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+  When newly cut and moist green timber is exposed to the atmosphere, the
wood will dry partially when water in the timber diffuses through the wood,
to the surface, and then to the atmosphere.

F & (A) 171 mm }

(B) 177 mm S5
(C) 184 mm

+ Perfumes presents a pleasant fragrance which is imparted throughout the
surrounding atmosphere.

. Low concentration
High concentration Air of perfume

of perfume
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Example

A mixture of He and N, gas is contained in a pipe at 298 K and | atm total pressure
which is constant throughout. At one end of the pipe at point 1 the partial pressure p,,
of He 1s 0.6 atm and at the other end 0.2 m p,, = 0.2 atm. Calculate the flux of He at
steady state if D ,, of the He-N, mixture is 0.687 x 10-* m?%/s.
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Example

Ammonia gas (4) 1s diffusing through a uniform tube 0.10 m long containing N, gas (B)
at 1.0132 x 10° Pa press and 298 K. At point 1, P,,= 1.013x10* Pa and at point 2, P,, =
0.507 x10* Pa. The diffusivity D, = 0.230x10"* m%/s
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Adection Efjmrrjﬂud
oot indide the sinple diffusion

o Mass transfer takes place between a moving fluid and a surface or
between immiscible moving fluids separated by a mobile interface, for
example in a gas/liquid or liquid/liquid contactor),
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Molecular Diffusion

Convective Mass Transfer

Caused by random microscopic movement
of individual molecules in gas/lig/solid as
a result of thermal motion.

Extremely slow

Occurs in solids and fluids that are
stagnant or in laminar flow.

Mass transfer under turbulent-flow but
across an interface or near solid surface,
the conditions near surface can be
assumed laminar.

Mathematicallv described bv Fick’s law:
. dc.
J Az _DA 3
dz

Caused by random macroscopic fluid bulk
motion (dynamic characteristics).

Orders of magnitude faster than molecular
diffusion.

Involves transport of materials at the
interface between moving fluids (lig-gas)
or at interface between a moving fluid and
a solid surface (lig-solid, gas-solid).

Mathematically described in a manner
analogous to Newton's law :

N,z = k(? AC,
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TABLE 6.2-1.

Diffusion Coefficients of Gases at

10132 kPa Pressure
Temperature Diffusivit
- z [(r'gls]m}"
System *C K or em? 5] Ref.
Air-NH, 0 273 0.198 (W1)
Air-H,0 0 273 0.220 (N2)
25 298 0.260 (L1)
42 315 0.288 (M1)
Air-CO, 3 276 0.142 (H1)
44 317 0.177
Air-H, 0 273 0611 (N2)
Air-C,H,OH 25 298 0.135 (M1)
42 315 0.145
Air-CH,COOH 0 273 0.106 (N2)
Air-n-hexane 21 294 0.080 (C1)
Air-benzene 25 298 0.0962 (L1)
Air-toluene 259 298.9 0.086 (G1)
Air-n-butanol 0 273 0.0703 (IN2)
259 2989 0.087
H,-CH, 25 298 0.726 (C2)
H,-N, 25 298 0.784 (B1)
85 358 1.052
H,-benzene 38.1 3111 0.404 (H2)
H,-Ar 224 295.4 0.83 (W2)
H,-NH, 25 208 0.783 (B1)
‘H,-80, 50 323 061 (S1)
H,-C,H,;OH 67 340 0.586 (T1)
He-Ar 25 298 0.729 (S2)
He-n-butanol 150 423 0.587 (S2)
He-air 44 317 0.765 (HI)
He-CH, 25 298 0.675 (C2)
He-N, 25 208 0.687 (S2)
He-0O, 25 298 0.729 (S2)
Ar-CH, 25 298 0.202 (C2)
CO,-N, 25 298 0.167 (W3)
CO,-0, 20 293 0.153 (W4)
N,-n-butane 25 298 0.0560 (B2)
H,0-CO, 343 307.3 0.202 {S3)
CO-N, 100 173 0.318 (A1)
CH,(-80, 30 303 0.0693 (C3)
(C,H,);O-NH, 26.5 299.5 0.1078 (S4)

Dher®y -02 ok P= lofmT= 293K

= 0.183xl0" m"s
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Table 24.3  Atomic diffusion volumes for use in estimating D, by the method of Fuller, Schettler,
and Giddings'®

Atomic and Structure Diffusion-Volume Increments, v,

C 165 Cl 19.5
H 1.98 S 17.0
0 548 Aromatic Ring -20.2
N 5.69 Heterocyclic Ring -20.2

Diffusion Volumes for Simple Molecules, v

Ha 7.07 Ar 16.1 H>0 12.7
D; 6.70 Kr 228 C(CL)(F2) 114.8
He 2.88 CO 189 SFg 69.7
N 179 CO, 269 Cls 37.7
0, 16.6 N,O 359 Br, 67.2
Air 20.1 NH; 149 SO, 41.1

Ex: Diftusonvoume tor ciy
Ve = 16.5
vy = 1.9%
Uety = 165 +4(t92) = 2442



Normal butanol (A4) 1s diffusing through air (B) at 1 atm abs. Using the Fuller et al.
method, estimate the diffusivity D for the following temperatures with the
experimental data:

(a) For 0 °C.
(b) For 25.9 °C.
(¢) For 0 °C and 2.0 atm abs.
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Diffusivity in liquids

Table 24.5  Atomic volume increments for estimation of molecular volumes at the normal boiling
point for simple substances'® Q
Element Atomic Volume Element Atomic Volume
(c|113fglnnlej u'm"!gmnle)
Bromine 27.0 Oxygen, except as noted below 74
Carbon 14.8 Oxygen, in methyl esters 9.1
Chlorine 216 Oxygen, in methyl ethers 9.9
Hydrogen 3.7 Oxygen, in higher ethers
lodine 37.0 and other esters 11.0
Nitrogen, double bond 15.6 Oxygen, in acids 12.0
Nitrogen, in primary amines 10.5 Sulfur 25.6
Nitrogen, in secondary amines 12.0

- . ge - " - ~ 6 .
Finally, if data for V,, are not available, Tyn and Calus'® recommend the correlation
V4= 0.285 v!-0#8

. . s . 3
where V. is the critical volume of solute A (cm™/gmole).

R
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2-From Table A find for Aand B

) i in K
Oa (in A°)And corresponding - (N K)

K
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K

4-Use values of step 3 to estimate E
EAp

5-Use values of step 4 and Appendix A3.4 to find 2pas

6-Use the formula to find D,
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Calculate the diffusivity for (! thane—ethane system at 104°F
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Diffusivity of Electrolytes in Liquids

» For smaller molecules (A) diffusing in a dilute liquid solution of solvent (B):

o 8928x 10T (1/n.+ I/n)
D AB ( ]4]

(1, +1/2)

Do,y is diffusivity in cm?/s 'ﬁ \aNC

n. is the valence of cation ';.d\\ldhon.
n_ is the valence of anion

. and A_are the limiting 1onic conductance in very dilute solutions

T is 298.2 when using the above at 25°C

D,g is proportional to T

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

Diffusion Coefficients for Dilute Liquid Solutions

Taprr 63-1 T emperadure Diffusivity
[lm®/sh0® oo

Solwte Sodvent C K {em? 53107) Ref
NH, Walter 12 285 1.64 (N2)

15 288 LN
0, Water I8 291 158 N2)
25 298 241 v
CO, Water 25 298 200 i)
H, Water 25 298 48 v
Methyl alcohol Water 15 288 1.26 (1)
Ethyl alcohoi Water 10 i §) 084 )
25 X8 1.24 Jn)
n-Propyl akobol Water 15 288 087 ()
Formic acid Water 25 298 1.52 (B4)
Acehic acid Watsr 97 2827 0769 (B4)
23 298 1.26 (B4)
Propicnic acid Water 25 298 1.01 (B4)
HQ (9 g mol/liter) Waler 10 283 i3 (N2)
(25 g mol/liter) 10 283 25 {N2)
Benzox acd Water 25 9% 1.21 (C4)
Acctons Water 25 298 128 (A2)
Acetic acd Benzenc 25 X8 20 (C%)
Urea Ethanol 12 15 0.54 (N2)
Water Ethanol 25 198 113 (H4)
KQ Waiter 25 98 1870 (P2)
KQ Ethylens 25 298 0119 (P2)

glycol

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




Diffusivity in Solids

» Typical values for diffusivity in solids are ranged betweeﬁ 5x10- and lx]{)‘ﬂ

» One outstanding characteristic of these values is their small size, usually thousands
of time less than those in a liquid, which are in turn 10,000 times less than those in a
gas.

» Diffusion plays a major role in catalysis and is important to the chemical engineer.
For metallurgists, diffusion of atoms within the solids is of more importance.

» Examples:
» Leaching of metal ores
* Drying of timber, and foods
« Diffusion and catalytic reaction in solid catalysts
« Separation of fluids by membranes
* Treatment of metal at high temperature by gases.
Chemical Engineering Department | University of Jordan | Amman 11942, Jordan g

Tel. +962 6 535 5000 | 22888
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25.3 A hemispherical droplet of liquid water, lying on a flat
surface, evaporates by molecular diffusion through still air
surrounding the droplet. The droplet initially has aradius R. As
the liquid water slowly evaporates, the droplet shrinks slowly
with time, but the flux of the water vapor is at a nominal steady
state. The temperature of the droplet and the surrounding still
air are kept constant. The air contains water vapor of fixed
concentration at an infinitely long distance from the droplet’s
surface. After drawing a picture of the physical process, select
a coordinate system that will best describe this diffusion
process, list at least five reasonable assumptions for the
mass-transfer aspects of the water-evaporation process, and
simplify the general differential equation for mass transfer in
terms of the flux Ny. Finally. specify the simplified differential
form of Fick’s flux equation for water vapor (species A), and
propose reasonable boundary conditions.
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25.3 The following skeich illustrates the gas diffusion in the
neighborhood of a catalytic surface. Hot gases of heavy hydro-
carbons diffuse to the catalytic surface where they are cracked
into lighter compounds by the reaction: 1 — 2L, the light
products diffuse back into the gas stream.

H i
l z=0

a. Reduce the general differential equation for mass transfer 1o
wrile the specific differential equation that will describe this
steady-state transfer process if the catalyst is considered a
flat surface. List all of the assumptions you have made in
simplifying the general differential equation.

b. Determine the Fick’s law relationship in terms of only
compound H and insert it into the differential equation
vou obtained in part (a).

X Ca + M) Ca >

Cr

H — 2L
= NL



25.5 A large deep lake, which initially had a uniform oxygen

2 5 B > concentration of 1kg/m’, has its surface concentration suddenly

A)

raised and maintained at 9 kg/m” concentration level.
Reduce the general differential equation for mass transfer to

write the specific differential equation for

a. the transfer of oxygen into the lake without the presence of a
chemical reaction;

b. the transfer of oxygen into the lake that occurs with the
simultaneous disappearance of oxygen by a first-order
biological reaction.
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256 The moisture in hot. humid, stagnant air surrounding a
cold-water pipeline continually diffuses to the cold surface
5 6 where it condenses. The condensed water forms a liquid film
2 . around the pipe, and then continuously drops off the pipe to the
ground below. Atadistance of 10 ¢m from the surface of the pipe.
the moisture content of the air is constant. Close to the pipe. the
moisture content approaches the vapor pressure of water eval-
vated at the temperature of the pipe.

a. Draw a picture of the physical system, select the coordinate
system that best describes the transfer process and state at
least five reasonable assumptions of the mass-transfer
aspects of the water condensation process.

b. What is the simplified form of the general differential
cquation for mass transfer in terms of the flux of water
vapor, Nq7

¢. What is the simplified differential form of Fick’s equation
for water vapor, N7

d. What is the simplified form of the general differential
equation for mass transfer in terms of the concentration
of water vapor, c,?
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25 Q>

258 Consider one of the cylindrical channels that run through
an isomerization catalyst as shown below. A catalyst coats the
inner walls of each channel. This catalyst promotes the isomer-
ization of n-butane (n — CyH)g) species A to isobutene (i —

Ci4Hjp) species B.

n— CaHyplg) —i— CsHiolg)

The gas phase above the channels contains mixwre of A and B
maintained at a constant composition of 60mol %n — CaH
(A) and 40mol % i — C4H o (B). Gas phase species A diffuses
down a straight channel of diameter d = (0.1 cm and length
L= 2.0cm. The base of each channel is sealed. This is rapid
reaction so that the production rate of B is diffusion limited.
The quiescent gas space in the channel consists of only species A
and B,

Bulk gas phase a. State three relevant assumptions for the mass wansfer
80 mol % A, 40 mol% B proomss.
400°C, 0.1 atm ; Sl : .
0.01 cm diameter S S B°F B B — z=L=20cm b Basedon your assumptions, simplify the general differential
channels 3 \ ‘ § 3 § equation for the mass transfer of species A, leaving the
{cylindrical pores) 3 i N H B ; { equation in terms of the flux N,.
Sﬂta]‘ﬂ‘casrf'ﬂce 3 N NN & : ¢. Using equations for the flux of A in your determined
-5 3 i H H R B B equation, express the general differential equation in terms
3 Sy H H N N B g of the concentration c,.
Insert support d. Specify relevant boundary conditions for the| gas phase
concentration 4.
Bulk gas phase
60 mol% A, 40 mol% B <
400°C, 0.1 atm - 6 ()J 40
0.01 cm diameter 8§ § 8 B y o —Z=L=20cm [ dCa f = :
channels 3 N B N ;
(cylindrical pares) 3 N N N oy —+ - rr=0
Catalytic surface N N N N Ch
A9 —»B(g)
. N . B L FELE Z=0 Q
Insert support 1
YXn (-_-5;-6-
X Mmass hmﬁfr‘ ook in ZDirection andr Be &
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Table 25.1 Henry's constant for various gases in agueous solutions (H in bars)

T (K) NH; Cl, H.S 50, co, CH, o, H,

273 21 265 260 165 710 22 R0 25,500 58,000
280 23 jos 335 Al ] 960 27,8000 30,500 61,500
280 26 480 450 315 1300 352000 37.600 66,500
3nn an 615 570 440 1730 42,800 45,700 71,600
30 T3 700 a0 2175 0,000 52,500 76,000
320 L1 ¥35 R0 2650 56,3000 56,800 TE.600
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Table 25.2 Solubility constants [or selected gas—solid combinations (1 bar = 10° Pa)

S = ca sotidlPa
Gas Solid T (K) (kg mol/m? bar)
02 Naltural rubber 298 3.12x 103
N2 Natural rubber 298 1.56 x 103
CO, Natural rubber 298 40.15 x 103
He Silicon 293 045 x 103

Ha Ni 358 9.01 x 103
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Diffusion of water through stagnant, non-diffusing air: Air (B)
A——

Q€
SN
Water in the bottom of a narrow metal tube is . ) O \\ 0’0
held at a constant temperature of 293 K. The ¥ A~
total pressure of air (assumed to be dry) is 1 atm A\
and the temperature is 293 K. Water evaporates z, -
and diffuses through the air in the tube, and the
diffusion path i1s 0.1524 m long. Calculate the
rate of evaporation at steady state. The
diffusivity of water vapour at 1 atm and 293 K : I
is 0.250 x 10 m%s. Assume that the vapour /
pressure of water at 293 K 1s0.0231 atm. "/ //) Water (A)
* Feody stute
Xp = B -0l

X no X P

* Cbns'l‘an‘" Tanol p

% o033 frans in one Dicection, c=F
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Oxygen is diffusing in a mixture of oxygen-nitrogen at 1 std atm, 25°C. Concentration
of oxygen at planes 2 mm apart are 10 and 20 volume % respectively. Nitrogen is non-
diffusing. Calculate the flux of oxygen. Diffusivity of oxygen in nitrogen = 1.89x10 >

m 2/sec.
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A vertical glass tube 3 mm in diameter is filled with liquid toluene to a depth of 20mm
from the top opened. After 275 hrs at 39.4 °C and a total pressure of 760 mm Hg the

level has dropped to 80 mm from the top. Calculate the value o

Data:

vapor pressure of toluene at 39.4°C = 7.64 kKN / m?,

density of liquid toluene = 850 kg/m?

")

Molecular weight of toluene (C  Hy CH,)= 92

760 mm Hg = 101.3 kN/m?
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A sphere of naphthalene having a radius of2M0FMRME suspended in a Jangesvelumes of
still air at t318 K and hOIB326% 0’ Pa (1 atm). The diffusivity of the naphthalene at

318 K is uO2meb@fem’/s. Calculate the rate of cvaporation of naphthalene from the
surface.
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Diffusion Through Varying Cross-sectional Area

» At position z in the conduit, for 4 diffusing through stagnant, non-diffusing B, Eq.
(16) can be applied
—Cr D_,{B d X A

.l'\'r = 6:
! l-x, d: (6a)

Or
N = - !‘).--I.B’ d ! {.;
Na= _ (6b)
RT(1-p,/P) d:

# The variable radius r can be related to position z in the path as follows:

rF—r
1).'-Z."+‘|f’|

“lT =

r=(
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Diffusion Through Varying Cross-sectional Area

» This value of r 1s then substituted into Eq. (6b) to eliminate » and the equation 1s
integrated.
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The diffusion coefficient for Knudsen diffusion is obtained from the self-diffusion
coefficient derived from the kinetic theory of gases:
o _Ju_\ [SRNT N ged Tols @
W3 T3V My
For Knudsen diffusion, we replace path length A with pore diameter d,,,,., as species A is
now more likely to collide with the pore wall as opposed to another molecule. In this
instance, the Knudsen diffusivity for diffusing species A, Dga, i

dporc o dpore 8 ﬁZN T

Dga = = 24-58 ,
S E R N V7 (24382 1S 6o el
Or, since ~ and N are physical constants, equation (24-58a) is also given by cons\nnl- b]
T
V My
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An example 1s a fluid flowing in a pipe; where part of the pipe wall 1s made by a
slightly dissolving solid material such as benzoic acid.

o The benzoic acid dissolves and 1s transported perpendicular to the main stream
from the wall.

o When a fluid is in turbulent flow and is flowing past a surface, the actual velocity
of small particles of fluid cannot be described clearly as in laminar flow.

o In turbulent motion there are no streamlines, but there are large eddies or
"chunks" of fluid moving rapidly in seemingly random fashion.
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Conversions between mass-transfer coefficients
Gases:
K=k o=k P2M _pop— k K, =k, k
c “RT RT = K¢ GPom = Ky You =K, =k ypyc = Kgypy P
Liquids:
kee=kpc =k, xpyc =k, p/M =k, =k, xgy
(where p is density of liquid and M is molecular weight)
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~ Vaporizing A and Convective Mass Transfer

A large volume of pure gas B at 2 atm pressure is flowing over a surface from which
pure A 1s vaporizing. The liquid A completely wets tﬁ”g"surface, which 1s a blotting
paper. Hence, the partial pressure of A at the surface is the vapor pressure of A at 298 K,
~ which is 0.20 atm. The k, has been estimated to be 6.78x10-5 kg mol/s'm? . mol frac.
- Calculate N, the vaporization rate, and also the value of k, and k.
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o Pr = momentum olif-?usiui\\j =V = CpA
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number '
where
Sh = Sherwood number = KL/D g D pg = diffusivity of Ain B
Re , = Reynolds number = Lup/p v = velocity
Sc = Schmidt number = p/ (p D g) H = viscosity
k = overall mass transfer coefficient p = density, and
L = length of sheet u/p = kinematic viscosity.

I is the mass rate of liquid flow per unit of film width in the x direction.

. kc 2/3
Jp = (Sc) J factor for mass transfer
V a0
k Total mass transfer rate
3t = Sh / 3¢ = —C& The Stanton number = —
St=Sh/ReSc . Inertia forces
cl

_ (op 1 (v Inertia forces

Pe = ReSc = ——=— Peclet number =

w pD D Mass transfer by molecular diffusion
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2.  Unconfined Transfer begins at

kel , oy
flow parallel  leading edge Shy = 7= = 0.664 Re V2 gc13 Lo
to flat platesy  Re, < 50 000 Al
Re, = 5§ x 10°-3 x 10’ 0.25
’ Shy = 1= =0,037 ReQ 5c043( 5S¢ A
Sc = 0.7-380 Dyg Sc;

Re, = 2 X 10°-5 x 10° Between above and

0.25
Sc -= 0.7-380 = 0.027 e
- Sh=0.027 Re, Se (Sc, ] Sc BulkTemp
Mixture S—— | | . | |
of A+B _ & C4 o Free stream 5.(x)
S (
- Concentration
:: - boundary
o x J. k} Ci=Cux,y)  |ayer
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Shrlr Lamlnar _»Erbdenf [ Phh‘:ls lonﬁ e\wf}\]
() l/\c - SL' helmdx + § e ol

Le

L
Lt Tebulat pes 6 )5k

» Then The average Sherwood over the entire plate is

KL _ Sh, =0.664(Re,)/Sc!/* +0.0365 Sc'/? |(Rey)** - (Re)*”|
Dyp o o
R G Lt
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“1000 4
§

100 §

10

Trams. Fully

| ition |Turbulent

1 l l —

10 1,000 100,000 10,000,000
Ro,_

Laminar

Average Sherwood number (Sh.) at Sc =1.0 for flow over a flat
plate, showing transition from laminar to fully turbulent regimes,



» Experimental data for liquids are correlated within about £ 40% by the following for

Jp =099Ng27 600 <Sc<50000

3. Confined gas

Mow parallel ' )
to a flat plate Re, = 2600-22 000 jp = 0.11 Re 0%

in a duct

Convective Mass Transfer Correlations: Flat Plate

» For laminar flow over a flat plate, the thickness of the laminar hydrodynamic boundary
layer is
On 5

x  JRe,

» And thus, the concentration boundary layer thickness for laminar flow over a flat plate
can be estimated by

_ 5513 VX
O = 350

Voo

boundary surface
SOURCE for A

x=0

Chemical Engineering Department | University of Jordan | Amman 11942, Jordan
Tel. 4962 6 535 5000 | 22888
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hjc}rboljmmfc B.L —> Mass transfer B
Sc =1 hjdrooljmmfc B.L = MassFranster BL



o If Sc <1, then the concentration profile continues to develop beyond the

hydrodynamic boundary layer.

o If Sc =1, then the concentration and hydrodynamic boundary layers are of the

same thickness.

o If Sc > 1, then the concentration boundary layer resides within the hydrodynamic

boundary layer (as for convective mass transfer into flowing liquids).

Flow Inside Circular Pipes

Fluid mation Range of conditions Eguation
. Inside circu- Re = 4000-60 000 Jp = 0.023 Re-017

lar pipes Sc = 0.6-3000 Sh = 0,023 Re%* S¢'/3
Re = 10 000 — 400 000 j, = 0.0149 Re~ %"
Sc > 100 Sh = 0.0149 ReD®E gl /3

For laminar flow of a fluid through a tube, with a Reynolds number range of
10 < Re < 2000, the appropriate mass-transfer correlation 1s

o\ 1/3 1/3 1/3
o D Duv.D v D
Sh = |.3()('LD ) - l.x()(—' -D.:B_) - I.Hy(zRebc) (30-19)

AB L v

where L the length of the pipe and v is the bulk average velocity.



Flow Inside Circular Pipes

Figure 7.3-2: Mass transfer from the inner walls of a pipe to gases Re <2100 and 0.5 <S¢ < 3.0

1
Gr;;%\
parabolic -
107 N
(=] o . ~ .
<| I parabolic flow rodlike flow
R )
'l 1072
O I
10731 approximate i
Leveque equation
10—4 ! 1 I L i L
1 10 102 10®° 10* 10° 10° 107
D =«
WDABJ"L or Np Ng, 7 7

/ {15 the cxit concentration, ¢, inlet concentration, and ¢ ,; concentration at the inter-
face between the wall and the gas. The dimensionless abscissa is W/D zpL or
No N (D/L) /%), where W is flow in kg/s and L is length of mass-transfer section in m.

Chemical Engineering Department | University of Jordan | Amman 11942, Jordan
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Liquid film in Wetted Wall

4. Liquid filmin Re = 0-1200, k, . = (M)m "
wetted-wall ‘ mpdL ,/,/’ ~2=0, y=0,
tower, transfer ///" €4 = a0
between liquid //,‘
and gas Re = 4I' /u less than 100 Sh,, ~ 341 2 .:c,, {in liguid)
3,000 < Re’ < 40,000; 0.5 < Sc < 3 jo =0.0328(Re”)"%% % m o
AT
1506
Re =%- 13008300 Sh = (1.76 X 10")(%) §c9 7
7]
The film thickness is then 1 i
3i u\1/2 3.\ /3 B ‘
e o8 4 |
The Reynolds number of the liquid flowing down the tube is defined as % A‘
ar 4w A ald
R —JE Y
- g  mDpy

where w 1s the mass flow rate of liquid, D is the inner diameter of the cylindrical column, and
I is the mass flow rate of liquid per unit wetted perimeter of the column.

Or the mass rate of liquid flow per unit of film width in the x direction.

Chemical Engineering Department | University of Jordan | Amman 11942, Jordan

Tel. +962 6 535 5000 | 22888




Past Single Sphere

For mass transfer into liquid streams, the equation of Brian and Hales"
kD

Dag

Sh = (4+121pe23)? Pe ,, =Re Sc

correlates data where the mass-transfer Peclet number, Peasg. 1s less than 10.000.

For Peclet numbers greater than 10,000, Levich® recommends the simpler relationship

sh — XD /
Sh=2— =101 Lt
» Also, for liquid
Ng, = 034TNR 2N 2000 < Re < 17000

For mass transfer into gas streams, the Froessling equation (evaporation and sublimation )

kD 12 1/3

Sh =iz = 24 0.552Re "~ Sc 2 <Re <48000, 0.6 <Sc <27
AB

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

Past Single Sphere

» For drops of liquid falling through a gas, the mass transfer coefficient to and from drops may
be approximately represented by

dp> 30cm

_ 1/2 ¢.1/2
Sh=1.13 Re*’ = Sc 500 <Re <2000

» Bubbles behave very much like drops, but their buoyancy and velocity of rise are much higher.
Mass transfer within bubbles is relatively rapid since bubbles are filled with gas and molecular
diffusion in gases 1s high. the following empirical equation 1s proposed by Johnson et al.
(1969) gives a more reliable prediction

0.6<d,<4.0cm,

p 1/2
Sh = 1.13 Pe ( = )
0.45 + 0.2d, 500 < Re < 2000



Past Single Sphere

» Colombet et al. (2013) proposed the following relation that is valid for a spherical bubble
whatever the value of Re and Pe,

4 \23 /4
Sh == ] + |:1 + (_) (zpemm)l'.’-] ’
3T

where Pe,,, is the Péclet number based on the maximal velocity U, of the liquid at
the interface instead of the bubble velocity V., which is obtained from the correlation

proposed by Legendre (2007),
Upax 1 16+3.315Re'* + 3Re

V. 2 16+3.315Re'> +Re

» For very low Reynold’s number, the Sherwood number should approach a value of 2.

KDy _ N, 20
Do

Chemical Engineering Department | University of Jordan | Amman 11942, Jordan
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Past Single Sphere

. . . a8 g . .
The following correlation of Steinberger and Treybal™ 1s recommended when the transfer
occurs in the presence of natural convection

Sh — Sh(; ' “347{Re SCII:]O{.’:
where Sh,, is dependent on Gr Sc

Sh, = 2 + 0.569(GrSc)"> GrSc < 10%

Sh, = 2 + 0.0254(GrSc)'3 (8¢)*2*  GrSc > 108

the Grashof number is defined as

N
R“...m” : D’ pg Ap

& Gr =
H-

where density, p, and viscosity, pu, are taken at the bulk conditions of the flowing fluid, and
Ap is the positive density difference between the two phases in contact. The prediction for
Sh is valid when 2 < Re < 3 x 10* and 0.6 < Sc < 3200.




Past Single Sphere

» for the mass-transfer coefficient associated with the transfer of a sparingly soluble gaseous

solute A into solvent B by a swarm of gas bubbles in a natural convection process, the
following correlation are used:

For gas bubble diameters (dp) less than 2.5 mm, use

 kud,

Sh = — 0.31Gr'3sc!3

Dap

For bubble diameters greater or equal to 2.5 mm, use

kid . "
Sh = == — 0.42Gr' s¢ 2
Dag
In the above correlations, the Grashof number is defined as
dyprgAp
= ——
I

wheie Ap is the difference of the density of the liquid and the density of the gas inside the
hpbble, with density (p; ) and viscosity (12, ) determined at the bulk average properties of the
. uid mixture. For dilute solutions, the fluid properties of the sol vent approximate the fluid

properties of the liquid mixture. The diffusion coefficient D,p is with respect to dissolved
gaseous solute A in solvent B.

Chemical Engineering Department | University of Jordan | Amman 11942, Jordan
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Perpendicular to Single Cylinders

. P\ 0-56 . (C~\0.56 _
5. Perpendicular Rew 400-25000 <GPSO T kSO T o0, p 04

1o single Sc = 06-26 Gum UV
cylinders Re’ = 0.1-10°
Sc = 0.7-1500 Sh = (0.35 + 0.34 Re®5 + 0.15Re%58)5c03

P is the system total pressure and Gy is the superficial molar velocity of the gas flowing normal
to the cylinder in units of kg mol/m? - s. The Reynolds number for flow normal to a solid

cylinder, Rep, 1s defined as

pv D
7
where D is cylinder diameter, v, isthe fluid velocity normal to the solid cylinder, and p and
jt for the gas stream evaluated at the ilm average temperature.

R(‘p -

Chemical Engineering Department | University of Jordan | Amman 11942, Jordan
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Perpendicular to Single Cylinders

» Experimental data have been obtained for mass transter from single cylinders when
the flow 1s perpendicular to the cylinder. The cylinders are long and mass transfer to
the ends of the cylinder 1s not considered.

Jp = 0.600(NR,)_0'4B7 For gases 0.6 <S¢ < 2.6
For liquid 1000 < Se < 3000

— 50 <Re < 50000




Mass Transfer to Small Particles

Mass transfer to small particles <0.6 mm

» The following equation has been shown to hold to predict mass-transfer coefficients from
small gas bubbles such as oxygen or air to the liquid phase or from the liquid phase to the
surface of small catalyst particles, microorganisms, other solids, or liquid drops

K - 2D 45 N O.BINS'CZ”(AP‘:‘ g)us
| D, U Pe |
I \'
the molecular free fall or rise of the sphere
diffusion term by gravitational forces

where D, is the diffusivity of the solute A in solution inm?®/s, D, is the diameter of the
gas bubble or the solid particle in m, g, 1s the viscosity of the solution in kg/m-s,
g = 9.80665 m/s*,Ap = (p, — p,) or (p, — p.), P, 1s the density of the continuous phase in
kg/m?, and p, is the density of the gas or solid particle. The value of Ap is always positive.

Chemucul Engineening Department | Unmiversity ol Jordan | Amman 11942, Jordan
Tel. +962 6 535 5000 | 22888

Mass Transfer to Small Particles

Mass transfer to large gas bubbles > 2.5 mm.
» For large gas bubbles or liguid drops > 2.5 mm, the mass-transfer coefficient can be

predicted by

pl

» large gas bubbles are produced when pure liquids are aerated in mixing vessels and sieve-

K, = 0.42N;°-5(%3)m

plate columns



Mass Transfer to and from Packed Beds

» Mass transfer to and from packed beds occurs often in processing operations,
including

o drying operations,
o adsorption or desorption of gases or
o hiquids by sohid particles such as charcoal, and
o mass transfer of gases and liquids to catalyst particles.
» Using a packed bed a large amount of mass-transfer area can be contained in a

relatively small volume.

» For packed and fluidized beds, the area of mass transfer 1s generally expressed in
terms of specific interfacial area which 1s defined as the area per unit volume of

packed bed. It can e expressed as: . (§§ - &)
Area ﬁhﬂ

Chemical Engineering Department | Universiodvr@an | Amman 11942, Jordan
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Mass Transfer to and from Packed Beds

Where ¢ 1s the porosity or void fraction and d,, 1s the particle diameter.

» For a Reynolds number range of 10-10000 for gases in a packed bed of spheres
0.4548

— -0.4069
JD - ¢ Nllt

whcrc , . N .
The void fractionin a bed 1s ¢,

Nge = D, v'p/p, range from 0.3 to 0.5

D, is diameter of the spheres -E

v’ 1s the superficial mass average velocity in the empty tube with{ut packing.

Tﬂ \d Ue\oczll‘j



Mass Transfer to and from Packed Beds

7.  Through fixed Re" = 90-4000

beds of pellets§ Sc = 0.6 Jo =Ju™ 2—'?3 Re” -850
Re” = 5000-10 300 o . 204 . . _oms
- b8 Jp =095/ = =—Re
Re" = 0.0016-55 L ey .
Sc = 168-70 600 Jo =~ Re
Re” = 5-1500 = 0230 o com
Sc = 168-70 600 Jo=—¢ Re

t Average mass-transfer coefficients throughout, for constant solute concentrations a! the phase surface. Gener-
ally, fluid properties are evaluated at the average conditions between the phase surface and the bulk fuid. The heat-
mass-transfer analogy is valid throughout.

§ Mass-transfer data for this case scalter badly but are reasonably well represented by setling jp, = Ju-

§ For fixed beds, the relation between e and d, is @ = 6(1 ~ ¢)/d,, where a is the specific solid surface, surface per
volume of bed. For mixed sizes (58]

Gas-phase flow through a packed bed 10 < Re” < 2500 jo =1.17(Re”) 041
Liquid flow through a packed bed Re” < 55 jo = 1.09(Re”)"?
3 < Re”<10,000 Sh =2 + 1.1(Re)"5(S¢)?*

d=tube diameter; Re,= vp/ut, /= characteristic length; Re” = dv’p/u, v* = gas velocity relative to the surface of the falling film;
Re” = d,v” piu, d,= diameter of the sphere, v” = superficial velocity of the fluid (i.e. velocity based on the bed cross-section).

Chenmucal Engincening Department | University ol Jordan | Amman 11942, Jordan
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Mass Transfer in Fluidized Beds of Spheres

» Fo

0.4548
Jp = ————— N 24069 10< Re < 4000
£
eJp = 1.1068 Ng°272 I<Re<10
» For both gas and liquid packed and fluidized bed of spherical particle, (}bi" ]

<23 0010 0.863/¢
StpSc™ " = £ T Re%%8—0 483 where 1 < Re <2100




Mass Transfer to Packed Beds

» The total flux in a packed bed, ﬂow Nt
Cai T €Al in Lol

In
'CAi = Ca2 Qd- (87m
where “\’“F‘m P‘Pe
€ 4i is the concentration at the surface of the solid, in kg mol/m?
¢ 4, 15 the inlet bulk fluid concentration

¢, s the outlet.

A is the total external surface area inm?* A = al, —> mcas}mnME@

a i1s the m? surface area/m? total volume of bed when the solids are spheres.

_ 81—
D

r
Vs is total volume in m?® of the bed (void plus solids),

a

Chemical Engineering Department | University of Jordan | Amman 11942 Jordan
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Mass Transfer to Packed Beds

k c Is the mass transfer coefficient obtained from correlations
» Also, the material balance equation on the bulk stream 1s
N, A :5(542 —~ Ca)

(3 Uol\.\me:ﬁo‘*’ﬂll’e

where V is volumetric flow rate of fluid entering inm*/s.



Example

A tube 1s coated on the inside with naphthalene and has an inside diameter of 20 mm and a length
of 1.10 m. Air at 318 K and of 101.3 kPa flows through this pipe at a velocity of 0.8 m/s.

Assuming that the pressure remains constant. Calculate the concentration of naphthalene in the
/\/\MA./'J\-'\—'

exist air 2 \ ED
* Bir Plow + Uelocib =} Convec hion _)0 0 ok
¥* Tube . '
v ot 38Kk 17.7xl0°
Dhe - 69210 ms
Pri=740Pa Cai= P - 74 _ 2% x16° mel
RY  3143x31%. .om
OfRe =ved - o8 0] 20x0°0 | _ q03.9)
H P l7—7xlo"6|ﬁ;l
(& Scl =1 7.7xl0 pf | 5 = 256

Dan S | 6atxic®



" L

Figure 7.3-2: Mass transfer from thejinner walls of a pipe to gases Re <2100 and 0.5 <S¢ < 3.0
1 E .
paraboli¢ :""
1071 N
\\
= = parabolic flow rodlike flow
O lo
1 [. 10“2 -
S 3
1071 approximate "":"1.::.,.. xS 99 J\’,»JJ\/ *
Leveque equation °® ﬂow Jl C;J
-4 L H ] ] ] ] 1 -1
10 10 102 10*° 10* 105 10° 107 ‘?\\'J"**f“‘:”\l‘
D = 25
orN, N, — —
Re" 'S
D, gpL e Sc L 4
Rﬁ x 3¢« P_ s
L Y

103.%lx 2. 5 x 20\ 0"3,, T = 3%.02
).10 Y

cﬂ - Cﬂo = O. 6
Chi- Ché

Cﬂ - O = 06
2.8x(0 °— ©

CA =168 xlo” Wgmol /m®



A large volume of pure water at 26.1°C is flowing parallel to a flat plate of
solid benzoic acid, where L. = 0.244 m in the direction of flow. The water
velocity 1s 0.061 m/s. The solubility of benzoic acid in water 1s 0.02948 kg
mol/m>, The diffusivity of benzoic acid is 1.245 x 107? m?/s. Calculate the
mass-transfer coefficient k, and the flux N,

*ﬂa}pbl‘c A=0

.
I'd

% Flow fUt(GCi}j —>, Convection

A ©.02943
® U -
2. Unconfined  Transfer begins at b
flow plﬂ.ﬂd Ieading edge Sh; = D‘_ = 0.664 Re}_}‘ S{.‘lh
to flat platesy Re, < 50 000 AB

Re, = § x 10°-3 x 107 o, ( se 025 /
. Sh =L=0.03‘R°35043|—°]
Sc = 0.7-380 L D x % s

Re, = 2 X 105 X 10° Between above and

;1025
SC = 0.7-380 Sh=0.027 Rey 5¢%43| 2 ><
_—  Scj
» Then The average Sherwood over the entire plate is
k.L 12g.1/3 1/3 4/5 4/5
== Sh, = 0.664(Re,) +0.0365 Sc" [(Re;_) — (Re,) ]
AB

» Experimental data for liquids are correlated within about + 40% by the following for

Jp = 099N/ @)<sc<sooo) [/

3. Confined gas
[low paraliel
to a flat plate
in a duct

Re, = 2600-22 000 jp = 0.11 Re] 0¥

Re = VL
/;(

996 x 0.06\ x 0244 _ |7 xlo
8T xlo™

Se = 102



a-D = 7.6 X (0—5
- | i3
Ip = ke Sc
D‘ y
We={6xfc®

XpM 22\ very Qilwte
u'c = l/lc.

Ma =WKe x bC
Mp = 6!((0_6x [o.o?.q%-j = o.l73d K(oﬁs Mmg\

S.mt



Calculate the value of the mass-transfer coefficient and the flux for mass
transfer from a sphere of napthalene to air at 45°C and | atm abs flowing at
a velocity. of 0.305 m/s. The diameter of the sphere 1s 254 mm. The diffu-
sivity of naphthalene in air at 45°C is 6.92 x 10° ®* m?/s and the vapor
pressure of solid naphthalene is 0.555 mm Hg. Use English and SI units.

X SPhe(’c Air

* 0.59b Mrn“j - 73.91 Pa

Re: V) - 0.309 X 0.0154 x\\\> _ we
L 1.9% Xl 2

X =2.H

For mass transfer into gas streams, the Froessling equation (evaporation and sublimation )

Sh — :)—D —5.0552Re2 53 2 <Re <48000. 0.6 < Sc <2.7
AB
Sh= 2lo
Sh = V\Cl D _—'.“l‘r = 572 )(|0-3
DAB
hg, = he = 572 XI5> L 206xi
RT 33Ux [45+ 273]

Na=Ua [R-B) = 206xiS [73.98Y ~ 1.598, 6~ bl
m*.s

mossirons rafe = Hur x Frem = 203 xlox [ 598 %16 = 329 ¢l6 " Umol
B



EXAMPLE 7.3-4. Mass Transfer of a Liquid in a Packed Bed
Pure water at 26.1°C flows at the rate of 5.514 x 10 7 m?/s through a
packed bed of benzoic acid spheres having a3 dame =35 mm. The
total surface area of the spheres in the bed\: 001198 m? anf the void
fraction is 0.436. The tower diameter 1§ 0.0667 ity of benzoic
acid in water is 2.948 x 1072 kg mol/m°.
(a) Predict the mass-transfer coefficient k.. Compare with the experi-
mental value of4.665 x 10™° m/s by Wilson and Geankoplis (W1).
(b) Usingthe expenmenta] value of k_, predict the outlet conccntratlon
of benzoic acid in the water.

& Facked Bed
waker 26.1c° @ = 5504 xlo /s
Benzoic Acid Sfileres 0=6%72 x|0-3m A = 0.01193 M?

€= 0.0667 M Solibilﬂj =2 MB XIS mol /m>
P(OPeﬁl‘E’S oﬁ L\)Qh?r ok 26.1¢® 5 294.1k
M: BT X (O
L 997 lﬁj/ms
Re = Dﬂ_
M
_@_ Ueloa\j _s b.HMx o™ m’|
f 3 |‘ﬂ" [00667]
= |58 x|0_ m/3
Re = 6376xI07°x 997 x [53x07" = 115
.‘23'.7)<|0"(I
APE 29 S . A E ARl
Z oo | et ot
Sc=M
YD

Dng lec| Table 6315y Dap=(20xI0 m*/s  of 2a3k

DAB (o 2000) = ). 2 X107 x ;c?:\ = |.2] xlo~} m%/s.




Se= B7Tx0° o = TI85
Qa7 x 1.2\ x10

Yo o FrxxC x Z

oot Ua

Re” = 0.0016-55 . _ L9 @

Sc = 168-70 600 Jo =~ Re

Re™ = S1SMN R 0.250- - s
-2/3

dp =109 (18]  _ 2177
0.U%6 |

2/3

Tp= ke [
V =

EXAMPLE 7.4-1. Mass Transfer from Air Bubbles in Fermentation
Calculate the maximum rate of absorption of O, in a fermenter from air
~'bubbles at 1 atm abs pressure having diameters of 100 gm at 37°C into
water having a zero concentration of dissolved O,. The solubility of O,
from air in water at 37°Cis 2.26 x 1077 gmolO,/cm’ liquid or2.26 x 10™*
kg mol O,/m?. The diffusivity of O, in water at 37°C is 3.25 x 1072 m?/s.
Agitation 1s used to produce the air bubbles.
CAPSIIICI VIAUE = VOV v A Y

o,
Il

l J(Ci“C )‘(C,-*®
NAAzAkC. A Al A A-...

Cai =™ Cuay

D

Na A = Q C a2 -Cal)
NaA = 5.514x6” 'x( Caz - 294xi6?)

NAB = 0.0llqR x 44807 (2.94x16%=0) - (2 MBxiS™- 2 )

In 2.94xi6°-0
2 MBxe - Gt

Cy = 2.342 110~ kool /ir?



EXAMPLE 7.4-1. Mass Transfer from Air Bubbles in Fermentation
Calculate the maximum rate of absorption of O, in a fermenter from air
~'bubbles at 1 atm abs pressure having diameters of 100 gm at 37°C into
water having a zero concentration of dissolved O,. The solubility of O,
from air in water at 37°Cis 2.26 x 1077 gmolO,/cm’ liquid or2.26 x 10™*
kg mol O,/m3. The diffusivity of O, in water at 37°C is 3.25 x 10™°% m?/s.
Agitation is used to produce the air bubbles.

¥ Bubbles
D = JooxiS ‘m
S= 2.26x|0—‘;,\3¢ml/ "
Dap = 325 x 107 m*/s

7 0a

R waker ak (37+273] = 9% kg/m’ Phic = (.13 g /m?
Muwdec ok [30] = ¢35 xl0°¢ N.s/m?

Sc = Mc 635 xl07° L= 205
D 99%¢3.25 x 1O

(E A

o Lot ke
2D 45 A 1
K, = A8y 031Ng | —PEed
D, pe
t J | J
Y Y . S

the molecular free fall or rise of the sphere |00 X lo_ 4 0.6 xlo
diffusion term by gravitational forces

BP = R-W = 99).37

T -2/3 N \/
K- 2x325x107 ; 03l x 219 ["\‘\\.‘87 x 699 x10 sx‘T-%] :
(00 \/\0‘6 qqu

L{L _219 x0T /s
a\l“ul'e So\ud'm V:L =kL

No= W, (Cm-an)
2990 xlo"x [ 2.%xl0 —o) = 5.1%2x10 *umdl0s

S.m?
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1
Gra—e-t:%u .
| arbolie N » The total flux in a packed bed,
_ o~ (Cai = cap) = (cai — Ca2)
|| 2 parabolic flow™ rodlike flow _ 1 Ai Al - Ai A2
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Leveque equation ey
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o Mechanism heat = momertum = mass

® h o ¢ = ke > Sty = Stm
Volp 2 Voo
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7.3-2. Mass Transfer from a Pipe Wall. Pure water at 26.1°C is flowing at a velocity of
0.0305 m/s in a tube having an inside diameter of 6.35 mm. The tube is 1.829 m
long with the last 1.22 m having the walls coated with benzoic acid. Assuming
that the velocity profile is fully developed, calculate the average concentration of
benzoic acid at the outlet. Use the physical property data of Example 7.3-2.
[Hint: First calculate the Reynolds number Duvp/u. Then calculate Ng. N,
(D/L)=/4), which is the same as W/D ,zpL.]

Ans. (¢, — ¢ o)/(Cqi — C40) = 0.0744,¢c, = 2.193 x 10 kg mol/m°

M-8 xS frs n:hsgglixlg@)
chart g—Ns Ul
P = aq6 \g o’ ~(——>> e .
.22 m - B
Daw = L 245x(0" ' 0/s & ol sl Lo

d=0.6234% kgmol/ m’

ORe - »VD = 946x 0.03hx 6.35x5 = 2215
v &\ x[o™M

@ Sc= M = Blxlo" _ 7024
2P T Mexc T x 996

Figure 7.3-2: Mass transfer from the inner walls of a pipe to gases Re < 2100 and 0.5 <S¢ < 3.0
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Pab

Pai

pA'

* Liper eq,

Pai = Hoeai
H- O - P*
C*- Cop
H = Pi - PH*
Cai-CeB

Pog - Pa* = (Pai - Py J+ [ Pr — Pl

Ne = W M2 Ma

KG kL lAa
| _ {
RS

%

Ma = Kg (Pg-Pg )

Png - B
i
[]%_ T \Kal

Mg = bBis- HCp, %

(4 + 7

The fractional resistance offered by the gas-phase

resistance offered by the gas-phase I/k,
total resistance of the two phases ~ 1/K y

The fractional mass transfer offered by the liquid-phase

resistance offered by the liquid-phase ~ m'/k,

total resistance of the two phases — 1/K,




In an experimental study of the absorption of ammonia
by water in a wetted-wall column, the value of overall mass transfer coefficient,
Kg was found to be 2.75 x 10° kmol/m?-s-kPa. At one point in the column, the
composition of the gas and liquid phases were 8.0 and 0.115 mole% NHs,,
respectively. The temperature was 300K and the total pressure was 1 atm.
Eighty five % of the total resistance to mass transfer was found to be in the gas
phase. At 300 K, Ammonia —water solutions follows Henry's law upto 5 mole%
ammonia in the liquid, with m = 1.64 when the total pressure is 1 atm. Calculate
the individual film coefficients and the interfacial concentrations. Interfacial

concentrations lie on the equilibrium line.

Ime= 3%
Xap = 0. \5 /% Utm Xop
5% over allR = GR ¥ = Lay Lol xi67)
M led y* = o.1896 xlo”
ha= 275 xl6° o = Uy [96e-4* )
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k= 23x10° owral

1 x 685 = 1 _
ky ky 2.8 x16- 33x15" [31b2 Jur)
A - 3357 Yai = 001362
Y
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XH['-’-' 3.3)('0-
om0
W W
| = __lﬂ. + A

2._'}';6 ,J([o-‘1 At 3:3xlo

ky = 29 x |o"3 (ko) / .5




EXAMPLE 104-1. Interface Compositions in Interphase Mass Transfer
The solute A is being absorbed from a gas mixture of A and B in a
wetted-wall tower with the liquid flowing as a film downward along the wall.
At a certain point in the tower the bulk gas concentration y ,; = 0.380 mol
fraction and the bulk liquid concentration is x,, = 0.100. The tower is
operating at 298 K and 1.013 x 10° Pa and the equilibrium data are as
follows:

x.& y.‘ xd yfl

0 0 0.20 0.131
0.05 0.022 0.25 0.187
0.10 0.052 0.30 0.265
0.15 0.087 0.35 0.385

The solute 4 diffuses through stagnant B in the gas phase and then through
a nondiffusing liquid.

Using correlations for dilute solutions in wetted-wall towers, the
film mass-transfer coefficient for 4 in the gas phase is predicted as k: =
1.465 x 107 kg mol A/s- m? - mol frac (1.08 Ib mol/h - ft? - mol frac) and for
the liquid phase as k! = 1.967 x 107> kg mol A/s-m?-mol_frac (1.45 Ib
mol/h- ft? - mol frac). Calculate the interface concentrations @anand
the flux N .

0.45 .
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