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POTICS

» Review of heat transfer and heat exchangers
» Some fundamental aspects of mass transfer

* Analysis of a packed bed gas absorption tower
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Imperial Flowsheet
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Figure 4.1: Base MEA absorption process flowsheet
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GAS ABSORPTION/STRIPING

« Mass transfer is the main “business” of the process!
 The absorber is a column packed with a structured packing
* Inlet gas mixture of N, and CO,
 Absorption liquid is monoethanolamine in water
* reacts reversibly with CO,, to selectively remove CO, from N,
* The stripping column is packed with a random, metal packing

» Steam flow to reboller; boils the mixture, reversing the reaction and the
steam that is generated helps to carry the CO, out of the column
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ANALYSIS: TWO BASIC PRINCIPLES

» Conservation of mass

- Keep track of chemical species in the two different flows
- Rate of interphase transfer equation

» Analogous to Newton'’s Law of cooling

* Driving force Is a concentration difference:

» Gas-liquid phase equilibria may include reaction
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GAS-LIQUI

&

PHASE EQUILIBRIA

* We need to make sure we understand the underlying thermodynamics

POASIAL The linear result for a complex
‘p;‘f:ww phenomenon Is consistent with
. | either a first term In a Taylor
! series or the “locally flat earth”
observation.
Ya Henry's Law Is often a useful
& MOVE FRACTION OF approximation for low
> A IV IR

University of Notre Dame, USA

solubility gases.

- Note that as H increases, the
o solubility decreases.

Also, H = H(T). In most cases,

H will increase with .
chemeprof.com




MECHANISMS OF MASS TRANSFER

* Diffusion (analogous to Conduction in heat transfer)

» [ransport by random molecular motion gases and liquids.
» Fick's Law:  7=P—-  (same as Fourier's Law)
* Convection (essentially the same as Convection Iin heat transfer)

* Transport by net motion of fluid. (molecular motion that
s correlated, not random)

» Describe using analog to Newton'’s law of cooling
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MASS TRANSFER RATE EQUATION

=Au1 LI BV
/C* g | \/\%ﬁy\\-d =

N,=kA(C,, -C")

gas

k=> mass transfer coefficient

A=> area of contact

\ N ,=>moles across interface/time

L]DQ‘D C=> molar concentration of CO, 1n gas

Flux = rate coefficient *(linear driving force)
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F=S5 TRANSFER CORRELATHGINS

 As with the heat transfer coefficient, we will get values for the mass
transfer coefficient from correlations of dimensionless groups.

 The Sherwood number, 5h, Is the group analogous to the Nusselt

number, LTk D = MdLEC ULAR
Shie i DIFFOIVITY

« The Schmidt number, 5¢, Is the group analogous to the Prandtl
number.

e = X
0
* The Colburn “j-factor’”j =5h/(Re Scl/B) (= {/2) 1s also used.

« For the same flow situations, the heat transfer and mass transfer
correlations are exactly the same!
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From R.Treybal Mass Transf |
Table 3.3 Mass transfert for simple situations iy Sl Operatlons

Fluid motion Range of conditions Equation Ref.
. Inside circu-  Re = 4000-60 000 Jjp = 0023 Re” %17 41,
lar pipes Sc = 0.6-3000 Sh = 0.023 Re®3 Sc!/3 52
Re = 10 000 — 400 000 j, = 0.0149 Re™ %12
Sc > 100 Sh = 0.0149 Re%® sc!/? _ 44
2. Unconfined  Transfer begins at ' Py
flow parallel  leading edge : 32

to flat platesf Re, < 50 000
Re, = 5 X 10°-3 x 10’

—h 4

65

37
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Unn

5. Perpendicular Re = 400-25 000 KGP: ¢ 06 _ 0.4 5
to single Sc = 0.6-2.6 Gy Sc™=t0 e '
cylinders Re’ = 0.1-10° 16,

Pr = 0.7-1500 Nu = (0.35 + 0.34 Re’®5 + 0.15 Re’*5%) Pr03 21,
42
6. Past single Sc = 0.6-3200 Sh = Shy + 0.347(Re” Sc0)%62
spheres Re” Sc7% = 18-600000 o _ [ 20 +0569(Gry Sc)?250 GrpSc<10f|
2.0 + 0.0254(Gr, S¢)*** 8¢®2#  Gr,, Sc > 108
7. Through fixed Re” = 90-4000 2 06
beds of pellets§ Sc = 0.6 Joimim=—— Re”=%8
Re” = 5000-10 300 Hangsi = 20.4 o v 0815 4,
Sc = 0.6 £ 53
Re” = 0.0016-55 T '
Sc = 168-70 600 L e
Re” = 5-1500 _ 0250 p v —031
Sc = 168-70 600 Lo R

+ Average mass-transfer coefficients throughout, for constant solute concentrations at the phase surface. Gener-
ally, fluid properties are evaluated at the average conditions between the phase surface and the bulk fluid. The heat-

mass-transfer analogy is valid throughout.

1 Mass-transfer data for this case scatter badly but are reasonably well represented by setting j,, = j,,.

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

n

2 ni‘#t'
S i=1
P n

2 nidpzi

i=1

From R. Treybal, Mass Transfer Operations



THE TWO COLUMNS
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s SRED TOVWER FOR GAS ABSORIFINISS

190 MASS-TRANSFER OPERATIONS

@ '
Liquid distributor @
(@) (6) (c) (d)

Packing restrainer

TGOS out

— Shell

— Rondom pocking

(f)

Figure 6.28 Some random tower packings: (a) Raschig rings, (b) Lessing ring, (¢)

Berl saddle (courtesy of Maurice A. Knight), (e) Intalox saddle (Chemical Processing

= Norton Co.), (f) Tellerette (Ceilcote Company, Inc.), and (g) pall ring (Chemical P,

N 177 Liquid == Division, Norton Co.).
re-distributor

Ll \J I I N\

oy

T Packing support

- G08’in

i —> Liquid out

= —

(c)
G1]

ire 629 Regular, or stacked, packings: (n)Migrinp.mmd(p?viw).(b)
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RANDOM PACKING [N
STRIPPING COLUMN
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FACIERIRC

e Countercurrent

« greater overall “driving
force” (concentration difference)
than If cocurrent (downward!)

» (potentially) no limitation on
amount of CO, removed

« could contact lowest
concentration exiting gas with
“pure” solvent

University of Notre Dame, USA

gas outlet

e

| liquid distributor
[o.onnt

0 i 0 il o A
SRVIRARTARVAR

_

<«——gas inlet

FIGURE 10.6-3.  Packed tower flows and characteristics for absorption.
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MASS TRANSFER ANALYSIS

» The analysis for gas absorption Iin a packed tower Is very
similar to the analysis we just did for a heat exchanger.

» First you make sure that you have the mass balances
correct to keep track of the total flows and the chemical

S -Gles,

 [hen you need to match the change in a chemical
species In a differential slice of column as represented by
the mass balance, to the rate of interphase transfer from

the mass transfer equation.
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GAS-LIQUI

&

PHASE EQUILIBRIA

* We need to make sure we understand the underlying thermodynamics

POASIAL The linear result for a complex
‘p;‘f:ww phenomenon Is consistent with
. | either a first term In a Taylor
! series or the “locally flat earth”
observation.
Ya Henry's Law Is often a useful
& MOVE FRACTION OF approximation for low
> A IV IR
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solubility gases.

- Note that as H increases, the
o solubility decreases.

Also, H = H(T). In most cases,

H will increase with .
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SRNG5S FOR ABSORPTION OF A SEICHSHENE
SOIEDIEILE (G4

The phase equilibrium will be represented by
Henry's Law, y = m x, for gas and liquid phase
mole fractions, y and x.

%¢M%:ﬂ_x
e
%/“ me

X

Overall mass balance for absorber. Note that L
and G are "molar” flow rates for liquid and gas.
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Overall mass balance for absorber. Note that L
and G are "molar” flow rates for liquid and gas.

5 12 \REsEED
T e, dal-
/| oveem more smange
6 by = 6,4 K,
G‘,g\*J‘" B} MoLe BAVANCE FOL G AS R
| _L":); U6yt ¥ ly= 82651 X )

TR | COAE 1S ICALED
TRE " ofErIng Line”
(T Wik 8€ AL NE' 1 €

-y 6 = CONSTARANS
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Side results..

(4306 = GrmL
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GRS R Qe ©TIOA)
( (BorTOM )

| W6

KA

PO DIVUTE SYSTEMS, L. SCONST
(5= CONST

&/ A +%L~ "“)(D_.

Toe TELM W00
0e D fFORA
PULe |V LET
COLOENT
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| NT ELFACIAL MASS
TRANSTEL AloW 6 COLIMN

{1 /4
;,/ & | MOLEC TRMSFEMED _ /e pFIGEM A %{lgzﬁk
L_/ ' frea TMIME
n'a | ~ h
i NCDL A '&\[& & >

PY\-L ALVON - CO-OM N &> 33") ThE

Y\OLE F RACTON IV 6AS 1S R bREL
TRAN E QO1L18MOM <OLO iy

~noer €O, 16 AfRkeorBED.
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As for the heat exchanger, the liquid and gas
concentrations are changing along the device.
We thus take the same approach of a "differential
slice" through the column and equate the rate at
which the gas concentration changes to the rate
at which CO2 crosses the interface.

\ Q = MQ’T ARE

P - 5
\Nk”‘%d’ A NOLOME OF TOWE
\&—

| 6:\-'( Z CWes-SEcT/pn AREA
| OF cOLIMN

Az = VOLVME OF

VIEPEL £V DAL
- SWCe

é(&[af 8\&&-) = ka QYEN ReD2
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DESIR

HEIG

SR K A2 —= A=
REARAAWVGE :

D RESULT: COEUS.

i -

TRE VELIEN QUESTION 18

G Slewe 8l hagyh, THE KE16xT OF COOMD

N

-3y _ ha .
A - Biiphe
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Some conventional lingo

/6/ﬂ? \/‘ o chL ..\.,

257 Tha |y 4O

“/

Height\ollc a transfer unit. Number of transfer units
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WEEVMIN FIEIGH T IN TERMS OF "HEIGS NGRS
RN FER UNIT AND NUMIBERSES
S PRAINSIRERIN TS

Z =+ ﬁ@ 6 0\9@6

}\06 WiLL DECREASE ASTTRE
M bfcc ThansFel PELPORNAULE

N CeeAses, ka A
ORYNE "NEeD" DECReASES,
G

Wi D ECREASE 1F THE
5 Ave2fs e O RiuyN) FORCE,

NRHCK 1S [ Q) TRE DE MDY ) AR,
(NCREARSES %.dq/\\
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~ SIMPLIFICATIONS

o &dr': CONSCT
L §32 /&3’ - Q/w (8,\:&\
g9, 8" Y=t

A CHEMICAL ReATON 1N TRE
LRV CRN KELP gt =0

dz 4 B\
— ——f\a i |[# '{M \Q’ | There would be some error in using this formula

b Qf—f/ 8:.) because the G changes by 5 - 10% in the column
[

The reaction of CO2 with monoethanolamine
does keep the y* at essential O in the pilot plant
gas absorber.
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A BUAIE THE INTEGRAL FOR HENRIESHESEE

32&;
SR
e ¢ é“r
du O
WE peeo 7o ApPLACE X 8'3 Ay
VSE OPBLATI UG VIWE, LT TR
%’; %—:—X %‘@\’ %_‘7(9 a‘%/M\T% 3Z)’\\,7>

v = Z(a4) ¥ F2
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CONTINUE THE EVALUATION

e fhz —

M &

Yv Ly .
Ja (\ ﬂé»r ¥ _mx. * Further simplification

s possible for a pure
'\‘1\15 CAn LE YVWVEGLRES,

S
I A (/W\“h.” ‘&7,)

solvent, x; =0.

(—'\
o

ﬁ  Note that as A

W m Increases, the
pe /@V\E 2/ ! l -
N | 7k<j absorption process
}-+-= )Aﬂ gets easier
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Number of transfer units, A4 (absorption) or Mg, (stripping)

Figure 8.20 Number of transfer units for absorbers or strippers with constant absorption or stripping
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R USEFUL NUMBER COIS
SOLUBILITY IN WATER

\ T S0V VENT 1S WATEL
(O | VRO WRNEL

= 1850 Qf@/’””oo@”{_\c{@—})

@Q-O{KK) m=1¢<90
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MEESORER ANSFER COEFFICIENT FORMRSIES IS
ABSORBER

AndL e 10 68T A
WMASC TRANLE £4 CDEPFJC%EM\\ Ot = The mole fractionste I
o 0 0 be measured at the

HES: inlet and outlet. The
2 g 6/@‘T \ Cg}}’ CQ%,Q)) packing properties and
e g /M / flow rate are known
- Elesy, tfm_ \
- Sk » This would give a
b= 6Jnr N average "k’ value for
Q7 ‘. J- the entire column.
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SEEERNATIVE (PREFERRED) MASS TRANSFERTAINEISEIS

 There are many different definitions of “k’. The one above
gives dimensions of moles*length/time.

* The pilot plant allows measurement of the concentration at
the entrance, exit and 4 intermediate points along the
column, so we can get local values of the mass transfer
coefficient.

50, don't integrate the formula and also switch to the
preferred notation for the pilot plant analysis...
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e FOR PILOT

PLANTE

Ko TP
= Py d= -
) AT
Ay &\')A -~ éﬁ)q ,/ V‘JV\\)L'N ?w&é
= 10
_y Kiores ) Az~ Dz V&
=0 e i N = .27 m bETWELN
WNDES = (S WM EASUREMENTL
é((— T/\;t /)’}’l1 /}1‘”\‘/“ \1’ - é—~ d MOy g LAY
D(=) TOTAL PLESULE )
& Yo W= O Bechuse OF
Q= CoNMRCTRIA Feom” AEACN7IA)
V7T YoM
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R FOR PILOT PLAINES

CXAMPLE VOMRELLS .. .
AVERY £

o =082
il L& 0% \)) .03\>.0H

[-37m

|60 KhoLE [ QL3 .08] \
K= w

\— amp? T 1,37 m ,
013 (-04-0) | il

350/m

— . 00| Hmov
o P ™
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- XAMPLE PROBLEM

1. You wish to calculate the requisite “Kg” mass transfer coefficient for the absorber in the pilot
plant. It has units of kmoles/(m2 hr kPa). The following information is available.

FT304 (total gas flow rate) reads 131 kg/hour

AT400 (station 6) reads 6.31vol% CO2

AT400 (station 5) reads 3.11 vol% CO2

AT400 (station 4) reads 1.36 vol% CO:

AT400 (station 3) reads 0.46 vol% CO:>

AT400 (station 2) reads 0.08 vol% CO:

AT400 (station 1) reads 0.049 vol% CO:

PT403' (pressure above the exit of absorber), reads 0.9 BAR (This is apparently gauge
pressure. The “formula” for Ks uses absolute pressure. )

L'is 720 kg/hr.

The cross section area of the tower is Ar = 0.0415 m2,

The area of packing per volume of packing is 350 m2/mé.

The distance up the column between sample ports is 1.37 m.

A. Find Kz between each station along the column. Explain possible reasons for any
difference.

B. Plot the operating line on an X, Y plot. Assume that there is no CO: in the inlet MEA
solution. A mass balance will determine how much CO2 is in the exit liquid.
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FRESSURE DROP CORRELATGINSiEEE
s WNED BEDS: USED 1O CI—IOOSETI—E

SOh. | | AP=(in. H, o/n) 1T
“~ [ R
I3 | i
i T
) = _ §§." < —
L LT ~030.L LTRSS
velpgllpr ~ po)l“Fy %, || T NS
capacity parameter L 0.25 T
~
0.8 0.10

» Nominal operation point for Imperial absorber
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ANALYSIS: TWO BASIC PRINCIPLES

» Conservation of mass

- Keep track of chemical species in the two different flows
- Rate of interphase transfer equation

» Analogous to Newton'’s Law of cooling

* Driving force Is a concentration difference:

» Gas-liquid phase equilibria may include reaction
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MECHANISMS OF MASS TRANSFER

* Diffusion (analogous to Conduction in heat transfer)

» [ransport by random molecular motion gases and liquids.
» Fick's Law:  7=P—-  (same as Fourier's Law)
* Convection (essentially the same as Convection Iin heat transfer)

* Transport by net motion of fluid. (molecular motion that
s correlated, not random)

» Describe using analog to Newton'’s law of cooling
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