| . DIFFUSlON

/ X e

[n a mixture consisting of two or

qmponents Vafry fr(;I: F(:)r:;lt thhI_)O}llnt, then theFe IS a natural tendency for each component to
jigrate/move 1rom reg OF Migh concentration to those of Jow concentration. The process

 ransfer O_f mass as a result of the concentration difference of a component in a mixture or
wophases in contact 1s called mass transfer.

The operations carried out for separating the co

pnsfer of material from one homogeneous phase to another, utilising the difference in

vpour pressure, solubility or diffusivity and in which the driving -force for transfer is a
woncentration difference are called as mass transfer operations. ’

In case of evaporation of water from a pool of water into a stream of air flowing over the
water surface, molecules of water vapour diffuse through those of the air at the surface into
the main portion of air stream, as a result of which they are carried away with the air flowing.
Inthis case, mass transfer is a result of a concentration difference or gradient, the diffusing
mbstance - (water) moving from a region of high concentration to a region of low
concentration. Hence, the driving force for mass transfer is a concentration difference just as
diemperature difference in heat transfer. : R T :

Fractional distillation (one of the methods of separation) depends on the differe_nce in
Yapour pressures of different components at the same temperature (volatility), while gas
E{bsorption depends on the difference in solubility of gases in_ a selectl_ve ‘solvent. Liquid-
liquid extraction and leaching depend on the difference in selub111ty ina 11_qu1d‘ selver}t.

Mass - transfer bperati()ns include - separation . techniques - such as distillation, gas
sorption, liquid extraction, drying, crystallisation, etc.. .

In mass transfer operations, mass transfer may occur :

() In one direction, e.g., gas absorption. e o W

(b) In opposite dirécti(;gnsg(i,e., in both directlens), e.g., d:stlxll‘la‘tien.

(©) With simultaneous heat transfer, ¢.g., dryng and crystab 154 1[en. e

(d) With a simultancous chemical reaction, €8 83 al SOrpHion accompanieqny a

_ g . 0. in an aqueous solution of KOH)
chemical reaction (absorption of CO: |

nents.
(&) With the exchange of one or more Csm'pg-iqolhermally.
) Isothermally (i.e., at constant T) anc 1 transfer operation are :
 The Dhenon;ena those must exist in a mass irs ety il .
(@ At least two phases must come in contact Wi OUICT.

. e other.
i x s ne phase to the 0 ‘, ‘ |
((E; lz\\datenalsfml:]mtﬂ (t)v;/ i‘lrg$ (c))f' nlzaterial from one phase to the other must occur by
) A part of the tota fayars § AR ‘

Ore¢ components, if the concentrations of the

mponents of a mixture, involving the

molecular diffusion.
y (7.1)
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Three states of aggregation of a substance are 845 hql;lac::t?:a(il}?ielaﬁizgg) d:ae - t}.lis '
we have six possibilities of the phase contact. G.as-gﬂs_(lzl()t gial separation oper:a;; 08-1'1 ud, 3§
gas-solid, liquid-liquid, liquid-solid and solid-solid (no 1ndus . In this §
category is found). : o _ . N

Mass transfer operations have been classified according to the phases in Contact 1
given in Table 7.1.

Table 7.1 - k|
" Phases in contact ~ Mass transfer OperatiD ;
Liqu:id-vapour (gas) R | Distillation (Fractionation) -
Liquid-gas : Gas absorption
Stripping
Humidification
| Dehumidification
Liquid-solid | _ Crystallisation i
‘ Leaching
- | Adsorption
Liquid-liquid s B . Extraction
Solid-vapour -~ - - Sublimation
Solid-gas " Adsorption
Solid (wet) gas (usually air) ' Drying

Hence, distillation, gas absorption, stripping are gas-liquid operations, liquid extractionis |

a liquid-liquid operation, crystallisation is a liquid-solid operation and drying is a gas-solid |
operation, ' ,

As .thf.t ba}s_ic mechanism is the same whether the phase is a gas, liquid or solid, there are .
milarities among the various mass transfer operations and these are given below."

some si
(@) Equilibrium between the

phases is attained after a sufficiently long time of phase |
contact between them. R AR : : ; ;

(b) Material transfer is caused b

y the combined effect of molecular diffusion and
turbulence. ]

(c) '_Th‘ere is no resistance to 'mass transfer at the
existence of equilibrium at the interface).

(d) Rate of mass transfer is Sati heum 8§
evaluated by d Nibrium 4
concentration. . ¥ deviation/departure from equilibriu |

phase interface (because of the "_

iouid mi liS a gas-liquid operation. It is a method of separating the
quid mixture using thermal energy. The difference in vapour pressures % &
ch a separation. It is also called as fractionation O |
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Consider a binary liquid mixture. For thjs
F=2(phaserule : F=C=p 4
res:c,ure, composition of A in the |j '2 e rore are four vatiables; temperature,
according,to the phase rule only one i o ses. If the pressure is fixed, then
caried and the temperature and va

ned completely. Here the equilibri )

‘ g;ﬁgrams at constant pressure orqbyhlljlr;a;?l d‘z:;a e lilresented iy {EmpSmtinescompaittion

~ composition. Such a plot is called the equili%riugogérgease rpoSiton peinsl P O a2

azr.a tin(gzsneagiolgg?ggohsgtis absofrptlon 15 a gas-liquid operation. It is a method of

sep =3 lituents o 4 gas mixture by contacting it with a suitable liquid

solvent. The necessary COHdltlor.l is the difference in solubility of the constituents in a given

solvent. The washing O_f ammonia from a ammonia-air mixture by means of water is a typical
example of gas absorption. - el e _

Consider t}}at a gas mixture contains two components and one component is transferred.
Thus, we have C = 3,P=2and .. F = 3. There are four variables : temperature pressure,
and the concentration of ‘A in liquid and gas phases. If the temperature and pressure are fixed,
one goncentration may be chosen as the remaining independent variable that may be varied
and the other concentration follows. A plot of equilibrium concentration in the gas phase v/s
concentration in the liquid phase gives an equilibrium relationship between the phases.

3. Liquid extraction : Liquid extraction is a liquid-liquid operation. It is a method of
separating the constituents of a liquid mixture by treating it with a suitable solvent that
preferentially dissolves one or more of the constituents of the mixture. It is also called as
solvent extraction. It is used as a separation technique only when distillation is ineffective
and difficult. The separation of penicillin from fermentation mixtures is a typical example of
application of liquid extraction: -~ . : s : '

4. Crystallisation : It is a liquid-solid operation and used to obtain materials in the

- form of attractive and uniform crystals of good purity. Crystallisation is the formation of

-~ solid particles within a homogeneous liquid phase. & .
| 5. Drying : Drying is a gas-solid operation. In general, it is the removal of moisture of

. asubstance.
. Incase of drying, there are two phases

Diffusion

and three components. C=3,P=2, .. F=3.
The variables are : temperature, pressure, the ponqentration of water in the solid and the

gas phases. If the temperature and pressure are fixed, one concentration may be taken as the

remaining independent variable and the other concentrgtlon follows. These two

concentrations can be plotted as the equilibrium curve.

DIFFUSION o
It is the movement of an 1
concentration to a region of lower concentrat

Wwitho f an external force. _ _ e s
AUtrrtxlil:tE:elpv(.thcI; < non-uniform initially will be ultimately brought to uniformity

 mixture is everywhere uniform in the conceqtr_ation of its constituc_:nts) by diffusion since

“the concentration gradient which acts as a driving forf:e for diffusion tends to move the
" component in such a direction as to equalise concentrations and Qestrgy the gradient. If we
Maintain the concentration gradient by constantly supplying the diffusing component. to the

ndividual component through a mixture from a region of higher
jon at fixed temperature and pressure with or
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high concentration end and removing it at the low concentration end, then the flow of

diffusing component is continuous. This movement is utilised in mass transfer operationg,

When diffusion results from the random movement/motion of the molecules, it is calleq E
molecular diffusion. As the molecular diffusion requires actual migratl_on of _rnolecules, thej,
rate of mass transfer is higher in gases than liquids and very slow in solids. When the
movement of the molecules occurs with the help of an external force (e.g., mechanica]
stirring and convective movement of the fluid), then it is called eddy or‘turbulent diffusion,
The molecular diffusion is a slow process, whereas the eddy diffusion is a fast process. The
molecular diffusion is the mechanism of a stationary fluid, i.e., a fluid at rest and fluids ip -
laminar flow. In case of fluids in turbulent flow, the mechanism of mass transfer is by eddy
diffusion. The transfer of material in the presence of a concentration gradient is classified as
molecular transfer and eddy transfer. Molecular transfer of mass occurs in stationary fluids or

fluids in laminar flow whereas eddy transfer occurs in fluids under turbulent conditions,
Role of diffusion in mass transfer : .
Diffusion may occur in one phase or in both phases in all the mass transfer operations,

In case of distillation, the more volatile component diffuses through the liquid phase to the ..;
interface between the phases (liquid and vapour phases) and away from the interface into the 4
vapour phase. The less volatile component diffuses in the opposite direction and passes from

the vapour phase to the liquid phase. In case of gas absorption, the solute gas diffuses

through the gas phase to the interface and then through the liquid phase (liquid solvent

phase) from the interface between the phases. In case of crystallisation, the solid solute

diffuses through the mother liquor (liquid phase) to the crystals and deposit on the solid i

surfaces. In case of drying operation, liquid water (moisture) diffuses through the solid
towards the surface of the solid, evaporates and diffuses as a vapour into the gas phase

(drying medium). In case of liquid-liquid extraction, the liquid solute diffuses through the

raffinate phase and then into the extract phase (solvent phase) from the interface between
the phases.

Molecular Diffusion :

Concentrations, velocities and fluxes :

Let us consider two chemical species A and B are placed in two compartments that are -

separated by a impermeable partition. Now, assume that the partition is suddenly removed so

that the species A will diffuse into B and the species B will diffuse in A and this will

continue at a constantly decreasing rate until the mixture becomes everywhere uniform in the
concentration of its constituents, i.e., of A and B. The process is one of molecular diffusion
in which the species are diffused in one another as a result of the random motion of

molecules. The rate of diffusion is governed by Fick's law and before dealing with this law,

we will define the above mentioned terms based on the combination of such species. We
- make it clear here that by the word solution we mean a mixture of species of the same phase

— gas in gas, liquid in liquid, etc., i.e., one phase - a gaseous, a liquid or a solid mixture.
Concentration :

There are various ways to express the concentration of the various species in 2 R |
mit our discussion to mass concentration, molar/ 8

multicomponent system/mixture. We [j
concentration, mass fraction and mole fraction.

Scanned with CamScanner




i ==
/M' . : \\ Diffusion

b i
¢

E SP‘:mted by the symbol p,.

- binary mixture/solution of A and B

L Pa + P = P v

e ps the mass density of the solutjop g

~ Molar concentration : The o]

‘ | =M, .. (1.2)
where M, 1s the molecular weight of com
- SIsystem is kmol/m?3,
Hence, for a binary mixture of A and B, t
given by

ponent A. The unit of molar concentration in the

he total molar concentration of the mixture is

C = Cat+ Cy ... (7.3)
Mass fraction : ion x peci i .
| on : The m:flss fraction x, of a species A in a solution may be defined as the
-~ ratio of the mass concentration of species A to the mass density of the solution

x' = Pa
AT , e (7.4)

| .Mole fraction : The mole fraction (xa) of a species A in a solution may be defined as the
ratio of the molar concentration of A to the molar concentration of the solution.

_ G
Xa = & iR _ ... (1.5)
For a binary system of A and B, we have
x‘A +x;3 = 1
and Xa+xg = 1

In the gas phase, concentrations are usually expressed in terms of partial pressures.
For an ideal gas A, p,V = nRT

Na _ Pa

Co = v =37 .. (1.6)

Whe i ' . ' | .

i '€ Pais the partial pressure of species A in the mixture, n, is the number of moles of A in

the Mixture, V is the molar volume of the mixture, T is the temperature (absolute), and R is
Univeral gas constant.

Xain terms of p, is given as :
i _ Gy pu/RT  pa

- *a 5. C°F PRT =P - (1.7)
*1e P is the total pressure exerted by the gas mixture.

. P :

Also, we have C =C+GCy= Rp%‘ * lll)'l}‘ = RT B - (7.3)

G
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Velocities : _

In a diffusing m_ixture, various chemical species are moving at different ve
may have different mobilities. The bulk velocity of the mixture would be s

average velocity. Let u; be the velocity of the ith species with respect to

coordinate system. Then, for a mixture of n species, the local mass average velocity |,
defined by : 1

ome sorg o ag
the Statiop

e ‘
2z Piuj
i=1

n ---(7.9):
2 P |

1=1

Pu is the local rate at which mass passes through a unit cross-section when it is placeg
perpendicular to u. '

For a binary system of A and B components, we can write

_ Paua+pPg Ug

u =

» | .. (110)
The local molar average velocity of the mixture, U, is defined by. .
n
.Zl Ciuj
U="—— AV
2+ G

- Cu is the local rate at which moles pass through a unit cross-section which is placed
perpendicular to U.

For a binary system of A and B, we can write

Uss :CAuA-ECBUB | (7.12) .

- Let us define two diffusion velocities relative to/with respect to the two-bulk velocities
(mass and molar average velocities of the mixture).

The mass diffusion velocity of a species is the velocity of that species relative to the loca
mass average velocity of the mixture.

Mass diffusion velocity of speciesi w.r.t. u = uj—u
Mass diffusion velocity of species A w.r.t. u = U, — U

The molar diffusion velocity of a species is the velocity of species with respect to/relal"
to the local molar average velocity of the mixture. A

Molar diffusion velocity of species i w.r.t. U = uy;—-U (7-14;
Molar diffusion velocity of species A w.r.t. U =u,—U e )
5 S 4
Mass flow rate : It is the quantity of material flow in mass units per unit time (€-8» kel

- Molar flow rate : It is the quantity of material flow in molar units per unit " |
(e.g., kmol/s). : : -

Scanned with CamScanner



h respect to local mass average
i

L rough @ unit area per unit time,
t =)

% x : The mass transfer flux of

ant of that species, in either mass o
" Owill define four types of fluxes, two
we

Ditfusion
a given species (vector quantity)
I, molar units, that Crosses a unit
with reference to fixed coordinate
velocity and local molar average velocity (w.r.t,
velocity and molar average velocity).

a species i is defined

is defined as the
area per unit time,
s in space and two
dinates moving with mass average
c00

Mass flux : The mass flux of as the mass of species i that passes

The mass flux relative to stationary/fixed coordinates is given by

N = pjy ver (7.15)
The rﬁass flux relative to the mass average velocity u is given by

Ji = pi(uj-u) ‘ | ... (7.16)
Molar flux : It is defined as the moles of species i that passeé through a unit area per unit

time. _

The molar flux relative to stationary coordinates is given by

Ni: = Ciu;. . (7.17)
The molar flux relative tb the molar'a;\'rerage velo'c'ity Uis giyen by

)i = Gw-U) .. (1.18)

It is true that any one of the above mentioned notation used for the flux is adequate for all
diffusion problems, but each has certain advantages. In process calculations, it is usuczlﬂ!y
desirable to refer to a coordinate system fixed in an equipment so the flux N; is used in

engineering. The fluxes j; and J; are the usual measures of rates of diffusion and are useful in
formulating the equations of change for multicomponent systems.

For a binary system of Aand B ;- | | |

The mass fluxes of A and B relative to stationary coordinates are :

Ny, = Palla ... (7.19)
ng = Pals ... (7.20)

Th sé ﬁu#es of A and B relative to mass average velocity are :

€ ma
jA = pA(uA—u) cee (7.21)
jp = Palug—u) .. (71.22)
B with respect to stationary coordinates are :
xes of A and
The molar flu N, = Catis | o (71.23)
Ny = Cpup .. (7.29)
lative to molar average velocity U are :
esof Aand Bre _

The molar flux Jo 5 Calua=U) (725
Jp = Caluy-U) | ... (7.26)
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J, and J; are the diffusion flux of com
interrelated as, '

ponents A and B. The various fluxes o be- :

ny PaUa
= pa(u+u,—u)

= pau+ pA(UA" u)

= pal+Jn - (127)
We have, x:\ = % S Pa= X, P
nA = XA (pu) +.]l
Since, Y = 2 pivi = pv
i n, = X:\ Y ni +ji | .. (1.28
Similaﬂy, NA = CAUA _
= Co(U+u,-U)
= CAU+CA(UA—U) ‘ | |
N, = CaU+J, ... (129
NA = XA(CU)+JA -
¥Ni = YCuy=CU
Ny, = xa CND+Js - , oo (730)

Fick's law of diffusion :

A relation between the flux of the diffusing substance and the concentration gradient ’
responsible for molecular diffusion-mass transfer was first proposed by FICK in 1855 and s
therefore referred to as Fick's first law of diffusion.

The flux of a diffusing component A (diffusion flux of A) in z direction in a binary mixture
of A and B is proportional to the concentration gradient.

Therefore, the Fick's law of diffusion for species/component A in a binary mixture of A
and B for steady state diffusion in z direction can be expressed as

dC |
J, = =Dy d; .13

where J, is the molar flux of A in the z direction relative to the molar average velocity [moles
per unit area per unit time, kmol/(m2.s)].
C, is the molar concentration of A [moles of A per unit volume, kmol/m?]

dC,
~dz s the concentration gradient in the z-direction.

| i
Dxg is a proportionality constant, known as the molecular diffusivity or dlffwi
coefficient for component A diffusing through B, m%/s and z is the distance in the direct10

diffusion, m. '_5
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) - . Diffusion
= : o : . Ze
The negative sign in Equation (7.31) indicates/implies th

jirection of decrease in concentration, Thus, the term dCa/dz i

at diffusion occurs in the
§ —ve and the flux becomes

' o flux to the corresponding concentration gradient.
The dimensions of the diffusivity are L*/6 and its unit in the S system is m%s. The diffusivity
of any component is a measure of its diffusive mobility and is a function of temperature,
pressure, nature, and composition,
Diffusivity increases with decrease in
temperature. _
For a binary systgm n z direction, dropping the subscript z, we have
- Jo = C, (uy—0)

pressure and increases with increase in

. (7.32)
Equating Equations (7.31) and (7.32), we get
' dC
o = Calun-U) = —Dy 32
dc,
Ciu, = —DAB—EZ_ +C,U . ...(7.33)
According to Equatibn (7.12), U is given by
1
U = C (Caua+ Cguy). -~
C
CAU = & (Caup+ Chuy)
CaU = x,(Coups+ Cyup)
‘ Substituting C,U in Equation (7.33), we get - .
Caup, = - DAB‘TZA + X5 (Ca us+.Cyug)
Using Equation (7.23), the above expression becomes
- dC
N, = _DABd—Z" + x4 (N4 + Np)
N, = Jo+ x5, (No+ Np) - (7.34)

Here, J, is the concentration gradient contribution, the diffusion flux and x, (N, + Np) is
bulk motion contribution, the flux due to bulk flow.

Olecylay Diffusion in Gases :

For 4 diffusion in the z direction and for N, and Nj both constant (steady state), we will
'¥e equations for the flux.

For an ideal gas, we have

™ % _ % =t . _(735)

the

€r

°T€ P4 is the partial pressure of component A.
d P i the total pressure.
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Unit Operations - |l rerw

o

—
i (eecion ¢ steady state diffusi ;
1. Steady state equimolar counter diffusion : For the y 100 of fy,,

' i . the gases diffusing counter ;
ideal gases A and B with an equal number of moles the ga A ig et Current , |
cach other (in opposite directions to each other), the flux equd y

D
Ny, = erj; (Pa1— Pa2) - (1.36)
where N, is the molar flux of A in kmol/(ms), D is 'thc diffusivity of A in B in my; -
z (z,—z,) is the distance through which diffusion oceurs in m and pa, and pa; a_re th'e partig]
pressures of the component A (in Pa) at the beginning and end of the diffusion pay, -

respectively. - Ve
We have : N, = Jo+Xpa(Na+ Np) | “U\OL -% = -E;‘— AN ?1_);
dc C ¥ J
N, = —Das dzA +—CA (N, + Np) ... (136 A)
From the ideal gas law, for the component A, we can write :
. Pa = CA RT
Pa
Ca = RT
dpa
dCa = RT
C = RT. .- for gas as a whole
Substituting for C,, C and dC, in Equation (7.36 A), we get
. Dap dpa  Pa .
Na =-RT dg + p Ma+Ne) ...(13D)
For equimolar counter diffusion,
N, = —Ng= constant. Therefore, Equation (7.37) reduces t0
Dys dpa .
Na = -RT 4z o 038
If D, is constant, then the above equation can be integrated. Therefore,
2 D Pa2
AB
Z Pal
-D
Na(z,-2)) = R'[f“ (Pa2= par)

Let z,- 2z, z.  Rearranging the above equation, we get

Da
Ny = 'R_'f% (PA1 = Pa2) (7-39)

Here, the concentration difference is expressed in terms of partial pressure differenc

It can also be expressed in terms of mole fraction or molar concentration.

-
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- Diffusion

. Gteady state dlffusmn of A through nondlffusmg/stagnant B:
s absorption and humidification are typical operation of this kind.

For the steady state diffusion of an 1dea1 gas A through a stagnant gas B, the molar ﬂux
fA is gwcn by

N DusP | 8
A= RTz. Db, M (Pa1— PAz) : ... (7.40)
' where Ps, MIS the 108 mean partlal pressure of the gas B.
. . dC
We have : N, = La G

—Das 3, dz +_' (NA+ NB)
o= DAB dPA
A T N+ Ny
For the steady state diffusion of A through a nondiffusing B; we have
: N, = constant and N =0
With this, the above equation reduces to

—Diys dpA PA

,,NA_',; RT 5. dz ;- P _‘NA

Rearranging, we get by sy e
P-pa) _ —Das dpa
CNa|\ T P = “RT-dzZ

IfDyg is constant, then the above equatioh can be integrated. Therefore,

b i e ol
NAf dz"="""gpT Popa
Z 7 T PAL T
‘ D,z P P"PA:!} iy Pt _ 7.41
Na = RTz lnl:P_pAl ' | - (1.41)
According to the Dalton's law of partial pressure, wehave -
PartPe1 = P
and pazt P =P
pB1 = P- pAl ;
) sz — P - PA2
—Pp1 = Pai— Pa2
; PB2 —y DAB‘P 1 sz)
Na = RTz BI
DasP (Ps2—Ps1) ) — - 5

rtial pressure of component B and is given by

: Pe2— Pai
e A ok 2 S peiMT = In (PeafPay)

vPB,miS the log mean pa
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- DiﬁuSIQ :
Replacing (pg; — ps,) by (pa; — Pa2) since (ppz — Ps1) = (Pa1 = paz) in the num n
Equation (7.41 A) and substituting Ps, m for (pp,— pei)/In (pey/ps;), wWe get
| D,s P .
NA = RTz- py y (Pr1=Pw)

“a, (7'42) :
In this case, the flux is proportional to the concentration difference expressed in tepy
partial pressure of A and inversely proportional to the distance z and the concentration of the

stagnant gas (pg, y). Increase in z and py , increases resistance to diffusion and thus, fly,
decreases. |

Molecular Diffusion in Liquids :
1.  Steady-state equimolar counter diffusion :
We have : N, = —Nj = constant

The flux equation for steady state equimolar counter diffusion for CO\I(UF:QI}E,QI Al
given b L3 47 ) :
e 20 '

D D \ '
N, = TAB (Cai—Cyuy) = TAB (ﬁ)  (Xar—xa) L (14)
; a

where x,, — X,, is the concentration difference of component A in terms of mole fraction.
(P/M)avg, = Cavg. = [p/M, + po/M,]/2 _ . (7.44) 1

Cavg. 1s the total average concentration of A and B in kmol/m?, p, and p, are the average
densities of the solution in kg/m? at locations 1 and 2 respectively, and M, and M, are the
average molecular weights of the solution at locations 1 and 2, respectively in kg/kmol.

2. Steady state diffusion of A through nondiffusing B :

Here, we have : N, = constant, Ny = 0

The flux for component A is given by -

D A
N, = 7 - xAli_M (p/M) avg. (Xar=Xp2) .. (745)
where Xg,m = logarithmic mean mole fraction of B

= (Xp— xﬁl)/ln (Xp2/Xp))
Diffusion in Solids :

The operations like leaching, drying, etc. involve contact of fluids with_solids and
involve diffusion in the solid phase. ' |

Fick's law for the steady state diffusion can be written as

dC : 46)
NA = _DA—dE& ‘ . .(7

- where N, is the rate of diffusion of A per unit cross-section of solid. D, s the dlff.USlVIty of i
through the solid, — dC,/dz is the concentration gradient in the direction of diffusion.
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0 era!ions L
o piffusion through a flat slab of thickness z:

I dering D, constant, integration of Equation (7.46) yields
Con N _ DA[CAI_CAZ] :
NE - | .. (147)

2= = thickness of the slab
. and Can 816 the concentrations of A at the opposite sides of the slab.
Fgr other solid shapes, the rate of diffusion is given by
D Agye. (Cp—C
W = NpaAavg. = = Z T | ... (7.48)
is the average cross-section available for diffusion.
e radial diffusion through a solid cylinder of inner and outer radii r, and r, and

Aavg
For th

pgth L

2m(r, —1y) L
Aavg. - In (rzll'1) ’ and z=r,—1 |
For the radial diffusion through a spherical shell of inner and outer radii r; and 1,
Aavg. = 4nrr, and zZ =hL—0
seady State Equimolar Counter Diffusion :

The diffusion of two components in opposite directions to each other in a stationary
nixture is of importance in distillation of a binary system. If the two components are at the
sme temperature and the same total pressure, then no net movement of the mixture will take
place and it will be simply the replacement of the molecules of one component by the
nolecules of other component. In a language of diffusion, two components diffuse at the
sme molar flow rate in the opposite directions to each other. This overall transfer process is
clled as equimolar counter diffusion. | :

Consider a case of two gases A and B at constant total pressure P in two chambers.

Let us consider that two large chambers containing gases A and B are connected by a
be in such a way that molecular diffusion at steady state is occurring. The total pressure P

is uniform (constant) throughout.
n o
A - B
Par Paz
Pe1 |Jao — Pg2
1 % g 2
|——>x
(a)
P;\PA *+ Py
1‘ Pai P
Ps
porP Pa 2,
Pe1 p‘B oAl
0 FERY

__ ] (b)
Fig. 71 Equimolar counter diffusion of gases A
(a) system, (b) concentration prcg)file o
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Stirring provided in each chamber keeps the concentration in_each chamb
The partial pressure p,, > p,, and ps; > pa;. The molecules of A diffuse to the
the molecules of B diffuse to the feft.

As the temperature and total pressure P is constant thrgughout, the net moles o
diffusing to the right must be equal to the net moles of B diffusing to the left. If this is not g,

- the total pressure would not remain constant throughout the system. This implies/indicate;
that '

€I unjfy

Ja = -1Jg

- (749
Ja is the molar flux of component A in the x-direction due to molecular diffusiop iz
kmol/(m2.s).
Fick's law for component B for constant molar concentration, C, becomes
dCp
Js = —Dga dx » e (750)

Here the flux is in the x-direction.

According to the Dalton's law, the total pressure is the sum of the partial pressures of
A and B. : : B

) I,
right, While

Po= Patpe, f BEAEE M b s .. (151)
and weknow that:  p, o C4 o e A ' .. (1.52)
The total mol'ar concentration for the gaseous mixture is given by

. S e iy e Ry 5 | . (15
Differentiating both the sides of Equation (7.53) with respect to x gives

1 dCand G i |

o aislaiig s

HCL Y aG T s o 3

. - ot (o 55)

or dx T dx e w9

Therefore, if a gradient exists
gradient of B is equal but opposite in sign to that of A.

Fick's law for component A for constant total concentration is

in the gas A, a gradient also exists in the gas B. The

Yo g Qd%z - .15
Combining Equations (7.49), (7.50) and (7.5 1), |
Jo = -DAB g‘% ;
'."-D;\B ga%‘ o DBA.%

en e
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e — |l : 7.15
tions
Oera , \ ; Diffusion - -

u dxo T de ..(159)
D, = Duy (7.60)
hat for a binary mixture of A PSS g
s shows that 10T, . A and B, the diffusjvit ‘
.ffuT:il:win B is the same as Dga, for B diffusing in A. GO oEt Dy, for &
y ; el | — D Elg.é
We have - T e AE dx 112 (7.61)
for ideal gases, ;he molar concentration of A is related to the partial pressure of A by
Ca =75 = RT .. (7.62)
dCA L 1 dpA ; ‘ - |
dx T RT dx ' i (T,63)
J. = _Das dps
: ' A = _RT_dX . : (764) .
Integrating, we get e T
sy -DAB_(PAl—_PAz)_ , ST = reengl w3, '
3 JA — RT (x2 _ X]) : ene (7.65)
 Dyp (Pai—Pad) G e R g '
7 = Rq? Al - AL =X, X ... (7.66)
For species B, '

- [

gy ozl .. (167)
Equations (7.66) and (7.67) are the equations for steady state equimolar counter diffusion.
We know that

ic, ' dCy
L .. (1.68)

,The gradient of B is equal but opposite in sign to that of A. Since the gradient for B
:;ISSts, there must be molar flux of B, as stated by Equation (7.50). Combining of Equations
"20), (7.56) and (7.68) gives

J, = -Jp . ... (7.69)

i aTv;ihis shows that the rates of diffusion are equal but in opposite directions. Equation (7.69)

i ays true in the binary mixtures inspite of any other mechamsrq for mass t_ransfer may be

equ‘(Jr{)“g-_Thc: rates of transfer of the two species by m.ole(':ular motion (dlfoS_lon) are always

brangs Ut in opposite directions. When molecular motion is the only mechanism, the overall
" Process is called as an equimolar counter diffusion.

asg
nTl'ansfer Coefficients : |
Mac. . P20y mass transfer operations, the turbulent flow is desired to increase the rate of

88 . .
transftransfer per unit area. In such cases, the mass transfer rate 1s expressed in terms of mass
tr Coefficients. In turbulent flow there are three regions of mass transfer but as it is very
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