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Introduction

» In continuous contacting equipment, the up-flowing gas remains in contact with down-
flowing liquid throughout the packing, at every point of the tower.

» Therefore, packed tower is known as “continuous differential contact equipment It is
different from the stage-wise contact equipment .
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Design of packed absorption tower

» Packed bed is a hollow tube, pipe, or other vessel that is filled with a packing
material.

» In tray column, the gas and the liquid phases come in contact in several
discrete stages. Thus, a stage wise contact is there in a plate column.

» But in packed tower, the up-flowing gas remains in contact with down-
flowing liquid throughout the packing, at every point of the tower.

» Therefore, packed tower is known as “continuous differential contact
equipment lt is different from the stage-wise distillation column.

> In the stage distillation column the equilibrium in each stage will vary not in a
continuous fashion whereas in the packed column the equilibrium is
changed point wise in each axial location
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Mass Balances and the Operating Line for Packed Towers

Liquid in Gas out
L, > Vv, V molar total gas flow rate (carrier
gas + pollutant)
L, i \A
V’ molar inert carrier gas flow rate
X, T = const Yo

L molar total solvent flow rate
X, P = const Y, (solvent + absorbed pollutant)
Cross-sectional

L’ molar solvent flow rate

x is the liquid mole fraction of
pollutant, y is the gas phase mole

L1 \Z fraction of the pollutants, X is the
. L’s Liquid out T \V4 liquid phase mole ratio and
- Y is the gas phase mole ratio
X1 Gasi Y4
as in

X, Y,
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Design of Packed Absorption Tower

» Steps for the design of packed tower

(A) Selection of solvent

(B) Selection of packing

(C) Calculation of minimum solvent flow rate as well as actual solvent flow rate
(D) Column diameter

(E) Height of column

(F) Design of solvent distributors and redistributors (if needed)

(G) Design of gas distributor, packing support, shell, nozzles, column support
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Design of Packed Absorption Tower

» The following information is needed
(a
(b
(c
d

) Equilibrium data;

) Gas and liquid flow rates;

) Solute concentration in two terminals;

) Individual and overall volumetric mass transfer coefficients should be
known for the design of a packed absorption tower.
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Packing Materials

» Packing materials are utilized to provide large interfacial area of contact
between two phases

» The packing materials have following characteristics:
(a) Cost: The cost of the packing materials should be very low.

(b) Surface area: A large interfacial area of contact is always recommended.
In that case, pressure drop will be more.

(c) Void volume: A high void volume is needed to maintain low pressure drop.

(d) Fouling resistance: Packing materials should not trap suspended solids
present in liquid. Bigger packing materials generally give low fouling
resistance.
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Packing Materials

(e) Mechanical strength: Good mechanical strength is desired for choosing
packing materials as this will not break or deform during filling or operation.

(f) Uniform flow of streams: Stack of packing materials should have uniform
void spaces through which both the streams (gas and liquid) can flow
uniformly. Non-uniform flow of streams leads to stagnant liquid pool which
in turn gives low mass transfer.
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Packing Materials
» There are tow types of packing:

1) Random packing
2) structured packing

» Random packing has a many types like ( raschig rings, metal ball
rings...etc).

s

Some of Raschig rings type Structured packing
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Packing Materials: Dumped or Random Packing

» Dumped tower packings are cheaper, made from clay, porcelain or various
plastic.

» High void spaces and large passages for fluid can be achieved by making
the packing units irregular or hollow with void fraction 60 to 90%.

Examples of packing for random beds

Nominal packing size 50 mm
Metal Ceramic Plastic
CMR No.2 Pall ring Pall ring Hackette
- \
N=32950 N= 6400 N=6700 N=12400 Number per unit volume,
0=150 a=120 a=110 a= 135 Area per unit volume,
£=095 £-078 =092 €= 093 Void fraction
Chemical Engineering Department | University of Jordan | Amman 11942, Jordan g
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Packing Materials

Hiflow ring Hiflow ring Hiflow ring DINPAC
’ i

‘.

N = 5000 N = 4950 N= 6400 N= 29000
a=97.3 a= 86.7 a= 112 a= 135
£=0973 £=0815 £=093 €=092

VSP ring INTALOX saddle |  NOR-PAC ring ENVIPAC

N =9300 N =7300 N = 6800
a=120 a-=90 0-98
€-077 £-00952 € -0961

Units N[1/m?*),a(m¥m?].€(m¥m®)
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Dumped Packing Material Properties

Packing
S
Nominal Bulk Total Porosity Lasinmia
Type Material  size, in.  density,’ Ihf®  area, IO 5 F, |,
Raschig rings  Ceramic % 35 nz D64 SB0 1.5
1 42 58 074 158 136
14 13 37 073 95 10
95 41 28 074 65 05§
Pall rings Metal ! W0 63 094 S6 L
14 24 3 095 40 134
2 n 3t 0.6 2710
Plastic 1 55 &3 090 55136
13 48 39 091 0 L3
Berl saddles Ceramic i 54 142 D62 240 158
1 45 £ 068 10 136§
14 40 46 o7 65 L%
Intalox saddles  Ceramic i 46 1901 om0 2%
1 a2 7% 073 92 15
14 39 59 076 52 LI
7 35 36 076 0 10
3 36 28 s 2 06
Superintalos  Ceramiv 1 — — — & 15
saddles ¥ — — — n 1L
IMTP Metal 1 — - 097 44 1
14 — — 0.98 bR ey
2 — = 0.98 1B LY
Hy-Pak Metal 1 9 54 0.96 45 154
1 — 0 136
2 14 L] 0.97 % 109
Tri-Pac Plastic I 62 85 0.90 28 —
2 42 48 0.3 6 —
Bulk density and tota] area are given per unit volume of column
"Factor F, is & pressire drop Fector and |, a rekutive mass-transfer coefficient. Factor f, is discussed on page 603 in
tbe paragraph “Performance of Other Packings.” Iis use is illustrated in Example 18.7,
*Rased on NH,~H,0 data: other factors based on CO,-NaOH data.
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; Montez
Flexipak Corrugated metal _ _
sheet Wire mesh packing

Mellapak

Structured packing materials.

» These materials are used widely as packing materials in packed tower due
to low gas pressure drop and improved efficiency.
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0=300, €-0.90
Sutzer BX

Corrugated sheet-metal packing

~
L

0-300 €-093 a=500 =090
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a=250, €-0963 a=202, £-0978
Units alm?/m?], € [m3/m?]
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Packing Materials
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Flexiceramic

Structured packing
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Comparison of Types of Packing

Table 6.3 Comparison of Types of Packing

Random

Raschig Rings “Through

and Saddles Flow” Structured
Relative cost Low Moderate High
Pressure drop Moderate Low Very low
Efficiency Moderate High Very high
Vapor capacity Fairly high High High
Typical turndown 2 2 2

ratio

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

19

Packing Height (Z)

» Packed columns are continuous, differential-contacting devices that do not
have physically distinguishable, discrete stages.

» Thus, packed columns are better analyzed by mass-transfer models than by
equilibrium-stage concepts.

» However, in practice, packed-tower performance is often presented on the
basis of equivalent equilibrium stages using a packed-height equivalent to a
theoretical (equilibrium) plate (stage), called the HETP or HETS

Chemical Engineering Department | University of Jordan | Amman 11942, Jordan g
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HETP Values
SETUP HETP
i L. expressed as ft
Method Packing Size (in) (meters)
1.0 1.5 (0.46)
Distillation 1.5 2.2 (0.67)
20 3.0 (0.91)
1.0 2.0 (0.67)
Vacuum Distillation 1.5 2.7 (0.82)
20 3.5 (1.06)
Absorption/Stripping All Sizes 6.0 (1.83)

Tel. +962 6 535 5000 | 22888
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Packing Height (Z2)

Equilibrium stage
analysis

HETP method

Z=HETP x N
N = number of theoretical stages obtained
from McCabe-Thiele method
HETP
Height Equivalent to a Theoretical Plate

Represents the height of packing that gives
similar separation to as a theoretical stage.

HETP values are provided for each type of
packing (has no theoretical basis, used for
preliminary estimates)

Tel. +962 6 535 5000 | 22888

2 methods
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More common

Mass Transfer
analysis
HTU method
Z=HTU x NTU

HTU = Height of a Transfer unit

NTU = Number of Transfer Units (obtained by
numerical integration)

~ V Yaour dy
Kya AC Vain (yj; _yA)

Xdout

Z=Hy;xNoyg

L dx,

Z= _
Kxa Ac X4 (xA _'xA)

Z=H, xNy,

=

-
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Packing Height (Z)

I/;ut yuut
Lin Xin
—_—
Transfer Unit (TU) 0| _ T1U__
[~ TU
I Packing Height (Z)
Height of Transfer Unit (HTU) | ey
TU
o
 ——

V;'n Yin

¢

Luut xuut

Packing Height (Z) = height of transfer unit (HTU) x number of transfer units (n) ;
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Packing Height (Z)

Typical values for the HTU of random packings are:

25 mm (1 in.) 0.3 to 0.6 m (1 to 2 ft)
38 mm (11 in.) 0.5 10 0.75 m (13 to 24 fo)
50 mm (2 in.) 06t 1.O0Om (2 to 3 ft)

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

Tel. +962 6 535 5000 | 22888 -
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Packing Height (Z2)

Table 11.3. Typical packing efficiencies
System Pressure Column Packing HTU HETP
kPa dia, m type size, mm m m
Absorption
Hydrocarbons 6000 09 Pall 50 0.85
NH;-Air-H,0 101 — Berl 50 0.50
Air-water 101 = Berl 50 0.50
Acetone-water 101 0.6 Pall 50 0.75
Distillation
Pentane-propane 101 0.46 Pall 25 0.46
IPA-water 101 0.46 Int. 25 0.75 0.50
Methanol-water 101 0.41 Pall 25 0.52
101 0.20 Int. 2 0.46
Acetone-water 101 0.46 Pall 25 0.37
101 0.36 Int. 25 0.46
Formic acid-water 101 0.91 Pall 50 0.45
Acetone-water 101 0.38 Pall 38 0.55 0.45
101 0.38 Int 50 0.50 0.45
101 1.07 Int. 38 1.22
MEK-toluene 101 0.38 Pall 25 0.29 0.35
101 0.38 Int. 25 0.27 023
101 038 Berl 25 0.31 0.31
Pall = Pall rings, Berl = Berl saddles, Int. = Intalox saddles
Chemical Engineering Department | University of Jordan | Amman 11942, Jordan
Tel. +962 6 535 5000 | 22888 -3

25

Operating Line for Packed Absorption Towers

* A packed tower with countercurrent flow

r Iout lfln
« Mass balance around the cross-section A-A: Yout: YT _

Vy,+Lx,=V(y,—dy,)+L(x,+dx,)

Therefore, I ,L
Vdy,=Ldx, -

| dt

N TF__F_“__

However, the flow rates do not remain constant TR Al i

through the column: r : lf_ s
¥in out

dVy,)= d(Lx,)

» Integrate from the top of the column down to the cross-section A-A:

VyA _VlyAl = LxA _leAl or -‘l-ian i _‘»‘V,r = -"-LJ' 1 }‘vaml (3)

Chemical Engineering Department | University of Jordan | Amman 11942, Jordan
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Operating Line for Packed Absorption Towers

» Rewrite the flow rates on a solute-free basis (use B):
V'=V(1-ya)=Vi(1-ya)

L'= L(1—x4) = Li(1—xa1)
» Rewrite Eq. (3):

( yA )V“i‘( xAl )L'=( yAl )V'—l—( xA )Lv (4)
-y, — X4 1=y, 1-x,
Y —E X Y 1 X
= n+l_7 n+(l_7 o) (5)

Eq. (5): Operating line equation

Chemical Engineering Department | University of Jordan | Amman 11942, Jordan g
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Operating Line for Packed Absorption Towers

For dilute solution: 1-y,)=10, (I1-x,)=1.0, etc.

) 'R L'~ L

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

-

28



Vortrag 1: Erscheinungsbild von Verbrennungsvorgangen

Mole fraction, x
(a)

Location of operating lines: {a) for
strea, (b) for stripping of A from L 1o

Figure 10.6-7.

Tel. +962 6 535 5000 | 22888
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absorption of 4 from ¥V 1o L
V stream.
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Absorption vs. Stripping

Absorption

Tel. +962 6 535 5000 | 22888
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Two Film Theory: Review

Gas Interface Liquid

Local )I} Local {\ Imaginary
" iti
At a specific gas phase fll lig phase e

pointed to
location in | meas.urable
the column Bulk gas phase variable

composition I:jf"?
/—\ ’ F;r : Copm Gag
. posfr,'o vyorp ) |
| n

J J

(F\, (f',} <l|ort‘| ‘tfjm/‘
- T \,.J-JI CO’T? IQltiO« I

Do
OS,’I-
Op

[ composition
Overall
X OF ¢
\_/ gas phase orLiquid phase /

|
% | (30

— Gas phage Boundary layer'  Liq phase Boundary |
Yau=S(xg) 1 ¢

Bulk liquid phase

Bulk concentration in
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Two Film Theory Applied at Steady-State

» Consider steady-state mass transfer of A from a gas, across an interface, and into a

liquid.
slope=—k_ |k
Ya P 4
— _ — — P(x 4 ¥.0)
Ny=k,(yp—vi)=k(x,;—x,) [ - S
4 T
Gas-phase flux Liquid-phase flux T Y= f(x A,v)
to the interface from the interface Cas-side I I

driving force I I

J’Ai_l ______

» Using the above equation, We may

I
1 I M (xAi 7)".4,‘)
write I |
I Interfacigl
! l
- _ & _ Yar—Vai N liquidside | concentrations
k Va driving force |
v Kap " X4 ! |
Xap Xy x; Xy
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Two Film Theory: Review

NA — A'_a;”(fl — yI) Gas Interface Liq‘uid

7 i ) bulk gas_!
= K (1(,1 I — a composition cOman/'/m @
yorp ’DOSfFiOD yrorp,

|
|
1 I
| |
\ {7 ! |
y=y1—§ (z — 1) | b !
E = - | |
/ ya 1 |
1 |
| | o 8
: : | bulk liquid
relative resistance of i ompesiaN
mass transfer between : : xorc

the two phases

Overall mass transfer coefficient approach:
= surface area per unit

* *

; -K -x)=K -
volume of packing N, (alx,—x,) ya(yA Ya)
_ interfacial area 1 _ 1 4 _m
" unit volume Kya kya kea

L _ 1, 1
K.,a k.a m)'.‘“u
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Two Film Theory: Review
Where

¥4 = equilibrium mole fraction of the solute in the vapor corresponding to the
mole fraction x, in the liquid

X, = equilibrium mole fraction of the solute in the liquid corresponding to the
mole fraction y, in the vapor

K.,a, K a :volumetric mass transfer coefficients

kg mol , kg mol
ka= - ko= ——— : (SI)
! s-m? packing- mol frac s-m” packing- mol frac
kg mol © kg mol
K a m i 0 — (S1)
’ s m? packing - mol frac s-m* packing - mol frac
7 1t mol : b mol ,
k,a= k. a {English)

h-ft* packing- mol frac T he packing - mol frac

Chemical Engineering Department | University of Jordan | Amman 11942, Jordan g
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Two Film Theory: Review

L L
022+ y==u (‘—) +Yout — Lin (\-) Gas Interface Liquid
+  composition| s f, N R
7 Co, m X
0.18 & vorp } m""s%,, ¥ OF py i —~
Bulk composition | |
0.16 - i "
(y' X) \ x; OF ¢y y \
1 T H [ ‘0, 1
0.14 3 : i Q)%O’O’&) f
012 - N o~ N
. i () z bulk liquid
014 S BT I Icompositior
! ]‘ : x0re
0.08 - 3
1 kpa
0.06 1 ABline: ¥ = w1 — ¢ ”(J'f-r'l)
0.04 | 4
0.02 | AF: Deriving force in the liquid side
AE: Deriving force in the gas side
0 T T T T T )
0 0.002 0.004 0.006 0.008 0.01 0.012
X
T d *
N A= K, (T4 —TA,) * _ YA, x .
Ta = =, Yy =Ta,m
> * 'l
= K,(va, —Ya)
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Volume-Based Mass-Transfer Coefficients

> If Ais the absorption tower crcK a ectio K.a area, and Z the packing height,
then AZ is the tower packing volume.
Defining A, as the total interfacial area:

A =adz
or in differential form:
dA, =aAdz

» For constant mass flux, with units (moles/unit time) = (moles/unit time-area)
(area):

dN,=N,d4 =K@~y addz

— dN,=K,a(y,;—y,)Adz =K a(x, —x,, )Adz

Chemical Engineering Department | University of Jordan | Amman 11942, Jordan g
Tel. +962 6 535 5000 | 22888
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Determining Height of Packing in the Tower: the HTU Method
» For the gas phase, the differential rate of mass transfer of component A i )

equal to the differential rate of change of the mass of A in the incoming gas
stream in a height dz.

d N,=d(Vy,)= d(Lx,)

> Rewrite the flow rate on a solute-free basis: ' =} (1- y)

where) =J'is a constant

then, d(VyAG):V'd( yAG J :V' dyAG - :V dyA
1=y, (I=y46) (I-y45)
since Vo= 4 mp dVye)=V L7
(1=y46) (1_yAG)

» Therefore,

dy *
y—= - - 8
—y) K a(y,;—y,)Adz (8)

Chemical Engineering Department | University of Jordan | Amman 11942, Jordan g
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Determining Height of Packing in the Tower: the HTU Method

» Dropping the subscripts G and integrating, the final equations using overall
coefficients are

o (e
v \ K,ad | 1=y )y, ~v,)

-y )-U-y,)

A=y )=
()
1 A X
n|: A_y,q ):|

7= J‘v""" 4 A=y v,
ot KyaA(l_yA)*LM A=y )Y,=¥s)

HTUgg NTUgg

Chemical Engineering Department | University of Jordan | Amman 11942, Jordan g
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Determining Height of Packing in the Tower: the HTU Method

> The term H is called the overall Height of a Transfer Unit (HTU) based on
the gas phase.

> Experimental data show that the HTU varies less with V than with K a.

» The smaller the HTU, the more efficient is the contacting.

» The term N is called the overall Number of Transfer Units (NTU) based on
the gas phase.

» It represents the overall change in solute mole fraction divided by the
average mole fraction driving force.

» The larger the NTU, the greater is the extent of contacting required.

Chemical Engineering Department | University of Jordan | Amman 11942, Jordan g
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Determining Height of Packing in the Tower: the HTU Method

But K} = K,(1=y )

v J (1=y, ) dy
4

z= ["= ’
- Lam[KyaA A=y )0,=y.)

» Graphical integration of right hand side of the equation is performed to find
NTUqg

» For dilute system (i.e. when the mole fractions y and x in the gas and liquid
streams are less than about 0.10, i.e., 10%.)

(ot Ly,
KyaA(l_yA) o Y= Ya)
» Also , for dilute solutions: (1-y,) = (1-ya)m = 1.0 and K = K,

Chemical Engineering Department | University of Jordan | Amman 11942, Jordan g
Tel. +962 6 535 5000 | 22888
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14 Yin 1
= ()L 5

W=V )

» The ratio of flow rate to mass transfer has been designated as the height of
a transfer unit (HTU), or, for the gas phase, Hgg

4
Hyo =| —
o [KyaAJ

» Therefore, Hyg has been defined in such a way that it remains constant
through the absorption column.

Chemical Engineering Department | University of Jordan | Amman 11942, Jordan g
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Determining Height of Packing in the Tower: the HTU Method

» The number of overall mass transfer units (NTU), or for the gas phase,
Nog has been defined:

yin 1
Nog = ———dy,
J.y“w Oa=Yai)

» The height of the column may now be calculated from:

z=HysNog

Chemical Engineering Department | University of Jordan | Amman 11942, Jordan g
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Determining Height of Packing in the Tower: the HTU Method

» In similar manner, the analysis can be performed based on the liquid phase
which would be useful in stripping calculations to give

- 7 - L J‘ xout (1- xA):LM dx
Kad) * (1-x,)x, —x,)

Hence, o= L o= [ =Xy g
* \Ka4) and o L. (1=x ), —x, )

=) z=Hy Ny,

> For dilute solutions: (1-x,) = (1-xa) y=1.0and K = K

X

- Vo= [,

(x, —x,)
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Table 6.7 Alternative Mass-Transfer Coefficient Groupings

Height of a Transfer Unit. HTU Number of Transfer Units, NTU
EM Diffusion EM Diffusion®
ot Dilute or Dilute
Driving Force Symbol UM Diffusion UM Diffusion Symbol UM Diffusion UM Diffusion
v v dy (1 = y)umdy
L (y—2" H, et P S Nog [ - S THAMEY
oG K,as Kla(l—ymmS o2 =y A==y
v v (P — p)iudp
2 (p—p* H. 5 ——— , o MR
(p=p" o KoaPs Kga(l— mPs Moe (p—ph jlp—p\(ﬁ—p”
v v ayr
3 (¥ —¥* H, — — W, [ =
{ ) o Kyas KyaS Ead w = y* Jx—vy
v v [ (1 —Vimdy
4= Hg — T No [
kyaS Ka(l — yims o—-m ) J (l=yiy—y1)

Vv Vv

» — pr) He R N, (P — plimdp
S g kaPs GalP — Pws e [,;_,,1, P=pP—p)

w

L L

(1 — x)gdx
6. (x* —x) H. —_— —_— No _—

{ 4E Kzas Kia(l—xnms aL [\*—:) f”,\;“—*,n
P L L . dc (pr/Mr — c)imdx
7. (¢* —c) Hop = = Not - Pt

Kralpe/Me)S  Kpalpr /My —c)mS (c*—c)  J (p/ML —c)c*—c)
8 (X*—X) H U L N, X
2 ) % Kxas Xxas e X X —x)
L L dx (1 —xjmdx
9 (xp—x H == T W N Bl
L L tas Ha(l = xS 5 =1 [ (I—x)n—x)
10.(c1 = ¢) H, L L N de f (pL/ ML — )mde
(a1 —¢ I L el
- kpa(pL/Mi)S  kpalpr/ML — c)mS H J (er—c) (pL/Mr —c)ar—c)

The substitution Ky = K/ vy, or its equivalent can be made.
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Vortrag 1: Erscheinungsbild von Verbrennungsvorgangen

STEP-BY-STEP PROCEDURE

(1)  For a particular gas-liquid system, draw equilibrium curve on X-Y plane.
(2) Draw operating line in X-Y plane (PQ) using material balance Equation.
Lower terminal Q (X», Y>) and upper terminal P (X;, Y;) are placed in x-y plane.
Overall mass balance Equation for the absorption tower is as follows:
L'( X 40 )+ V' Yao )y=L'( X4 )+ Ya )
1-x, 1=y, 1-x, -y,
If liquid mass flow rate, L'is not known, minimum liquid mass flow rate L', is

to be determined. L' is generally 1.2 to 2 times the L . -

Chemical Engineering Department | University of Jordan | Amman 11942, Jordan g
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STEP-BY-STEP PROCEDURE

In the figure , lower terminal of absorption tower is represented by Q (Xa,
Y,); i.e., bottom of the tower. Operating line is PQ. If liquid rate is decreased,
slope of operating line (L'/V") also decreases and operating line shifts from PQ to

P'Q, when touches equilibrium line. This operating line is tangent to equilibrium

line.
The driving force for absorption is zero at P/ and is called “PINCH POINT".

(3) A point A (x, y) is taken on the operating line. From the known value of ky
and k, or k.a and k,a. a line is drawn with slope of k, /k, to equilibrium line,
B(x;y;). Line AB is called “TIE LINE” and x;and y; are known for a set of values of

xand y.
(4)  Step (3) is repeated for other points in the operating line to get several

(x.y,) sets for y;zyzys.
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Vortrag 1: Erscheinungsbild von Verbrennungsvorgangen

STEP-BY-STEP PROCEDURE

(5)  Calculate flow rate of gas |/ ='/(1— y4) at each point

(6) Calculate height of the packing graphically or numerically.

v 1=y, )
Z:[ ‘ J J'] (1=y e —dy,
KyaA o (l_yA)(yA — V4 )
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At a given x take

Solute concentration in liquid

Gas absorption concentration relationships
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b
(7]
Ay=(yy) — &l?
Y in
dy
g @ >
v Pa =V & W =

£ g \\(\9

= (S <@

g o

£

EY ¢ ,

g | _ L At a given y take

s o)

> —

s || K - Ax = (x.X)

=

s |7 e

® & 5

Yo 3 o Xour 1
€ > No = L (x, -x,) 4
(Xg— X) A 4
3 Xo
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Vortrag 1: Erscheinungsbild von Verbrennungsvorgangen

Example

=y, =37.645x, +0.005

y =18.745x - 0.0025

| Xou= %= 0.0052

0 0.002 0.004 0.006 0.008 0.01 0.012

y,= 0.005 Xp,= 0.0035
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y].m dy
V=>4

Y dout

YA YA (ya-ya) | 1/(ya-ya)

e Draw y, vs. 1/(y, *-yu)

* Then find area under the curve numerically
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Vortrag 1: Erscheinungsbild von Verbrennungsvorgangen

Substitute values to calculate Hyg

Integration = Ngg

* Nggis evaluated graphically by numerical integration using the
equilibrium and operating lines.
« Draw IAy,"-y,) (on y-axis) vs. y, (on x-axis). Area under the curve is the

value of integration.

Evaluate area
under the curve
by numerical

integration
Area =N F

51

Numerical Evaluation of Integrals

Trapezoidal rule (2-point): Simpson’s one-third rule (3-point):

X1 h X2 h
(I) (cHx = S [f(Xo )+ f(X1)] (I) xJax = Z1F(Xo) + 41(%q) + (X2 )]

h=X1-Xo h= X22X0 X1=Xg +h
Simpson’s three-eights rule (4-point): X1=Xg+h Xy =Xg+2h
X3
[f(x)dx = :h[f(x0)+ 3f(X4)+3f(Xp)+f(X3)] o X3—Xo - Xo
0
Simpson’s five-point quadrature : Xa-X
N T A0

X4 h
(j)f(x)dx = g[f(XO)Jr 4F(Xq)+ 2f(Xo ) + 4f(X3) +f(X4)]

4
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Absorption Desarption
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X,y -Mole fraction in liquid, gas or vapour

myx Slope of the equilibrium line
L/V Molar liquid-to-gos ratio or slope of

the operating line ———
X.Y Load fraction of transfer companent in liquid /gas
L,V Carrier stream of liquid /gas phase

XU=XQ'E}V(YJ'YU) ":-T ;O:IU . Y():Yu*-',;’-‘(XD'xu)
0 “u
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Vortrag 1: Erscheinungsbild von Verbrennungsvorgangen

Example

We wish to strip SO, from water using air at 20C. The inlet air is pure. The
outlet water contains 0.0001 mole fraction SO,, while the inlet water contains
0.0011 mole fraction SO,. Operation is at 855 mmHg and L/V = 0.9%(L/V), .«
Assume Hg = 2.76 feet and that the Henry’s law constant is 22,500
mmHg/mole frac SO,.

Calculate the packing height required.

7= ’L J-xnut (1 - xA)*LM dxA
Kad) s (1-x,)x, —x,)
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Example contd.

1CL 1 JUL U JJJ JUVUU | £L000 a

56
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40

30 /
r 1
25 | yau

r / 1

2of A :

C / 1

15 / '

r 1

: / !

10 + / |

B 1

1

1

1

1

1

Y s02x1073

12 14 16
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Example contd.

- V(yout - yout) = L( Xin'Xout) = V(yout - 0) = L( 11x10--1x1 0-4)
You= 10x10 (L/V)

(L/V) = 0.9 (L/V)ax
From pinch point and darwing, (L/V).x = slope= 29.29
= (L/V)=0.9 x 29.29 = 26.36

Your= 10x10#(L/V) = 10x10 x 26.36
= Yout= 0.02636 = 26.36x10~3

Draw actual operating line
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40

35

30

Y s02x1073
o

10

\

16
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0

/1
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4/
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//
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0 Xib
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10

12

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

L]

-

60




Vortrag 1: Erscheinungsbild von Verbrennungsvorgangen

Example contd.

X x* 1/(x-X*) Apply a graphical or numerical
1 0E-4 0 10,000 method for evaluating Ng,
3.0E-04 2.0E-04 10,000 X 4in=0.0011 dx
5.0E-04 4.0E-04 10,000 —_—
7.0E-04 6.0E-04 10,000 . (x,—x,)
Aout=0.0001
9.0E-04 8.0E-04 10,000
1.1E-03 1.0E-03 10,000
For example, we can use Simpson’s rule.
b
f f(z)dz ~ %Zyn +4n tys+ys+..) R+t ye+...) +unl
This gives us an easy way to remember Simpson’s Rule: Az = : - 2
b .
/ f(z)dz =~ % [FIRST + 4(sum of ODDs) +2(sum of EVENs) + LAST]
Chemical Engineering Department | University of Jordan | Amman 11942, Jordan g
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Example contd.

For the current problem

L* f(X)= (x_lx*)
(x,—x,)

X 4.0ut=0.0001

Substituting values from Table gives Ny = 7.746.
Z = Hg (given) x Ng, (calculated) = 2.76 x 7.746

= Z2=21.38ft
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40 —
Xy
35 h
[r@0dx =27 () +47(X0)+ 21 () +47 (X + £(X,)]
30 %o :
‘J: h= (X4 _Xo)
| 4
I
# -
Y Pay attention to accuracy
it | | of drawing and obtaining
data.
PR . I T{ ..... .
8y, 10 !.: 12 14 16
1210 xsozx1o4 1Mx10-4
» i ‘ftil = A Jo-¢®)
0 1.0E-4 fa] | \u, 000
! 3.5 "‘_L“ ' 2.5 ato™ | e, poo
2 | 6 w18 | < PR T | 10,000
3 2.5 oA | '-?.gn Lo (o, om0 g
| i = = 11942, Jordan »
4 | 1E-+ @ 0 Yy 10, 0e0 »
1| 1 l& 1 -
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Analytical Solution: Dilute Solution Case

» Also, for dilute solutions, Henry's Law is usually a good choice for an

equilibrium relationship.

Vi =MX;
And (1-yn) = (1-ya)m = 1.0
Therefore
’ in 1- in 1
NOG= J‘ l ( yA)LM - dy ZJ , — dyA
o (1=y )0 =yi) Y Y=V
The operating line, i £x P £xin

L L
Ya= E (X4 —Xin ) +y 4 =——(mx,—MXin )+ Vour
m
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Vortrag 1: Erscheinungsbild von Verbrennungsvorgangen

) |*7 1 T — . G ' G 3 -
Y=y =y—-mx=y-—m fj —fjom +2,

mG mG
=il I~ Vit 7 Yout — MXin

L
) dy "
) 706 | " )
) 1 mG mG
out — — — -
L L } out mx n
* Keep in mind that the absorption factor, 4,, can be defined as:
L
A, =——
mG
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Analytical Solution: Dilute Solution Case

l L .‘ + I. - .aur - "7'\.:},

.- 1 In {l— mG\ Yy =¥t . mG
) '0G —mG I _p* T

3
JI our out
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i 53 1412 11 10 095 ;sl :;GB
» ]] / L/ o8
| /
* T
22 / 7 i HoTs
S/
" JARHTVARTARY i)
& y // // A
: i 7 A Hoss
i (1] / _/ Mlilos
© L A/ A
N A YA
12 1 // 4 / / AllM03
[ /AR 7 1
o [ L AAARY o+
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unit
X dx y
J’]OL = J- ol ——
.\m (:\‘ - -\.*)
1 T ) — I
”OL = L ln 1 _ in *our 4
1— mi ) x . —=x* . mG
mG
where b J'inffm-
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Example

Subject: Absorption of SO, from air into water in an existing packed column.

Given: Feed gas flow rate of 0.062 kmol/s containing 1.6 mol% SO,. Absorbent is 2.2 kmol/s
of pure water. Packed column is 1.5 m? in cross sectional area and packed with No. 2 plastic
super Intalox saddles to a 3.5-m height. Exit gas contains an SO, mole fraction of 0.004.
Operating pressure is | atm. At operating temperature, equilibrium curve for SO, is y = Kx =
40x

Assumptions: No stripping of water. No absorption of air.
Find: (a) L/Lyn

b) N()G and Nr

¢) Hog and HETP
d) Kga

—_—— =

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

69

Example Contd
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Example Contd
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Example Contd
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» Re-arranging
slope=—k_/k
— y rooy
_ & _Yar " Vai !
— P(x 4, Ya0)
ky Xgp — Xy Y __i_?.Ah ______
Al
T I Yau=f(xy) I
Gas-side
» The mass transfer may now be driving force | |
written based on the overall _L |
- Y[ — ——|———— M(x,, ),
mass-transfer coefficient : | (e db)
I I InterfaCiIl
* * .
N,=K, (xA - xA) = Ky (yA - yA) S S liquid-side I Concemrl tions
yA driving force |
d |
X4 X4 x; X4
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—k.a
slope =——
a
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Experimental data have been obtained for air containing 1.6% by volume of
SO, being scrubbed with pure water in a packed column of 1.5 m2in cross-
sectional area and 3.5 m in packed height. Entering gas and liquid flow rates
are 0.062 and 2.2 kmol/s, respectively. If the outlet mole fraction of SO, in the
gas is 0.004 and column temperature is near ambient with Kgo, = 40, calculate
the following:

a) The Ngg for absorption of SO,
b) The Hpg in meters
c) The volumetric, overall mass-transfer coefficient, K a for SO, in kmol/m?3.s
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A gaseous reactor effluent consisting of 2 mol% ethylene oxide in an inert gas
is scrubbed with water at 30°C and 20 atm. The total gas feed rate is 2500
Ibmol/h, and the water rate entering the scrubber is 3500 Ibmol/h. The column,
with a diameter of 4 ft, is packed in two 12-ft-high sections with 1.5 in metal
Pall rings. A liquid redistributer is located between the two packed sections.
Under the operating conditions for the scrubber, the K-value (y = K x) for
ethylene oxide is 0.85 and estimated values of k,a and k,a are 200 lbmol/h.ft3
and 2643 Ibmol/h.ft3 , respectively. Calculate the following:

a)K,a
b) Hogand Ngg
C) Yout and Xout
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