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Mass Transfer
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Three Mass Transfer Mechanisms
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(2) random macroscopic fluid motion °l| £} 3k
eddy (turbulent) diffusion

(3) bulk flow X convection
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iving force for molecular diffusi

£* Difference of concentration
— Ordinary diffusion

£ Difference of pressure
— Pressure diffusion

£ Difference of temperature
— Thermal diffusion

£* Difference of external force field
— Forced diffusion



STEADY-STATE
ORDINARY MOLECULAR DIFFUSION
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=lckes _aw off Diffitision
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=Ick’s IL_aw of Dififusion

d

In,= ~Das 72 (3-3)
d

JB; = —DBA‘B% (3-4)

molar flux A 2 molar flux B+ vltj H}-sko| T},



=Ick’s IL_aw of Dififusion

2 yFoze] BFES 23
FF 2 AuF A2] 5=l
ordinary molecular (..,_x].:q:]-x]._,,]_ dlt)] ulskol)
diffusion o ¢ g A 9
molar flux /
dc A
JA; = —Dg e (3-3)
‘ V4

B 94 A2 mutual
diffusion coefficient

Diffusion coefficient = Diffusivity = Mass diffusivity



=Ick’s IL_aw of Dififusion

dc
JAZ = =Dxp 7:‘
dx
JA = _CDAB .d_ZA (3-5)

TR okl BA 2 & AL 93 AA
c = total molar concentration

x; = species i ¢ mole fraction °|t}.
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(1) molar flux NV 3}
(2) diffusion flux J 9l 7] &% 51 9t}

=329 molar average velocity, v, — Z*]= 3}
¥ (stationary coordinate) & 7|22 SAE Aol
o, binary mixture®] A= o} o2 Fo] A}

N Na+ Npg

U = ‘E = > (3-6)




Eq (3-6)3 (3-7)= ZRAIZIHA x;=c,/c & *&
st twol "o

Um = XaUa + XBUg (3-8)

vy = at Ny VaCa Vi =V, X, +V,X
M c - B = VX T VpXp




Species diffusion velocity viy

Species diffusion velocity v;, — Diffusion flux J; £
e g AHelxlm molar average velocity vy, °l| 23 o]

o},

Species velocity & mixture ¢ molar average
velocityZFe] == A 9] =},

species diffusion velocity V;_

J:
V; = - = Vi — Upm (3-9)
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species velocity \

mixture 2] molar average velocity

mol  mol




2359 net movement7} JHFH FHAGTAIE
< " molar average velocity v, = reference
2 AE3= A By stationary coordinates 7}
Az =, a4, Eq (3-9)F ¥¥ total species
velocity—

V;=Upy T U,jD (3-10)
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Eq (3-7)3 (3-10)= A¥A1714 (3-11)°] "¢}

bulk flow ordinary molecular diffusion flux



Molar flux of A

n dx
NA = 2 = xAN— CDAB (F‘::)

Molar flux of B




Two limiting cases (Idealization):

1. Equimolar counterdiffusion (EMD)

%6~

2. Unimolecular diffusion (UMD)
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Equimolar counter diffusion(EMD) 9| A+
A%} B2 molar flux+= 73z 4vl-skal gl o] ),

N=Np+Ng=0 (3-14)

na dxa n dx
NA=Z=xAN_CDAB (d_Z) NB =ZB=XBN_CDBA (Ef)

w2l Eq (3-12)%} (3-13) .2 B-H
diffusion fluxX% 73z wl-skual vl o] i
JA=—CDABc;izA JA — _JB (3'15)
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Eq (3-12)¢} (3-13) 94 ¥ molecular

diffusion °]£]¢] flux 7} 9= W I3 2t}
dxA
Nao=Ja= —cDap Az (3-16)
dx
NB — JB = _CDBA (d_;) (3'17)
Y 3 5%, YT L7 QY 2, 7 2, Aol
o 31+ stagnant filme| ¢ €A EF&°] 43
Al §x) Hoha,



Eq (3-16) & (3-17)& 7,914 z, 3 z, A}l 2] &
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Fig 3.1
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Figure 3.1 Concentration profiles for limiting cases of ordinary molecular diffu-
sion in binary mixtures across a stagnant film: (a) equimolar counterdiffusion

(EMD); (b) unimolecular diffusion (UMD).



t]=Zo|, filmAHdk] Z* c 7} constante]”7] &<l
A7) A g

C=Cpa T Cpg (3-20)
dc =0 =dcp + dcg (3-21)

dCA S _dCB (3-22)



d dc
-;ﬁ ] =—Dg _d-_B JA = —JB dCA = _dCB

Eq (3 3), (3-4), (3-15)9%} (3-22)% HH,

Dap B Dga
dz dz

(3-23)

ol:‘l, :]_E]]k] DAB =DBA 0]1:]-.

o
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d wje] o] A EAIA

(constant molar density)
A A=Y,



nimolecular Diffusion (UMD

Unimolecular diffusion (UMD) A= AE A9
=3AAGe] (AR A& B & E3l) € dr}.
ho =2 ==

NB =( (3-24)

N = Ny4 (3-25)



N=NA

n dxa
NA=XA=XAN CDA (dZ)

Eq (3-12)=

dx A
dz

7} ]2, o] 2] Fick’s law form< t}&-3} 72+,

NA = xANA - CDAB (3'26)

cDap dxa
= — 3-27
NA (1 _ xA) dZ ( )

(1-x,) = bulk flow &2 7Feksar 9},



A7} 3= 231594 bulk flow effect = &
sk gl 3lAY Zo, a8y A7 E Y 5 5

+ bulk flow effectZ7} Al & 5+ o

Ay
(i,
o,

& 541 A 9 Be equimolar mixture®l] A=
(1-x,)= 0.5 7} 2=, A4 molar mass
transfer flux+ ordinary molecular diffusion
fluxe| + wjo|t}.
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quasi-steady-state &7 ujol], & A o] 9= uj,

18]35 constant molar densitye]™ Eq (3-27)

= HAe NA=—(ICD*‘B)‘%
— Xa Z

J’ dy = _CDAB X dxA
zZ= n 1— 2 (3-30)
o) 53, A E Fol
. CDAB 1 - XA
NA_Z—ZI In (1 "“IAl) (3'31)
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o3} 2.

Na(z — Zl)] (3-32)

CDAB

xAzl—(l—xA1)exp[

Fig 3.1b oA & 5 = AXH, & &5°| AT
w24 8]A3 A (nonlinear) ©]t}.

__CDap_dxa
(1—xa) dz

Mole fraction, x

Fig 3.1b




Eq (3-31) Bt} 27] HE g alternative form
2 log mean®] Aoz RE L3 & ). z=7,
N4 Eq (3-31)2 th=o] =t}

(3-33)

o] 4| stagnant layer?] o & L4 2] (1-x,) ¢
log mean (LM)< o} 2] (3-34)*¢ X},

(]. — XAZ) — (1 — xAl) xAl — XA2
In[(1 — xa)/(1 —xa)] In[(1 — xa)/(1 = xa)]
(3-34)

(1 - xA)LM =



Eq (3-33) 3} (3-34)8 2 the] Dk




Diffusion Coefficient in Gas Mixture

0.001437"7°

P )+ (5 )

DAB — DBA —

2
]2 [cm” /5] (3-36)

2

M .. =
B M )+ M)

Y, =HA e a2 AR5 9] §F (Table3.1)

@ D,z lcm?/s], Platm], 7T1K]



Diffusion Coefficient in Liquid Mixture

Stokes-Einstein Equation

2 A9 =7} 10mole%7}A] A|gks.



Diffusion Coefficient in Liquid Mixture

Diffusion Coefficient in Water

7.4x10°% (g, M, )" T
D,y = ( 05 5 (3-39)

@ D,plcm?2/s], ug [cP]1, TIK]1, v, [cm3/moll,
d5=2.6 for water (association factor)

2 A9 %7} 10mole%7FA] Algk=.



Diffusion Coefficient in Liquid Mixture

Diffusion Coefficient in non-agqueous mixture

/2
T1.29 PO.S /PO.S
_ -8 B A
(D )., =1.55%10 Eﬁ’-”v“” )l (3-42)
B B

@ v e84 =S g AE A

@ P=vol4=parachor [cm3g!/4/s/2mol]

@ o [g/s2lldyne/cml, 7IK], v [cm3/moll

¢ S]e] Ax = 30cP °|3}

& F714 A E e, ko] ol & A= Ao
o|FAE P, v, 3] F W E t}Fof A of g},

@ F5A7] €3S (monohydroxy alcohol) el A 2] v 54 £-4
o i3 A P9 v,3F 8upZt w3l A oF 3l o] uf] HE9] 9+ cP.



Diffusion Coefficient in Solid

Diffusion Coefficient in Porous Solid

Deg
Dy = (3-55)
@ D= AAEAA
B ¢ = 32A BE 7|3 E (fractional porosity)~0.5
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ONE-DIMENSIONAL STEADY-STATE
AND UNSTEADY-STATE MOLECULAR DIFFUSION

(3-60)

dCA
dz



A A e (Steady State)

Al
~

(geometry) o] W3] HE =L

=9} §Abs}T:

A8, 12d Akl A

(3-61)




(2) W+

A7 1,3 0% A7 r,g 2 S0 A7F
ol 4] Hk7) B

Fako 2 Uprhs ghake] tfsted
DAB(CAI - CAZ)
In(ry/ry)

Ca. — Ca
Na = DABALM( r; = 2) (3'63)

na = 2wlL

o714, L=%F3Ae] Z9]
A =13 o0l A WA 2 0L WS A




(3) W+

A& °F

A7 1,3 9% A7 e 79 A LA %
ko 2 Urhe Habel tiste]

@

4mrir, DAB(CAl - CAZ)

_ (3-64)
A = r — "

CAI — CaA
A = DABAGM( —— 2) (3'65)

Ay =113 10048 1A 4rr,2] 7547



v) A AFAHE] (Unsteady state)
= —DagA (‘ZC;) (3-60)
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Fig. 3.5

Flow in Accumulation Flow out
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Figure 3.5 Unsteady-state diffusion through a differential vol-
ume A dz.
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o) {13, 4720 o &3} o] M},

1219 EH4ke) A% Fickel A 2 3

(3-71)

7 2 2
aca d“Ca N d°Ca : 5, CA) (3.72)
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Semi-infinite Medium

One-dimensional diffusion
nto a semi-infinite medium

Voo

< Direction of
diffusiaon

aCA_ 62CA

— =Dap—

ot 977
LC. @ att=0,C,=C,

B.C. 1. atx=0,C, =C,_
BC. 2: atx=0,C, =C,

CA — Ca,

Z
= erfc ( )
CA, — Ca, 2V D gt

Conduction into a plate
of infinite thickness

y
U
s

}—> X (direction of heat flow)
Ot 0t
— = >
06 Ox

I.C. : at0=0,t=t¢,

B.C.1: atx=0,t=t,
B.C.2: atx =oo,t=t,

t —t
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x=2z/2D gt

__ dca CA A __Z 3-77
A DABA ( aZ )Z=0 B DABA ( V ‘TI'DABI) exp ( 4DABt) =0 ( )
nAlz=0 - 1;]3 1‘1((71;\&T = CAa) (3-78)
ot -1 |
=—kA—| =-kA4 t.—t,)=.,—A(, —t,)pC
qs x=0 @X o (mj( s O) 72_9 ( S 0)10 p

t D
Na = L"A|z=0df= \ ,:B

A(CAS - CAo) j:) % = 2A(CAS - CAo) Dast (3_79)

™



= TA(CAS - CA.:) , E (3'79)
= 2A(ca, -~ ca) || 222!

qS__ @ _ —1 _ . ’\/kpcp .
A_ kaXx_O_ (Wj(ts to)_[ \/E ](ts to)
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Figure 3.9 Average concentrations for unsteady-state diffu-

sion. [Adapted from R.E. Treybal, Mass-Transfer Operations,
3rd ed., McGraw-Hill, New York (1980).]



Mass Transfer Coefficient
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Fig. 3.14
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Fig 3.14 LLaminar boundary layer development across a flat plate



Boundary-Layer Flow on a Flat Plate

Nsn = 0.664 NK2 NL3

avg

Lk, p

avg _
j\fShmf = NSc _
. Dag

d./8 = 1/N§?

Nu_ = 0.664 (Re,)"* Pr'”



Fig. 3.15
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Figure 3.15 Buildup of a laminar-velocity boundary layer for flow in a straight,

circular tube.



Fully Developed Flow in a Straight, Circular Tube

Ng, = kD = 1.077 [ Nrew ]”3 for N, /(x/D)>100
* Dap (x/D) e
Ny, =3.66 for N, /(x/D)<4
Nu=1.62Re'"" Prm-(%jm forLIL (Gz220)  NPew ™ ﬁ:‘;
Nu, =3.66 for x = (Gz < 20)
0.0668[Ne., /(x/D)]
Nsn,, = 360 % 100 04 Nee I GID) PP
Nu =3.66+ 1+06(.)()6: 552/3 G = DEZZi ttrr%;:z‘zrr by comectio

Gz=Re-Pr-— = Pe-—
L L



Fig. 3.16
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Figure 3.16 Limiting and general solutions for mass transfer to a fluid in laminar
flow in a straight, circular tube.



Analogy between Momentum Transfer and Heat Transfer

Stanton number

Reynolds : St :g (23-4)
Prandtl-Taylor : gt — f/2 (23-25)
1454 f/2-(Pr=1)

von Karman : St f/2 (23-26)

145472 -Pr—1+1In[(1+5Pr)/6])

Colburn : Stzgpr% (23-27)

,:]= Supercritical Fluid Process Lab



Analogy between Momentum Transfer and Mass Transfer

Stanton number

Reynolds : St :g

Prandtl-Taylor : gt - (//2) (33-25)
1451 /2-(Sc—1)

von Karman : St (f/2) (33-26)
1+54 f/2-{Sc—1+1In[(1+5Sc)/ 6]}

Colburn: St= % Sc~*? (33-28)

,:]= Supercritical Fluid Process Lab



MASS TRANSFER IN TURBULENT FLOW

Revnolds Analoay

i_—-_ h =£E N kc_kcp
3 o T W= TG

Chilton-Colburn analogy

K.p
G

; : h :
M= % (Np,)*° = jp = (Nsc)??

=]H: GCP

Prandtl analogy

fI2
1 + 5VfI2(Ns. — 1)

NStM =



1.4 DE 2+ 2 URE $ 38
= ju = jp = 0.023(Nge)~ e
for 10,000 < Ng. = DG/p. < 1,000,000

0.8
St = iSc‘” Sy Sh= =o.023[D ol [ H
2 M D zp

(3-166)

033
j =0.023Re"® Sc*

AB

LD D 0.8 C 0.33
Nu=—— :()_()23( u,p ( P'uj —0.023 Reo.s Pro.33
k U k

2. 7o) L& 2 ARe AUE 520 thg JF o] EA|5

jm = ju = jp = 0.037(Ng.)™** (3-167)
for 5 X 105 < Ng, = Lugp/p < 5 X 10°
3. 44D 2 A5l 299 BSe) hE FToI A%,

(jM)skin friction — jH — jD == O~193(NR3)_0'382 3-168
for 4,000 < Ng. < 40,000 (3-168)



(jM)skin friction = JH = Jp = 0'0266(NRe)_0'195
for 40,000 < Ng. < 250,000 (3- 169)

(.’.M)skin friction — jH = jD = O,37(NRC)“0-4

3-170
f0r20<NRe=%q<100000 ( )

2 g 2 FYYAR 35 AvE 35

9% 27 D,
o gk Aol FA S

2 o

ju =Jjp = 1.17(Nge) "

for 10 < Nge =



Fig. 3.17
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Figure 3.17 Chilton-Colburn j-factor correlations.



Convection/Mass transfer from Spheres@

Froessling Equation

hD C 1/3 D 1/2
Nu="2 —20+06 =22 Yl | 0412
k k
/ A

Heat transfer by conduction in an infinite stagnant medium

Mass transfer from Spheres

k D 1/3 D 1/2
Sh = Ze :2.0+O.6[ K ] ( “oP j (34-13)
DAB pDAB

,:]= Supercritical Fluid Process Lab



MODELS FOR MASS TRANSFER
AT A FLUID-FLUID INTERFACE

7Ja}lo] & (Film Theory)
Z o] & (Penetration Theory)
X 7 Alo] & (Surface Renewal Theory)

A9 -HF o] E(Film-Penetration Theory)



TWO-FILM THEORY AND OVERALL

MASS TRANSFER COEFFICIENTS

F3)t
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ALz Add T e A

Al 3T

o F =), 192339

270S) §AFe] A




Gas-Liquid Case

A7} 714l A A& A Garo 2 sHe A
B2 A LS A7) B A},

ad 3. 21(a) o A= A3 o] ebZ 71A Aero] A

o] 3LZ o] Q)1 9k A Aulo] T}E Zo 9o
7 Zubg 59 ¥ gl Aulste ARkekw 7HA
ol = AT
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TWO-FILM THEORY

(A — CAb)

(Halk,) + (1/k.)

Na=KL(cA —ca,) =

Gas | Gas | Liquid |  Liquid PA,
phase | film | film | phase
PA, - | Gas Liquid
i\ | phase phase
el
| ca; | °A;
| |
| I
| ] CAb CAp
Transport > Transport >

(a) (b)

Figure 3.21 Concentration gradients for two-resistance theory: (a) film theory; (b) more realis-
tic gradients.



SUMMARY

L. 2949 EFE WA & JEol 85
FdGelA F=7t & 4oz AF AHS
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2)
=G flux

13

Ficke A 1 4
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g3kl o]
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. s RAAGY F FEI 2 =AU A
(equimolar counter diffusion, EMD) 3%}
i Ll el ’E}(unimolecular diffusion,

UMD) °]11]- %3 Z]- L zAA F =
Aol 3, Tl 225 S EH7} 5 of of
Fige



4. 2% Az} 9L Wl 71A EFE} A
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