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Chemical Reaction Engineerina
Chapter 14 - Mmass 4ransfer Kmitakions

N reacking syusterms
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+em F:eru'rur‘e
+ransfer bectweern bulk €luid
and +Hhe ca’ra(\tjl-ic, surface

Mass 4ranster - A'md process in
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Diusion Fundamentals

Molar flux with no difusion

Ac Ae,
mo\ mol "? ‘
m-s ;5 = m=
wniform
Faz: T ar a gwen ¥ _, Pl €low

Cxoss seckiorn assumpion

= Need +o oleUelop mole balagnce
Hhat- incorporates koth difusion
and reacHon .

Difusion Spontaneous im\-enmin%ling
. ' or mixina of aloms
or molecules loy random +thernmal

mMmotton . :
= Gives e 1 YO motion of&
species relakve o moHon of
mMickune.

=% From regions of high conc. to
mgions ofF low conc.

= s

k In absence. of
otner gmdieni-s
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2> Difusion results in a molar
flux of +he species (A), YW,
(moles/area Kme) , in the
direction of ine concoentration
gradient

W = iWa, + §Way + kW,

L reciamn. alar
o~orditrabes .

Mole balance in rectangular (p-odinate
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289 Wax|y — Az hy Wil

b bxbybz = aAxayszadCh 6
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In wlindrical co-ordinates

-4 A (rw —OWaz cq = 9Ca
c a.rL Av) . e e —&

Molar Hux

Jp © Molecular diffusion €lux
felotHve 4o bulk mokon
of fluid due +o conc.
gradient-

Ba : Flux reaulh'ng fom
bulk moVon of £luid

VYA

Wa =:rp..'|'BA __@

Tova\ €lux of

Ba= yal z“t)f all molecules
L mole Gacklon of A
Wa = Ja*% Ya = Wi =)

or A —® (*wo component sysiem)
Wi = Ta + Yo (WatWe)




-

Wa 2 s w.r-t fixed w-ondinate system
N = wnc ot A « parhide veloc.ﬂ-j

of A,Va

Wa =Pp Gs parficle velocity:

™ ol Lis B mo) Vector avg - of
s S m> mi\lions of male-

5imi\qrt\j wiles of 4 o
we = UBC@ a gwen point
g Bp = Ypa 22U ) ;. C=TY(;

e = Cp.. U q = BLC
z YU = U

Wp = Jp+Ca U _ molar ‘*{3' vel

Rck's  Firsd \aw
% How malar diffusive €lux s
related +o tonc. tarudien{-

Fouriel’s law (Hhermal  conduchion)
OL,:"'\"‘E v¥ L‘t : thermal Condud’nl\'b

V=t9 _,:9d
ax"".-jgg"\' E




—_— = 220

J For mass transfer . Fck's law

Ja = -DaaVCy —&
Dea: Diffusivity of " ine (™7/s)
Comb‘m‘ma © ond @
Wa = =DagVCp + Cu U
v one dimension, .
Woo = —bﬂ—géd—c'_a_ 1+ Ca Uy

Rinary diffusion

—> Most systems have aore vhan

WO compoments
(N Analysis i complicated

—= Can be -simp\fGec,\ nfto binqn_._)
SYstern —» cach species  diffuses
toough  andther single species

— e e chve diG&s‘w{l-U_,




Evclu.,anq molar £lux
- A diéﬁ.!sing in B
Wa = ~DagUla + YalWa+Wg)

® Equimolar counter diffusion (Emcpd
L Wa b wal

el

= -W

W a 8 0rtc —co,

Wa = Ja = ~DaeVCa VzzzzzeZn
Carbon

@ Species A diffusing +through Stagnank
species B ((Wgq =0)

L"' Solid bounddr:j wih  adjacent
S‘ruanqn‘\' #uid \Qaer‘

Wa = Ja*+YaWq

Ja — - Dee VCa
\ =%a \-Ye
Wy = —Bags Vin (1—-44)
@A Bulk fow of A > molecular Aifusion
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(B Knudsen diCfusion :

Occurs  (©  pPorous Cata lds-\- where

Aiust ng molecule collides

maore

often wih catlyst  walls / pore
walls +than with each other

Wp,.: Tﬂ ‘:--_@\L vcﬂ

Knudsen diQﬂs\'vﬂU .

Diffusion and convechwe “+ranspo(t

Yaz = Waz Ac

t (.
molar low molar Cross -~

rate. of A 0 €lux 19 secHonal
Z dir . z

Waz = "Qﬁz -————-a;; + Cq 02.

z

avea. normal o How

Faz = Wa, fe = [‘S)ﬁz,éo%ﬁ e Cauzlﬂ‘c_ &)

C’Sim'\lqr expressions for Fay and Fax -
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SubsH*-ana T8 equaHon @

f
i D — [ o°Ca aQCA a’JCA7 Ux 2Cn 3C¢ u\'j 2Cn ~0,9G
| 322 oY= oz> | au Iz

+ ¥ = ac‘“_
" ot

N one dmension :

r E—DAE, d*Ca "'UZ'éC_Q +rﬁ=écﬁ )
j oz2* oz ot

Need bound aﬂj conditons ‘o so\lve

eq. (@

Boundqrq conditons :

- Conc. at : boundqrti .
@ z=0 Ca = Coan
— For instamtaneous reactons, Cas=0

Conc. of reactant S
at- boundcxnd.

| @z=L dC_o ;, cg "
dz

Dankwertks \ooqnéqr\gj conditon .




. toa T P FSCHS S S

) SPedG:‘L flux at bounera

@ No moss transfer o boundqy&

W =0
> ..1 wWall of non-
reackn Pipe_
dla _o @ r=R 9

ol
() mdar flux = rate of reackon
to sufeice ok “p-—
W, = —Cn
A \su(f-‘uce - A ‘ surface,
(¢) molar flux = conveckve +rnms‘::or\—
+o boundc\vd OLIDSS boundqr:j
layer

W‘“‘bouﬂdqfﬂ = kc CCak- Cﬂs)

3

mass transfer bulk Surtace
Coefhicient conc. <conc.

@ Planes of symmetry

Cqlr) |
dcﬁ =0 Q =0 *.EE:—--—— =o
4 sarrmd-n'c.

ar
‘longc.-
Peiile
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For tubular vreacior eq-@ becoEs

dbs _ A (AcWp
WS cWaz) dWaz _ Ca ~@
Adlhc2) dz

Tempemture and pressure dependence
of Dae '

—» Predick g gas Aasi VHB
Fuller s correlation
— Dot 0 Per ry's handbook

order of

| g T&P dependence
. Phase /s ovfs
' o c |. 75
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Steps  io model\inq Affusion o
a  reacking suface

= Ditfusion of Species +hrough
S{-cxar\o;f\‘- &lm ia which N>
reackon fakes place.

=2 A reads frxsfam%qn&oustj wupon
reaching 4he surface s =O

=2 Rate of diffusion rate  of
-i-hmu%h stagnant = reactH{on on
Simn +the suface.

S'l'e_e‘&:
Fectorm dierential mole oalance

- Equah'_on for Waz
RePchce Waz by aPProPr\'cﬂ-e eypression
for conc. gradient

@

@
@ SHate baundqr:j conditions
@

Solve for conc. pmﬁ'le

B sowe for molar Elux




Difusion —Hnmu%h A s’ra%(\an’r £im

bnun:hg
layer

Catalyst pellet

rohile

Eﬂ C\'lvanede.l

— Flow past o. =ingle Ca’fa\&h‘c-
_pe\\e\-

—= (ecackorn takes P\ace cm‘:! on
external catalyst sarface ard

notr i flud Surro\.mdins it

bﬂdmd:jncmic. boundary lager : distance
from solid mb\ied- o where +he
Huid Ve,loc_i‘hj s AQ% of the bulk
Veloc_;'i-ﬂ OUs

mass  tansfer boundary lagyer : distance

ar whicdn conc- of df@f-‘us{ns
Species (> QA% of the bulk

Concenration .
—rleotly o\l dhe resistonca = RL




—= Assume Huid laaa.r next 4o <olid
as stagnamt GHlm Chnpoiheh'ca\) of
tHhickness <

—— We can not messue &

— A\ He resishance to meass
ransfer s wWwhin the &l

—= properties ot +4he outer edge
OF +he il are identical ‘o
+hose of bulk fAuid .

For  Flm thickness << radivs of peller

— curvature effects can be

neglected
—= problem reduces o 1D difusion

2=&

Cao
Y

- Fwi \Cas

i G I BT T 7 M

In — out + generalion = Accumulakion




diuic\ina b:] Az and -b.k\‘ng L it

oS Az — O

dWaz - o —®
adz

For diffusion i‘hr‘ouah stagnant &lw
ad dilute concentrations |

—JA B 3"\ CWA“'WQ)

Waz = =Daed&r ... oo for
Z_

@ becomes

._O‘QCP’ = BCs -
dlﬁ' y %:Cﬂs
e qrating twoice z2=85 & =Cats
Chr= %z + k, ¥ Cpg = ko
enb‘CAs) =k,

: Subs-lrﬂ-anS BC ¢

Cﬁ- = C,qs-\. (Cgb" CﬁS)% ...____@

Cas o o Z/&



Surface Flux

d
an]; _®A3_dg_:

e %ﬁ- [ -G | — @

A steady state
Flux of A — rate of reachion

‘o Hhe surfo o€ A on surface.

Mass transfer coeticent

| Varies avound
kc = gﬂ’-& +he sphere .

g e (Constde.r‘
mean +hicknesg

Waz= ke[ Cag- Casl —(3

Way = Flux = 9Arving force  _ [Caw - Cas]
resistance ( i/ kc_)

moass
transfer resshoance




Correlabons foc mass +ransfer

coefficient

— ¥For similar Seorne.kies_ +Hhe
heat Yransfer and mass transfer

correlaHons

_~.—kc

PR —

Nusselt’s ~Number
Nu = hdp
| le.e
Reynolds number

M

PrandHy Numbecr
Pr':

L e

are

an cxlosous .

ama‘ogou.s to M ( heat tanste,

coeficient )

E)U’CQC( Cor\\le_C{'!.Oﬂ —t —a\ Correlatred in Yermsg

of Nu, Re Pr

$Hh:hte Q_/m"s K)
W/m* k)

: Thermal ditfusive
“ ey
LA wscasn-j (g/ms )
P densfl"j ey /)
dp: diameter (m)
kt" Thermal conduoh'vflj

(3—/04 ms)
L. Hree

Stream vel- (m/s)

c, . nealr ca ClC-l""‘j
F (3/kg- )
YV kinemakc vdsasﬂy

S—— - -




Ranz - Marshall cerrelalion : heat trander
for flow around c._,‘:,he,re_

\ /3
Nu = 2 + 0.6 Re/lpr '"—'@

For sphere immersed in stagnont- Fluid
H\_g s =% Re =0

Ak hish Re (boundaftj lqtler s
skl laminar )

{
Nu = o .6 Rc—‘ya’ Prls

For mass transfec

Sy — Nu iS¢ —= Pr

Sherwood Number

QW — \»<c_dP ——— CorwvechJde mass “ransks
NDN’-L'; TrFusion vabe
Scdhhmidd Number
Seom momenitum diffusivity
Dara Mass c\\"@.;siu(hd




‘:vﬁss\\'nq Cocrelahon

V=2 \[3
Sh =2 + 06 Re Sc —,

. Mass transfor bt a single pavhide

|

f cons ider |[somerizabfon recachon

(@ _Ra[:t'd reachon on surface aF‘ cal-nlﬂsi-

A —= B N
Wammir
| - Ch = k( CAS / Hinshelkoood
. I + KACArs 4 KGCE):‘,

Ar- i, § [
igh +e_rnP Cwic;sor =

CKB.Css A Kﬁcﬁs) <« 4

boundary j
layer _ (.:rs = k, Chs

molar Aue _ xn rate
‘o surface  @surface W = -

o




Wha = K CCpp-Gas) = keCag —@®

e

Not measurahle

Y'ecl\(mnsina "

CAS == l‘c CA’b
ke t ke
WA .—=~T""5 e kl” kC. Ckb
kC. 4 kr
k, ke = kg « 4~ efchve
ket ke Pansport-
welHaent

—= Mass transter limialbon ke €4 k.
l«cﬁ, = ko

o -—
Wa = =Fas & W G

16 inwease reackion mbe
—> Inurase Cap, or k.
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Sh = 2+ O'é’Re,/z'Sc_/i5

For most+ lquids. s, is suffcently

larzde_
Y Y
Sty = Db Be Sp
k, = 06 mw, (Udp) (
Mo = —&
‘/5 cl T Ve
P"&suca.( 7 \ funchon of
properties of £lud Llow condibons
and Pcv/h'cle..
— - ale,Pe,nd on PET sl
£A6 o T 0SS 4
Y o T for gases (L/e.) ~2 = Al
d) decreases for l:‘quiAS Uy
.n.yPonenﬂ'a"d - doubuﬂﬂ the
Ve(ac.i-l-U inwaa-~
i =1y ses mass
% transter coed~

T e s

B e

v dp
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Slowo reacktion

ke_{_'F — kc kr l’\r LL kC.
ke tk,
_-'-Al\
A
"\ef% = kr‘
"W
WA = '—“rA = kfcﬁcb
may be affected by -
Particle size in Some coseg U
—.rt" JL - R
A 3 Ax low U
‘ " feadtion ~ Mass transter
: ’l \\m“’&d BL is lqrﬂq'
7 diffuston — difusion Hmits
-’_’// ‘imiw reACHon

(ad)™

— For $Hxed velac_ihj Mmass ~ransfer

\imttetdion can

be overtome bd usi:B

amalt Pﬂ(h’de_‘i — = \nueased AOF

—  When obluininﬂ

reaction rate dala one.

mMust aperul-o. at- sum“denﬂj lamae U oc

— No masS tansfer  limitatien

small _parl—i cles



Mass +tcansfer \imited reackons

in Pcacked bed

— H\‘sb ﬁmpe&ﬂn& eacktons

—— Suwace reackion s rapid

—> overall reackon rate is |imited lo:j
tHhe rate of tmnsfer of readant Gom
the bulk to 4#he surface

—— Mass 4ransfer limited reackions
behave / respond very dt&renﬂ:j o
changes in temperature and flow
conditions comfxlved o vate limited
reackons .

Comsider fallowi ng reactian
aA + bl — cC 4 4D

S—\—eac\ state mole balance

molar mc‘ﬂf‘ molar rake. ndar mbe. of
we 10 .-_( ot generation accumudation

H
z Z+DZ




fl : rate. of 3enemHaq per raol -
unit of c.q“-a'dh‘c surfece = m
area
Ac ' external surfoce ara of e
m3

CA"'all\.js'i— per unt+ volume.

of catalyst bed

vol- of sokd N surfae area,

Qe =
vol- of bed vol. of sokd
ac = t—-a>)[nd1= ]: c (-
Ap
® : bed PorD.SH-zj -1
alP = Pa(h‘de, diameter )
Ac ' cross sechonal area of M=

+ube conim'n‘m% ch\'nl-.ds

Dividing @) by &z and taking limit as
Az — ©

L} |
'--_'._OLF_"Z-.-q-rgQC =0 ——@
Ac Az




— Expre.%.«_r.. FAz, and -f‘,{‘ in 4erms  of-
co ncen balkd o

5\2 - Wﬁz AC.
= CjAz. - th.) Ac

v almest all ]:’oc‘f-gck beds
Axial AlRsion

Jaz €< B,, °  can be neglected
J
Avffusion Bule How

Mes\e.c.HnS d_ifs?e.r‘s ion -
Faz = AcBay, = UG AL — (33
Vo Suf:-a(f'iu'a\ ve_lac..ihd

For corstont sut:erﬁ‘c.iq\ ve\oc.il:j eq. @
becomes

— u.d H
O —
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For reacHons at she.ad'\.j state.

molar flux of rale. of c\\‘sappmmnw.
A to the patr| = [ s A on the
idde guwface surface
" Wi,
-6 = W f
A = A —; (@8
r J‘F
- . Cﬁ's
_““l

"rA”= W= l‘*c C- CA5\>

ke: mass transfer ceefficient (=)

ke = Dae

S
Ca : Bulk conc- 0f A (mb\/m”)
Cas: Conce of A e:-.'_ surface Cmo/r\")'s)

s Eq.@ becomes

— g3 dCﬂ — kc CCA - CA,E,)GL_: (i
az

Imn  Mmost mass Fransfer limited reacdkions

Ca >> Go ( Surfce conc. is negligible
w-rt bulk conc )

S . _— - o ——— e e



. — 0 adG = k.ac CA
oz
lr\\-eeru‘-fns with ¥he timit

ar 2=-p ; Cp = Cp,

. exP(_kLac 2_) _ £

r—

Cro

Corfeq:on;:\iﬂg vartation in read~on
rate a\ons e lengtn

S L Y e Q_,LF( kac_)

Conversion at = _CAO =~ G
leagin Cao
E\Iq‘U..QHﬂs @ at - A o CAL- = |— 5
] 5]
| S T e.xp( ~keae L)
| Cao had
t—Xx (@ )




Z/‘_ 1o Z/L i-0

Ect of fowrmke on conversion

For flow 4nrough qu:ecl bed

gh' = 10 LRJ)VZSLZIS ... Thoenes and
Kramers
0.268 £ P £ 035
40 < Rs& < 4000
1 < Sc < 4000
Y

kede (& i - Odep | /M. )"?‘
L D W@ ¥ pC-e)Y | | Phae

P porositty dp= (£) vp2
{ : Shape fador




For constant flud Pmpe(ﬁes
and Pcwh'd_e_ Aiameters

T\ i /

T

uY%

In case of differentia\ reactor
CF—fxeal conc . Cpg)

\/a

-k e Gy o U

— As gas v’eloc.(i-j incraatses  reackon
becomes mte limited and is indepen~
dent of +he superfidal we_loq'l-a_.

Most mass transfer correlakions are
repoﬂed in +Yerms of +he Colburn J

factor as a fundion of Re
-0-4o
(p,:!h-a 04548 Re

< c‘l?:

T, = _Sh By

==

| - . . fo T'oc I:’oo .ioo*a
A:_rb..o‘?és‘*ozcs- Re.

O82 ©-38&
Ef: Re — - Pocked bed -



Payameter sensiHvii—a

(S 5)

case 1 : Series Ys parallel
5/
- Series armnsemm*- —» Mass ansfer

Vo, limiked reachion
5 — Current (onversiem
2 x= 1 X =0.86S

Yo/, ™ Can we sp

— Fa.rulle\ armnsm@—\\- Serm’l-e ‘he

+wo reesactors 2

lo wer ap
—Neglect effect of +emperuture. .

l“(‘ ):'.-. ﬁ'-_i‘E'_L
L —% )




i ErmMMM*C_D Undivided Stjs‘hem

\n ( J )‘: k_c.._..‘ Ac L, — (2
‘—xl U‘

X_‘ - 0'365.

| arfanqement

@ divided sysrem

In _.L_.) = K% |, il i
l-x2 O

“Taleing ratic of (b)) avd (W)

N P )
t X2 — 2 [\ v,
i T’:, L'l ) U').

.

LQ_:.__‘.L‘ /'Uz_;_;_:ut

e of LD = = k_t.z . Luz. Vo

(=) e B ()"

I



h—\( : =[ln (_l_) Vo = I- 4\ 4
U —Xxy l-0gs [\ ?*

—> Pivided arrangement has small
LHP

—  pbut conversion decreases Hom
o-B65 to O ¥6

Cose @  Increwmse +emPem+_ur~e for
inueo\sfng conveysion

Rule 6f 4humb . ReacHon rate doubles
A 16°c . The reoctionn rate can
be increased by a fackor of 2'° by
increosing rempembure from  400°C
Y 500 “c

—» \s +his correct O

= Mass transter ontrolled reackon

— Surface reackon rabres iIncrease more
Y‘Q.P\'d\\a Wikhn remponature  Gempared to
diffusion rutes o

3> \nuo_oua\'na ~\-empa:q¥-urc. will cmlj INurease_
‘e degﬂe&_ o which reacHon s
Mess  trunsfey  \imited .



Steravriot =V =400 °c X = O .65
Scenaro 2. T = 500 °c x

1\
)

f\< ',‘KJ _ kCz(Lz) o, _ kcz(U,J

\ ) kC.i
i s e

F“"o: gb‘ Po‘ ) — \90 LPOI
Ry, S

I

\€ P is constant

Yoy To, -, =T,

{

'bo_{umdmce. of kc. on '

™ $%‘
U (V- X
ko = (T\ ( v;) df:) Consh.
e y) -
\4c' 0, V2 g% +(3
== ...__..
B U\) -BP"QQ

ke,




oc gas phase :

s
Dpag AT

\/a -\

For — 773\—['2' \- 059
case (2) 673
\n( ! = 11059 \n(_ = \-059(2)
t = X2 { -0-85
= X = O-83%

— \nue_asina Hnhe meh&re_ fomm
4:OO°CL Yo S00'C \nCreases +he,

C_oNnve siaon ‘D‘j On\j C3FY%




