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Chapter 10. Stage and Continuous Gas—Liquid
Separation Processes

TYPES OF SEPARATION PROCESSES AND METHODS

Introduction

Many chemical process materials and biological substances occur as mixtures of different compo-
nents in the gas, liquid, or solid phase. In order to separate or remove one or more of the components
from its original mixture, it must be contacted with another phase. The two phases are brought into
more or less intimate contact with each other so that a solute or solutes can diffuse from one to the
other. The two bulk phases are usually only somewhat miscible in each other. The two-phase pair
can be gas-liquid, gas—solid, liquid-liquid, or liquid—solid. During the contact of the two phases the
components of the original mixture redistribute themselves between the two phases. The phases
are then separated by simple physical methods. By choosing the proper conditions and phases,
one phase is enriched while the other is depleted in one or more components.

Types of Separation Processes

Absorption

When the two contacting phases are a gas and a liquid, this operation is called absorption. A solute
A or several solutes are absorbed from the gas phase into the liquid phase in absorption. This
process involves molecular and turbulent diffusion or mass transfer of solute A through a stagnant,
nondiffusing gas B into a stagnant liquid C. An example is absorption of ammonia A from air B by
the liquid water C. Usually, the exit ammonia—water solution is distilled to recover relatively pure
ammonia.

Another example is absorbing SO, from the flue gases by absorption in alkaline solutions. In the
hydrogenation of edible oils in the food industry, hydrogen gas is bubbled into oil and absorbed. The
hydrogen in solution then reacts with the oil in the presence of a catalyst. The reverse of absorption
is called stripping or desorption, and the same theories and basic principles hold. An example is the
steam stripping of nonvolatile oils, in which the steam contacts the oil and small amounts of volatile
components of the oil pass out with the steam.

When the gas is pure air and the liquid is pure water, the process is called Aumidification. Dehu-
midification involves removal of water vapor from air.
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Stage and Continuous Gas-Liquid Separation Processes 692

Distillation

In the distillation process, a volatile vapor phase and a liquid phase that vaporizes are involved. An
example is distillation of an ethanol-water solution, where the vapor contains a concentration of
ethanol greater than in the liquid. Another example is distillation of an ammonia—water solution to
produce a vapor richer in ammonia. In the distillation of crude petroleum, various fractions, such as
gasoline, kerosene, and heating oils, are distilled off.

Liquid-liquid extraction

When the two phases are liquids, where a solute or solutes are removed from one liquid phase to
another liquid phase, the process is called /iquid-liquid extraction. One example is extraction of
acetic acid from a water solution by isopropyl ether. In the pharmaceutical industry, antibiotics in an
aqueous fermentation solution are sometimes removed by extraction with an organic solvent.

Leaching

If a fluid is being used to extract a solute from a solid, the process is called /eaching. Sometimes
this process is also called extraction. Examples are leaching copper from solid ores by sulfuric acid
and leaching vegetable oils from solid soybeans by organic solvents such as hexane. Vegetable
oils are also leached from other biological products, such as peanuts, rape seeds, and sunflower
seeds. Soluble sucrose is leached by water extraction from sugar cane and beets.

Membrane processing

Separation of molecules by the use of membranes is a relatively new separation process and is
becoming more important. The relatively thin, solid membrane controls the rate of movement of
molecules between two phases. It is used to remove salt from water, to purify gases, in food pro-
cessing, and so on.

Crystallization

Solute components soluble in a solution can be removed from a solution by adjusting the conditions,
such as temperature or concentration, so that the solubility of one or more of the components is
exceeded and they crystallize out as a solid phase. Examples of this separation process are crys-
tallization of sugar from solution and crystallization of metal salts in the processing of metal ore
solutions.

Adsorption

In an adsorption process, one or more components of a liquid or gas stream are adsorbed on the
surface or in the pores of a solid adsorbent and a separation is obtained. Examples include removal
of organic compounds from polluted water, separation of paraffins from aromatics, and removal of
solvents from air.

Ion exchange

In an jon-exchange process, certain ions are removed by an ion-exchange solid. This separation
process closely resembles adsorption.
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Stage and Continuous Gas-Liquid Separation Processes 693

Processing Methods

Several methods of processing are used in the separations discussed above. The two phases, such
as gas and liquid, or liquid and liquid, can be mixed together in a vessel and then separated. This
is a single-stage process. Often the phases are mixed in one stage, separated, and then brought
into contact again in a mulfiple-stage process. These two methods can be carried out batchwise or
continuously. In still another general method, the two phases can be contacted continuously in a
packed tower.

In this chapter, humidification and absorption will be considered; in Chapter 11, distillation; in Chap-
ter 12, adsorption, ion exchange, liquid-liquid extraction, leaching, and crystallization; in Chapter
13, membrane processes; and in Chapter 14, mechanical-physical separations. In these processes
the equilibrium relations between the two phases being considered must be known. This is dis-
cussed for gas-liquid systems in Section 10.2 and for the other systems in Chapters 11, 12, and 13.

EQUILIBRIUM RELATIONS BETWEEN PHASES

Phase Rule and Equilibrium

In order to predict the concentration of a solute in each of two phases in equilibrium, experimental
equilibrium data must be available. If the two phases are not at equilibrium, the rate of mass transfer
is proportional to the driving force, which is the departure from equilibrium. In all cases involving
equilibria, two phases are involved, such as gas-liquid or liquid-liquid. The important variables af-
fecting the equilibrium of a solute are temperature, pressure, and concentration.

The equilibrium between two phases in a given situation is restricted by the phase rule:

Equation 10.2-1.
F=C—-P+12

where Pis the number of phases at equilibrium, Cthe number of total components in the two phases
when no chemical reactions are occurring, and Fthe number of variants or degrees of freedom of
the system. For example, for the gas-liquid system of CO,—air-water, there are two phases and
three components (considering air as one inert component). Then, by Eq. (10.2-1),

F=C-P+2=3-2+2=3

This means that there are 3 degrees of freedom. If the total pressure and temperature are set, only
one variable is left that can be set arbitrarily. If the mole fraction composition x4 of CO, (A) in the
liquid phase is set, the mole fraction composition y4 or pressure p4 in the gas phase is automatically
determined.

The phase rule does not tell us the partial pressure p4in equilibrium with the selected x4. The value
of pa must be determined experimentally. The two phases can, of course, be gas-liquid, liquid-solid,
and so on. For example, the equilibrium distribution of acetic acid between a water phase and an
isopropyl ether phase has been determined experimentally for various conditions.

Chapter 10. Stage and Continuous Gas—Liquid Separation Processes. Transport Processes and Separation Process Principles (Includes Unit Operati
Prepared for badria.als@gmail.com, badria al shihi

© 2010 Safari Books Online, LLC. This download file is made available for personal use only and is subject to the Terms of Service. Any other use requires prior written consent from the
copyright owner. Unauthorized use, reproduction and/or distribution are strictly prohibited and violate applicable laws. All rights reserved.



Stage and Continuous Gas-Liquid Separation Processes 694

Gas—Liquid Equilibrium

Gas-liquid equilibrium data

To illustrate the obtaining of experimental gas-liquid equilibrium data, the system SO,-air-water
will be considered. An amount of gaseous SO,, air, and water are put in a closed container and
shaken repeatedly at a given temperature until equilibrium is reached. Samples of the gas and liquid
are analyzed to determine the partial pressure p, in atm of SO, (A) in the gas and mole fraction
X4 in the liquid. Figure 10.2-1 shows a plot of data from Appendix A.3 of the partial pressure p4 of
SO, in the vapor in equilibrium with the mole fraction x4 of SO, in the liquid at 293 K (20°C).

0.8

0.6}

04 /'f

= \-—Henr};‘s law
Pa =Hx_,4 = 29.&1:_'4

0.2

Partial pressure of SO,
in gas phase, p4 (atm)

% o010 0.020

Mole fraction SO, in liguid phase, x 4
Figure 10.2-1. Equilibrium plot for SO~water system at 293 K (20°C).

Henry's law

Often the equilibrium relation between p4 in the gas phase and x4 can be expressed by a straight-
line Henry's law equation at low concentrations:

Equation 10.2-2.

pa=Hx,

where His the Henry's law constant in atm/mole fraction for the given system. If both sides of Eq.
(10.2-2) are divided by total pressure Pin atm,

Equation 10.2-3.
va=H'x,

where H'is the Henry's law constant in mole frac gas/mole frac liquid and is equal to H/P. Note that
H'depends on total pressure, whereas H does not.

In Fig. 10.2-1 the data follow Henry's law up to a concentration x4 of about 0.005, where H=29.6
atm/mol frac. In general, up to a total pressure of about 5 x 105 Pa (5 atm) the value of His inde-
pendent of P. Data for some common gases with water are given in Appendix A.3.

EXAMPLE 10.2-1. Dissolved Oxygen Concentration in Water

What will be the concentration of oxygen dissolved in water at 298 K when the solution is in equilibrium with
air at 1 atm total pressure? The Henry's law constant is 4.38 x 104 atm/mol fraction.

Chapter 10. Stage and Continuous Gas—Liquid Separation Processes. Transport Processes and Separation Process Principles (Includes Unit Operati
Prepared for badria.als@gmail.com, badria al shihi

© 2010 Safari Books Online, LLC. This download file is made available for personal use only and is subject to the Terms of Service. Any other use requires prior written consent from the
copyright owner. Unauthorized use, reproduction and/or distribution are strictly prohibited and violate applicable laws. All rights reserved.



Stage and Continuous Gas-Liquid Separation Processes 695

Solutior. The partial pressure p,4 of oxygen (A) in air is 0.21 atm. Using Eq. (10.2-2),
021 = Hx, = 438 x 10*x,,

Solving, x4 = 4.80 x 1078 mol fraction. This means that 4.80 x 107 mol O, is dissolved in 1.0 mol water plus
oxygen, or 0.000853 part O,/100 parts water.

SINGLE AND MULTIPLE EQUILIBRIUM CONTACT STAGES

Single-Stage Equilibrium Contact

In many operations of the chemical and other process industries, the transfer of mass from one
phase to another occurs, usually accompanied by a separation of the components of the mixture,
since one component will be transferred to a larger extent than will another component.

A single-stage process can be defined as one in which two different phases are brought into intimate
contact with each other and then are separated. During the time of contact, intimate mixing occurs
and the various components diffuse and redistribute themselves between the two phases. If mixing
time is long enough, the components are essentially at equilibrium in the two phases after separation
and the process is considered a single equilibrium stage.

A single equilibrium stage can be represented as in Fig. 10.3-1. The two entering phases, Ly and
V5, of known amounts and compositions, enter the stage; mixing and equilibration occur; and the
two exit streams, L4 and V4, leave in equilibrium with each other. Making a total mass balance,
Equation 10.3-1.

L[h+V2=L]+V|=.I¢’f

Vi Va
- — =
. I
Ly L,

Figure 10.3-1. Single-stage equilibrium process.

where L is kg (Iby,), Vis kg, and Mis total kg.

Assuming that three components, A, Band C, are present in the streams and making a balance on
Aand C,

Equation 10.3-2.

Loxg+Voyp = Lix,y +Viyy = Mx,y

Equation 10.3-3.
Lyxco + Vayes = Lixey + Viye, = Mxey

An equation for Bis not needed since x4 + xg+ xc = 1.0. The mass fraction of Ain the L stream is
X4 and is y, in the V'stream. The mass fraction of A in the Mstream is xa,,.

To solve the three equations, the equilibrium relations between the components must be known. In
Section 10.3B, this will be done for a gas-liquid system and in Chapter 11 for a vapor-liquid system.
Note that Egs. (10.3-1)—(10.3-3) can also be written using mole units, with L and Vhaving units of
moles and x4 and y4 units of mole fraction.
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Stage and Continuous Gas-Liquid Separation Processes 696

Single-Stage Equilibrium Contact for Gas—Liquid System

In the usual gas-liquid system the solute A is in the gas phase V; along with inert air B, and in the
liquid phase L, along with inert water C. Assuming that air is essentially insoluble in the water phase
and that water does not vaporize to the gas phase, the gas phase is a binary A-B and the liquid
phase is a binary A-C. Using moles and mole fraction units, Eq. (10.3-1) holds for a single-stage
process for the total material balance. Since component A is the only component that redistributes
between the two phases, a balance on A can be written as follows:

Equation 10.3-4.

f.'( Xan ) + V'( Yaz )= f.’( Xl ) + V,( Yai )
I = x40 1= ya 1= xy 1= ya

where L’is moles inert water Cand I/ is moles inert air B. Both L’and /"are constant and usually
known.

To solve Eq. (10.3-4), the relation between y41 and x4 in equilibrium is given by Henry's law:
Equation 10.3-5.

. _ ]
Ya1 = H'x 4

If the solution is not dilute, equilibrium data in the form of a plot of p4 or y4 versus x4 must be
available, as in Fig. 10.2-1.

EXAMPLE 10.3-1. Equilibrium Stage Contact for CO,—-Air—Water

A gas mixture at 1.0 atm pressure abs containing air and CO, is contacted in a single-stage mixer continuously
with pure water at 293 K. The two exit gas and liquid streams reach equilibrium. The inlet gas flow rate is 100
kg mol/h, with a mole fraction of CO, of y4, = 0.20. The liquid flow rate entering is 300 kg mol water/h. Calculate
the amounts and compositions of the two outlet phases. Assume that water does not vaporize to the gas phase.

Solutiorr. The flow diagram is the same as given in Fig. 10.3-1. The inert water flow is L'= Ly = 300 kg mol/h.
The inert air flow ’is obtained from Eq. (10.3-6):

Equation 10.3-6.

V=V - y,)

Hence, the inert air flow is V'= V5(1 = y0) = 100(1 - 0.20) = 80 kg mol/h. Substituting into Eq. (10.3-4) to make
a balance on CO, (A),

Equation 10.3-7.

. 0 0.20 . X a1 ) ( Yai )
300 = =0 = 300 = H()
(1 - u) (1 - u.zu) (1 — X 1 = yu

At 293 K, the Henry's law constant from Appendix A.3 is H#= 0.142 x 10% atm/mol frac. Then H'= H/P=0.142
x 1041.0 = 0.142 x 10* mol frac gas/mol frac liquid. Substituting into Eq. (10.3-5),

Equation 10.3-8.

yar = 0.142 X 10°x,

Substituting Eq. (10.3-8) into (10.3-7) and solving, x41 = 1.41 x 1074 and y,4; = 0.20. To calculate the total flow
rates leaving,
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Stage and Continuous Gas-Liquid Separation Processes 697

L' 300
L,= = 3 = 300 kg mol/h
l=x4 1-141%10

V' 80

V = - =
l=y, 1020

= 100 kg mol/h

In this case, since the liquid solution is so dilute, Ly = L.

Countercurrent Multiple-Contact Stages

Derivation of general equation

In Section 10.3A we used single-stage contact to transfer the solute A between the IVand L phases.
In order to transfer more solute from, say, the V4 stream, the single-stage contact can be repeated
by again contacting the V4 stream leaving the first stage with fresh Ly. This can be repeated using
multiple stages. However, this is wasteful of the Ly stream and gives a dilute product in the outlet
L4 streams. To conserve use of the Ly stream and to get a more concentrated product, countercur-
rent multiple-stage contacting is generally used. This is somewhat similar to countercurrent heat
transfer in a heat exchanger, where the outlet heated stream approaches more closely the temper-
ature of the inlet hot stream.

The process flow diagram for a countercurrent stage process is shown in Fig. 10.3-2. The inlet L
stream is Ly and the inlet V'stream is V44 instead of % as for a single-stage in Fig. 10.3-1. The
outlet product streams are V4 and Ly and the total number of stages is V. The component Ais being
exchanged between the Vand L streams. The V'stream is composed mainly of component B and
the L stream of component C. Components Band Cmay or may not be somewhat miscible in each
other. The two-phase system can be gas-liquid, vapor-liquid, liquid-liquid, or other.

¥y Vi Vs Fr Fre1 Fn —1 V41
. : : - . !

1 2 n ‘ I N
Ly Ly Ly Ly L, Ly—y Ly

Figure 10.3-2. Countercurrent multiple-stage process.

Making a total overall balance on all stages,

Equation 10.3-9.

.Ir.-'] -+ I/'I\.rJ__! = lrfl)\f + V] = .J'I—’f

where V44 is mol/h entering Ly is mol/h leaving the process, and Mis the total flow. Note in Fig.
10.3-2 that any two streams leaving a stage are in equilibrium with each other. For example, in stage
n, V,,and L, are in equilibrium. For an overall component balance on A, B, or C,

Equation 10.3-10.

Lyxg + Vnayna = Lyxy + Vv = Mxy

where xand yare mole fractions. Flows in kg/h (Ib,/h) and mass fraction can also be used in these
equations.

Making a total balance over the first n stages,

Equation 10.3-11.

LII + Vu~i = Ln + VI
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Stage and Continuous Gas-Liquid Separation Processes 698

Making a component balance over the first n stages,
Equation 10.3-12.

I'il-'ﬂ-'rlb + Vu +1 ,'!"'ui 1= Lu*rn + l'f']}rl

Solving for y,+q in Eq. (10.3-12),

Equation 10.3-13.
LHIH + II'X'I - LII-TH
Vv V

Yo+1 =
n+1 n+1

This is an important material-balance equation, often called an operating line. 1t relates the con-
centration y,.4 in the V/stream with x, in the L stream passing it. The terms V4, y4, Lo, and xp are
constant and are usually known or can be determined from Egs. (10.3-9)-(10.3-12).

Countercurrent contact with immiscible streams

An important case in which the solute A is being transferred occurs when the solvent stream I/
contains components A and B with no Cand the solvent stream L contains A and Cwith no B. The
two streams L and V/ are immiscible in each other, with only A being transferred. When Eq.
(10.3-13) is plotted on an x-y plot (x4 and y,4 of component A) such as Fig. 10.3-3, itis often curved,
since the slope L,/ V)1 of the operating line varies if the L and V'streams vary from stage to stage.

y 'T |*o operating line—,
YN+l
stage 1
Yz 1.1:1 2 Mal e 4
g :
2 3 .
S 3 I
o Yib — — — — — P .
o equilibrium line
Y3 1;!::g ; i |
E 2 |
3 - Yar—-- [ I
1 I | |
- ]
¥a X3 H1 | I : |
1 / | | |
| |
N=4 L1 | .
- Xp Xq Xa X3 X3 Xy
YN+1 XN Mole fraction, x

Figure 10.3-3. Number of stages in a countercurrent multjple-stage contact process.

In Fig. 10.3-3 the equilibrium line that relates the compositions of two streams leaving a stage in
equilibrium with each other is plotted. To determine the number of ideal stages required to bring
about a given separation or reduction of the concentration of A from yy41 to 4, the calculation is
often done graphically. Starting at stage 1, J4 and xy are on the operating line, Eq. (10.3-13), plotted
in the figure. The vapor y; leaving is in equilibrium with the leaving x; and both compositions are on
the equilibrium line. Then y» and xq are on the operating line and y» is in equilibrium with x,, and so
on. Each stage is represented by a step drawn on Fig. 10.3-3. The steps are continued on the graph
until ypx4 is reached. Alternatively, we can start at yy41 and draw the steps going to y;.
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Stage and Continuous Gas-Liquid Separation Processes 699

If the streams L and Vare dilute in component A, the streams are approximately constant and the
slope L,/ V.1 of Eq. (10.3-13) is nearly constant. Hence, the operating line is essentially a straight
line on an x-y plot. In distillation, where only components A and B are present, Eq. (10.3-13) also
holds for the operating line; this will be covered in Chapter 11. Cases where A, B, and C are ap-
preciably soluble in each other often occur in liquid-liquid extraction and will be discussed in Chapter
12.

Example 10.3-2. Absorption of Acetone in a Countercurrent Stage Tower

It is desired to absorb 90% of the acetone in a gas containing 1.0 mol % acetone in air in a countercurrent
stage tower. The total inlet gas flow to the tower is 30.0 kg mol/h, and the total inlet pure water flow to be used
to absorb the acetone is 90 kg mol H,O/h. The process is to operate isothermally at 300 K and a total pressure
of 101.3 kPa. The equilibrium relation for the acetone (A) in the gas-liquid is y4 = 2.53x4. Determine the number
of theoretical stages required for this separation.

Solutior. The process flow diagram is similar to Fig. 10.3-3. Given values are yaax1 = 0.01, x40 = 0, V1 =
30.0 kg mol/h, and Ly = 90.0 kg mol/h. Making an acetone material balance,

amount of entering acetone = v v Vi = 0.01(30,0) = 0.30 kg mol/h
entering air = (1 — v 1V = (1 = 0.01)(30.0)
= 29.7 kg mol air/h
acetone leaving in V', = (0L10{0.30) = 0,030 kg mol'h
acetone leaving in Ly = 0.90{0.30) = 0.27 kg mol/'h
Vi =297 + 0.03 = 29.73 kg molair + acetone/h

= 2030 _ 60010
Yau = 5973 W 101
Ly =900 + (.27 = 90.27 kg mol water + acetone/h
0.27 .
Xan = 90,27 = (00300

Since the flow of liquid varies only slightly from Ly = 90.0 at the inlet to L, = 90.27 at the outlet and V/from 30.0
to 29.73, the slope L,/ V)1 of the operating line in Eq. (10.3-13) is essentially constant. This line is plotted in
Fig. 10.3-4 together with the equilibrium relation y4 = 2.53x,4. Starting at point y44, x40, the stages are drawn
as shown. About 5.2 theoretical stages are required.
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Figure 10.3-4. Theoretical stages for countercurrent absorption in Example 10.3-2.

Analytical Equations for Countercurrent Stage Contact

When the flow rates VVand L in a countercurrent process are essentially constant, the operating-line
equation (10.3-13) becomes straight. If the equilibrium line is also a straight line over the concen-
tration range, simplified analytical expressions can be derived for the number of equilibrium stages
in a countercurrent stage process.

Referring again to Fig. 10.3-2, Eq. (10.3-14) is an overall component balance on component A:
Equation 10.3-14.

Loxg+ Vyaynea = Lyxy + Viy
Rearranging,

Equation 10.3-15.

Lyxy = Vnayna = Lyxy — Vyy

Making a component balance for A on the first n stages,
Equation 10.3-16.

Loxy +V, v, = Lox, + Vi
Rearranging,

Equation 10.3-17.

Lyxy — V] M= L.rrxn - Vwr F1.Yn+1
Equating Eq. (10.3-15) to (10.3-17),

Equation 10.3-18.

L"I” - Vu f1¥ns1 = Lh-'x.-\" - V.'\' +1YN+1
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Stage and Continuous Gas-Liquid Separation Processes 701

Since the molar flows are constant, L, = Ly = constant = L and V.1 = V41 = constant = V. Then
Eq. (10.3-18) becomes

Equation 10.3-19.

L(IH - IN} = V(};H‘] — YN+ l:}

Since Y1 and x,+¢ are in equilibrium and the equilibrium line is straight, y,+1 = mMxpq. AlSO, Yawq =
mxpq. Substituting mx,.q for ¥4 and calling A= L/mV, Eq. (10.3-19) becomes

Equation 10.3-20.

Xy+1 — Axn =

where A is an absorption factor and is constant.

All factors on the right-hand side of Eq. (10.3-20) are constant. This equation is a linear first-order
difference equation and can be solved by the calculus of finite-difference methods (G1, M1). The
final derived equations are as follows.

For transfer of solute A from phase L to V/(stripping),

Equation 10.3-21.
Xp — Xy (VAN — (1/A)
Xo— (yyaim) (VAN -1

Equation 10.3-22.

Xy — (v fm
inl X° (Y }{l —A)+ A
v - - Lxy = G/m)
' In(1/A)
When A=1,

Equation 10.3-23.
.1-“ - ,r..\-
N =
Xy = (yne/m)
For transfer of solute A from phase Vto L (absorption),

Equation 10.3-24.
¥+l — W B A."-'il — A
Yy —mx, AV — 1

Equation 10.3-25.

Yyl — MX, | |
nj—| 1 —— | +—
¥y — Xy A A

In A
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Stage and Continuous Gas-Liquid Separation Processes 702

Equation 10.3-26.
Yn+e1 — N
_}"| - ’}!.f”

N =

The term A is often called the absorption factor and S the stripping factor, where S = 1/A. These
equations can be used with any consistent set of units such as mass flow and mass fraction or molar
flow and mole fraction. Such series of equations are often called Kremser equations and are con-
venient to use.

If the equilibrium line is not straight but curved somewhat, the slope will vary and, hence, mand A
= L/mV will vary. For absorption (referring to Fig. 10.3-3) at the concentrated end, the slope my or
tangent of the equilibrium line at the concentrations yj, xyleaving this bottom stage Nis used. This
myis at point xy on the equilibrium line. For the top or dilute end at stage 1 of the tower, the slope
of the equilibrium line /my at the concentrations y, xq leaving this stage is employed. This m is at
point y4 on the equilibrium line. Then Ay = Lp/maVisq and Ay = Lo/my V4. The geometric average is
used, where 4 = VAxAr (1, 73). Also, the dilute m is used in Egs. (10.3-24)~(10.3-26).

For stripping at the top or concentrated stage, the slope m, or tangent to the equilibrium line at the
concentrations 4, x4 leaving this stage is used. This m, is at point y4 on the equilibrium line. At the

bottom stage or dilute end of the tower, the slope my of the equilibrium line at the points yp, xyis
used. This my is at xy on the equilibrium line. Then, Ay = LA/myViw1, Ay = Lo/my V4, and

A= VAyA, Again the dilute myis used in Egs. (10.3-21)—(10.3-23). Sometimes only the values
of Aand m at the dilute end are used since more of the stages are in this region.

Example 10.3-3. Number of Stages by Analytical Equation.
Repeat Example 10.3-2 but use the Kremser analytical equations for countercurrent stage processes.

Solutior. At one end of the process at stage 1, V4 = 29.73 kg mol/h, y4¢ = 0.00101, Ly = 90.0, and x4 = 0.
Also, the equilibrium relation is y, = 2.53x, where m = 2.53. Then,

L 90.0

—_— — — - I‘ [}
" mV omV, 253 %2973 2

At stage N, Vysq = 30.0, yane1 = 0.01, Ly=90.27, and x4y = 0.00300.

Ly 9027
mVy,, 2.53 % 30.0

Ay = =119

A= VAA, = V0120 X 1.19 = 1.195

The geometric average

The acetone solute is transferred from the /to the L phase (absorption). Substituting into Eq. (10.3-25),

[ 0.01 = 2.53(0) 1 1
In - | — — | +
L0.00101 = 2.53(0) 1.195 1.195

N = = 5.04 stages
: In(1.195) Slages

This compares closely with 5.2 stages obtained using the graphical method.
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MASS TRANSFER BETWEEN PHASES

Introduction and Equilibrium Relations

Introduction to interphase mass transfer

In Chapter 7 we considered mass transfer from a fluid phase to another phase, which was most
often a solid phase. The solute A was usually transferred from the fluid phase by convective mass
transfer and through the solid by diffusion. In the present section we shall be concerned with the
mass transfer of solute A from one fluid phase by convection and then through a second fluid phase
by convection. For example, the solute may diffuse through a gas phase and then diffuse through
and be absorbed in an adjacent and immiscible liquid phase. This occurs in the case of absorption
of ammonia from air by water.

The two phases are in direct contact with each other, such as in a packed, tray, or spray-type tower,
and the interfacial area between the phases is usually not well defined. In two-phase mass transfer,
a concentration gradient will exist in each phase, causing mass transfer to occur. At the interface
between the two fluid phases, equilibrium exists in most cases.

Equilibrium relations

Even when mass transfer is occurring, equilibrium relations are important to determine concentra-
tion profiles for predicting rates of mass transfer. In Section 10.2 the equilibrium relation in a gas—
liquid system and Henry's law were discussed. In Section 7.1C a discussion covered equilibrium
distribution coefficients between two phases. These equilibrium relations will be used in discussion
of mass transfer between phases in this section.

Concentration Profiles in Interphase Mass Transfer

In the majority of mass-transfer systems, two phases, which are essentially immiscible in each other,
are present together with an interface between these two phases. Assuming solute A is diffusing
from the bulk gas phase Gto the liquid phase L, it must pass through phase G, through the interface,
and then into phase L in series. A concentration gradient must exist to cause this mass transfer
through the resistances in each phase, as shown in Fig. 10.4-1. The average or bulk concentration
of Ain the gas phase in mole fraction units is y4g, Where y,5= p4/P, and in the bulk liquid phase in
mole fraction units it is x4;.

liquid-phase solution ! gas-phase mixture
of 4 in liquid L jof A ingas G

L— r——
|{ ‘ YAG

XA Ai <

iA_L_____ ~ ] A

: interface

distance from interface
Figure 10.4-1. Concentration profile of solute A diffusing through two phases.

The concentration in the bulk gas phase y,c decreases to y4, at the interface. The liquid concen-
tration starts at x4;at the interface and falls to x4, . At the interface, since there would be no resistance
to transfer across this interface, y4;, and xy; are in equilibrium and are related by the equilibrium
distribution relation
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Stage and Continuous Gas-Liquid Separation Processes 704

Equation 10.4-1.

Yai = f(-‘f.eu)

where y4;is a function of x4, They are related by an equilibrium plot such as Fig. 10.1-1. If the system
follows Henry's law, y4P or p4 and x4 are related by Eq. (10.2-2) at the interface.

Experimentally, the resistance at the interface has been shown to be negligible for most cases of
mass transfer where chemical reactions do not occur, such as absorption of common gases from
air to water and extraction of organic solutes from one phase to another. However, there are some
exceptions. Certain surface-active compounds may concentrate at the interface and cause an “in-
terfacial resistance” that slows down the diffusion of solute molecules. Theories for predicting when
interfacial resistance may occur are often obscure and unreliable.

Mass Transfer Using Film Mass-Transfer Coefficients and Interface Concentrations

Equimolar counterdiffusion

For equimolar counterdiffusion the concentrations of Fig. 10.4-1 can be plotted on an x-y diagram
as in Fig. 10.4-2. Point P represents the bulk phase compositions x45 and x4, of the two phases
and point Mthe interface concentrations y,;and x4, For A diffusing from the gas to liquid and Bin
equimolar counterdiffusion from liquid to gas,

Equation 10.4-2.
N, = k;-{}’/:r; — Vai) = k(x4 — xa)

¥ L
slope = -.‘cx,l’ky
Yag F——— o F———————— D equilibrium line
rr
I slope =m _\V 7 |
| |
| ,/ I
I ; I
| |
Yair——————t————— M |
1 =m'
slope ) _3/ - I
I - | |
|
| E— | .
2 | |
| | |
x X4: x*
AL Al A
Figure 10.4-2. Concentration driving forces and interface concentrations in interphase mass transfer (equimolar
counterdiffusion).

where k." is the gas-phase mass-transfer coefficient in kg mol/s - m2 - mol frac (g mol/s - cm?2 - mol
frac, Ib mol/h - ft2 - mol frac) and k.r the liquid-phase mass-transfer coefficient in kg mol/s - m2 - mol
frac (g mol/s - cm? - mol frac, Ib mol/h - ft2 - mol frac). Rearranging Eq. (10.4-2),

Equation 10.4-3.

- ¥ —
Kie  Yac = Yai
r -
ky —XaL — X

Ai
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The driving force in the gas phase is (yag — V) and in the liquid phase it is (x4;— x4,). The slope of

the line PMis ki Ik, This means that if the two film coefficients ™ x and k ¥ are known, the interface

—K. Ik

compositions can be determined by drawing line PM with a slope ¥ intersecting the equili-

brium line.

The bulk-phase concentrations y,c and x4, can be determined by simply sampling the mixed bulk
gas phase and sampling the mixed bulk liquid phase. The interface concentrations are determined
by Eq. (10.4-3).

Diffusion of A through stagnant or nondiffusing B

For the common case of A diffusing through a stagnant gas phase and then through a stagnant
liquid phase, the concentrations are shown in Fig. 10.4-3, where P again represents bulk-phase
compositions and M interface compositions. The equations for A diffusing through a stagnant gas
and then through a stagnant liquid are

Equation 10.4-4.

Ny= k_r(}'fuc; = Vai) = k(x4 — xa.)

~ky/(U=x4)ipm

slope =

kyl(1=y 4)im

YAG equilibrium line

YAi

x
YA
x XA x¥
AL Al ‘4
Figure 10.4-3. Concentration driving forces and interface concentrations in interphase mass transfer (A diffusing through
stagnant B).
Now,
Equation 10.4-5.
[} F
k."' k.r
k, = k,=
' (1 = ya)in (1 = xa)ine
where

Equation 10.4-6.

[] - }‘I-‘JLH — [:I B -udf} - {]' - :"‘A-f:')

In[(l = ya)/(1 = J"Ar;}]
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Equation 10.4-7.

(1= xar) = (1 - 20)
-I - ray = : 1
[ -)‘A}r--‘f Iﬂ[“ — x(”_:l.l'l(l - vr,"ul':l,

Then,

Equation 10.4-8.

N,y = L(}'w' — Yai) = LE" i~ Xar)
(1 =y~ o (1= xadime o

Note that (1 — ya)u is the same as ygy, of Eq. (7.2-11) but is written for the interface, and (1 -
Xa)mis the same as xgy,0f Eq. (7.2-11). Using Eq. (10.4-8) and rearranging,

Equation 10.4-9.
=k (1 = X4 )in ~ Yag T Yai
KyI(L = ya)im XarL = Xai

The slope of the line PMin Fig. 10.4-3 to obtain the interface compositions is given by the left-hand
side of Eq. (10.4-9). This differs from the slope of Eq. (10.4-3) for equimolar counterdiffusion by the
terms (1 = ya)imwand (1 — x4) - When Ais diffusing through stagnant B and the solutions are dilute,
(1= ya)mand (1 - x4)1sare close to 1.

A trial-and-error method is needed to use Eq. (10.4-9) to get the slope, since the left-hand side
contains the terms y,4;and xy; that are being sought. For the first trial (1 — y4)sand (1 — x4) s are
assumed to be 1.0, and Eq. (10.4-9) is used to get the slope and y,;and x4, values. Then for the
second trial, these values of y4;and x4, are used to calculate a new slope to get new values of y,;
and x4, This is repeated until the interface compositions do not change. Three trials are usually
sufficient.

EXAMPLE 10.4-1. Interface Compositions in Interphase Mass Transfer

The solute A is being absorbed from a gas mixture of A and Bin a wetted-wall tower with the liquid flowing as
a film downward along the wall. At a certain point in the tower the bulk gas concentration y45 = 0.380 mol
fraction and the bulk liquid concentration is x4, = 0.100. The tower is operating at 298 K and 1.013 x 10° Pa
and the equilibrium data are as follows:

X4 Ya XA Ya
0 0 0.20 0.131
0.05 0.022 0.25 0.187
0.10 0.052 0.30 0.265
0.15 0.087 0.35 0.385

The solute A diffuses through stagnant Bin the gas phase and then through a nondiffusing liquid.

Using correlations for dilute solutions in wetted-wall towers, the film mass-transfer coefficient for A in the gas
phase is predicted as , = 1.465 x 1073 kg mol A/s - m? - mol frac (1.08 Ib mol/h - ft2 - mol frac) and for the
liquid phase as &, = 1.967 x 1073 kg mol A/s - m2 - mol frac (1.45 Ib mol/h - ft2 - mol frac). Calculate the interface
concentrations y;and x;and the flux Ay

Solution. Since the correlations are for dilute solutions, (1 = y4)sand (1 — x4) 1, are approximately 1.0 and the

r ]
coefficients are the same as k." and k.r. The equilibrium data are plotted in Fig. 10.4-4. Point Pis plotted at
¥ac = 0.380 and xy4; = 0.100. For the first trial, (1 = y4)iyand (1 — x4) 1y are assumed as 1.0 and the slope of
line PMis, from Eq. (10.4-9),
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0.4

YaG-—————— . D
| |
0.3_ | |
| |
| |
| |
Yai-—0.2 =____I___ _ i |
|
| | |
[ 1 I
0.1} ; ' 5
yi ! | E
4 'E | i
0 | ; T
0 0.1 0.2 } 0.3 : 0.4
| | |
XAL X Ai x5

Figure 10.4-4. Location of interface concentrations for Example 10.4-1.

RS- X 1967 X 107910

= = —1.342
k(1 = va)in 1.465 x 10710

A line through point P with a slope of —1.342 is plotted in Fig. 10.4-4 intersecting the equilibrium line at M,
where y4;,=0.183 and x4;= 0.247.

For the second trial we use y4, and xy; from the first trial to calculate the new slope. Substituting into Egs.
(10.4-6) and (10.4-7),

“ —ya) — (1 - _1".4{;}
In[(1 = ya)/(1 = yag)]
(1 — 0.183) — (1 — (0.380)

= = 0.715
In[(1 — 0.183)/(1 — 0.380)] 071

“ - 'rz!f.j - “ = X )
In[(1 = x4 /(1 = x4)]
(1 = 0.100) = (1 — (.247)

(1 - J’A}f.u =

(1 - -f,a}r'u =

= = (.825
In[(1 = 0.100)/(1 — 0.247)]
Substituting into Eq. (10.4-9) to obtain the new slope,
k(1 — x,); 967 % 1077/0.825
( D _ 1967 X 1070825 _ .

SR = ya)e 1465 X 1073/0.715

A line through point P with a slope of —-1.163 is plotted and intersects the equilibrium line at M, where y,; =
0.197 and x4;= 0.257.

Using these new values for the third trial, the following values are calculated:
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| _(1-0197)-(1-0380) _
(L= yadv = Jord — 0.197)/(1 = 0380)] ~

Ly (1-0100) - (1-0257) o
U= X = i = 0100)1 — 0257)] ~ %2

KO = xadw _ 1967 X 107%/0820 _
K1 = ya)im 1.465 % 107%/0.709 '

This slope of -1.160 is essentially the same as the slope of —=1.163 for the second trial. Hence, the final values
are yu;,= 0.197 and xy4;= 0.257 and are shown as point V.

To calculate the flux, Eq. (10.4-8) is used:

ks 1.465 X 10
- . - \ C—w . — 13 ¥ — . C
Nf" (I _ __'l"/.}lilu [J"z'l.h .1' z‘lr:| f]'?['.l"-} {U b[} U 1)?)
= 3.78 % 10"* kg mol/s - m?
N, =8 (0.380 — 0.197) = 0.2785 Ib mol/h - ft®
407090 ) eI ©
K 1.967 x 1077
= (v xa) = -(0.257 = 0.100
Na (1= X)in (ai = Xar) 0.820 (0.257 = 0.100)

3.78 x 107" kg mol/s - m*

Note that the flux M4 through each phase is the same as in the other phase, which should be the case at steady
state.

Overall Mass-Transfer Coefficients and Driving Forces

Introduction

Film or single-phase mass-transfer coefficients k ¥and k.: or k,and k,are often difficult to measure
experimentally, except in certain experiments designed so that the concentration difference across

one phase is small and can be neglected. As a result, overall mass-transfer coefficients "** and
K% are measured based on the gas phase or liquid phase. This method is used in heat transfer,
where overall heat-transfer coefficients are measured based on inside or outside areas instead of
film coefficients.

K

The overall mass transfer *** is defined as

Equation 10.4-10.

Ny= K;‘{,Fdﬁ = ¥a)

- r h
where Ky is based on the overall gas-phase driving force in kg mol/s - m2 - mol frac, and ¥4 is the
k

value that would be in equilibrium with x4,, as shown in Fig. 10.4-2. Also, t is defined as
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Equation 10.4-11.

N,= K:(ﬁ — Xap1)

r :!.g
where K: is based on the overall liquid-phase driving force in kg mol/s - m2 - mol frac and £ is the
value that would be in equilibrium with y46.

Equimolar counterdiffusion and/or diffusion in dilute solutions

Equation (10.4-2) holds for equimolar counterdiffusion, or, when the solutions are dilute, Egs.
(10.4-8) and (10.4-2) are identical:

Equation 10.4-2.
T A e A —_
N, = k_-.-{J"m'r' Vai) = k(X0 = xa1)

From Fig. 10.4-2,
Equation 10.4-12.

Yac = Ya = Vag = Yai) + (Yai — ¥3)

Between the points £and Mthe slope m’can be given as
Equation 10.4-13.
R
, Yai — Ya
m=-_—
Xai = Xar

b
Solving Eq. (10.4-13) for (y4,— ¥) and substituting into Eq. (10.4-12),
Equation 10.4-14.
oy Py .
Vac = Ya = Vag = yar) + m'(x — x4)
Then, on substituting Egs. (10.4-10) and (10.4-2) into (10.4-14) and canceling out N,

Equation 10.4-15.
11 m'

T K
K, Kk k;

The left-hand side of Eq. (10.4-15) is the total resistance based on the overall gas driving force and

! ¥ F
equals the gas film resistance ”k‘ plus the liquid film resistance m "rk.u.

In a similar manner, from Fig. 10.4-2,

Equation 10.4-16.

X = X = (X% = x) F (v - xa)
Equation 10.4-17.

w_ Yag T Yai
n = T
J‘A x.ﬂh'

Proceeding as before,
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Equation 10.4-18.
1 1 1

.= +
K., m'k, Kk,

Several special cases of Egs. (10.4-15) and (10.4-18) will now be discussed. The numerical values

of k.c and k." are very roughly similar. The values of the slopes n7 and m" are very important. If
m' is quite small, so that the equilibrium curve in Fig. 10.4-2 is almost horizontal, a small value of
yain the gas will give a large value of x4 in equilibrium in the liquid. The gas solute A is then very
m'lk’,

soluble in the liquid phase, and hence the term ¥ in EqQ. (10.4-15) is very small. Then,

Equation 10.4-19.

] 1

K, Kk,

and the major resistance is in the gas phase, or the “gas phase is controlling.” The point M has
moved down very close to £, so that

Equation 10.4-20.

Yag — YA = Yac — Yai

Li(m"

Similarly, when m" is very large, the solute A is very insoluble in the liquid, k-"] becomes

small, and

Equation 10.4-21.

1 1

' m
X k.r

I

#*
The “liquid phase is controlling” and x4;= 4. Systems for absorption of oxygen or CO, from air by
water are similar to Eq. (10.4-21).

Diffusion of A through stagnant or nondiffusing B
For the case of A diffusing through nondiffusing B, Egs. (10.4-8) and (10.4-14) hold and Fig.

10.4-3 is used:

Equation 10.4-8.

N = (4 = ) = (= )
B (R 7)1 Rt § I ) PP

Equation 10.4-14.

VYac = J’i = [}"A{; - }'m] + ”Tr{i'm = Xar)

We must, however, define the equations for the flux using overall coefficients as follows:
Equation 10.4-22.

LK K ],
Na = [{l - _"".4}'.UJUI"“; T Ya) = [“ - -".-1]-.HJ|:L! ™ Xa)
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The bracketed terms are often written as follows:

Equation 10.4-23.

K o= K, =
(1 = ya)em (1= xg)en

where K|, is the overall gas mass-transfer coefficient for A diffusing through stagnant Band K the
overall liquid mass-transfer coefficient. These two coefficients are concentration-dependent. Sub-
stituting Egs. (10.4-8) and (10.4-22) into (10.4-14), we obtain

Equation 10.4-24.

| | m'

+
K1 = ya)em k;-*'r“ = Ya)im K (1 — x4)in
where
Equation 10.4-25.
(1 - ‘ﬁj = (1 = yag)
(1= ya)m = _ .= _
]"[U ya)(l .VA(;':']

Similarly, for k 'L,

Equation 10.4-26.

1 1 1
K (1 = x,0)ep - m k(1 = ya)in KA1 = x4)im

where

Equation 10.4-27.

(1= xq) — (1 - ﬂ.]
In[(1 — x, )(1 — x%)]

(I = Xq)ey =

It should be noted that the relations derived here also hold for any two-phase system, where ystands
for one phase and x for the other phase. For example, for the extraction of the solute acetic acid
(A) from water () phase) by isopropyl ether (x phase), the same relations will hold.

EXAMPLE 10.4-2. Overall Mass-Transfer Coefficients from Film Coefficients

ot
Using the same data as in Example 10.4-1, calculate the overall mass-transfer coefficient ~ ", the flux, and
the percent resistance in the gas and liquid films. Do this for the case of A diffusing through stagnant B.

W
Solutiorr. From Fig. 10.4-4, Ya-= 0.052, which is in equilibrium with the bulk liquid x4, = 0.10. Also, Y4 =
0.380. The slope of chord m'between £and Mfrom Eq. (10.4-13) is, for y4,= 0.197 and x4, = 0.257,

Yai— Yi 0197 = 0.052
X4 — Xa 0257 = 0.100

P

n =

= (1.923

From Example 10.4-1,

Chapter 10. Stage and Continuous Gas—Liquid Separation Processes. Transport Processes and Separation Process Principles (Includes Unit Operati
Prepared for badria.als@gmail.com, badria al shihi

© 2010 Safari Books Online, LLC. This download file is made available for personal use only and is subject to the Terms of Service. Any other use requires prior written consent from the
copyright owner. Unauthorized use, reproduction and/or distribution are strictly prohibited and violate applicable laws. All rights reserved.



Stage and Continuous Gas-Liquid Separation Processes 712

Ky 1465 x10° ki 1967 x 1077
(]. - }'IA)E.U U.T“g {I - XA);M {}.32{]

Using Eq. (10.4-25),
(1- ‘ﬁ} = (1 = yag)
In[[] - ."ﬁ}-‘r“ - }'.4(;”

(1 -0052) — (1 -0380)
T In[(1 = 0.052)/(1 — 0.380)]

(L= yalom =

|
fapd
T

Then, using Eq. (10.4-24),

1 1 . 0.923
K /0773 1.465 x 10750709 1.967 x 107%/0.820

484.0 + 384.8 = 868.8

il

Solving, " ¥ =8.90 x 1074. The percent resistance in the gas film is (484.0/868.8)100 = 55.7% and in the liquid
film 44.3%. The flux is as follows, using Eq. (10.4-22):
K 8.90 x 10°*
Ny=-—————(yis = V) =~ (0.380 — 0.052)
|:] - .F.'l]l'.ll-f “.?TS

3.78 % 10 * kg mol/s - m’

This, of course, is the same flux value as was calculated in Example 10.4-1 using the film equations.

Discussion of overall coefficients

If the two-phase system is such that the major resistance is in the gas phase, as in Eq. (10.4-19),
then to increase the overall rate of mass transfer, efforts should be centered on increasing the gas-
phase turbulence, not the liquid-phase turbulence. For a two-phase system where the liquid film
resistance is controlling, turbulence should be increased in this phase to increase rates of mass
transfer.

To design mass-transfer equipment, the overall mass-transfer coefficient is synthesized from the
individual film coefficients, as discussed in this section.

Generally, when the major resistance to mass transfer is in the gas phase, the overall mass transfer

r

coefficient Ky or the film coefficient ™ ¥ is used. An example would be absorption of ammonia from
air to water. When the major resistance is in the liquid phase, as in absorption of oxygen from air

by water, Ky or ki is used.
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CONTINUOUS HUMIDIFICATION PROCESSES

Introduction and Types of Equipment for Humidification

Introduction to gas-liquid contactors

When a relatively warm liquid is brought into direct contact with gas that is unsaturated, some of the
liquid is vaporized. The liquid temperature will drop mainly because of the latent heat of evaporation.
This direct contact of a gas with a pure liquid occurs most often in contacting air with water. This is
done for the following purposes: humidifying air for control of the moisture content of air in drying
or air conditioning; dehumidifying air, where cold water condenses some water vapor from warm
air; and water cooling, where evaporation of water to the air cools warm water.

In Chapter 9 the fundamentals of humidity and adiabatic humidification were discussed. In this
section the performance and design of continuous air-water contactors is considered. The emphasis
is on cooling of water, since this is the most important type of process in the process industries.
There are many cases in industry in which warm water is discharged from heat exchangers and
condensers when it would be more economical to cool and reuse it than to discard it.

Towers for water cooling

In a typical water-cooling tower, warm water flows countercurrent to an air stream. Typically, the
warm water enters the top of a packed tower and cascades down through the packing, leaving at
the bottom. Air enters at the bottom of the tower and flows upward through the descending water.
The tower packing often consists of slats of plastic or of a packed bed. The water is distributed by
troughs and overflows to cascade over slat gratings or packing that provides large interfacial areas
of contact between the water and air in the form of droplets and films of water. The flow of air upward
through the tower can be induced by the buoyancy of the warm air in the tower (natural draft) or by
the action of a fan. Detailed descriptions of towers are given in other texts (B1, T1).

The water cannot be cooled below the wet bulb temperature. The driving force for the evaporation
of the water is approximately the vapor pressure of the water less the vapor pressure it would have
at the wet bulb temperature. The water can be cooled only to the wet bulb temperature, and in
practice it is cooled to about 3 K or more above this. Only a small amount of water is lost by evap-
oration in cooling water. Since the latent heat of vaporization of water is about 2300 kJ/kg, a typical
change of about 8 K in water temperature corresponds to an evaporation loss of about 1.5%. Hence,
the total flow of water is usually assumed to be constant in calculations of tower size.

In humidification and dehumidification, intimate contact between the gas phase and liquid phase is
needed for large rates of mass transfer and heat transfer. The gas-phase resistance controls the
rate of transfer. Spray or packed towers are used to give large interfacial areas and to promote
turbulence in the gas phase.

Theory and Calculations for Water-Cooling Towers

Temperature and concentration profiles at interface

In Fig. 10.5-1 the temperature profile and concentration profile in terms of humidity are shown at
the water—gas interface. Water vapor diffuses from the interface to the bulk gas phase with a driving
force in the gas phase of (H;— Hg) kg H,O/kg dry air. There is no driving force for mass transfer in
the liquid phase, since water is a pure liquid. The temperature driving force is 7; = 7;in the liquid
phase and 7;,— 7gKor °C in the gas phase. Sensible heat flows from the bulk liquid to the interface
in the liquid. Sensible heat also flows from the interface to the gas phase. Latent heat also leaves
the interface in the water vapor, diffusing to the gas phase. The sensible heat flow from the liquid
to the interface equals the sensible heat flow in the gas plus the latent heat flow in the gas.
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liquid water interface
h H,

N air
\\
S Hg humidity
- — ——=water vapor B
Ty, AV,
T temperature
. e ———

sensible heat " [atent heat in gas
in liquid .

sensible heat in gas

Figure 10.5-1. Temperature and concentration profiles in upper part of cooling tower.

The conditions in Fig. 10.5-1 occur at the upper part of the cooling tower. In the lower part of the
cooling tower, the temperature of the bulk water is higher than the wet bulb temperature of the air
but may be below the dry bulb temperature. Then the direction of the sensible heat flow in Fig.
10.5-1 is reversed.

Rate equations for heat and mass transfer

We shall consider a packed water-cooling tower with air flowing upward and water countercurrently
downward in the tower. The total interfacial area between the air and water phases is unknown,
since the surface area of the packing is not equal to the interfacial area between the water droplets
and the air. Hence, we define a quantity , defined as m? of interfacial area per m3 volume of packed
section, or m2/m3. This is combined with the gas-phase mass-transfer coefficient kg in kg mol/s -
m2 Pa or kg mol/s - m2 - atm to give a volumetric coefficient kga in kg mol/s - m3 volumePa or kg
mol/s - m3 - atm (Ib mol/h - ft3 - atm).

The process is carried out adiabatically; the various streams and conditions are shown in Fig.
10.5-2, where
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Figure 10.5-2. Continuous countercurrent adiabatic water cooling.

L. = water flow, kg water/s - m” (Ib,,/h « {t?)
T, = temperature of water, “C or K (°F)
G = dry air flow, kg/s - m? (Ib,,/h - ft®)
T; = temperature of air, °C or K (°F)
H = humidity of air, kg water/kg dry air (Ib water/Ib dry air)
H, = enthalpy of air-water vapor mixture, J/kg dry air (btu/lb,, dry air)

The enthalpy H) as given in Eq. (9.3-8) is

Equation 9.3-8.
H, = cyT — Ty) + HAy = (1005 + L8SH)10%(T — 0) + 2.501 x 10°H  (SI)

Hy = efT — T,) + HAy = (024 + 045H)(T — 32) + 1075.4H  (English)

The base temperature selected is 0°C or 273 K (32°F). Note that (7- 73)°C = (7T- Tp) K.

Making a total heat balance for the dashed-line box shown in Fig. 10.5-2, an operating line is ob-
tained:

Equation 10.5-1.

GH, = Hy) = Le(Ty, — Try)

This assumes that L is essentially constant, since only a small amount is evaporated. The heat
capacity ¢; of the liquid is assumed constant at 4.187 x 103 J/kg - K (1.00 btu/lb, - °F). When plotted
on a chart of H,, versus 7;, Eq. (10.5-1) is a straight line with a slope of L¢;/G. Making an overall
heat balance over both ends of the tower,
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Equation 10.5-2.

G(Hﬁ-z - H;-l) = Ley (T, — Tpy)

Again, making a heat balance for the dz column height and neglecting sensible-heat terms com-
pared to the latent heat,

Equation 10.5-3.

Leyp dT, = G dH,

The total sensible heat transfer from the bulk liquid to the interface is (refer to Fig. 10.5-1)

Equation 10.5-4.

Le, dT, = G dH, = hyadz(T, = T))

where A, ais the liquid-phase volumetric heat-transfer coefficient in W/m3 - K (btu/h - ft3 - °F) and
7;is the interface temperature.

For adiabatic mass transfer the rate of heat transfer due to the latent heat in the water vapor being
transferred can be obtained from Eq. (9.3-16) by rearranging and using a volumetric basis:

Equation 10.5-5.

{
‘i; = M!{kﬂﬂ-‘i’lﬂn(f_ff - H(;) (-:"E

where gMA is in W/m2 (btu/h - ft2), Mg = molecular weight of air, kgza is a volumetric mass-transfer
coefficient in the gas in kg mol/s - m3 - Pa, P = atm pressure in Pa, A is the latent heat of water in
J/kg water, H;is the humidity of the gas at the interface in kg water/kg dry air, and Hgis the humidity
of the gas in the bulk gas phase in kg water/kg dry air. The rate of sensible heat transfer in the gas
is

Equation 10.5-6.

qs .
/; = I’(;H(.Ir! - f(;] ffE

where ggAis in W/m2 and Ag ais a volumetric heat-transfer coefficient in the gas in W/m? - K.
Now from Fig. 10.5-1, Eq. (10.5-4) must equal the sum of Egs. (10.5-5) and (10.5-6):

Equation 10.5-7.

G dH, = MgkgaPAy(H; — Hg)dz + hga(T; — Tg;) dz

Equation (9.3-18) states that

Equation 10.5-8.
hea

Myk,a

8 5

Substituting Pkga for k4,

Equation 10.5-9.
hea
.'wln Pk o -

Cy
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Substituting Eq. (10.5-9) into Eq. (10.5-7) and rearranging,

Equation 10.5-10.

Gd H, = MykgaP dz[(csT;, + A\H,)) = (csTg + AgH)]

Adding and subtracting ¢s7; inside the brackets,

Equation 10.5-11.

G dH, = MgkgaP dz{cy(T, = Ty) + HiAy = [es(T = Ty) + Hi Ayl

The terms inside the braces are (H,;~ H,), and Eq. (10.5-11) becomes

Equation 10.5-12.

G dff}_ = Ml;_;k(;ﬂp dZ(f.{}.f - n‘rf.l}

Integrating, the final equation to use for calculating the tower height is

Equation 10.5-13.
2 G e dH,
dz=z= """ —
0 Mﬂk“ﬂp H“; - H}.

‘”'ul :

If Eq. (10.5-4) is equated to Eq. (10.5-12) and the result rearranged,

Equation 10.5-14.

ha H, — H,

keaMgP T, - T,

Design of Water-Cooling Tower Using Film Mass-Transfer Coefficients

The tower design is done using the following steps:

1. The enthalpy of saturated air H,,is plotted versus 7;0on an H-versus-T7 plot as shown in Fig.
10.5-3. This enthalpy is calculated by means of Eq. (9.3-8) using the saturation humidity from

the humidity chart for a given temperature, with 0°C (273 K) as a base temperature. Calculated
values are tabulated in Table 10.5-1.

Table 10.5-1. Enthalpies of Saturated Air-Water Vapor Mixtures (0°C Base Temperature)

H, H,
T btu J T btu J
°F °C b, dry air kg dry air °F °C b, dry air kg dry air
60 15.6 18.78 43.68 x 10 100 37.8 63.7 148.2 x 103
80 26.7 36.1 84.0 x 103 105 40.6 74.0 172.1 x 103
85 29.4 41.8 97.2 x 103 110 433 84.8 197.2 x 103
90 322 48.2 112.1 x 103 115 46.1 96.5 224.5 x 103
95 35.0 55.4 128.9 x 10 140 60.0 198.4 461.5 x 103
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Figure 10.5-3. Temperature enthalpy diagram and operating line for water-cooling tower.

2. Knowing the entering air conditions 75y and H;, the enthalpy of this air /), is calculated from
Eq. (9.3-8). The point H, and 71 (desired leaving water temperature) is plotted in Fig.
10.5-3 as one point on the operating line. The operating line is plotted with a slope L¢,;/G and
ends at point 7,5, which is the entering water temperature. This gives H,,. Alternatively, H,
can be calculated from Eq. (10.5-2).

3. Knowing h;aand kga, lines with a slope of —h; alkgalMgP are plotted as shown in Fig. 10.5-3.
From Eq. (10.5-14), point Prepresents A, and 7, on the operating line, and point Mrepresents
Hy;and 7, the interface conditions. Hence, line MS or H,;— H) represents the driving force in
Eq. (10.5-13).

4. The driving force H,;— H, is computed for various values of 7; between 7,4 and 7,. Then the
function 1/(H,,— H,) is integrated from H,, to H,, by numerical or graphical integration to obtain
the value of the integral in Eq. (10.5-13). Finally, the height zis calculated from Eq. (10.5-13).

Design of Water-Cooling Tower Using Overall Mass-Transfer Coefficients

Often, only an overall mass-transfer coefficient Kga in kg mol/s - m3 - Pa or kg mol/s - m3 - atm is
available, and Eq. (10.5-13) becomes

Equation 10.5-15.

H s
G 2 dH,
Z = £
Mﬁk(;ﬂp H., !_1(1 - }-_1(1
&
The value of ”-‘ is determined by going vertically from the value of H, at point Pup to the equilibrium

&
line to give ”-" at point R, as shown in Fig. 10.5-3. In many cases the experimental film coefficients
kga and h;a are not available. The few experimental data available indicate that A, ais quite large;
the slope of the lines -, al(kgaMgP) in Eq. (10.5-14) would be very large and the value of H,,would

17 -
approach that of *" ¥ in Fig. 10.5-3.

Chapter 10. Stage and Continuous Gas—Liquid Separation Processes. Transport Processes and Separation Process Principles (Includes Unit Operati
Prepared for badria.als@gmail.com, badria al shihi

© 2010 Safari Books Online, LLC. This download file is made available for personal use only and is subject to the Terms of Service. Any other use requires prior written consent from the
copyright owner. Unauthorized use, reproduction and/or distribution are strictly prohibited and violate applicable laws. All rights reserved.



Stage and Continuous Gas-Liquid Separation Processes 719

The tower design using the overall mass-transfer coefficient is done using the following steps:

1. The enthalpy-temperature data from Table 10.5-1 are plotted as shown in Fig. 10.5-3.
2. The operating line is calculated as in steps 1 and 2 for the film coefficients and plotted in Fig.

10.5-3.

3. _ , - , HY
In Fig. 10.5-3 point Prepresents H,and 7; on the operating line and point R represents * " *

&

on the equilibrium line. Hence, the vertical line RP or ”-" - H, represents the driving force in
Eq. (10.5-15).

4. . H? . .
The driving force * " ¥ - H) is computed for various values of 7, between 7,1 and 7;,. Then the

H _

function 1/( H,) is integrated from H,, to H,, by numerical or graphical methods to obtain
the value of the integral in Eqg. (10.5-15). Finally, the height zis obtained from Eq. (10.5-15).

If experimental cooling data from an actual run in a cooling tower with known height zare available,
then, using Eq. (10.5-15), the experimental value of Kza can be obtained.

EXAMPLE 10.5-1. Design of Water-Cooling Tower Using Film Coefficients

A packed countercurrent water-cooling tower using a gas flow rate of G = 1.356 kg dry air/s - m2 and a water
flow rate of L = 1.356 kg water/s - m? is to cool the water from 7;, = 43.3°C (110°F) to 7,4 = 29.4°C (85°F).
The entering air at 29.4°C has a wet bulb temperature of 23.9°C. The mass-transfer coefficient Agais estimated
as 1.207 x 1077 kg mol/s - m3 - Pa and h,alkcaMgP as 4.187 x 10* J/kg - K (10.0 btu/lby, - °F). Calculate the
height of packed tower z The tower operates at a pressure of 1.013 x 10° Pa.

Solutiorr. Following the steps outlined, the enthalpies from the saturated air-water vapor mixtures from Table
10.5-1 are plotted in Fig. 10.5-4. The inlet air at 75 = 29.4°C has a wet bulb temperature of 23.9°C. The
humidity from the humidity chart is H; = 0.0165 kg H,O/kg dry air. Substituting into Eq. (9.3-8), noting that (29.4
-0)°C=(29.4-0)K,

H,, = (1.005 + 1.88 X 0.0165)10°(29.4 — 0) + 2.501 x 10%0.0165)

7.17 % 10° Jikg

200—————— /
= - 3
— 1gop | Slope=-dL8TXI0N. 4«
= | equilibrium line R
E‘n lﬁﬂ—i-—._.- {1 S
4 | v a
= | / |
2T T D
:EE 110;_._// \ }-"”’i_h
E | \ ) |
= 100 M : 1 | S—
3 ""\’f | |
- | L] operating line I
80 },,..- o T |
|
i ] !
60,5+ |

30 32 34 36 38 40 42 144 46

T4 Liquid temperature (°C) Tyr2
Figure 10.5-4. Graphical solution of Example 10.5-1.

The point A, = 71.7 % 10% and 7;4 = 29.4°C is plotted. Then substituting into Eq. (10.5-2) and solving,
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1.356(H,, — 71.7 X 10°) = 1.356(4.187 x 10°)(43.3 — 29.4)

Hyp = 129.9 x 108 J/kg dry air (55.8 btu/lby). The point H,, = 129.9 x 10% and 7;, = 43.3°C is also plotted,
giving the operating line. Lines with slope —#,alkgaMgP = -41.87 x 103 J/kg - K are plotted, giving Hy;and
H) values, which are tabulated in Table 10.5-2 along with derived values as shown. Values of the function 1/
(Hy; = H,) are used with numerical integration between the values H,4 = 71.7 x 102 to Hyp =129.9 x 103 to
obtain the integral

Table 10.5-2. Enthalpy Values for Solution to Example 10.5-1 (enthalpy in J/kg dry air)

Hy, H, H,; -H, V/(H,; -H,)
94.4 x 103 71.7 x 103 22.7 %103 441 %1075
108.4 x 103 83.5 x 103 24.9 x 103 4,02 x107°
124.4 x 103 94.9 x 103 29.5 % 103 339 x 1075
141.8 x 103 106.5 x 103 353 x 103 2.83x 1075
162.1 x 103 118.4 x 103 437 x 103 229 %1075
184.7 x 103 129.9 x 103 54.8 x 10 1.82x 1075

‘Ha  dH,
J - 1.8
H

H, - H,

vl
Substituting into Eq. (10.5-13),

G - dH, 1.356

_ - —(1.82
MykgaP | H, — H, 29(1.207 x 1077)(1.013 x 1{}”}( )

#a
|

6,98 m (22.9 ft)

Minimum Value of Air Flow

Often the air flow Gis not fixed but must be set for the design of the cooling tower. As shown in Fig.
10.5-5, for a minimum value of G, the operating line MNis drawn through the point /4,4 and 7,4 with
a slope that touches the equilibrium line at 7,5, point A. If the equilibrium line is quite curved, line
MN could become tangent to the equilibrium line at a point farther down the equilibrium line than
point N. For the actual tower, a value of G greater than G, must be used. Often, a value of Gequal
to 1.3 to 1.5 times Gy, is used.
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equilib |i‘mm line | N
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slope = Leg /G

Hy, M

Figure 10.5-5. Operating-line construction for minimum gas flow.

Design of Water-Cooling Tower Using Height of a Transfer Unit

Often another form of the film mass-transfer coefficient is used in Eq. (10.5-13):

Equation 10.5-16.

e dH,

L = !_.f(;
f-fxl HH - H}'
Equation 10.5-17.
G
H(F = St . n
MykqaP

where Hgis the height of a gas enthalpy transfer unit in m, and the integral term is called the number
of transfer units. The term Hg is often used since it is less dependent upon flow rates than Aga.

In many cases another form of the overall mass-transfer coefficient Kza in kg mol/s - m3- Pa or kg
mol/s - m3 - atm is used, and Eq. (10.5-15) becomes

Equation 10.5-18.
G rmdm Ha  dH,
!

o —— —:H_ e
MyK aP HY — H, ), HY—-H,

i
f1|

&
where Hpgis the height of an overall gas enthalpy transfer unit in m. The value of ”-" is determined

by going vertically from the value of H, up to the equilibrium line, as shown in Fig. 10.5-3. This
method should be used only when the equilibrium line is almost straight over the range used. How-
ever, the Hpg is often used even if the equilibrium line is somewhat curved because of the lack of
film mass-transfer-coefficient data.
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Stage and Continuous Gas-Liquid Separation Processes 722

Temperature and Humidity of Air Stream in Tower

The procedures outlined above do not yield any information on the changes in temperature and
humidity of the air-water vapor stream through the tower. If this information is of interest, a graphical
method by Mickley (M2) is available. The equation used for the graphical method is derived by first
setting Eq. (10.5-6) equal to Gcsd7 s and then combining it with Egs. (10.5-12) and (10.5-9) to yield
Eq. (10.5-19):

Equation 10.5-19.

dH, H, — H,
fl:T{_; a T!' - T{'

r

Dehumidification Tower

For the cooling or humidification tower discussed above, the operating line lies below the equilibrium
line, and water is cooled and air humidified. In a dehumidification tower, cool water is used to reduce
the humidity and temperature of the air that enters. In this case the operating line is above the
equilibrium line. Similar calculation methods are used (T1).

ABSORPTION IN PLATE AND PACKED TOWERS

Introduction to Absorption

As discussed briefly in Section 10.1B, absorption is a mass-transfer process in which a vapor solute
Ain a gas mixture is absorbed by means of a liquid in which the solute is more or less soluble. The
gas mixture consists mainly of an inert gas and the solute. The liquid also is primarily immiscible in
the gas phase; that is, its vaporization into the gas phase is relatively slight. A typical example is
absorption of the solute ammonia from an air-ammonia mixture by water. Subsequently, the solute
is recovered from the solution by distillation. In the reverse process of desorption or stripping, the
same principles and equations hold.

Equilibrium relations for gas-liquid systems in absorption were discussed in Section 10.2, and such
data are needed for design of absorption towers. Some data are tabulated in Appendix A.3. Other,
more extensive data are available in Perry and Green (P1, P2).

Equipment for Absorption and Distillation

Various types of tray (plate) towers for absorption and distillation

In order to efficiently bring the vapor and liquid into contact in absorption and distillation, tray towers
of the following types are often used.

1.  Sieve fray. The sieve tray shown in Fig. 10.6-1a is very common. Essentially the same tray
is used in distillation and gas absorption. In the sieve tray, vapor bubbles up through simple
holes in the tray through the flowing liquid. Hole sizes range from 3 to 12 mm in diameter, with
5 mm a common size. The vapor area of the holes varies between 5 to 15% of the tray area.
The liquid is held on the tray surface and prevented from flowing down through the holes by
the kinetic energy of the gas or vapor. The depth of liquid on the tray is maintained by an
overflow, outlet weir. The overflow liquid flows into the downspout to the next tray below.
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Stage and Continuous Gas-Liquid Separation Processes 723

liquid liquid

Figure 10.6-1. Tray contacting devices. (a) detail of sieve-tray tower, (b) detail of valve-tray tower.

2. Valve fray. A modification of the sieve tray is the valve tray shown in Fig. 10.6-1b. This consists
of an opening in the tray and a lift-valve cover with guides to keep the cover properly positioned
over the opening. This provides a variable open area which is varied by the vapor flow inhibiting
leakage of liquid down the opening at low vapor rates. Hence, this type of tray can operate
over a greater range of flow rates than the sieve tray, with a cost of only about 20% more than
a sieve tray. The valve tray is being increasingly used today (S5).

3.  Bubble-cap tray. Bubble-cap trays have been used for over 100 years, but since 1950 they
have been generally superseded by sieve-type or valve trays because of their cost, which is
almost double that of sieve-type trays. In the bubble tray, the vapor or gas rises through the
opening in the tray into the bubble caps. Then the gas flows through slots in the periphery of
each cap and bubbles upward through the flowing liquid. Details and design procedures for
many of these and other types of trays are given elsewhere (B2, P2, T1). Efficiencies for the
different types of trays are discussed in Section 11.5.

Structured packing for absorption and distillation

Structured packing has become competitive with conventional tray towers, especially in tower re-
vamps where increased capacity and/or efficiency is desired (K1, L2). A typical corrugated-sheet
packing is shown in Fig. 10.6-2 (F1). The thin corrugated-metal sheets are formed in a triangular
cross-section, as shown in Fig. 10.6-2a. The vapor flow goes upward through the triangular chan-
nels, which are set at a 45° angle with the vertical. The sheets are arranged so the liquid flows
downward in the opposite direction and spreads over the surfaces, as in a wetted-wall tower.

(a) (b)

Figure 10.6-2. Typical corrugated structured packing: (a) triangular cross section of flow channel; (b) flow-channel
arrangement, with vapor flowing upwarad, indicated by arrows, and liquid downward. [From J. R. Fair and J. L. Bravo, Chem.
Eng. Progr., 86, (Jan.), 19 (1990). With permission.]
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The corrugated sheets are assembled into an element whose height £, as shown in Fig. 10.6-2b,
is about 20 to 30 cm tall (8-12 in.). A shorter height tends to increase the liquid and vapor spread
in the horizontal plane. Each adjacent element is rotated 90° in the horizontal plane with respect to
the layer below in order to spread the liquid and vapor uniformly in all radial planes. The ratios of
B/hin Fig. 10.6-2a are in the range of 2/1 to 4/1. The size ranges of the triangle are typically: for
B,2.4-4.0 cm, for S, 1.7-2.6 cm, and for A, 1.2-1.8 cm (K1). Smaller sizes of the triangle mean that
more sheets are present, giving a greater surface area. This results in a higher efficiency but smaller
openings. However, the increased resistance to gas flow gives a lower capacity and a greater sen-
sitivity to plugging (K1).

The open void fraction typically varies from 0.91 to 0.96 and the specific surface area from 165 to
330 m2/m3 volume (50 to 100 ft2/ft3). In many cases the packing sheet contains perforations or holes
about 2-4 mm ID spaced 0.5-1.5 cm apart to help wet both the upper and lower sides of the sheet.

Packed towers for absorption and distillation

Packed towers are used for continuous countercurrent contacting of gas and liquid in absorption as
well as for vapor-liquid contacting in distillation. The tower in Fig. 10.6-3 consists of a cylindrical
column containing a gas inlet and distributing space at the bottom, a liquid inlet and distributing
device at the top, a gas outlet at the top, a liquid outlet at the bottom, and a packing or filling in the
tower. The gas enters the distributing space below the packed section and rises upward through
the openings or interstices in the packing and contacts the descending liquid flowing through the
same openings. A large area of intimate contact between the liquid and gas is provided by the
packing.

gas outlet

[

liquid inlet——

liquid distributor

)

=T

\

packing

~ «——gas inlet

liquid outlet=—=__ "

Figure 10.6-3. Packed tower flows and characteristics for absorption.
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Types of random packing for absorption and distillation

Many different types of tower packings have been developed and a number are used quite often.
Common types of packing which are dumped at random in the tower are shown in Fig. 10.6-4. Such
packings and other commercial packings are available in sizes of 3 mm to about 75 mm. Most of
the tower packings are made of materials such as clay, porcelain, metal, or plastic. High void spaces
of 65-95% are characteristic of good packings. The packings permit relatively large volumes of liquid
to pass countercurrent to the gas flow through the openings with relatively low pressure drops for
the gas. These same types of packings are also used in vapor-liquid separation processes of dis-
tillation.

(a) {b) ic) id) ie)

Figure 10.6-4. Typical random or dumped tower packings: (a) Raschig ring, (b) Berl saddle; (c) Pall ring; (d) Intalox metal,
IMTP; (e) Jaeger Metal Tri-Pack.

Ceramic Raschig rings and Berl saddles shown in Figs. 10.6-4a and b are older types of random
packing and are seldom used now (K1). Pall rings (second-generation packing) shown in Fig.
10.6-4c, are made of plastic or metal; they are much more efficient and are still used now. They
have porosities or void spaces of 0.90-0.96 and areas of 100-200 m2/m3 (30-60 ft2/ft3). The latest
or third-generation packings are the Intalox metal type, shown in Fig. 10.6-4d, which is a combination
of the Berl saddle and the Pall ring, and the Metal Tri-Pack, shown in Fig. 10.6-4e, which is a Pall
ring in spherical shape. Porosities range from 0.95 to 0.98. Many other types of new packings are
available. These third-generation packings are only slightly more efficient than the Pall rings.

Stacked packings having sizes of 75 mm or so and larger are also used. The packing is stacked
vertically, with open channels running uninterruptedly through the bed. The advantage of the lower
pressure drop of the gas is offset in part by the poorer gas-liquid contact in stacked packings. Typical
stacked packings are wood grids, drip-point grids, spiral partition rings, and others.

Pressure Drop and Flooding in Packed Towers

In a given packed tower with a given type and size of packing and with a definite flow of liquid, there
is an upper limit to the rate of gas flow, called the flooding velocity. Above this gas velocity the tower
cannot operate. At low gas velocities the liquid flows downward through the packing, essentially
uninfluenced by the upward gas flow. As the gas flow rate is increased at low gas velocities, the
pressure drop is proportional to the flow rate to the 1.8 power. At a gas flow rate called the /oading
point, the gas starts to hinder the liquid downflow, and local accumulations or pools of liquid start to
appear in the packing. The pressure drop of the gas starts to rise at a faster rate. As the gas flow
rate is increased, the liquid holdup or accumulation increases. At the flooding point, the liquid can
no longer flow down through the packing and is blown out with the gas.

In an actual, operating tower, the gas velocity is well below flooding. The optimum economic gas
velocity is about one-half or more of the flooding velocity. It depends upon a balance of economic
factors including equipment cost, pressure drop, and processing variables. Pressure drop in the
packing is an important consideration in design of a tower and is covered in detail below.
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Pressure drop in random packings

Empirical correlations for various random packings based on experimental data are used to predict
the pressure drop in the gas flow. The original correlation by Eckert (K1) correlated the gas and
liquid flow rates and properties with pressure drop. The latest version has been replotted by Strigle
(K1, S4) and is shown in Fig. 10.6-5. The line for AP = 2.0 in. H,O/ft has been extrapolated. The

ordinate (capacity parameter) is vglpd(p, — pe)]%° Fy'\0.05 and the abscissa (flow parameter) is
(GiIGe)(pdp)%®, where v is superficial gas velocity in ft/s, pgis gas density in lb/ft3, vg= G4
Pa P, is liquid density in Ib,/ft3, Fpis a packing factor in ft=1, vis kinematic viscosity p,/(p;/62.4) in
centstokes, Y, is liquid viscosity in cp, G, is liquid mass velocity in Ib/(s - ft2), and Ggis gas mass
velocity in Ib,/(s - ft?).Note that this capacity parameter is not dimensionless and that only these
units should be used. This correlation predicts pressure drops to an accuracy of +11% (L2).

“*-..“hhh AP = (in. H,O/Mt)

’ 15 L5 (L0
I"nr'lﬂr.-'{l"r - i'-'r.]] -'r'_u L
capacily parameter -

0.8

0.4

0.0
0006 002 1004 0.06 020 10.400.60 20 40
D005 5 0.03 005 g1p 030050 4y 30 50

(GG plp )", Now parameter

Figure 10.6-5. Pressure-drop correlation for random packings by Strigle. (From R. F. Strigle, Jr., Random Packings and
Packed Towers, Houston: Gulf Publishing Company, 1987. With permission from Elsevier Science.)

The packing factor £, is almost inversely proportional to packing size. This packing factor £, is
determined empirically for each size and type of packing, and some data are given in Table
10.6-1. A very extensive list of values of £, is given by Kister (K1).

Table 10.6-1. Packing Factors for Random and Structured Packing

Void Sarface ares, Relative mass-
Nominal fraction, o AP %  Packingfactor, transfer coeffi-
Type Material size, in. £ -’) I’ y 2 1T (m™) clent, &
Random Packing
Raschig Rings Ceramic 12 0.64 11 (364 580 (1900) 152
1 0.74 58 (™) 179 (587 120
112 073 37 (1zn 95 (12 1.00
2 0.74 28 92 65 @13) 0.85
Berl Saddles Ceramic 12 0.62 142 (466) 240 (787) 158
1 0.68 76 @9 110 (361) 136
2 2 (M5 45 (149
Pall Rings Metal 1 0.94 63 @07 56 (189 161
112 095 39 (28) 40 (131) 134
2 0.96 31 (102 27 (89) 114
Metal Intalox (IMTP) Metal T 097 70 @30 41 (139 1.78

Data from Ref. (K1, L2, P2, S4). The relative mass-transfor ceefficient, /3, is discussed in Section 70.8B.
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Void Sarfuce ares, Relative mass-
Nominal fraction, o PP ¥/  Packingfactor, trangfer coeffi-
Type Material size, in. £ ») Fpft 1 (m™) clens, f
2 098 30 (9] 18 (59) 127
Nor-Pac Plastic 1 0.92 55 1so 25 82
2 0.94 31 () 12 39)
Hy-Pak Metal 1 0.96 54 am 4 (148) 151
2 0.97 29 5 26 @85 1.07
Plastic 1 092 55 (180) 25 ®2)
2 0.94 31 (o 12 39
Structwred Packing
Moellapak 250Y Moetal 0.95 76 @9 20 (66)
500Y 152 @%9) 34 (1n2)
Flexipac 2 093 68 3 22 72
4 0.98 6 0)
Gempak 2A 093 67 @0 16 52
4A 091 138 (@52 32 (105)
Norton Intalox 2T 097 65 @3 1M (56) 198
3T 0.97 54 aum 13 43) 1.94
Montz B300 91 @9 33 (108)
Sulzer CY Wire 0.85 213 (700) 70 (230)
Mesh

Data from Ref. (KT, 12, P2, 84). The relative mass-4ransfer coefficient, f}, Is discussed In Section 10.5B.

Pressure drop in structured packings

An empirical correlation for structured packings Is given In Fig. 10.6-8 by Kister and Glll (K1). They
modified the Eckert correlation for random packings to better fit only the structured-packing data.
An extrapolated line for AP= 0.05 In. H;O/ft and for AP= 2.0 has been added. The packing factors
F, to be used for structured packing are those given In Table 10.6-1 and references (K1, L2, P2).
Tﬁeunllsonmeordlnabandabwssaofﬁg. 10.6-6 are the same as those for Fig. 10.6-5.
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Figure 10.6-6. Pressure-drop correlation for structured packings by Kister and Gill (K2). (From H. Z. Kister, Distillation Design,
New York: McGraw-Hill Book Company, 1992. With permission.)

Flooding pressure drop in packed and structured packings

Itis important for proper design to be able to predict the flooding pressure drop in towers and, hence,
the limiting flow rates at flooding. Figures 10.6-5 and 10.6-6 do not predict flooding conditions. Kister
and Gill (K2) have developed an empirical equation to predict the limiting pressure drop at flooding.
This equation is

Equation 10.6-1.

A P_."frmc.l’ = 0.11 Sr!r].l?

where APp,.qis in in. HyOfft height of packing and £, is the packing factor in ft=1 given in Table
10.6-1 for random or structured packing. To convert from English to Sl units, 1.00 in. H,O/ft height
=83.33 mm H,O/m height of packing. This can be used for packing factors from 9 up to 60. It predicts
all of the data for flooding within £15% and most for £10%. At a packing factor of 60 or higher, Eq.
(10.6-1) should not be used; instead, the pressure drop at flooding can be taken as 2.00 in. H,O/ft
(166.7 mm H,O/m).

The following procedure can be used to determine the limiting flow rates and the tower diameter.

1. First, a suitable random packing or structured packing is selected, giving an £, value.
2. A suitable liquid-to-gas ratio G,/Ggis selected along with the total gas flow rate.

3. The pressure drop at flooding is calculated using Eq. (10.6-1), or if 7, is 60 or over, the
AProoding is taken as 2.0 in./ft packing height.

4. Then the flow parameter is calculated, and using the pressure drop at flooding and either Fig.
10.6-5 or 10.6-6, the capacity parameter is read off the plot.

5. Using the capacity parameter, the value of Gg is obtained, which is the maximum value at
flooding.

6. Using a suitable % of the flooding value of G for design, a new Gg and G; are obtained. The
pressure drop can also be obtained from Figure 10.6-5 or 10.6-6.

7. Knowing the total gas flow rate and G, the tower cross-sectional area and ID can be calculated.
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Approximate design factors to use

In using random packing, the radio of tower diameter to packing size should be 10/1 or greater. This
is to ensure good liquid and gas distribution. For every 3 m (10 ft) height of packing, a liquid redis-
tribution should be used to prevent channeling of liquid to the sides. Random-packed towers are
generally used only for diameters of 1.0 m (3.3 ft) or less. Tray towers less than 0.6 m (2 ft) in
diameter are usually not used because of cleaning and access problems.

The start of loading in packed towers is usually at about 65-70% of the flooding velocity (L2). For
absorption, the tower should be designed using about 50-70% of the gas flooding velocity, with the
high value used at high flow parameters. For atmospheric-pressure distillation, values of 70-80%
can be used (S5). For distillation and structured packing, 80% of flooding is often used in design
(L3). For tray towers, see Section 11.5.

EXAMPLE 10.6-1. Pressure Drop and Tower Diameter for Ammonia Absorption

Ammonia is being absorbed in a tower using pure water at 25°C and 1.0 atm abs pressure. The feed rate is
1440 Iby/h (653.2 kg/h) and contains 3.0 mol % ammonia in air. The process design specifies a liquid-to-gas
mass flow rate ratio G;/Gg of 2/1 and the use of 1-in. metal Pall rings.

a.  Calculate the pressure drop in the packing and gas mass velocity at flooding. Using 50% of the flooding
velocity, calculate the pressure drop, gas and liquid flows, and tower diameter.

b.  Repeat (a) above but use Mellapak 250Y structured packing.

Solutior. The gas and liquid flows in the bottom of the tower are the largest, so the tower will be sized for these

flows. Assume that approximately all of the ammonia is absorbed. The gas average mol wt is 28.97(0.97) +
17.0(0.03) = 28.61. The weight fraction of ammonia is 0.03(17)/(28.61) = 0.01783.

492 (28.64) .
.= = (0.07309 Ib_, /ft°
Pa (4&{1 n ??) (359) Pmlit

Assuming the water is dilute, from Appendix A.2-4, the water viscosity p = 0.8937 cp. From A.2-3, the water
density is 0.99708 gm/cm3. Then, p; = 0.99708(62.43) = 62.25 Ib,/ft3. Also, v=p/p = 0.8937/0.99708 = 0.8963
centistokes.

!-“'T

From Table 10.6-1, for 1-in. Pall rings, F, = 56 ft=1. Using Eq. 10.6-1, APgyy = 0.115 P o= 0.115(56)07 =

1.925 in. H,O/ft packing height. The flow parameter for Fig. 10.6-5 is
(GG (pelp )™ = (2.0)(0.07309/62.25)" = 0.06853

Using Fig. 10.6-5, for a flow parameter of 0.06853 (abscissa) and a pressure drop of 1.925 in./ft at flooding, a
capacity parameter (ordinate) of 1.7 is read off the plot. Then, substituting into the capacity parameter equation
and solving for vg,

1.7 = U(E[ﬂ(i"r{pr. - Pf;]']u'ﬁ Fﬂ'ﬁl‘"m

0.07309 0.5
6| (6225 — 0.07309)

(56)"(0.8963)""

Vg = 6.663 ft/s. Then G = vgpg = 6.663(0.07309) = 0.4870 Ib,,/(s - ft2) at flooding. Using 50% of the flooding
velocity for design, Gg = 0.5(0.4870) = 0.2435 Ib,/(s - ft2) [1.189 kg/(s - m?)]. Also, the liquid flow rate G; =
2.0(0.2435) = 0.4870 Ib,,/(s - ft?) [2.378 kg/(s - m2)].

To calculate the tower pressure drop at 50% of flooding, G = 0.2435 and G; = 0.4870, the new capacity
parameter is 0.5(1.7) = 0.85. Using this value of 0.85 and the same flow parameter, 0.06853, a value of 0.18
in. water/ft is obtained from Fig. 10.6-5.
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The tower cross-sectional area = (1440/3600 Ib,/s)(1/0.2435 Ib/(s - ft2)) = 1.6427 ft2 = (1/4) 2. Solving, D=
1.446 ft (0.441 m). The amount of ammonia in the outlet water assuming all of the ammonia is absorbed is
0.01783(1440) = 25.68 Ib. Since the liquid flow rate is 2 times the gas flow rate, the total liquid flow rate is
2.0(1440) = 2880 Ib,/hr. Hence, the flow rate of the pure inlet water is 2880 - 25.68 = 2858.3 Ib,,/s.
+(], 7

For part (b), using Mellapak 250Y, £, = 20 from Table 10.6-1. The Apgyey = 0.115'L " =0.115(20)%7 = 0.936
in. water/ft. The flow parameter of 0.06853 is the same. Using Fig. 10.6-6, a capacity parameter = 1.38 at
flooding is obtained. Then,

1.38 G“[ £o ]“ﬂﬂmgms
PoLPL — Po g

_ (Gs) [ 007309 rs“j -
= (007309) | (6225 — 0.07300) | (20 (08963)

Solving, Gg = 0.6615 Iby/(h - ft2). For 50% flood, Gg = 0.5(0.6615) = 0.3308 Ib,/(s - ft2) [1.615 kg/(s - m?)].
Also, the liquid flow rate is G; = 2(0.3308) = 0.6616 Ib,/(s - ft2) [3.230 kg/(s - m2)]. The new capacity parameter
is 0.5(1.38) = 0.69. Using this and Fig. 10.6-6, a pressure drop of 0.11 in. water/ft is obtained.

The tower cross-sectional area = (1440/3600)(1/0.3308) = 1.209 ft2 = (1/4)[2. Solving, D = 1.241 ft (0.3784
m). Note that the tower with structured packing uses about 25% less cross-sectional area.

Design of Plate Absorption Towers

Operating-line derivation

A plate (tray) absorption tower has the same process flow diagram as the countercurrent multiple-
stage process in Fig. 10.3-2 and is shown as a vertical tray tower in Fig. 10.6-7. In the case of solute
Adiffusing through a stagnant gas (5) and then into a stagnant fluid, as in the absorption of acetone
(A) from air (B) by water, the moles of inert or stagnant air and inert water remain constant throughout
the entire tower. If the rates are V’kg mol inert air/s and L' kg mol inert solvent water/s or in kg mol
inert/s - m2 units (Ib mol inert/h - ft2), an overall material balance on component A in Fig. 10.6-7 is

Equation 10.6-2.

X Vs Xy v
L(")H%-*')ﬁ( ”)+w(*)
I - ,1-“ ] - _'ly' N+1 I - ,1-_\ I - _‘-']
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Figure 10.6-7. Material balance in an absorption tray fower.

A balance around the dashed-line box gives

Equation 10.6-3.

Xiy Vel Xy ¥y
c(i2g) () - () (65
| = Xy I - Yr+l 1 = Xy I = ¥

where x is the mole fraction A in the liquid, y the mole fraction of A in the gas, L, the total moles
liquid/s, and V/},,1 the total moles gas/s. The total flows/s of liquid and gas vary throughout the tower.

Equation (10.6-3) is the material balance or operating line for the absorption tower and is similar to
Eq. (10.3-13) for a countercurrent-stage process, except that the inert streams L’and V/"are used
instead of the total flow rates L and V. Equation (10.6-3) relates the concentration y,,.¢ in the gas
stream with x,,in the liquid stream passing it. The terms V; L', xy, and y4 are constant and are usually
known or can be determined.

Graphical determination of the number of trays

A plot of the operating-line equation (10.6-3) as y versus x will give a curved line. If xand y are very
dilute, the denominators 1 — x and 1 — y will be close to 1.0, and the line will be approximately
straight, with a slope = L71/" The number of theoretical trays is determined by simply stepping off
the number of trays, as done in Fig. 10.3-3 for a countercurrent multiple-stage process.

EXAMPLE 10.6-2. Absorption of SO, in a Tray Tower

A tray tower is to be designed to absorb SO, from an air stream by using pure water at 293 K (68°F). The
entering gas contains 20 mol % SO, and that leaving 2 mol % at a total pressure of 101.3 kPa. The inert air
flow rate is 150 kg air/h - m2, and the entering water flow rate is 6000 kg water/h - m2. Assuming an overall
tray efficiency of 25%, how many theoretical trays and actual trays are needed? Assume that the tower operates
at 293 K (20°C).

Solutiorr. First calculating the molar flow rates,

150 . . 2

V' = 29 - 5.18 kg mol inert air/h » m*
6000 5
"= 180 333 kg mol inert water/h - m*
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Referring to Fig. 10.6-7, yps1 = 0.20, y4 = 0.02, and xp = 0. Substituting into Eq. (10.6-2) and solving for xy,

0 0.20 Xn 0.02
3 + 5. = 33 + A,
33”"'(1 - :}) m(] - n.zn) 3“’3(1 - _1-_\.> > '8(1 - ﬂ.c}z)

Xy = 000355

Substituting into Eq. (10.6-3), using V"and L'as kg mol/h - m? instead of kg mol/s - m2,

0 Vait X, 0.02
333 —— | + 518 —— ) =333 —— ) + 5.8 ————
(1 —n) (1 - }.-,,.,) (I —_1-,,) (I —{u}z)

In order to plot the operating line, several intermediate points will be calculated. Setting y,,+1 = 0.07 and sub-
stituting into the operating equation,

0.07 X, 0.02
0+518 ——— ) =333 —"— ) +518 ———
s 205) - (72) s 20)

Hence, x,, = 0.000855. To calculate another intermediate point, we set y,.q = 0.13, and x, is calculated as
0.00201. The two end points and the two intermediate points on the operating line are plotted in Fig. 10.6-8,
as are the equilibrium data from Appendix A.3. The operating line is somewhat curved.

operating
line
YN+ = 0.20——}——
0.18}- |
]
. 0.6 [
2 012 !
st . - I X
£ onof /. cquilibrium
& line
S 0.08f }
= -
0.06}- |
0.04 |
Y1 —0.02 1 Ii
) PO N W S ———
) 0.002 0.004 0.006 0.008
|
Xo xj\l"

Mole fraction, x
Figure 10.6-8. Theoretical number of trays for absorption of SO, in Example 10.6-2.

The number of theoretical trays is determined by stepping off the steps to give 2.4 theoretical trays. The actual
number of trays is 2.4/0.25 = 9.6 trays.
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Design of Packed Towers for Absorption

Operating-line derivation

For the case of solute A diffusing through a stagnant gas and then into a stagnant fluid, an overall
material balance on component A in Fig. 10.6-9 for a packed tower is (note the notation change in
Fig. 10.6-9 with inlets y4 and xy)

Equation 10.6-4.

X3 » Xy ¥z
c(emn) (o) =35 o (25)
1 - Xa 1 - Vi 1 - Xy 1 - ¥a

V‘z- y'l[ lLZ- xz

Figure 10.6-9. Material balance for a countercurrent packed absorption tower.

where L'is kg mol inert liquid/s or kg mol inert liquid/s - m2, V is kg mol inert gas/s or kg mol inert
gas/s - m2, and y; and x; are mole fractions A in gas and liquid, respectively. The flows L' and
I/ are constant throughout the tower, but the total flows £ and VVare not constant.

A balance around the dashed-line box in Fig. 10.6-9 gives the operating-line equation:

Equation 10.6-5.
X Yi X y
L +V ——)=L(——)+V|——
(755) v (725) (%) v (75)

This equation, when plotted on yx coordinates, will give a curved line, as shown in Fig. 10.6-10a.
Equation (10.6-5) can also be written in terms of partial pressure p; of A, where y4/(1 = y4) = py/(P

- p1), and so on. If x and y are very dilute, (1 — x) and (1 — ) can be taken as 1.0 and Eq.
(10.6-5) becomes

Equation 10.6-6.

L'x+V'y,=L'x;, +V'y
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Figure 10.6-10. Location of operating lines: (a) for absorption of A from V fo L stream, (b) for stripping of A from L to V stream.

This has a slope L7V/"and the operating line is essentially straight.

When the solute is being transferred from the L to the V'stream, the process is called strijpping. The
operating line is below the equilibrium line, as shown in Fig. 10.6-10b.

Limiting and optimum L'/V' ratios.

In the absorption process, the inlet gas flow 4 (Fig. 10.6-9) and its composition y4 are generally
set. The exit concentration )» is also usually set by the designer, and the concentration x, of the
entering liquid is often fixed by process requirements. Hence, the amount of the entering liquid flow
L, or L’is open to choice.

In Fig. 10.6-11a the flow V4 and the concentrations )», x>, and y; are set. When the operating line
has a minimum slope and touches the equilibrium line at point P, the liquid flow L’is a minimum at

l{‘min. The value of xq is a maximum at xqnax When L' is a minimum. At point P the driving forces

y=y, y—y, X - x,and x;— xare all zero. To solve for *“min the values y4 and xjax are substituted
into the operating-line equation. In some cases, if the equilibrium line is curved concavely downward,
the minimum value of L is reached by the operating line becoming tangent to the equilibrium line
instead of intersecting it.

operating ling for
actual liquid Now
Nhpee==—= —\{ ——————— Sl P ¥rman | o o o e
i - n .
i H cquilibrium line
1
| :
1 " e,
i : L ety iy T
L ! i
i ! 1
] i equilibrium line |
¥y : : operating line for
o , ' ! actual gas flow
| operating line for \ i
! minimum liguid !I'I:Im' ¥, operating line for
f ! ' minimum gas flow
I | 1 I i
X3 X X x| X3
{a) ib)

Figure 10.6-11. Operating line for limiting conditions. (a) absorption, (b) stripping.
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The choice of the optimum L7V’ratio to use in the design depends on an economic balance. In
absorption, too high a value requires a large liquid flow and hence a large-diameter tower. The cost
of recovering the solute from the liquid by distillation will be high. A small liquid flow results in a high
tower, which is also costly. As an approximation, for absorption the optimum liquid flow rate can be
taken as 1.2-1.5 times the limiting rate ~min, with 1.5 usually used (S6).

For stripping or transfer of solute from L to V, where the operating line has a maximum slope and
touches the equilibrium line at point Pin Fig. 10.6-11b, then the gas flow is at the minimum * min
The value of ), is at a maximum at yomax. As in absorption, the optimum gas flow rate is taken at

about 1.5 times " min, In liquid extraction, covered later in Section 12.7, the same conditions for
stripping hold for extracting solute from feed liquid L to solvent V.
Analytical equations for theoretical number of steps or trays

Analytical equations to calculate the number of theoretical trays N in an absorption tower are the
same as Egs. (10.3-22) and (10.3-25) for calculating the number of stages in countercurrent stage
processes. These are as follows. (Note that the notation refers to Fig. 10.6-9 and not Fig. 10.3-3.)

For transfer of the solute from phase I/to phase L (absorption),

Equation 10.6-7.

Vi — X
In[('—){l - 1A) + IIA}
Vi — mx;
InA

N =

For transfer of the solute from phase L to phase V/(stripping),

Equation 10.6-8.

Xy — v/
1nl(” 71 m)[l—A)+A]
Xy — ylm
In(1/A)

N:

where A= LImV.

If the equilibrium line and/or operating line is slightly curved, mand A= L/mV/will vary. For absorption
(referring to Fig. 10.6-9), at the bottom concentrated end tray, the slope m, or tangent at the point
x4 on the equilibrium line is used. At the dilute top tray, the slope m, of the equilibrium line at point

Yois used. Then Ay = Li/m V4, Ao = Lo/my V)5, and A= VAA,; Also, the dilute m, is used in Eq.
(10.6-7). For stripping, at the top or concentrated stage, the slope m, or tangent at point 5 on the
equilibrium line is used. At the bottom or dilute end, the slope my at point x4 on the equilibrium line
is used. Then, Ay = Li/my V4, Ay = Lolmy Vs, and “4 = V' A142 Again, the dilute my is used in Eq.
(10.6-8).

EXAMPLE 10.6-3. Minimum Liquid Flow Rate and Analytical Determination of
Number of Trays

A tray tower is absorbing ethyl alcohol from an inert gas stream using pure water at 303 K and 101.3 kPa. The
inlet gas stream flow rate is 100.0 kg mol/h and it contains 2.2 mol % alcohol. It is desired to recover 90% of
the alcohol. The equilibrium relationship is y = mx = 0.68x for this dilute stream. Using 1.5 times the minimum
liquid flow rate, determine the number of trays needed. Do this graphically and also using the analytical equa-
tions.
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Solution. The given data are y4 = 0.022, x, =0, /4 = 100.0 kg mol/h, m=0.68. Then V'= /4(1 - y4) = 100.0(1
- 0.022) = 97.8 kg mol inert/h. Moles alcohol/h in /4 are 100 — 97.8 = 2.20. Removing 90%, moles/h in outlet
gas 15, =0.10(2.20) =0.220. Vo= I/"+0.220 =97.8 + 0.22 = 98.02. ), = 0.22/98.02 = 0.002244. The equilibrium
line is plotted in Fig. 10.6-12 along with y», x>, and y4. The operating line for minimum liquid flow L,is drawn
from y», x> to point A, touching the equilibrium line where xqmax = y4/m = 0.022/0.68 = 0.03235. Substituting
into the operating-line equation (10.6-4) and solving for Lpyn,

X ¥ il 22
L + Vv =L +V
1 — X 1 — ¥i 1 — x 1 — ¥a
0 0.022
] I [ —_—
-‘».\....(] - ”) N J?'H(l - r}.uzz)
0.03235 0.002244
=1 -] + 978
"""(l - l]'.E}_"nZSﬁ) ( 1 - {J.(HJZZM)

T el P
0.02 —

B operating line
= for 1L5L [, —*

!
yof |
!

0.01 — e operating line

I
I
i
I
I
I
I
I
I
I
I
I
l
I
- for L! .. !
- _ ' :
I
1
I
I
I
I
I
I
I
I

I

I

— // \_cquilihrium :

_ / line :

Vo= |
- I
I

S N
0 0.01 0.02 | 0.03
.'L': 'r|

X
Figure 10.6-12. Operating line for minimum and actual liquid flow in Example 10.6-3.

L} L}
Lmiﬂ =59.24 kg mol/h. Using 1.5~ min, '=1.5(59.24) = 88.86. Using L '= 88.86 in Eq. (10.6-4) and solving
for the outlet concentration, x; = 0.02180. The operating line is plotted as a straight line through the points 5,
Xz and y4, xq in Fig. 10.6-12. An intermediate point is calculated by setting y=0.012 in Eq. (10.6-5) and solving
for x=0.01078. Plotting this point shows that the operating line is very linear. This occurs because the solutions
are dilute.

The number of theoretical trays obtained by stepping them off is 4.0 trays. The total flow rates are /4 = 100.0,
Vo = VI(1 - y») = 97.8/(1 - 0.002244) = 98.02, L, = L' = 88.86, and L4 = L'/(1 - x1) = 88.86/(1 — 0.02180) =
90.84. To calculate the number of trays analytically, Ay = L1/mV/; = 90.84/(0.68)(100) = 1.336, Ay = Lo/mV, =
88.86/(0.68)(98.02) = 1.333. Using the geometric average, A = 1.335. Using Eq. (10.6-7),

1 [ vy — mix;
N=—"1In ('—){I - 1/A) + lmj

In A ¥y = X,

1 0022 =0
| 1 — 1/1.335) + 1/1.335
In 1,335 "Mu.mzzu —u)': 33) ’ ]
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N = 4.04 theoretical steps, which agrees closely with the 4.0 steps obtained graphically.

Film and overall mass-transfer coefficients in packed towers
As discussed in Section 10.5, it is very difficult to measure experimentally the interfacial area A
m?2 between phases L and V. Also, it is difficult to measure the film coefficients K: and k." and the

overall coefficients *: and "‘". Usually, experimental measurements in a packed tower yield a
volumetric mass-transfer coefficient that combines the interfacial area and mass-transfer coefficient.

Defining a as interfacial area in m2 per m3 volume of packed section, the volume of packing in a
height dzm (Fig. 10.6-9) is S dz, and

Equation 10.6-9.

dA = a8 dz

where Sis m? cross-sectional area of tower. The volumetric film and overall mass-transfer coeffi-
cients are then defined as

kg mol kg mol
ko= : : - kia= : - (SI)
’ s-m” packing - mol frac ’ s-m’ packing - mol frac
kg mol kg mol
K.a= - — K'la= - — (SI)
s-m” packing - mol frac s-m” packing - mol frac
1b mol b mol
ka = v = {English)

h « ft* packing - mol frac h - ft* packing - mol frac

Design method for packed towers using mass-transfer coefficients

For absorption of A from stagnant B, the operating-line equation (10.6-5) holds. For the differential
height of tower dzin Fig. 10.6-9, the moles of A leaving V/equal the moles entering L:

Equation 10.6-10.
d(Vy) =d{Lx)

where V= kg mol total gas/s, L = kg mol total liquid/s, and da(V}) = a(Lx) = kg mol A transferred/s in
height dzm. The kg mol A transferred/s from Eq. (10.6-10) must equal the kg mol A transferred/s
from the mass-transfer equation for A,. Equation (10.4-8) gives the flux N4 using the gas-film and
liquid-film coefficients:

Equation 10.4-8.
t r
k y k X

NH = — Vag — Yail = 77—\ X4 — X4
(1 - }"A]':'.-u{' G = Yai (1= IA]I.'H'{ II 1)

where (1 - ya)sand (1 — xy) s are defined by Egs. (10.4-6) and (10.4-7). Multiplying the left-hand
side of Eq. (10.4-8) by dA and the two right-side terms by aS dzfrom Eq. (10.6-9),

Equation 10.6-11.
k'.a k' a

iy =
AJiM

N,dA =
ll (1 = xa)in

(¥ar = ¥a1)S dz
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where N, dA = kg mol A transferred/s in height dz m (Ib mol/h).

Equating Eq. (10.6-10) to (10.6-11) and using y 4 for the bulk gas phase and x4, for the bulk liquid
phase,

Equation 10.6-12.

kia
d(Vyag) = ———(ag — yu)S dz
(1= vadim
Equation 10.6-13.
k'.a
d{‘.."rzll.) = —(XAf - x,”_]S dz
(1= x4)im

Since V' = U1 - yag) or V=VI(1 = ya0),

Equation 10.6-14.

V' ' AG v l‘-'._ ;
d(Vy,) = d(—}."fm) e r:'( Yac ) _ : V. ‘

(1= vag l = Yag 1 = Yag)

Substituting Vfor VI(1 — ya0) in Eq. (10.6-14) and then equating Eq. (10.6-14) to (10.6-12),

Equation 10.6-15.

Vidy s k\a ( )S d
= Yag = ¥ai)d 2
I = vag (1= Yadin ¢ '

Repeating for Eq. (10.6-13), since L= L1(1 = x4,),

Equation 10.6-16.

L d.'l.')”. k:-l'.l' { )q |
= X ™ X ) ;
L= xa (1= )y M7 a2 2

Dropping the subscripts A, G, and L and integrating, the final equations are as follows using film
coefficients:

Equation 10.6-17.

[z = g = i Vrf_}’
) iz L . k;.a.ﬁ'

: m(l =¥y —»)

Equation 10.6-18.

:! I L dx
T k' aS

R UG

In a similar manner, the final equations can be derived using overall coefficients:
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Equation 10.6-19.

B Vidy
“7 ) T Kpas | .
— vy =y
=y P
Equation 10.6-20.
i I dx
7= ’
K' a8 ) }
o ————(1 — x)(x* — x
(1 = X)uy

In the general case, the equilibrium and the operating lines are usually curved, and kia, k, a
Kya and Kia vary somewhat with total gas and liquid flows. Then Egs. (10.6-17)—(10.6-20) must
be integrated numerically or graphically. The methods for doing this for concentrated mixtures will
be discussed in Section 10.7. Methods for dilute gases will be considered below.

Simplified Design Methods for Absorption of Dilute Gas Mixtures in Packed Towers

Since a considerable percentage of the absorption processes include absorption of a dilute gas A,
these cases will be considered using a simplified design procedure.

The concentrations can be considered dilute for engineering design purposes when the mole frac-
tions yand xin the gas and liquid streams are less than about 0.10, that is, 10%. The flows will vary
by less than 10% and the mass-transfer coefficients by considerably less than this. As a result, the
average values of the flows VVand L and the mass-transfer coefficients at the top and bottom of the
tower can be taken outside the integral. Likewise, the terms (1 = Yu/(1 =), (1 = Vd(1 = 1), (1 -
X)id(1 = x), and (1 — x)«/(1 — x) can be taken outside and average values at the top and bottom of
the tower used. (Often these terms are close to 1.0 and can be dropped out entirely.) Then Egs.
(10.6-17)—(10.6-20) become

Equation 10.6-21.

_[ v (1—;:),-“] [
ke 1—y ) oy

¥z

Equation 10.6-22.

__{ L (1 —.t'];-.ir] J‘ dx
) kiaS 1 -—x |, X;p— X

X3

Equation 10.6-23.

- _. V (] - _}’}”] J'H. (fjr"
< LKyaS 1=y ¥

Equation 10.6-24.

NIPRERT
¢ KiaS 1—-x |, ) x*—-x
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Since the solutions are dilute, the operating line will be essentially straight. Assuming the equilibrium
line is approximately straight over the range of concentrations used, (y - y) varies linearly with y
and also with x:

Equation 10.6-25.
y-yi=kyt+b
where kand b are constants. Therefore, the integral of Eq. (10.6-21) can be integrated to give the
following:
Equation 10.6-26.
J- " Y= )
¥V

N S ¢ (¥ = Yiu

where (y - y)uyis the log mean driving force:

Equation 10.6-27.

_ = yi) = (2 = i)
- In[(yy = ya)/(¥2 = ¥i)]

Similarly, Eq. (10.6-23) gives

(¥ = yi)u

Equation 10.6-28.

ey = =)~y ]'.
[‘" _1.*}_'-: - II'I:{"F-| _ ‘TT}J'IL'I.'V _ :r. }

L ™

If the term (1 = Y)/(1 — J) is considered 1.0, then by substituting Eq. (10.6-26) into (10.6-21) and
doing the same for Egs. (10.6-22)—(10.6-24), the final results are as follows:

Equation 10.6-29.

%[.‘-'1 = y2) = kjaz(y — yi)u
Equation 10.6-30.

%(rl = Xy) = kiaz(x; — X)p
Equation 10.6-31.

v

<01 = 32) = Kjazly = »*)y

Equation 10.6-32.
L
?{.l‘] - .1‘3} = Kl.ﬂ:{.—rﬁ - I}”

where the left side is the kg mol absorbed/s - m?2 (Ib mol/h - ft2) by material balance and the right-
hand side is the rate equation for mass transfer. The value of Vis the average (V4 + 1%)/2 and of
Lis (Lq + Ly)/2.
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Equations (10.6-29)—(10.6-32) can be used in slightly different ways. The general steps to follow
are discussed below and shown in Fig. 10.6-13.

1. The operating-line equation (10.6-5) is plotted as in Fig. 10.6-13 as a straight line. Calculate
11, Vo, and V,, = (V4 + 14)/2; also calculate Ly, Ly, and Ly, = (L1 + Ly)/2.

2. Average experimental values of the film coefficients k-‘ @ and ki@ are available or may be
obtained from empirical correlations. The interface compositions y and x4 at point y4, xq in the
tower are determined by plotting line P;M,, whose slope is calculated by Eq. (10.6-33):

Equation 10.6-33.

1 -If‘,. H-'r[tl - 't)r'.'uf k_l o
slope = — = —
d kial(l = v)iy k.a

Equation 10.6-34.
K oalll = x,)
Koal(l = w)

slope = —

If terms (1 — X))y and (1 — ),y are used, the procedure is trial and error, as in Example
10.4-1. However, since the solutions are dilute, the terms (1 - x1) and (1 — y4) can be used in
Eqg. (10.6-34) without trial and error and with only a small error in slope. If the coefficients k,a
and k,a are available for the approximate concentration range, they can be used, since they
include the terms (1 — x);yand (1 = Y) . For line P M, at the other end of the tower, values of
¥p and xp are determined using Eq. (10.6-33) or (10.6-34) and ), and x».

3. '

If the overall coefficient Kya

S S
is being used, Y1 and Y2 are determined as shown in Fig.

' e L
10.6-13. If Kt jg used, *! and 2 are obtained.
4. Calculate the log mean driving force (y — y)u by Eq. (10.6-27) if k} @ is used. For K, “, -
V) mis calculated by Eq. (10.6-28). Using the liquid coefficients, the appropriate driving forces
are calculated.

5. Calculate the column height zm by substituting into the appropriate form of Egs. (10.6-29)-
(10.6-32).

operating line

| equilibrium line

| Nooe = —Kxal(1=X)ing
SR = (1= )

y2
Yiz2
b 243

*
1

Figure 10.6-13. Operating-line and interface compositions in a packed tower for absorption of dilute gases.

&
X3 Xy X, Xp o X5 x
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EXAMPLE 10.6-4. Absorption of Acetone in a Packed Tower

Acetone is being absorbed by water in a packed tower having a cross-sectional area of 0.186 m2 at 293 K and
101.32 kPa (1 atm). The inlet air contains 2.6 mol % acetone and outlet 0.5%. The gas flow is 13.65 kg mol
inert air/h (30.1 Ib mol/h). The pure water inlet flow is 45.36 kg mol water/h (100 Ib mol/h). Film coefficients for

'
the given flows in the tower are k-‘ @ -378x102 kg mol/s - m3 - mol frac (8.50 Ib mol/h - ft3 - mol frac) and

kia - 6.16 x 102 kg mol/s - m® - mol frac (13.85 Ib mol/h - ft3 - mol frac). Equilibrium data are given in Appendix
A3.

[}
Calculate the tower height using. k-‘ a
Repeat, using.'k-L i

Calculate Kya and the tower height.

Solution. From Appendix A.3 for acetone-water and x4 = 0.0333 mol frac, ps = 30/760 = 0.0395 atm or y, =
0.0395 mol frac. Hence, the equilibrium line is y4 = mx4 or 0.0395 = m (0.0333). Then, y = 1.186x. This
equilibrium line is plotted in Fig. 10.6-14. The given data are L'= 45.36 kg mol/h, V= 13.65 kg mol/h, y; =
0.026, y» = 0.005, and x, = 0.

0.028
Pl e e

0.024

0.020

Y- 0016k _ ol

T

0.012

»1--0.008 _
1 equilibrium line

R I
Y3 0.00aF <~ ;
Yiae —— -—-= I
.}I.‘-__[i | i L L L 1 A 1 + ]
2 0 0,002 0004 0006 0008 0010 0012 | 0.014
1 | I
*32 Xi2 x) X1

Figure 10.6-14. Location of interface compositions for Example 10.6-4.

Substituting into Eq. (10.6-4) for an overall material balance using flow rates as kg mol/h instead of kg mol/s,

] 0.026 X (.005
5360 —— 365| ———- | =453 305 —————=
4 6(I—[})+1 6 (1—[].[]2f!) 4 6(1—x1)+l 6 (I—ﬂ.ﬂ[]:’])

x; = 0.00648

The points )4, x4 and y», x, are plotted in Fig. 10.6-14 and a straight line is drawn for the operating line.

Using Eq. (10.6-34) the approximate slope at y4, xq is

kal(l —x) 616X 107%/(1 — 0.00648)
Kyal(l — y) 3.78 x 107%/(1 — 0.026)

—1.60

slope = —

Plotting this line through y4, x4, the line intersects the equilibrium line at y4 = 0.0154 and x; = 0.0130. Also,

G
i 0.0077. Using Eq. (10.6-33) to calculate a more accurate slope, the preliminary values of y;; and xy will
be used in the trial-and-error solution. Substituting into Eq. (10.4-6),
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Stage and Continuous Gas-Liquid Separation Processes 743

_ (I =ya) = (1 —=w)

In[(1 = i )/(1 = w)]

(1 = 0.0154) — (1 — 0.026)
" In[(1 — 0.0154)/(1 — 0.020))

(1= ¥)inm

= (0.979

Using Eq. (10.4-7),
(1 =x) = (1—xy)
(0 = (= )i = )]
(1 = 0.00648) — (1 - 0.0130)
~In[(1 = 0.00648)/(1 = 0.0130)]

0.993

Substituting into Eq. (10.6-33),

Keal(l = x)iy 616 X 107%0.993 _
kyal(l = y)iy 3.78 > 107%/0.929

slope = — —-1.61

Hence, the approximate slope and interface values are accurate enough.

For the slope at point y», x,

Kal(l —x) 616 xX102%(1—-0) L6
Kal(l—y) 378 x10°%(1 - 0.005)

slope = —

The slope changes little in the tower. Plotting this line, y, = 0.0020, x, = 0.0018, and . 0.
Substituting into Eq. (10.6-27),
(1 = ya) = (52— ya)
In[(y; — ya)(y> — ya)]

(0,026 — 0.0154) — (0.005 = 0.0020)
B In[(0.026 — 0.0154)/(0.005 — 0.0020)]

(V= yu =

= 0.00602

To calculate the total molar flow rates in kg mol/s,

V' 13.65/3600

V, = = 3893 x 107k I/

LTy, T 1 - 0026 £ Mots

V' 13.65/3600 \

V, = = = 3.811 % 10 * kg mol/

2Ty, 1-0005 ° £ mous

Vi+V, 3893 x 107 + 3811 x 1077
V, = ——= = 3.852 x 10" kg mol/s
2 2
45.36

= 1.260 x 10~? kg mol/s

&
W
I
i
Ay
I

= L= 3600
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For part (a), substituting into Eq. (10.6-29) and solving,
V.'IT
5

(yi = ¥2) = k;-”ZU‘ = Yilu

3.852 x 1077

0.0260 — 0.005) = (3.78 X 1072)z(0.00602
0186\ ) =( )2( )

z = 1911 m (6.27 ft)
For part (b), using an equation similar to Eq. (10.6-27),
(o —x) — (i —x)
In[(x;; = x)/(x2 = x3) ]

(0.0130 — 0.00648) — (0.0018 — 0)
= = 0.00368
In[(0.0130 — 0.00648)/(0.0018 — 0)]

{Ii - x}.'h’ =

Substituting into Eq. (10.6-30) and solving,

1.260 x 1072

0.186 (0.00648 — 0) = (6.16 = 10 °)z(0.00368)

2= 1.936m

This agrees with part (a) quite closely.

For part (c), substituting into Eq. (10.4-25) for point y4, x4,

(=) - -y)  (1-00077) - (1 -0.026)

=Wl = v = )] In[(1 = 0.0077)/(1 - 0.026)] ~ 083

(1= ¥)ou

The overall mass-transfer coefficient K-"'“ at point )4, x4 is calculated by substituting into Eq. (10.4-24):

1 _ 1 N m'
Kial(l = y)ay  Kal(l =y Keal(l — x)iy
1 B 1 . 1.186
K,al0.983 378 x 10720979  6.16 X 10770993

Kia = 2183 X 1072 kg mol/s - m* - mol frac

Substituting into Eq. (10.6-28),
(v = ¥1) = (y2 = ¥7)
In[(yi = yi)(y2 = ¥3)]

~(0.0260 — 0.0077) — (0.0050 — 0) 00105
~ In[(0.0260 — 0.0077)/(0.0050 — 0)]

(y = ¥y =

Finally, substituting into Eq. (10.6-31),
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3852 = 107

L0260 = 0.0050) = (2.183 “2y-00.01025
0.186 (0.0260 — 0.0050) = (2.183 X 107%)z(0.01025)

z= 1944 m

This is in agreement with parts (a) and (b).

Design of Packed Towers Using Transfer Units

Design for concentrated solutions

Another and in some ways more useful design method for packed towers is the use of the transfer-
unit concept. For the most common case of A diffusing through stagnant and nondiffusing B, Egs.
(10.6-17)—(10.6-20) can be rewritten as

Equation 10.6-35.

¥ (1 = V)iu dy
= ';"‘f.l' J { = ffﬁ'lvfr'

L= vy =)

Equation 10.6-36.

gl (I. - .t};ly_r d.l'
= H = HN
L J;‘ [I _ X:H:,'E, _ 'r] LAV

Equation 10.6-37.

¥ [l —_ -v}‘l_” d‘y
2= Hyg [ (1 - y)(y — v¥) = HoaNog

Equation 10.6-38.

{] - .r}o_.l,; dx

z=Hy, [ (1 - 0" — x) = HoiNoy

"Xz

where

Equation 10.6-39.
Vv V

Ho = 1as ~ koa(l = y)mS

Equation 10.6-40.
L L
-"{L(IS k.‘r'ﬁ“ - IJ!.HS

H, =

Equation 10.6-41.
Vv Vv

H . = =
% KyaS  Kya(l = y)oyS
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Equation 10.6-42.
L L

H = =
oL KraS  K.a(l — x)eyS

where (1 - ))yis defined by Eq. (10.4-6), (1 — X);sby Eq. (10.4-7), (1 — )+, by Eq. (10.4-25), and
(1 = X)+sby Eq. (10.4-27). The units of Hare in m (ft). Hgis the height of a transfer unit based on
the gas film. The values of the heights of transfer units are more constant than the mass-transfer

' sl 03
coefficients. For example, kya is often proportional to 197, so then Hg o VIEIVE o VI e
average values of the mass-transfer coefficients, (1 = s (1 = Vs (1 = X)iap, and (1 = X)«yy, must
be used in Egs. (10.6-39)—(10.6-42).

The integrals on the right side of Egs. (10.6-35)—(10.6-38) are the number of transfer units Ng, N,
Nog, and Ng,, respectively. The height of the packed tower is then

Equation 10.6-43.

z=HNg=H N = HocNog = Ho Noy.

These equations are basically no different from those using mass-transfer coefficients. One still

needs kya and X4 to determine interface concentrations. Disregarding (1 = )a/(1 = ), which is
near 1.0 in Eq. (10.6-35), the greater the amount of absorption ()4 — y») or the smaller the driving
force (¥ — y), the larger the number of transfer units Nz and the taller the tower.

Design for dilute solutions

When the solutions are dilute, with concentrations below 10%, the terms (1 = ))in/(1 = ), (1 = x) /(1
=X, (1= /(1 -1, and (1 = x)«1/(1 — x) in Egs. (10.6-35)—(10.6-38) can be taken outside the
integral and average values used. Since these are quite close to 1.0, they can be dropped out. The
equations then become

Equation 10.6-44.

Yoy
z=HgNg = Hg .1; — W
¥ - JJ
Equation 10.6-45.
X
, dx
z=H,N, =H, J -
.
X
Equation 10.6-46.
Y dy
2= HogNog = Hog -
Loy
Equation 10.6-47.
Xy _
dx
z=HpNo, = Hg J o — x

X3

If both the operating and equilibrium lines are straight and dilute, the integrals in Egs. (10.6-44)—
(10.6-47) can be integrated, giving the number of transfer units:
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Equation 10.6-48.

N Yi = ¥z
Ng =
(v =yiu
Equation 10.6-49.
) X — X
N L=
(Xi = X)u

Equation 10.6-50.

¥ = Vi
Nog = O \.h}
(v = ¥ )u
Equation 10.6-51.
N = (X — x3)
ey, — )
(% = x)y

where (y - y)sis defined in Eq. (10.6-27) and (y — y*)4sin (10.6-28).

When the major resistance to mass transfer is in the gas phase, as in absorption of acetone from
air by water, the overall number of transfer units based on the gas phase Npgor the film Ng should
be used. When the major resistance is in the liquid phase, as in absorption of O, by water or stripping
of a slightly soluble solute from water, Ny, or N, should be employed. This was also discussed in
detail in Section 10.4D. Often the film coefficients are not available, and then it is more convenient
to use Npgor Ng;.

By combining the operating line with the integrals in Egs. (10.6-46) and (10.6-47), using the equili-
brium-line equation y= mx, and letting A= L/mV, different forms of the equations for absorption with
Nog and for stripping with N, are obtained:

Equation 10.6-52.

v L [ 1 —1/A (}" - "”3> + w;]
, = - - 1 — - -

Hoa (1 —=1/4) | ( ) Vo = MX;

Equation 10.6-53.

N _ 1 I [ I A (_1-_, —_ 3'11".!?1) 4+ AJ
oL (1= A) ) ( ) X = yv/m

The values of mand A to use in the above equations when operating and/or equilibrium lines are
slightly curved are discussed in detail in Section 10.6E for use with Egs. (10.6-7) and (10.6-8).

When the operating and equilibrium lines are straight and not parallel, the number of overall gas-
transfer units Npg for absorption in Eq. (10.6-52) is related to the number of theoretical trays or
stages Nin Eq. (10.6-7) by

Equation 10.6-54.
~ NinA
(1 =1/4)

N ox;

The height of a theoretical tray or stage, HETP, in m is related to Hpg by
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Equation 10.6-55.
HETFP = H Inl/A)
- [ [ I . A :]fj‘l

A detailed discussion of HETP is given in Section 11.5D. Note that if the operating and equilibrium
lines are parallel (A= 1.0), then Hpg=HETP and Npg = N. Equations (10.6-7) and (10.6-8) can be
used to analytically calculate N, the number of theoretical steps.

EXAMPLE 10.6-5. Use of Transfer Units and Analytical Equations for Packed
Tower

Repeat Example 10.6-4 using transfer units and height of a transfer unit as follows:

Use Hg and ANg to calculate tower height.
Use Hpg and Ngg to calculate tower height.
Use Eq. (10.6-52) to calculate Npg and tower height.

a0 oo

Using the analytical equations, calculate HETP from Eq. (10.6-55), number of theoretical steps N from
Eq. (10.6-7), and tower height.

’ "
Solution: From Example 10.6-4, K+ = 3.78 x 102 kg molis - m2 - mol frac, & +¥ = 2.183 x 102 kg molfs -
m2 - mol frac, average /= 3.852 x 1073 kg mol/s, and S=0.186 m2.

For part (a), from Eq. (10.6-39),

vV 3852 % 10
fffj = -

= . - = ().548
kiaS (378 % 1072)(0.186) '“

From Eq. (10.6-27) in Example 10.6-4, (y — y)i»s= 0.00602. Also, y4 = 0.026 and y» = 0.005. Then, using Eq.
(10.6-48),

i =y 0026 = 0.005
(¥ = ¥iim 0.00602

Ng = = 3488 transfer units

Substituting in Eq. (10.6-44),
2= HoNg = (0.548)(3.488) = 1.911 m (6.27 ft)
For part (b), using Eq. (10.6-41),

Vo 3852%x 107
KiaS (2183 % 1072)(0.186)

H oo = = 0.949 m

From Eq. (10.6-28) in Example 10.6-4, (y — y*)«y;= 0.01025. Then using Eq. (10.6-50),

(v = ) : (0.026 — 0.005)

Noe = - - — = 2,049 transfer units
[l '[J-’ — }.g}o.“ 0.01025

From Eq. (10.6-46),
2= Ho:Noc = (0.949)(2.049) = 1.945 m (6.38 ft)

Note that the number of transfer units Npg = 2.049 is not the same as Ng = 3.488.

For part (c), from Example 10.6-4, m=1.186, and the average \/=3.852 x 1073, L = 1.260 x 1072, y; = 0.026,
¥» =0.005, and x, = 0.
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Then A= L/mV=1.260 x 1072/(1.186 x 3.852 x 1073) = 2.758. Substituting into Eq. (10.6-52),

1 0.026 — 1.186 x u) 1 ]
.

Nog = In| (1 = 1/2.758
06T — 1/2.758 "[( }(E}.{H}S ~ 1186 x 0/ 2758

2.043 transfer units

This compares closely with the value of 2.049 in part (b). Also, z= HpogNpg = (0.949)(2.043) = 1.939 m.
For part (d), to calculate HETP, Eq. (10.6-55) is used:
In(1/A) In(1/2.758)

(0.9 ~ 1.51(
(- aya_ OG5 7sgyn758 = 1210m

HETP = H g

Using Eq. (10.6-7) to calculate N,

N = 1 I i-(_}'l - .I'H."-':) ] UAY & U ‘:|
" Tma Y2 — mx» [ ) + 1/
I | 0.026 — 0
a — 1/2.758) + 1/2.758
In 2.758 “h({!.l}{lﬁ - n)“ 1/2.758) + 112 ?5*’]
N = 1.283 theoretical steps

This compares with a value of 1.35 steps obtained graphically in Figure 10.6-14:

z = N(HETP) = 1.283(1.510m) = 1.938 m

In order to relate Hpgto the film coefficients Hgand H,, Eq. (10.4-24) is rewritten for dilute solutions:

Equation 10.6-56.
1 1 m

—_—=—+
Kia kia Kkia

- _ k. — i kla = yKia, i
Then, substituting Hg= V7S, H, = L/I*+%S, and Hpg= W into Eq. (10.6-56) and canceling
like terms,

Equation 10.6-57.
f.i:f;{'; = l‘lnr,“ + {f”VFIL}I’!rf_

Similarly, using Eq. (10.4-26),

Equation 10.6-58.
HU.I'. = H;_ + (I.."'.F’HV]HU

Note that often in the literature, the terms H), H,, Hp,, and Hpy are used instead of Hg, H;, Hog,
and Hpy; they are identical to each other.
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ABSORPTION OF CONCENTRATED MIXTURES IN PACKED
TOWERS

In Section 10.6F simplified design methods were given for absorption of dilute gases in packed
towers when the mole fractions in the gas and liquid streams were less than about 10%. Straight
operating lines and approximately straight equilibrium lines are obtained. In concentrated gas mix-

tures the operating line and usually the equilibrium line will be substantially curved and ki and

k-* a may vary with total flows. Then the design equations (10.6-17)—(10.6-20) must be integrated
graphically or numerically:

Equation 10.6-17.

J: 1=y = J"" Vdy
@ - kiaS

Ty =00 =)

Equation 10.6-18.

‘ * L dx
J., @z J ks _

(=T

Equation 10.6-19.

[ dz =z = J“ K, aS

“ib
[ 1 - }"]4._”

Vdy

(1= y)y -y

Equation 10.6-20.

: 1= g " L dx

(1 - x]..,:w“ = x)(x* = x)

The detailed general steps to follow are as follows:

1. The operating-line equation (10.6-5) and the equilibrium line are plotted.

2. k;ﬂ

The values of the film coefficients and K@ are obtained from empirical equations. These

al/ | FIr

two film coefficients are functions of D-", kg total gas/s - m2, and Gy , kg total liquid/s - m2,
where nand mare in the range 0.2-0.8. Using the operating-line-equation values, total Vand
L are calculated for different values of yand xin the tower and converted to G, and G,. Then

values of kya and k1@ are calculated. If the variation between kya or Kia
bottom of the tower is small, an average value can be used.
3. Starting with the tower bottom at point P;()4, x), the interface compositions yj, x; are deter-

mined by plotting a line Py M, with a slope calculated by Eq. (10.6-33). This line intersects the
equilibrium line at the interface concentrations at point M;:

at the top and
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Equation 10.6-33.

1 k“fﬂr(l - 't)r'-'!f k_lﬂ'
slope = — = —
d kial(l — v)iy kya

where (1 - ));;sand (1 — x),sare determined from Egs. (10.4-6) and (10.4-7), respectively. This
is trial and error. As a first trial, (1 — x4) can be used for (1 = X);;yand (1 — y4) for (1 = W) The
values of ;4 and x; determined in the first trial are used in Eq. (10.6-33) for the second trial.

4. At point ~()s, X2) determine a new slope using Eq. (10.6-33) and repeating step 3. Do this for
several intermediate points in the tower. This slope may vary throughout the tower.

5. Using the values of y;and x; calculate the values of f{)) as follows:

Equation 10.7-1.
v
f[.}‘] - IEC_;.HS

m(l =¥y = w)

Then numerically or graphically integrate Eq. (10.6-17) between y» and y4 to obtain the tower height.

If k3@ or other coefficients are used, the appropriate functions indicated in Eqgs. (10.6-18) —
(10.6-20) are used. If the stream is quite dilute, (1 — y)y0r (1 = x);1scan be assumed to be 1.0.

EXAMPLE 10.7-1. Design of an Absorption Tower with a Concentrated Gas
Mixture

A tower packed with 25.4-mm ceramic rings is to be designed to absorb SO, from air by using pure water at
293 K and 1.013 x 105 Pa abs pressure. The entering gas contains 20 mol % SO, and that leaving 2 mol %.
The inert air flow is 6.53 x 107 kg mol air/s and the inert water flow is 4.20 x 1072 kg mol water/s. The tower
cross-sectional area is 0.0929 m2. For dilute SO,, the film mass-transfer coefficients at 293 K are, for 25.4-
mm (1-in.) rings (W1),

K,a = 0.0594GY7G">  kia = 0.152G "%

¢ ¥
where k-‘ a is kg mol/s - m3 - mol frac, kia is kg mol/s - m3mol frac, and G,and G, are kg total liquid or gas,
respectively, per sec per m2 tower cross section. Calculate the tower height.

Solutiorr. The given data are I/'= 6.53 x 107 kg mol air/s (5.18 Ib mol/h), L'=4.20 x 1072 kg mol/s (333 Ib

mol/h), y; = 0.20, y» = 0.02, and x, = 0.
Substituting into the overall material-balance equation (10.6-4),
' X . ¥a
L + V
1 —x; | — v,

5 Xy
420 =% 107+
1 — x

(525) +(:25)
' 1 - X3 1l - ¥
+ 6,53 =% 10 J(ﬂ)

o0 0.2
420 = 10 (—) + 653 %10 *(—)
1-0 1 —02
1 —0.02

Solving, x4 = 0.00355. The operating line Eq. (10.6-5) is

Chapter 10. Stage and Continuous Gas—Liquid Separation Processes. Transport Processes and Separation Process Principles (Includes Unit Operati
Prepared for badria.als@gmail.com, badria al shihi

© 2010 Safari Books Online, LLC. This download file is made available for personal use only and is subject to the Terms of Service. Any other use requires prior written consent from the
copyright owner. Unauthorized use, reproduction and/or distribution are strictly prohibited and violate applicable laws. All rights reserved.



Stage and Continuous Gas-Liquid Separation Processes 752

X _ 0.2 0.00355
420 % 10 (—) + 6.53 % 10 *’(—) = 4.20 = 10 (—
1 —x 1 — 02 1 — (L0355
¥
+ 653 X 10 *(—
1 —¥
Setting = 0.04 in the operating-line equation above and solving for x, x = 0.000332. Selecting other values
of yand solving for x, points on the operating line were calculated as shown in Table 10.7-1 and plotted in Fig.
10.7-1 together with the equilibrium data from Appendix A.3.
Table 10.7-1. Calculated Data for Example 10.7-1
V
klaS
G . - a- S =y -y
K.a kla ( (1 = ¥)im
Y x Vv L G, & / ; xXp  yi oy Yim o
0. 0 6.66 x 0.0 0.2 8. 0.03 0. 0.0 0. 0. 0.985 0.0 19.25
02 1074 420 130 13 398 84 004 00 98 110
0 8 8 6 90 0
0. 0.00 6.80 x 0.0 0.2 8. 0.03 0. 0.0 0. 0. 0.968 0.0 12.77
04 0332 1074 420 226 14 504 84 010 02 96 165
1 7 9 3 35 0
0. 0.00 7.02 x 0.0 0.2 8. 0.03 0. 0.0 0. 0. 0.941 0.0 9.29
07 0855 1074 420 378 16 673 85 018 04 93 224
3 2 0 5 76 0
R 0.00 7.51 x 0.0 0.2 8. 0.04 0. 0.0 0. 0. 0.885 0.0 7.16
13 201 1074 420 712 19 032 85 035 10 87 285
8 6 3 5 15 0
0. 0.00 8.16 x 0.0 0.3 8. 0.04 0. 0.0 0. 0. 0.816 0.0 6.33
20 355 1074 421 164 24 496 85 056 16 80 315
5 1 7 5 85 0
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Mole fraction, y
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J
.004 0.006

Mole fraction, x
Figure 10.7-1. Operating line and interface compositions for Example 10.7-1.

The total molar flow Vis calculated from V= V/(1 - J). At y=0.20, V=6.53 x 1074/(1 - 0.2) = 8.16 x 1074
Other values are calculated and tabulated in Table 10.7-1. The total mass flow G, in kg/s - m? is equal to the
mass flow of air plus SO, divided by the cross-sectional area:

6.53 % 107%(29) kg air/s + 6.53 % 10 *(I ){m.lj kg SO,/

-y

G, = .
! 0.0929 m’

Setting y= 0.20,
1 —02

G, = 0.0025 = (.3164 kg/s - m*

0.2
6.53 % 107%(29) + 6.53 X If}"*(—)ﬁd.l

Similarly, G, is calculated for all points and tabulated. For the liquid flow, L = L'/(1 = x). Also, for the total liquid
mass flow rate,

420 X 107X(18) + 4.20 X m":(-l x -)m.i
= X

G = 0.0929

Calculated values of L and G, for various values of x are tabulated in Table 10.7-1.

To calculate values of K & for x=0, G,=8.138 and
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kia = 0.152G)™ = 0.152(8.138)"% = (.848 kgmol/s - m” - mol frac

'
The rest of these values are calculated and given in Table 10.7-1. For the value of k-" ", for y=0.02, G, =
0.2130, G,=8.138, and

K,a = 0.0594GYG%> = 0.0594(0.2130)"7(8.138)"%

0.03398 kg mol/s - m” - mol frac

r

This and other calculated values of ¥ are tabulated. Note that these values vary considerably in the tower.

Next the interface compositions y;and x;must be determined for the given yand xvalues on the operating line.
For the point y4 = 0.20 and xq = 0.00355, we make a preliminary estimate of (1 - ));;y=1- y=1-0.20 =0.80,
together with the estimate of (1 — )y =1 — x=1 - 0.00355 = 0.996. The slope of the line P;M; by Eq.
(10.6-33) is approximately

kiyal(l — x)u (0.857/(0.996)
slope = —— = = —15.3
kKial(l = y)in 0.04496/(0.80)

Plotting this on Fig. 10.7-1, y; = 0.1688 and x; = 0.00566. Using these values for the second trial in Egs.
(10.4-6) and (10.4-7),

(1 - 01688) — (1 -020) _
In[(1 — 0.1688)/(1 — 0.20)]
(1 - 0.00355) — (1 — 0.00566)

RN = 0,995
(= i = 00 = 0,00355)/(1 = 0.00566)] ~

(1= ¥yu = 816

The new slope by Eq. (10.6-33) is (—0.857/0.995)/(0.04496/0.816) = —-15.6. Plotting, y; = 0.1685 and x; =
0.00565. This is shown as point M. This calculation is repeated until point y», x> is reached. The slope of Eq.
(10.6-33) increases markedly in going up the tower, being —24.6 at the top of the tower. The values of y;and
Xx;are given in Table 10.7-1.

In order to integrate Eq. (10.6-17), values of (1 = J), (1 = Y and (¥ — y) are needed and are tabulated in
Table 10.7-1. Then for y=0.20, ) is calculated from Eq. (10.7-1):

4 B 816 x 107*
kiaS —0.04496(0.0929)

= )t~V 0.816

This is repeated for other values of yfrom )» to 4. Then the function £)) is used to numerically integrate Eq.
(10.6-17), giving z= 1.588 m.

fly) =

(0.800)(0.0315)
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ESTIMATION OF MASS-TRANSFER COEFFICIENTS FOR
PACKED TOWERS

Experimental Determination of Film Coefficients

The individual film mass-transfer coefficients k-‘ @ and k:a depend generally upon Schmidt number,
gas and liquid mass velocities, and the size and shape of the packing. The interactions among these
factors are quite complex. Hence, the correlations for mass-transfer coefficients are highly empirical.
The reliability of these correlations is not too satisfactory. Deviations of up to 25% are not uncom-
mon. A major difficulty arises because it is an overall coefficient or resistance that is measured
experimentally, which represents the two film resistances in series. To obtain the single-phase film
coefficient, the experiment must be so arranged that the other film resistance is negligible or can
be approximately calculated.

To measure the liquid film mass-transfer coefficient k. f a system for absorption or desorption of

K'.a

very insoluble gases such as O, or CO, in water is used. The experiment gives , which equals

kia (which can give H,), since the gas-phase resistance is negligible.

To measure the gas-phase film coefficient k-‘ ”, we desire to use a system such that the solute is
very soluble in the liquid and the liquid-phase resistance is negligible. Most such systems, for ex-
ample, NHsz—air-water, have a liquid-phase resistance of about 10%. By subtracting this known

liquid-phase resistance (obtained by correcting ki gata for absorption of CO, or O, to NH3 data

for K ) from the overall resistance in Eq. (10.4-24), we obtain the coefficient kya

of these systems are discussed elsewhere (G1, S1, S2).

or Hg. Details

Correlations for Film Coefficients

Correlations for experimental coefficients can be expressed in terms of H; and Hg or kia and

k-‘ @ which are related by Egs. (10.6-39) and (10.6-40). For the first generation of packings, such
as Raschig rings and Berl saddles, extensive correlations are available (T1). However, compre-
hensive data on the individual coefficients H; and Hg for the newer packings, which have higher
mass-transfer coefficients and capacity, are not generally available. These newer packings are more
commonly used today.

However, as an alternative method for comparing the performance of different types and sizes of
these newer random packings, the system CO,—air-NaOH solution is often used (P2, S4). Air con-
taining 1.0 mole CO, at 24°C (75°F) is absorbed in a packed tower using 1.0 N (4 wt %) NaOH
solution (E2, E3, P2, S4). An overall coefficient Kza is measured.

In this system, the liquid film is controlling but the gas film resistance is not negligible. The fast
chemical reaction between NaOH and CO, takes place close to the interface, which gives a steeper
concentration gradient for CO, in the water film. Hence, the value of Kzais muc h larger than for
absorption of CO, in water. Because of this, these experimental values are not used to predict the
absorption for other systems in towers.

These experimental results, however, can be used to compare the performances of various pack-

1
ings. To do this, the ratio 7, of Kza for a given packing to that for 1J—in. Raschig rings at a liquid
velocity G, of 5000 Iby/h - ft? (6.782 kg/s - m?) and G, of 1000 Iby/h - ft? (1.356 kg/s - m?) is obtained;
these are given in Table 10.6-1. The 1;, value is a relative ratio of the total interfacial areas, since
the reaction of CO, in NaOH solution takes place in the relatively static holdup pools and in the
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dynamic holdup. Some 7, data have been obtained at G, = 500 lby,/h - ft2 instead of 1000 (E3).
Eckert et al. (E2) showed that there is no effect of G, in the range of 200-1000 Iby,/h - ft2 on the
overall Kga. This is expected where the liquid film resistance controls (S1). Values of , for various
investigators agree within +10% or less.

Predicting Mass-Transfer Film Coefficients

For estimating the performance H(H,) and HgH,) of a new packing, the values of f, can be used
to correct the experimental H, values for oxygen absorption or desorption and the A, value for

1
NH3 absorption with I3 -in. Raschig rings. These values must also be corrected for Schmidt number,
liquid viscosity, and flow rates.

Gas film coefficient H,

Using the NH3 absorption data corrected for the liquid film resistance of approximately 10%, Hg has
been found to vary as G, to an exponent between 0.3 and 0.4 (§1, T1) for values of G, up to about
700 lby/h - ft2 (0.949 kg/s - m2). A value of 0.35 is used. For liquid flows of G, from 500 to 5000

Gl_ 0h4_ G.-‘;-H.ﬁ (1.5

Ibm/h - ft2 (0.678-6.782 kg/s - m?), H, varies as , with the value of ~'*  used. Also,
0.5
the value of H) has been found to be proportional to 5S¢ of the gas phase. A value for Hy of 0.74
1
ft (0.226 m) is obtained from the correlation for 1J-in. Raschig rings for the NH3 system (S1) cor-
rected for the small liquid film resistance of 10% at G, = 5000 Ib,,/h - ft2 (6.782 kg/s - m2) and Gy =
500 Ib,/h - ft2 (0.678 kg/s - m2). The value of Gy = 500 will be used instead of 1000, since there is
no effect of G, on f, in this range. For the NH3 system, Ng¢ = 0.66 at 25°C. Then, for estimation of

Hg for a new solute system and packing and flow rates of G, and G, using Sl units,

Equation 10.8-1.

({1,221‘1)( N, )il.ﬁ( G, 057 G, \035
Ho=H, = =22 ) =5 _ ) Gy
' fr 0.660 6.782 0.678

where £, for the new packing is given in Table 10.6-1 and Hgis in m.

Liquid film coefficient Hy

For gas flow rates up to loading or about 50% of the flooding velocity, the effect of G, on Hyis small
and can be neglected (S1). Using the oxygen desorption data, H, is proportional to the liquid

(L5
NSC . The Ng¢ = 372 at 25°C for O, in water and the viscosity p is 0.8937 x 1073 kg/m - s. Data for

different packings show that H, is proportional to (G,/u) to the 0.22-0.35 exponent, with an average
of (G/u)%3. A value of H, = 1.17 ft (0.357 m), where G, = 5000 Ib/h - ft? is obtained from the

1
correlation (S1) for the O, system and 1l—in. Raschig rings. Then, to predict H, for a new solute
system and packing at velocities of Gyand G, using Sl units,

Equation 10.8-2.

0.357\ { Ns\"? G 3
H =H,= — 3
fo 372 6.782/0.8937 x 1073

These equations can be used for values of G, up to almost 1000 Iby/h - ft2 and G, up to 5000 and
remain below loading.
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EXAMPLE 10.8-1. Prediction of Film Coefficients for CO, Absorption

1
Predict Hg, H;, and Hy, for absorption of CO, from air by water in a dilute solution in a packed tower with 11 -
in. metal Pall rings at 303 K (30°C) and 101.32 kPa pressure. The flow rates are G, = 4.069 kg/s - m2 (3000
Ibm/h - ft2) and G,=0.5424 kg/s - m2 (400 lby/h - f2).

Solution. From Appendix A.3-18, for CO, at 1 atm, ps = 1.86 x 103x4. Hence, y4 = p4/1.0 = 1.86 x 103x,4 (mole
fraction units). Also, from Appendix A.3-3 for air at 303 K, u = 1.866 x 1075 kg/m - s and the density p = 1.166
kg/m3. The diffusivity for CO, at 276.2 K from Table 6.2-1is 0.142 x 104 m?/s. Correcting this to 303 K by Eq.
(6.2-45), Dyp=0.142 x 107 (303/276.2)"-75 = 0.1670 x 10™* m?/s. Hence,

B 1.866 x 10°°
pD  (1.166)(0.1670 % 10°7)

‘h.' 5¢

= .Y58

1 1
From Table 10.6-1 the relative mass-transfer coefficient for 11 -in. metal Pall rings compared to that for 11 -
in. Raschig rings is £, = 1.34. Substituting into Eq. (10.8-1),

0.226 ( 0.958 ”-5(4.{1(:-9)""-5(u.5424)”-“-‘
He =773, ({}.ﬁﬁn) 6.782 0.678 2426 m (0.796 ft)

From Appendix A.2-4, the viscosity of water at 303 K is 0.8007 x 1073 kg/m - s and the density p = 995.68 kg/
m3. At 298 K the viscosity of water is 0.8937 x 1073 kg/s - m.
From Table 6.3-1, the D5 of CO, in water is 2.00 x 107 m?/s at 25°C. Using Eq. (6.3-9) to correct it to 303
K, Dag = (0.8937 x 10~%/0.8007 x 10-3)(303/298) (2.00 x 10~9) = 2.270 x 10~° mZ's. Then,
L 0.8007 x 107
.I""l'r&. == -

= 5o = 3543
pD,y  995.68(2.270 x 1077)

Substituting into Eq. (10.8-2),

"o (U%ﬁ?) (N\L)Ilﬁ( G_I..-'llt.!, .)n_."-
. 1 372 6.782/0.8937 x 107°
0357 / 354.3\" (4.(}69I{].HE}[}? X m--‘)”--‘
H, = -] =0.2306 m (0.759 ft
L ( 134 )( 372 ) 6.782/0.8937 X 10 m )

To calculate the value of Hp,, the molar flow rates are calculated, where for dilute air, V' = G/MW =
0.5424/28.97 = 0.01872 kg mol/s - m2, and for water, L = G/MW = 4.069/18.0 = 0.2261 kg mol/s - m2. Sub-
stituting into Eq. (10.6-58),

.I;Ir”_ — .F;Ir‘;._‘. = fflrl + (Lf”iv;ff”

0.2306 + [(0.2261)/(1.86 % 10° x 0.01872)]0.2426

Il

0.2306 + 0.001575 = 0.2322 m

The percent resistance in the gas film is 0.001575(100)/0.2322 = 0.68%. This shows that for a very insoluble
gas, even though Hgis similar in value to A, the large value of m causes the gas-phase resistance to be very
small. Hence, Hp, = H,. For a soluble gas like NH3, where m = 1.20 at 303 K compared to 1.86 x 103 for
CO,, the percent resistance in the gas film would be about 90%. (See Problem 10.8-1.) The different gas and
liquid Schmidt numbers for NH3 would have only a small effect on the results.
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HEAT EFFECTS AND TEMPERATURE VARIATIONS IN
ABSORPTION

Heat Effects in Absorption

The temperature in an absorption tower can vary from the top to the bottom of the tower when the
inlet gas contains a relatively high concentration of solute. Solute absorption by the liquid yields a
heat of solution which raises the liquid temperature. Also, if evaporation of the solvent to the gas
phase occurs, the liquid temperature is cooled. The curvature of the equilibrium line depends upon
the absorption of the solute, the heat-transfer rate between phases, and the evaporation or con-
densation of the liquid solvent.

Calculated temperature profiles may also have a maximum in the tower. This can occur when the
entering gas temperature is considerably below the exit solvent temperature and/or the volatile
solvent evaporates. Solvent evaporation cools the liquid near the tower bottom and a temperature
maximum occurs. Detailed rigorous heat and mass-balance equations are needed for mass transfer
of the solute, mass transfer of the solvent, heat transfer between the gas and liquid, and enthalpy
balances. Equations and examples are given by Sherwood et al. (S1), Stockar and Wilke (S7), and
Treybal (T2). Note that in actual towers, intercoolers are often used to keep the towers isothermal.

Simplified Design Method

A simplified adiabatic design method is sometimes used when the entering gas contains solvent
vapor and/or solvent evaporation occurs. Heat of solution of the solute is also included in the design.
Then, using an overall enthalpy balance, the exit liquid temperature is calculated. This rise in liquid
temperature can then be used to adjust the equilibrium-line curvature. First, an overall enthalpy
balance is made which includes sensible heat for inlet and outlet gas temperatures, heat of solution
of the solute, heat of vaporization of the solvent, and sensible heat for the inlet and the unknown
outlet liquid temperature. This outlet temperature is then obtained.

The equilibrium line for the top entering liquid temperature is plotted, with the given slope at the
dilute concentration. Next, an equilibrium line at this higher outlet liquid temperature is plotted. The
outlet concentration x; is then located on this equilibrium line. Then, assuming a linear liquid tem-
perature profile, the temperature of point x, which is halfway between the top and bottom concen-
trations, is obtained. This x value is then located on the equilibrium line for this new temperature.
The final curved equilibrium line is plotted with the slope at the dilute end, through the xat the halfway
point, and finally through the x4 point. This method is illustrated in Example 10.9-1.

EXAMPLE 10.9-1. Heat Balance for Nonisothermal Absorption Tower

The gas feed at 20°C and 1 atm to a packed absorption tower contains 6.0 mol % of NH3 (on a dry basis) in
air. The inlet gas is saturated with water vapor. The absorbing pure liquid water enters at 25°C. The outlet gas
contains 0.5% of NH3 on a dry basis; it is assumed to be saturated with water vapor and leaves at 25°C. For
a feed of 100 g mol dry gas, 190 g mol of pure water are to be used for absorption. The heat of solution for 1.0
g mol NH3 gas absorbed in water is AH = -8310 cal/g mol (S1). Equilibrium data (P1) are as follows for this
system, where y= mx:

200C| 25 30 35 40
X " * Interpolated
003077107781 1005 1.266| 1.578% | 1.924

Solutior. For the inlet gas, where y4 = 0.06, the moles NH3 = 0.06(100) = 6.0 and moles air = 0.94(100) = 94.0.
For the outlet gas, where y, = 0.005, the moles air = 94.0 and moles NH3 = 94.0 [0.005/(1 - 0.005)] = 0.472.
The total is 94.472 moles. The moles NH3 absorbed = 6.0 — 0.472 = 5.528. The outlet x; = (5.528)/(190 +
5.528) = 0.0283. From Appendix A.2-9, the latent heat of water at 25°C is (2442.3 J/g)(1/4.184 J/cal)(18.02 g/
g mol) = 10 519 cal/g mol. The vapor pressure of water at 20°C = 2.346 kPa and at 25°C, 3.169 kPa.
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The moles H,0 in the inlet gas at 20°C = (100.0)(2.346)/(101.325 — 2.346) = 2.370 moles vapor. In the outlet
gas moles H,O vapor = (94.472)(3.169)/(101.325 - 3.169) = 3.050 moles vapor. The moles of H,O vaporized
=3.050 - 2.370 = 0.680.

An enthalpy balance is made for ammonia gas and air in and liquid water at 25°C. For air, from Appendix A.
3-3, ¢, = (1.0048 J/g - K)(1/4.184 J/cal) (28.972g/g mol) = 6.957 cal/g mol - K. For water vapor, from the
Appendix, Fig. A.3-1, ¢, = 8.0 cal/g mol - K, and for NH3 gas, ¢, = 8.58 cal/g mol - K. The sensible heat for the
entering gas at 20°C is as follows. For air, the sensible heat g = 94(6.957)(20 — 25) = —3270 cal. For water
vapor, g=(2.370)(8.0)(20 - 25) = =95 cal. For NH3 gas, g= (6.00)(8.58)(20 — 25) = =257 cal. The total sensible
heat is -3270 — 95 — 257 = —3622 cal. The latent heat of water vapor entering g=2.370(10 519) = 24 930 cal.
The sensible heat of the entering liquid at 25°C is 0.

For the exit gas at 25°C, the sensible heat = 0. The latent heat of the water vapor = 3.050(10 519) = 32 083
cal. The heat of solution of NH3 absorption = 5.528(-8310) = =45 938 cal. From Appendix A.2-11, assuming
dilute liquid water, ¢, = (1.000 cal/g - K)(18.02 g/g mol) = 18.02 cal/g mol - K. The total g moles outlet liquid =
190 + 5.528 - 0.68 = 194.85. The sensible heat g of the outlet liquid = (194.85)(18.02)( 77 — 25) = 3511( 74 -
25) cal, where T; is the unknown outlet temperature in °C. Equating the heat in to the heat out,

=3622 + 24930 = 0 + 32083 — 45938 + 3511, - 25)

Solving, (77 — 25) = 10.02°C, which is the temperature increase of the outlet liquid. The outlet 7; = 35.02°C or
35°C.

In Fig. 10.9-1, a straight operating line is plotted since the solution is dilute. The equilibrium line for 25°C is
also shown with a slope m = 1.005 at the top of the tower. At the tower bottom, at 35°C, the exit x; = 0.0283.
The equilibrium line at 35°C is shown. The point x4 is located on this 35°C line and on the curved equilibrium
line for the tower. The assumed linear temperature profile is also shown. Selecting a value of x= (0 + 0.0283)/
2 =0.0142 with a temperature of (35 + 25)/2 or 30°C, the point x; = 0.0412 is plotted on the 30°C equilibrium
line. The final curved equilibrium line is plotted with a slope at the origin of 1.005 at 25°C, through the point x
= 0.0142 on the 30°C equilibrium line, and then through the point x; = 0.0283 on the 35°C equilibrium line.
Since the equilibrium line is curved, the number of overall transfer units N, can be obtained by numerical or
graphical integration as before using Eq. (10.6-46).

Y= =06 === mm e e s e e e e
B operating line ____
0.05 |
" N 35°C
equilibrium line
I
0.04 | 30°C
; >
¥ |
0.03 = 25°C
.J'l
y lemperature
0n.02 : profile v
|
0.01 1 1 l
Vom — = = — 10,01 0.02 0.03
Xz < | X
NN FTETE RS FEE S NS N
I
0 0.01 0.02 1 0.03
: X [
X, X

Figure 10.9-1. Operating line and curved equilibrium line for Example 10.9-1. The calculated linear temperature profile
/s also shown.
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PROBLEMS

10.21. Equilibrium and Henry's Law Constant. The partial pressure of
CO, in air is 1.333 x 10* Pa and the total pressure is 1.133 x 10°
Pa. The gas phase is in equilibrium with a water solution at 303 K.
What is the value of x4 for CO, in equilibrium in the solution? See
Appendix A.3 for the Henry's law constant.

At Ans. x4 =7.07 x 107 mol frac CO,

10.2-2. Gas Solubility in Aqueous Solution. At 303 K the concentration of
CO, in water is 0.90 x 10™4 kg CO,/kg water. Using the Henry's law
constant from Appendix A.3, what partial pressure of CO, must be
kept in the gas to prevent the CO, from vaporizing from the aqueous
solution?

A2: Ans. p, =6.93 x 103 Pa (0.0684 atm)

10.2-3. Phase Rule for a Gas-Liquid System. For the system SO,-air-wa-

ter, the total pressure is set at 1 atm abs and the partial pressure of
SO, in the vapor is set at 0.20 atm. Calculate the number of degrees
of freedom, F. What variables are unspecified and hence can be
arbitrarily set?

10.3-1. Equilibirum Stage Contact for Gas-Liquid System. A gas mixture
at 2.026 x 10° Pa total pressure containing air and SO, is brought
into contact in a single-stage equilibrium mixer with pure water at
293 K. The partial pressure of SO, in the original gas is 1.52 x
10* Pa. The inlet gas contains 5.70 total kg mol and the inlet water
2.20 total kg mol. The exit gas and liquid leaving are in equilibrium.
Calculate the amounts and compositions of the outlet phases. Use
equilibrium data from Fig. 10.2-1.

A4. Ans. x41 = 0.00495, y41 =0.0733, L1 =2.211 kg mol, V4 = 5.69 kg
mol
10.3-2. Absorption in a Countercurrent Stage Tower. Repeat Example

10.3-2 using the same conditions but with the following change. Use
a pure water flow to the tower of 108 kg mol H,O/h, that is, 20%
above the 90 used in Example 10.3-2. Determine the number of
stages required graphically. Repeat, using the analytical Kremser
equation.

10.3-3. Stripping Taint from Cream by Steam. Countercurrent stage strip-
ping is to be used to remove a taint from cream. The taint is present
in the original cream to the stripper at a concentration of 20 parts
per million (ppm). For every 100 kg of cream entering per unit time,
50 kg of steam will be used for stripping. It is desired to reduce the
concentration of the taint in the cream to 1 ppm. The equilibrium
relation between the taint in the steam vapor and the liquid cream
is ¥4 = 10x4, where y4 is ppm of taint in the steam and x4 ppm in
the cream (E1). Determine the number of theoretical stages nee-
ded. [Hint: In this case, for stripping from the liquid (L) stream to the
vapor (V) stream, the operating line will be below the equilibrium
line on the y,4 — x4 diagram. It is assumed that none of the steam
condenses in the stripping. Use ppm in the material balances.]

AG: Ans. Number stages = 1.85 (stepping down starting from the con-
centrated end)
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10.41. Overall Mass-Transfer Coefficient from Film Coefficients. Using
the same data as in Example 10.4-1, calculate the overall mass-
k

transfer coefficients X+ and K,, the flux, and the percent resistance

in the gas film.

AT Ans. i = 1.173 x 103 kg mol/s - m2 - mol frac, K, = 1.519 x
1073, Ny = 3.78 x 10™* kg mol/s - m2, 36.7% resistance

10.4-2. Interface Concentrations and Overall Mass-Transfer Coeffi-

r

cients. Use the same equilibrium data and film coefficients k.‘ and

k.x as in Example 10.4-1. However, use bulk concentrations of
Yac = 0.25 and x4, = 0.05. Calculate the following:

a. Interface concentrations y4;,and x,;and flux Na.

b.

Overall mass-transfer coefficients Ky and K, and flux N

. Overall mass-transfer coefficient X+ and flux Ny.

10.5-1. Counftercurrent Water-Cooling Tower. A forced-draft countercur-
rent water-cooling tower is to cool water from 43.3 to 26.7°C. The
air enters the bottom of the tower at 23.9°C with a wet bulb tem-
perature of 21.1°C. The value of Hg for the flow conditions is Hg =

0.533 m. The heat-transfer resistance in the liquid phase will be
&

neglected; that is, A, is very large. Hence, values of ”-‘I should be
used. Calculate the tower height needed if 1.5 times the minimum
air rate is used.

10.5-2. Minimum Gas Rate and Height of Water-Cooling Tower. |t is plan-
ned to cool water from 110°F to 85°F in a packed countercurrent
water-cooling tower using entering air at 85°F with a wet bulb tem-
perature of 75°F. The water flow is 2000 Ib,,/h - ft2 and the air flow
is 1400 Ib,, air/h - ft2. The overall mass-transfer coefficient is Kga =
6.90 Ib mol/h - ft3atm.

a. Calculate the minimum air rate that can be used.

b.  Calculate the tower height needed if the air flow of 1400 Ib,,
air/h - ft? is used.

A10: Ans. (a) Gqin = 935 Iby, air/h - ft2 (4241 kg air/h - m2); (b) z=21.8 ft
(6.64 m)

10.5-3. Design of Water-Cooling Tower. Recalculate Example 10.5-1, but
calculate the minimum air rate and use 1.75 times the minimum air
rate.

10.54. Effect of Changing Air Conditions on Cooling Tower. For the cool-

ing tower in Example 10.5-1, to what temperature will the water be
cooled if the entering air enters at 29.4°C but the wet bulb temper-
ature is 26.7°C? The same gas and liquid flow rates are used. The
water enters at 43.3°C, as before. (Hint: In this case T;4 is the un-
known. The tower height is the same as in Example 10.5-1. The
slope of the operating line is as before. The solution is trial and error.
Assume a value of 7;4 that is greater than 29.4°C. Do numerical or
graphical integration to see if the same height is obtained.)
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10.6-1. Amount of Absorption in a Tray Tower. An existing tower contains
the equivalent of 3.0 theoretical trays and is being used to absorb
SO, from air by pure water at 293 K and 1.013 x 10° Pa. The en-
tering gas contains 20 mol % SO, and the inlet air flow rate is 150
kg inert air/h - m2. The entering water rate is 6000 kg/h - m2. Cal-
culate the outlet composition of the gas. (Hint: This is a trial-and-
error solution. Assume an outlet gas composition of, say, )4 =0.01.
Plot the operating line and determine the number of theoretical trays
needed. If this number is not 3.0 trays, assume another value of
¥, and so on.)

A13: Ans. y; =0.009

10.6-2. Analytical Method for Number of Trays in Absorption. Use the an-
alytical equations in Section 10.6 for countercurrent tray contact to
calculate the number of theoretical trays needed for Example

10.6-3 using 1.3 Lemin

10.6-3. Absorption of Ammonia in a Tray Tower. A tray tower is to be used
to remove 99% of the ammonia from an entering air stream con-
taining 6 mol % ammonia at 293 K and 1.013 x 10° Pa. The entering
pure water flow rate is 188 kg H,O/h - m2and the inert air flow is 128
kg air/h - m2. Calculate the number of theoretical trays needed. Use
equilibrium data from Appendix A.3. For the dilute end of the tower,
plot an expanded diagram to step off the number of trays more ac-

curately.
A15: Ans. y; = 0.000639 (exit), x;y = 0.0260 (exit), 3.8 theoretical trays
10.64. Minimum Liquid Flow in a Packed Tower. The gas stream from a

chemical reactor contains 25 mol % ammonia and the rest inert
gases. The total flow is 181.4 kg mol/h to an absorption tower at
303 K and 1.013 x 105 Pa pressure, where water containing 0.005
mol frac ammonia is the scrubbing liquid. The outlet gas concen-
tration is to be 2.0 mol % ammonia. What is the minimum flow

er’n? Using 1.5 times the minimum, plot the equilibrium and op-
erating lines.

A16: Ans. Linin = 262.6 kg mol/h

10.6-5. Steam Stripping and Number of Trays. A relatively nonvolatile hy-
drocarbon oil contains 4.0 mol % propane and is being stripped by
direct superheated steam in a stripping tray tower to reduce the
propane content to 0.2%. The temperature is held constant at 422
K by internal heating in the tower at 2.026 x 10° Pa pressure. A total
of 11.42 kg mol of direct steam is used for 300 kg mol of total en-
tering liquid. The vapor-liquid equilibria can be represented by y =
25x, where y is mole fraction propane in the steam and x is mole
fraction propane in the oil. Steam can be considered as an inert gas
and will not condense. Plot the operating and equilibrium lines and
determine the number of theoretical trays needed.

A1T: Ans. 5.6 theoretical trays (stepping down from the tower top)
10.6-6. Absorption of Ammonia in Packed Tower. A gas stream contains
4.0 mol % NH3 and its ammonia content is reduced to 0.5 mol % in

a packed absorption tower at 293 K and 1.013 x 10° Pa. The inlet
pure water flow is 68.0 kg mol/h and the total inlet gas flow is 57.8
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kg mol/h. The tower diameter is 0.747 m. The film mass-transfer

coefficients are kya 0.0739 kg mol/s - m3mol frac and kia =
0.169 kg mol/s - m3mol frac. Using the design methods for dilute
gas mixtures, do as follows:

8 Calculate the tower height using k‘”.
b Calculate the tower height using Kya
A18: Ans. (a) z=2.362 m (7.75 ft)
10.6-7. Tower Height Using Overall Mass-Transfer Coefficient. Repeat

Example 10.6-4, using the overall liquid mass-transfer coefficient
K’ {5 calculate the tower height.

10.6-8. Experimental Overall Mass-Transfer Coefficient. In a tower 0.254
m in diameter absorbing acetone from air at 293 K and 101.32 kPa
using pure water, the following experimental data were obtained.
Height of 25.4-mm Raschig rings = 4.88 m, /"= 3.30 kg mol air/h,
¥4 =0.01053 mol frac acetone, y» = 0.00072, L' = 9.03 kg mol water/
h, x; = 0.00363 mol frac acetone. Calculate the experimental value
of Ka.

10.6-9. Conversion to Transfer-Unit Coefficients from Mass-Transfer Co-
efficients. Experimental data on absorption of dilute acetone in air
by water at 80°F and 1 atm abs pressure in a packed tower with
25.4-mm Raschig rings were obtained. The inert gas flow was 95
Iby, air/h - ft2 and the pure water flow was 987 Ib,/h - ft2. The ex-
perimental coefficients are kga = 4.03 Ib mol/h - ft3atm and k;a =
16.6 Ib mol/h - ft3 - Ib mol/h - ft3. The equilibrium data can be ex-
pressed by ¢, = 1.37py4, where ¢4 = Ib mol/ft3 and p, = atm partial
pressure of acetone.

a.  Calculate the film height of transfer units Hgand H,.
b. Calculate Hpg.

A21: Ans. Hpg = 0.957 ft (0.292 m)

10.6-10. Height of Tower Using Transfer Unifs. Repeat Example 10.6-4 but
use transfer units and calculate H;, N,, and tower height.

10.6-11. Experimental Value of Hpg. Using the experimental data given in

Problem 10.6-8, calculate the number of transfer units Npogand the
experimental value of Hpg.

A23: Ans. Hpg=1.265m

10.6-12. Pressure Drop and Tower Diameter. Use the same conditions as
in Example 10.6-1 but with the following changes. The gas feed rate
is 2000 Ib,,/h and the design ratio of G,/ Ggis 2.2/1. Using 60% of
flooding and 1 in Intalox packing, calculate the pressure drop, gas
and liquid flows, and tower diameter.

A24: Ans. Ap = 0.250 in. water/ft packing, D= 1.452 ft (0.4425 m)

10.6-13. Minimum Liquid Flow Rate in Absorption. Using the data from Ex-
ample 10.6-3, calculate the number of trays graphically and ana-
lytically for an operating flow rate of 1.3 times the minimum liquid
flow rate.

A25; Ans. N=5.34 steps (analytical)
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10.6-14. Experimental Height of Transfer Unit and Analytical Equations. A
packed tower 4.0 m tall is used to absorb ethyl alcohol from an inert
gas by 90 kg mol/h of pure water at 303 K and 101.3 kPa. The total
gas stream flow rate of 100 kg mol/h contains 2.0 mol % alcohol
and the exit concentration is 0.20 mol %. The equilibrium relation is
y=mx=0.68xfor this dilute stream. Using the analytical equations,
calculate the number of theoretical trays A, the number of transfer
units Nog, HOG’ and HETP.

A26: Ans. Hpg = 0.860 m (2.823 ft), N = 4.016 trays

10.7-1. Liquid Film Coefficients and Design of SO> Tower. Using the data
for Example 10.7-1, calculate the height of the tower using Eq.
(10.6-18), which is based on the liquid film mass-transfer coeffi-

cient . ki@ [Note: The interface values x; have already been ob-

tained.]

A27: Ans. z=1.586 m

10.7-2. Design of SO, Tower Using Overall Coefficients. Using the data for
Example 10.7-1, calculate the tower height using the overall mass-

transfer coefficient . Kya [Hint: Calculate Kya at the top of the
tower and at the bottom of the tower from the film coefficients. Then
use a linear average of the two values for the design. Obtain the
values of y' from the operating- and equilibrium-line plot. Numeri-
K.a

cally or graphically integrate Eq. (10.6-19), keeping outside

the integral.]

10.7-3. Height of Packed Tower Using Transfer Units. For Example
10.7-1, calculate the tower height using the Hg and the number of
transfer units Ng. [Hint: Calculate Hg at the tower top using Eq.
(10.6-39) and at the tower bottom. Use the linear average value for
Hg. Calculate the number of transfer units Ng by numerical or
graphical integration of the integral of Eq. (10.6-35). Then calculate

the tower height.]
A29: Ans. Hg=0.2036 m (average value)
10.74 Design of Absorption Tower Using Transfer Unifs. The gas SO, is

being scrubbed from a gas mixture by pure water at 303 Kand 1.013
x 10° Pa. The inlet gas contains 6.00 mol % SO, and the outlet 0.3
mol % SO,. The tower cross-sectional area of packing is 0.426
m2. The inlet gas flow is 13.65 kg mol inert air/h and the inlet water
flow is 984 kg mol inert water/h. The mass-transfer coefficients are
H; = 0.436 m and kga = 6.06 x 1077 kg mol/s - m® - Pa and are to
be assumed constant in the tower for the given concentration range.
Use equilibrium data from Appendix A.3. By numerical or graphical
integration, determine Ng. Calculate the tower height. (Nofe.: The
equilibrium line is markedly curved, so numerical or graphical inte-
gration is necessary even for this dilute mixture.)

A30: Ans. Ng = 8.47 transfer units, z=1.311m

10.8-1. Correction of Film Coefficients for NH; Absorption. Use the same
system and conditions given in Example 10.8-1, except that NH3 is

being absorbed instead of CO,. The flow rates are the same. Pre-
dict Hg, H;, Hog, and percent resistance in the liquid phase.

A31: Ans. Hpg = 0.2244 m, % resistance = 9.4%
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10.8-2. Prediction of Film Coefficients for Acefone Absorption. Predict Hg,
H;, and Hpg for absorption of acetone from air by water in a dilute
aqueous solution using 2-in. Intalox metal IMTP packing at 20°C
and 1 atm abs pressure. The flow rates are G, = 3.391 kg/s - m?2
(2500 Iby/h - ft2) and G, = 0.678 kg/s - m? (500 loy/h - ft2). Use
equilibrium data from Appendix A.3-21 and the diffusivity for ace-
tone in water from Table 6.3-1. The diffusivity of acetone in air at 1
atm abs is 0.109 x 1074 m?/s at 0°C (P1).

A32: Ans. Hg=0.3416 m, Hpg = 0.3921 m

10.91. Nonisothermal Absorption Tower. Use the same operating condi-
tions as in Example 10.9-1 for absorption of NH3 except for the fol-
lowing change. The inlet gas temperature is 15°C and it is saturated
with water vapor. Calculate the outlet water temperature 77 and the
overall number of transfer units Ny, by numerical or graphical inte-
gration.

A33: Ans. 7, =32.05°C
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