Chapter 1

Fundamentals of Mass Transfer

When a single phase system contains two or moreiegp@vhose concentrations are not
uniform, mass is transferred to minimize the cotregion differences within the system. In a
multi-phase system mass is transferred due tohltmical potential differences between the
species. In a single phase system where tempeatdreressure are uniform, the difference
in chemical potential is due to the variation imcentration of each species. Mass transfer is
the basis for many chemical and biological processeh as the removal of sulfur dioxide
from the flue gas, a chemical process, or the desigan artificial kidney, a biological
process.

1.1 Molecular Mass Transfer

For a binary mixture of A and B, the molar fll¥, ,, of species A relative to theaxis is
_ dy,
Naz=—CDas e +Ya(Naz +Ng2) (1.1)

In this equationg is the total molar concentratioDag is the diffusivity of A in B,ya is the
mole fraction of A andNg; is the molar flux of B. For a binary mixtui@sg = Dga. The

term-— cDAB% is the molar flux,Ja, resulting from the concentration gradient andtéren
z

Ya(Naz + Ng ) is the molar flux resulting from the bulk flow tife fluid.

In a multi-component mixture, the concentratioragbarticular species can be expressed in
mass or molar concentration. For species A, thesmasacentrationpa, is defined as the
mass of A per unit volume of the mixture. The totalss concentration is the density of the
mixture which is the total mass of the mixture pait volume. The total mass concentration
is related to the species mass concentration by

p=>p (1.2)

In this equationn is the number of species in the mixture. The nfiagsion, a, is the mass
concentration of species A divided by the total sndensity,

w = P (1.3)
P

The mass concentration and the molar concentrationelated by

— Pa
Ca= FA 1.4
v (1.4)
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For a binary mixture of A and B, the mass flax,, of species A relative to treaxis is
_ dw,
Naz =~ PDas & + ah(Naz + N 7) (1.5)

The molar flux of specieiscan be expressed as
Ni = cv; (1.6)

In this equation, is the absolute velocity of spstrelative to the stationary coordinate axis.
Similarly, the mass flux of speciess given by

N = Qv (1.7)
The total molar flux is the sum of the species mbia

Nj = ¢V (1.8)

V = I:ln - = i)gvi (19)

Similarly, the total mass flux is the sum of the@ps mass flux
Ni =cv (1.10)

In this equatiorv is the mass average velocity defined by

v = =L . :Z:a)lvi (2.12)

EXAMPIE 1.1-1 -onmmmmmmmmm oo oo o e

A mixture of oxygen and nitrogen gas is contained pipe at 298 and 1 atm total pressure
which is constant throughout. At one end of theeptipe partial pressung,; of oxygen is
0.70 atm and at the other end 0.8pxy = 0.2 atm. Calculate the molar and mass flux of
oxygen at steady stateDfyg of the mixture is 0.206 cffs.

SOl ULTON === == m oo oo
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Since the temperature and pressure is constantghoot the pipe, the total concentration is

a constant.
c=— =1 =40010°molicn?
RT  82.057x 29¢
Note:R = 82.057 cri@tm/molK
The total concentration is a constant therefdgg = — Ng .. This condition is known as

equimolar counterdiffusion. The molar flux of A is

d d
Naz =—CDag % +Ya(Naz +Ngz) =—CDag D

dz

For steady state and constant area of mass traNgfer constant. Separating the variable
and integrating

NA,ZJ.OL dz =- cDag J.;: dyA

_ D (Ya ~ Yar) _ (4.09x 10° )(0.206)(0.7 0.
L 80

NA, z

Na 2 = 5.27%x10® mol/cm?[3
The mass flux of @is

Naz = Ma Naz = (32)(5.2%10°) = 1.69x10° g/lcm?[3

EXample 1.1-2 —--ommmmmm oo e

Air (B)
Water in the bottom of a narrow metal tube is reich constant 2| ¢
temperature of 29K. The dry ambient air outside the tube is at ]
atm (101.3 kPa) and 298 Water evaporates and diffuses through
the air in the tube, and the diffusion path- z; is 50 cm long.
Calculate the rate of evaporation at steady statadl/gan?. The N
diffusivity of water vapor (A) in air (B) at 1 atrand 298K is 1} e
0.250 cni/s. Assume that air is insoluble in water.

A

—— Water (A)

The molar flux of A (water vapor) is

d
Naz =~ CDag % +Ya(Naz + Ng2)
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Since air is insoluble in water, it is stagnant fondiffusing) andNg ; = 0. Solving forNa ;
give

Naz(1—ya) =—cDas % = Nadz=- CD e dya
dz ~ Y,
NAJ_[LdZ =-CDas J.yAZ Y = Na L =cDagln 1-Ye
0 ym 11— yA 1- yAl

The ambient air is dry sp, = 0. Vapor pressure of water at 208 3.17 kPa, therefong;
=3.17/101.3 = 0.0313.

= 6.5¢10° mol/cnfs

No = s 1y 17V _ 0250 = 1-0
T L T 1-y, 82.057x 29& 5( 1-0.313

EXAMPE 1.1-3 e

Nickel carbonyl (A) is produced by passing carb@r 0 -«=-sw--ssresmmmmsmmmsmyemseeneees
monoxide (B) at 323 K and 1 atm over a nickel slibe NBl NAT Gas film

following reaction takes place at the solid surface
z=1L

Ni(s) + 4CO(g)— Ni(CO)(q)
The reaction is very rapid, so that the partiaspuee of CO at the metal surface is essentially
zero. The gases diffuse through a film with a thiedsL = 0.625 mm. Estimate the rate of
production of nickel carbonyl, in molé&s of solid surface at steady state. The composition
of the bulk gas phase € 0) is 50 mol% CO. The binary diffusivity Bag = 20.0 mri/s.
SOl UL T ON === == oo o

The molar flux of A (nickel carbonyl) is
_ dy,
Naz =—CDag & +YA(Naz + Ng2)

From the stoichiomerty of the reactidig ; = — 4Na ;. ThereforeNa; + Ng ; =— 3Na,

dy cD
Na (1 + =—cDag—=2 = Np,dz=- 2B d
az(1 + 3/a) e Az 1+ 3y, YA
NA Z'[Ldz - CDAB J‘yA,L dyA - NA ZL — CDAB In 1+ 3yA,L
“Jo Yao 1+ 3y, ’ 3 1+3y,,

Sinceyao = 0.5 andya. = 1.0, we have

! Benitez, J. Principle and Modern Applications cd$d Transfer Operatignig/iley, 2009, p. 44
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n = In— = 1.8%10° mol/cnfis
3L 1+15 3x82.05% 323 0.062 2.5

No .= Das |, 13 1x0.20 4
A,z

= 1] L= TR S ——

A crystal of chalcanthite (CuSGBH;O) dissolves in a large tank of (1) )
pure water according to the following equation: :

CuSQBH,O(s) - CuSQ(aq) + 5HO0(l)

Estimate the rate at which the crystal dissolvesdigulating the
flux of CuSQ from the crystal surface to the bulk solutio
Assume that molecular diffusion occurs through quitl film :
uniformly 0.01 mm thick surrounding the crystal. tAe inner side Liquid
of the film adjacent to the crystal surface theuioh is saturated film
with CuSQ while at the outer side of the film the solutio 1
virtually pure water.

The solubility of chalcanthite in water at 275 K24.3 g of crystal/100 g of water, and the
density of the corresponding saturated solutioh1i40 kg/ni. The diffusivity of CuSQ in
dilute aqueous solution at 275 K can be estimase®l6x10° m?s.

> !

=}
Crystal surface
Pure liquid water

SOl UL T ON === o e

For each mole of chalcanthite (molecular weight.249 that dissolves, 1 mole of Cu$sO
(molecular weight 159.63) and 5 mole of hydratioatev diffuse through the liquid film
from the surface of the crystal to the bulk of Hygiid phase. Let A = CuS{and B = HO
then,

NB:5N/_\

The molar flux of A is

Naz =—CDag LS +Xa(Naz + N z) =—CDag L + 6XaNa 2z
dz dz

Na.dz=-cD
A,Z AB 1- 6XA

Using an average value for the total concentratigrthe above equation can be integrated
over the thickness of the liquid filra,

L xa2  OX
NA,Z Io dz =- CaDAB IX 1 6AX
AL LT DAL

2 Benitez, J. Principle and Modern Applications cdidd Transfer Operationd/iley, 2009, p. 54
1-5

STUDENTS-HUB.com Uploaded By: Jibreel Bornat




_ GDyg p 1-6%,
6L 1-6x,,

NA, z

We need the mole fraction of component A at theirgide of the filmXa1), a saturated
solution of chalcanthite in water at 275 K. Theudlity of the salt under these conditions is
24.3 g/100 g KO. For a basis of 100 g of,8, we have 24.3 g of Cug@BH,0O. The mass of
CuSQin 24.3 of of the crystal is

24.3x159.63/249.71 = 15.53 g

The mass of hydration water in the crystal is 241%.53 = 8.77. The total mass of water is
then 100 + 8.77 = 108.77 g. Therefore,

15.53

_ 15063 _
Xa1 1553 108.71 0.0158

159.63 18

The other end of the film is virtually pure wattdrereforexa, = 0. Next, we calculate the
film average molar concentrati@g At location 1, the average molecular weight is

M, = (0.0158)(159.63) + (% 0.0158)(18) = 20.24 kg/kmol.

The corresponding molar concentratiomis: 1140/20.24 = 56.32 kmolfnAt location 2,
the molar concentration & = 1000/18 = 55.55 kmol/finThen

ca = 0.5€; + C2) = 0.5(56.32 + 55.55) = 55.93 kmofim

_ C.Dyg In 1-6x,,
6L 1-6x,,

NA,Z

_55.93 3.6 101’0I 1

- n = 3.35x10° kmol/si’
6x10 1-6x 0.015¢

NA,Z
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1.2 Gasdiffusivities

One of the most common method to estimate the pigas diffusivityDag in low pressure
system was proposed by Wilke and f:ee

0.98 3 y3/2
{3.03— (M”ZH (10° ¥

AB

Das = 1.2-1
" PM 2050, (1.2-1)
-1
. . 3 1 1
In this equationMpg =2 | —+—
MA IVIB

Dag = diffusion coefficient, crfis

Ma, Mg = molecular weights of A and B, respectively

T = temperature, K

P = pressure, bar

oag = “collision diameter,” a Lennard-Jones parametagstrom
Qp = diffusion collision integral, dimensionless

The collision integralQp, is a function of temperature and intermoleculateptial field for
one molecule of A and one molecule of B. It can dpproximated by the following
expressioft

_a C e g
- *\ b + * + * + *
(T expdT*) exp(fT*) exphT?*)

Qp (1.2-2)

The parameters in this equation are listed in ¢lewing table

T = KT/es a=1.06036 b=0.15610
c= 0.19300 d = 0.47635 e= 1.03587
f= 1.52996 g=1.76474 h= 3.89411

For a binary system of nonpolar molecular pair, tlenard-Jones parameters can be
obtained from the pure components by the follonergression:

Opg = OSCA + O'B); EAB = (SASA)l/Z (12-3)
Lennard-Jones parameters for pure components megtineated from the following
correlations:

o = 1.18p)*? ealk = 1.15T, (1.2-3)

Vb =0. 285vc)l.048

®Wilke, C. R., and C. Y. Lee, Ind. Eng. Che#i7, 1253 (1955)
* Neufield, P. D., A. R. Jansen, and R. A. AziZCem. Phys.57, 1100 (1972)
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EXAMPI@ 1.2-1° --nnmmmmmmm e

Estimate the diffusivity of carbon disulfide vagarair at 273 K and 1 bar using the Wilke-
Lee equation

0.98 3 32
{3.03—{M1,2H (10° ¥

AB

Dag =

PM 50200
Data: o, A elK, K Mw
CS 4.483 467 76
Air 3.620 97 29

Oag = 0.50a + 0g) = 0.5(4.483 + 3.620) = 4.058

1/2
Ere - (E_A‘E_Bj = (467x97§?=212.8 K
K

_a c e g
= + + +
(T*®  exp@dT* exp(fT*) exphT*)

Qp

The parameters in this equation are listed in ¢tflewing table

T* = KT/ens a=1.06036 b=0.15610
c= 0.19300 d=047635 e= 1.03587
f=1.52996 9= 1.76474 h= 3.89411
Qp = 1.282
1 1) 1 1YY"
Mag =2 | —+—| = 2(—+—j = 41.981
M, M, 76 29

Substituting these values into the Wilke-Lee equmayiields

0.98 3 /2

Dag = =0.0952 cm?/s
AT (1)(41.9817 (4.05) (1.282)

® Benitez, J. Principle and Modern Applications cdidd Transfer Operationid/iley, 2009, p. 21
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