absorbent (solvent) should have:

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

b' A low solatility to reduce the loss of absorbent (solvent) and facilitate separation of
absorbent (solvent) from solute(s). 84

c, Be stable to maximize absorbent (solvent) iife and reduce absorbent makeup

requirement.

d. Be non * corrosit e to permit use of common material of construction.

e. Have a low viscosiry to provide lon' pressure drop and high mass and heat transfer

rates.

f Be non - foaming when conlacted with gas so as to make it unnecessary.

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

h. Be available, if possible.

The most u'ideLy absorbent (solvent) used are water, hydrocarbon oils, and aqueous

solutions of acids and bases. while the most cornmon stripping agents used are waler vapor,

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

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

Non-ideal system (IIenry's law):

divided by (P1)

Ideal system (Raoult's law):

Pa=Hxa

PAH
PT

Ia = InXe

Po={xa
u po

- = 
- 

Y^

Yn = Ill Xe

divided by (P1)

_,,*i, (J., iA) !.rlr4ll j.lsJi dr ijlJl si.J ) L[Ujnt ,.!).o L+ 13_x- l+ ,+ir ; eaL-i.y' .i,5 j .

tl)- ri 4+ti &}. (YA) : (Xa) ,-* cJ:t lr ij)tc J-,! rii , ((Xl) cJ:u.tt # (A) +rilr ,,$+ y (Ye)

.tJli.jl j:6JiJ.rlll iarJa,"Jc' lr'u.io I 4j.ti;;;

lVhere:

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

Y4 : is the mole ratio of solute in gas phase (AiB).

Equilibrium relaricn

55



Mass Transfer Third Year Asst. Prof. Dr. Ahmed Daham

Notes:

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

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

.( Ya = m XA ) ,JEll rfs;t-j 
".t-.:l 

15 i:|,:Jl i-Ole clls l:1 *

'!uri # L.s cru!.r gK-l,r lrr-Jl i!).o +!ei tit t"j *

-!ir.,-trijo Ya _r X4.x1_Jt gt5lir.i!31 c.,U!!l ,.--re+Jrtjji a$r-I'.r+i-i;*i {JrJt o-ul

.( Ya = m Xa ) rJrt ::Jt i-Dtc +:St E e-jl tr cJJJl ril iir *ir- Jri

.p-!\ Gll .r-es+-.:,11': r-.i.*Lj" JS,i Ya : Xa ex Er.:Jl j;Jl eE tit t"i

:l rjrjl: ai)- + w (xe) aJ" JJt 4+",.iltr (pJ +rr:r L:,'^i1 dr+ !.:r-.:Jr i-i)to *!,: u!-!r L'j.r # ,k

.( Xa , Ya ) .* il)|o j1 \+r.l r.+J ii.jl ou ,.,j!,i/

XA

YA

Ye= Yn

1-Ie

Where:

X1 and

Xa and

Xa=
X6

L-xe

are the mole fractions of solute (A) in liquid and gas phases, respectively.

: are the mole ratio of solute (A) in liquid and gas phases, respectively.

and

Vr:

YA

relation
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wt, a/o =
(mol%) i (M.wt)

f,[(mol%) * (M.wt)]

mol% =
(wt.%) /(u.wD

Xf(wt. o/o)/(M.wt)l

Where:

Wt, % : is the u'eight fractiorr.

molo/o : is the mole ftaction.

M. wt : is the mclecular rveignt.

Symbols used in the absorption processes:

A solute (A) in a mixture (A, B) shali be absorbed in Liquid (C), rhe inert gas (B) is
insoluble in solvent (C). The following symbols wil.l be used:

G

Gs

G

G.

L

Ls

t
L,

X4

Ie

XA

Y^

: is the mole rate of rhe gas mixture (A - B), kmolis.

: is the mole rate of the inerl (insoluble) gas (B), kmol/s.

: is the mole flux of the gas mixture (A + B), kmol/m2.s.

: is the mole flur of the inen (insoluble) gas (B), kmol,m?.s.

is the mole rate of the liquid mixture (A + C), kmolis.

is the mole rate oflhe liquid solvent only (C), krnolrt.

is the mole flux of the liquid mixture (A - C), kn-rol/m2.s.

is the mole flux of the liquid solvent ody (C), kmolim2,s.

is the mole fraction of solute (A) in liquid, (A /A-C).

is the mole fraction of solute (A) in gas, (A /A+B).

: is the mole ratio of solure (A) in liquid, (A / C).

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

The physical absorption process can be carried out in countercurrent florv 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
belorr,':

HOC = , in (meter)
KoG, a

NOG: is the number of transfer
unit (},lTU) based on gas phase,

and it can be calculated based on
equilibrium data:

Tray Tower

Z=H*N

Where:

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

N : is the lumber of trays, and it
can be calculated based on
eartilihri.rtn Aeta,

Gs

If the equilibrium
data are linear,
then NOG rvili be

calculated using a

suitable equation.

If the equilibrium
data are non-
/inear, then NOG
rvill 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-

/inear, then l\ will
be calculated

graphical method.
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1. Packed torver:

Absorption and sfipping are frequently conducted in packed columns, particularly r+,hen:

(1) the required column diameter is less than 0.6 m.

(2) the pressure drop must be low, as for a vacuum service,

(3) conosion ccnsideration favor the use of ceramic or polymeric material.

(4) low liquid hoidup is desirable,

The gas liquid contact in a packed bed column is continuous, not stage-wise, as in a

plate column. The liquid florvs down the column over the packing surface and the gas or

vapour, counter-cunently, up the column. In some gas-absorption columls co-cunent 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.

Gs. A. dY = Ls. A. dX = Ne

rdY\
Nn = G"Y - G, lY + dZAz)=

Gz

G.

Yz
rz

dY+-'dz

Calculations of the packing height:

Overall material balance on t}re solute (A) over an element (dz) based on gas phase:

(Koc)(a s 0z)(Y - Y-)

\\here:

The interficial area for transfer = a dV = a S dz

S: is the cross-sectional area ofcolumn (m2),

a: is the surface area of interface per unit volume of

column (m2im3).

- r" (" -# u4 = (KoG.a)(s.dz)(y-y,)

G1
G,

r1
I1

Gn (Y

G" ('r0
59
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dY
G, iZ = -(Koc. a)(s .02)(Y - Y-)

I dz-
(KoG, a). S (Y - Y.)

Y2

I-Gs

Y.

,_(G,,/s) f dY
'.- K;C; J G_ y)

r1

z: HoG * NOG = HTU * NTU

Equalion of the operating line:

Solute material balance between one end ofthe column and anv point rvill eive:

Gs (Y- Yz) = L" (X - Xz)

v=ffx-x2)+yz

I The equation of operating line is a relation between
mole ratio of solute in gas phase (Y) and the mole ratio of
solute in licuid nhase,

Where:

d-
HOG = t:- : h eiht of transfer unit (HTU) based on gas phase, with the units of (m).KO(', a

Yl
rdY

NOC = j /v_r/_.) , num ber of transfer unit (NTU) based cn gas phase, without units.
l1

G"
I?

L"
x?

L,
X1

G"
Yt

Y1

tdY
J G-Y-)
rl

Gs

KoG. a
z-
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* The operating line can be draw from tw,o points (X1, Y1) and (X2, Y2), or from its slope ( p)

and one of the two paints.

{Xr, Yr)

Operating line

Lr

G,

Equilibrium relation

{xz,Yz)

Ys

dY

(Y - Y,) (1)

(2)

(3)

G.X=L(Y-x2)+Xz

x = f rv-v,l

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

y. = 
*r9'1v-vr)

(4)

Calculation of Number of Transfer Unit (NOG):

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

Y1

NOG= |

J

Y-=mX

Cs(Y-Yz)=L.(X-Xz)

For pwe liquid solvent used then, Xr = 6

o-L
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Substitution Eq,(5) into Eq.(1) to get:

rAv
Noc= J

J, t" - Tlt (v - v,))ts

Let:
m G, , Slope of equilibrium line
Ls - Slope of operating line

Y1

fdY
J Y-dY+6Y,
r1

Y1

fdY
J (1- +)Y + 0Y2

Y1

Noc=eli ''[[ifi;91

m
= t*7a, ' t'o

NOG =

NOG =

NOG =-
I

NOG :-
i

B. For Non-linear Equilibrium Relationship:

In this case Lhe integration I NOG = lvt --9f:- | will he .'.t ,r, : Jyr G_y) I 
wl oe solved using graphical method or

numerical method (Simpson rule) following steps below:

1, Dralv the given equilibrium data.

2. Draw the operating line, from t$o points (X1, Y1) and (Xr, Y?) or one point and slcpe of
_L..(- ),

3. Create the table below by calculated (Y-) ftom the plot as below:
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Y

Assume points between (Y1 - Y2)

Y'

Calculated from plot

1

(Y- Y.)

- calculated r-r0
- (assumed) - calculated v - rl

- (assumed) - calculated l-t?

- (assumed) calculated

Y: calculated

YA

Y1

Y

{Xz, Yz)

Figure: Calculation of ( Y') for packed column.

4. To calculate NOG *e draw t6|5] Vs. [Y] ro frnd rhe area under rhe cune:

Where:

NOG = Area under the cune
(Y- Y-)

YrYz

Y

{Xr,Yr)

XA
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Simpson rule for calculation of NOG:

NOG = Area under the curre

Noc = I fr, * r" * rf r*"" + +[r"au]

Where:

, Yr -Yzn=- , ll = 2,4,6,8,,,......etc,
n

Notes:

* Ifthe entering solute concentration is dilute (Y < 5%), then:

Ya=Ia , Xn=xe , Gs=G , _ Ls=L

* If the tower ['pe is not mention in the problem we ca:r take it as apacked tower.

Example (1):

Ammonia is to be removed ftom a l0 percent ammonia-air mixture by countercunent

scrubbing with water in a packed tower at 293 K so that 99 percent of the ammonia is

removed u'hen *orking at a total pressr.re of 101.3 kNim2. If the gas rate is 0,95 kg/m2.s of

tower cross-section and the liquid rate is 0.65 kg/m2. s, find the necessary height of the touer

if the absorption coefficient KoG.a : 0.008 kmol/m3.s. kPa., The equilibrium data are:

Solution:

Y2 = (1 - recouery) Y, = (1 - 0.99)(0 1) = 0.001

Convert mole fraction to mole ratio:

Vr 0.1
Yr = .-:j_ = ------:--- = 0.1-1' 1-Yr 1-0,1
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Yt 0.001
Y? = ---:-:- = -------:--:-::- = 0,001' L-Yz 1-0.001

We can see that at lou' conc, {mole ratio = mole fraction)l

a gas mass flux
r he gas mole flux, u =

average gas molecular rreight

0.9s

[(0.1)(17) + (o.e) (2e)]
kmol

= 0.0341 -:-m1, s

The liquid mole flux, f, = llqot9 
t":t nu* 

,
average Iiquid molecular weight

0.65 kmol
- no?61 

-
(ruJ m.. s

the lrrole flux of the inertgas, G, = G(1 - yr) : (0,0341)(1 - 0.11 - 6 6367 kiSl

themolefluxofthe inertliquid,f,. = f,(1 - xr) = (0.0361)(1 - 0) = 0 O3Of H

Therefore, for pure solvent: L, = I

G" 0.0307
HQG = =;-:-=-_--= = 0.39 m

KoU. a, P1 (0.0008)(101.3)

Since the equilibrium is linear:

NOG =-
I

m G. (0.8)('0.0307)o=T-= (o.orert=o.ee

NOG=i

Z=HOG*NOG = (0.38)(11.19)= 4.25 m
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Example (2):

Ammonia is to be temo\€d 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 i01.3 kNim2, If
the inlet gas is 0.034 kmol/m2.s and the liquid rate is 0,036 kmol,iml. s, find the necessary

height of the to$'er if the abscrption coefficient KoG,a = 0.081 kmol/mr.s. The equilibnum

data is given by the following data:

kmol NH3/kmol water:

Partial pressure NH3 in
gas phase (kN/m2):

0.021 0,031 0.042 0.053 0.079 0.106 0.1s9

1.6 2.4 3.3 4.2 6.'] 9.3 1s,2

0,015I
= 0.0160

1 - 0.0158

Solution:

First ofall rve have to conr.ert the equilibrium data tc mole ratio:

mole fraction of NH, in gas phase ,y*r1,= 
-b = # = 0.0159

mole ratio of NH3 in gas pt '- !nu"
tds€, yps. =r:r*. =

The equilibrium dala becomes:

xuur 0.021 0.031 0.042 0.053 0.079

Y"", 0.0160 0.0243 0.337 0,0433 0.0708

0,106 0.159

0.1011 0.1765

HOG
G. o.oz4___:_ = 041 9m

KoG. a o.og1

r!

i dY

J, ff:nNOG =
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The equilibrium dala may be not linear relation, so that the integration should be solr.ed by

plotting or by Simpson's rule as follows:

l. Drarv the equilibrium data:

2. Draw the operating line from two points:

(X1, Y1) and (X:, Y:)

y'= It =-91 =o,rr' 1-Yr 1-0.1

Yt 0.001
Yi = --::- = ---------:--:-:-: = 0.001' L-Yz 1- 0,001

Overall ammonia material balance:

G-" (Yr - Yz) = L" (Xr - Xz)

d" 0.034xr = i. (yr - yz) + x, = ffi(0. 11 - 0.001) + 0

Xr = 0 0935

Operating line;

(Xr, Yr) = (0.0935, 0.1 1) : (9.35 * l0-2, 10* 10-2)

(x:,Y:) : (0,0.001) = (0, 0.1*10')

We r+'ill solve the integration by Simpson's rule:

_ Y''-Y?
h =--:----: , Wechoose n=4

0. 11 - 0.001h= = 0.02725

Calculate Y- from the plol as folloq's:

o/
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Y

Assume points betrveen (Y1 - Y2)

Y-

Calculated ftom plot

1

(Y - Y.)

0.11 0.088 45.45 = fo

0.08275 0.061 45.98 = fr

0,05550 0.0375 55 56 = f.

0.02825 0.0175 01 n)={^

0.001 0.00 1000 = fn

Noc = + [ro + r,' + rIr*"" + +lr"oo]

0.0?725NOG=- 
3

NOG = 15.56

Z=HOG*NOG

[4s.4s + 1000+ 2(ss.s6) +4[(4s eB) + (e3 02)]l

= (0.419) (1s.56) = 6.52 m


