Fluid-fluid Reaction:
Kinetics and Reactor Design

Book: Chemical Reaction Engineering, O. Levenspiel, (Chapter 23 and 24), 3" Edition, Wiley and Sons



Fluid-fluid reactor design

Spray tower Ilill:r:igﬂillt?lid
* |tis essential to first choose the right L L=
kind of contactor and then find the size
needed =
. . Counter | - - %:
e Contactors are mainly of two kinds — curent |- )
(a) Towers — spray tower, PR
— irrigated packed beds, i
— plate tower, :

— staged bubble tower

Bubble tank

(b) Tanks — Bubble tank, Agitated tank

BM-CHE-S402-Chemical Reaction Engineering - Il, UIET, CSIM University, Kanpur

Staged bubble

Plate tower tower
L =
—— >G> s>
AT ot
- o -
| e 0 = Ua
‘I-:” T o|e” o
e ol gl
=~ = R
W o o
— _‘I"‘" o 2|o o
‘_'_|_n_r1_ﬁ_'. "D_un a _|E':‘
. [+] @la (=]
__.l'\_n_n_l 197 o | a__=
e | e | o g L s ad P

/ .

Good for L/L systems.
Can have perforated plates,
and pulsing action

Agitated tank

with or /

without flow of L
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Factors to consider in selecting a contactor

(1) Contacting pattern:
* Towers approximate — plug G/plug L
* Bubble tanks approximate — plug G/mixed L

» Agitated tanks approximate — mixed G/mixed L
* Towers have the largest mass transfer driving force while agitated Plug GOl & Plug Giolug L

tanks have the smallest driving force

(2) kg and k;:

* For liquid droplets in gas, k is high and k, is low

* For gas bubbles rising in liquid, k is low and kj, is high

Plug G/mixed L Mixed G/mixed L

(3) Flow rates:

* Packed beds work best with relative flow rates of about Fl/Fg ~ 1at1lbar

: F
e Other contactors work over wide ranges of l/pg values
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(4) If resistance is in the gas and/or liquid films:
* Large interfacial area ‘a’ is desired — use agitated contactors and most columns
* If liquid film dominates — do not use spray contactors

 If gas film dominates — do not use bubble contactors

(5) If the resistance is in the main body:

* large f; (= Vl/Vr) is desired — use tank contactor, avoid towers

(6) Solubility:
* For very soluble gases (small values of Henry’s law constant, H,) gas film controls — do not use bubble contactors

* For gases of low solubility (large values of Henry’s law constant, H,) liquid film controls — do not use spray towers

(7) Reaction lowers the resistance of liquid films:
* For absorption of highly soluble gases, chemical reaction is not helpful

* For absorption of slightly soluble gases, chemical reaction is helpful and speeds up the rate



Processes involving straight mass transfer

First, systems that involve only the absorption of A by the liquid is considered
A(gas) — A(liquid)

(1) Plug flow gas/Plug flow liquid — counter current flow in a tower

F_

g

To develop the performance equation, the rate equation is
combined with the material balance

Thus for steady state, counter current operations, and a
differential element of volume,

(A lost by gas) = (A gained by liquid) = (—r,")dV,

ngYA = FldXA = (—TA”)dVr

Fgpu

= upward molar flow rate of inerts in the gas
(mol/s)

Fg’ = molar flow rate all the gas (mol/s)

py = partial pressure of carrier or inert compound

T = py+ pp+.......+ py = total pressure

Low pa T lLow Ca

—_ @ | |
| I
Py
|
| Cwi |
| I
| \_ -
=— (as "|'*— Liquid —=
- "@ Interface at any point
High PaT l High Cx n tower

F/C : :
F, = =2 = downward molar flow rate of inerts in the

liquid (mol/s)
F/ = molar flow rate all the liquid (mol/s)
Cy = concentration of carrier or inert compound in
liquid
Cr = Cy4+Cp+......+ Cy = total concentration
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_ g (Pa\ _ rudpa—padpy _ 3(€a\ _ CydCy—CxdpCy
dYA =d (pU) _ pU2 and dXA =d (CU) o CUZ The operating line is slightly curved here.
p — gg t;le_ '|:£5 ;.f;rsus X, plot it is straight with
and’ dYA — &Az and dXA — T—Az A pe = Fiifg
(m—pa) (C7—Ca) Equilibrium line
@F--———-- Pai=Hp Cpy
Now, (—14") = a(—14') = kAga(pA —Dai) = kara(Cy; — C4)
27 el e e
Integrating for the whole tower, DF- Slope = - ky//ka,
L _E (e A% R fXAZ X, ]
= —_—  —— PR o= :
@ Jy 44 (-T‘A’) @ Jx a1 (—T’[{’) @D G n (@ Cn
Replacing dYA by dpA The shaded area
(V) dp 4 A /> :ﬁfées;nts the
I
o= Fg”j (T — pa)?kaga(Pa — Pap) s
par Tt ba AgA\Pa — Pai v - ¥y (area under
PA2 Fg’dpA B Fym _ F, 1 r=7a  curve)
Vr = j 2 Iopy (m—p)
Da1 4ga(T —pa)(Pa — Dai) ... solve
graphically
Caz dC, .
. = FlCTj N
" Caq (Cr — Ca)?kypa(Chi — Cp) © Y, @
V. = jCAZ Fl’dCA F FiCr  FCr
= ) = =
" e, kara(Cr — C)(Cai — Ca) Cy (Cr—Cy)
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For dilute solutions, (4, < C+ and
So, F; =F, and F/ = F

Hence, the material balance becomes,

For any two points in the absorber,

Pa L1

ngpA_ Fl dCA—( ///)dV

Pa

, —Pa; =

FlT[

(CAZ a CA1)

Now rate reduces to, |[(—1,") = a(—14) = (ﬁ) (pa —p2)
+

kAga kALCl

Thus,

KAga(pA —pa) = Kya(Cy —

ofr,

V. = ha =§jmz dpa__ 1T JPAZ 4P
" “ m (—ri) ~ mKyga i @a— D)
® CT Caq (— TA”) CrKaqralc,, (Cx — C4)

Ca)

where

where

__1 _Ha

Kag kag kaL
11 1

HaKar kag kaL

and p, = Hy Cy

and C; =P4/y,



Example

The concentration of undesirable impurity in air (at 1 bar = 10° Pa) is to be reduced from 0.1% (or 100 Pa) to
0.02% (or 20 kPa) by absorption in pure water

Find the height of the tower required for counter current operations

For the packing,

kaga =0.32 mol/h.m3. Pa ks a=0.1ht H, = 12.5 Pa.m3 /mol
F,
A—g =1 x 10° mol/h.m? B 7x105 mol/h.m?2 Cy = 56000 mol/m?3
CcS CcS
pAIZED Pa Cay=0
The material balance is first solved as shown below, E__ @
. L. . FlT[ .
At any point in the absorption tower, py —ps, = (CA CAl) 2 - ———(3), Any point i the
.-': tower
_ 7x105x10° = @
pa—20= 1x10°x 56000 (€4 —0) paz =100 Pa —j L Crz=7
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The value of (4, can be calculated from C,, = 0.08p,, — 1.6 = 0.08 X 100 — 1.6 = 6.4 mol/m?

The tower height is then determined in the following way,
o

h = I/T = A_CS prZ dpA
Acs T[KAga a1 (pA o p:ékl)

1 1 Hy 1 12.5

— — — — 3
Kaga ~ Kaga 4 e t=T = 128.125 = Kyga = 0.007805 mol/h.m>.Pa

Now, pa—Pa=Da—HaCy

p oV 1 105 floodpA
A, 105x0.007805 J,, 20
h = 128125 (*-2%) = 512.5m



Mass transfer + Not very Slow Reaction

The reaction A(g — 1) + bB(l) —» products occurs at a rate fast enough so “ no unreacted A enters the

main body of the liquid”

Hatta No is not much smaller than unity; reaction is in gas or liquid film

(2) Plug flow gas/Plug flow liquid — Mass Transfer + Reaction in counter-current

tower

For a differential slice of absorber - reactor

1
(A lost by gas) = 5 (B lost by liquid) = (Disappearance of A by reaction)

FidX -
FydYy = —=2 = (-1,)dV;
or, F—gdpA: Fl dCB ( ’)ad‘/r py =T and CU=CT
0 bCr
ThEFEfor‘e, VT - Fg flfjlz (_d#)a 3 lele (—dXB with Eg (YAz _ YA1) - % (X81 _ XBz)
For dilute systems, _
E, P4z dp, F, B1 (g | -
4 =_gj " — f o with —g(pA —pA)_ (CB _CB)
Lo PA1 (_TA Ja  bCr Cg2 (_TA )a T 2 1 bCt 1 2

Chemical Reaction Engineering, O. Levenspiel



V_Féijz dp, B F, jCBl dCg
" om oa, (1ada bCr e (=14)a

: Fg __Fi
with — (pAz o pA1) ~ bCr (CB1 - CBz)
To solve for V.

* Few p, values are chosen, usually p, , pa,and one intermediate value and corresponding Cp is evaluated for each
Pa

» Rates are evaluated for each point

Pa
(=rada =— H H L
e
kAga kALaE kCBfL
* The values are plotted and integrated graphically _

Pa, out Pa, in

(3) Plug flow gas/Plug flow liquid — Mass Transfer + Reaction in co-current tower

Here the equations developed for counter-current can be used with a few changes
F; to —F; (for up flow of both streams) and F, to —F; (for downflow of both streams)

Cp values are evaluated for each p4; rest of the procedure is the same
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