CHAPTER 12

Absorption of Gases

12.1. INTRODUCTION

The removal of one or more selected components from a mixture of gases by absorption
into a suitable liquid is the second major operation of chemical engineering that is based
on interphase mass transfer controlled largely by rates of diffusion. Thus, acetone can be
recovered from an acetone—air mixture by passing the gas stream into water in which
the acetone dissolves while the air passes out. Similarly, ammonia may be removed from
an ammonia—air mixture by absorption in water. In each of these examples the process
of absorption of the gas in the liquid may be treated as a physical process, the chemical
reaction having no appreciable effect. When oxides of nitrogen are absorbed in water to
give nitric acid, however, or when carbon dioxide is absorbed in a solution of sodium
hydroxide, a chemical reaction occurs, the nature of which influences the actual rate
of absorption. Absorption processes are therefore conveniently divided into two groups,
those in which the process is solely physical and those where a chemical reaction is
occurring. In considering the design of equipment to achieve gas absorption, the main
requirement is that the gas should be brought into intimate contact with the liquid, and
the effectiveness of the equipment will largely be determined by the success with which
it promotes contact between the two phases. The general form of equipment is similar to
that described for distillation in Chapter 11, and packed and plate towers are generally
used for large installations. The method of operation, as will be seen later, is not the
same. In absorption, the feed is a gas introduced at the bottom of the column, and the
solvent is fed to the top, as a liquid; the absorbed gas and solvent leave at the bottom, and
the unabsorbed components leave as gas from the top. The essential difference between
distillation and absorption is that in the former the vapour has to be produced in each
stage by partial vaporisation of the liquid which is therefore at its boiling point, whereas
in absorption the liquid is well below its boiling point. In distillation there is a diffusion
of molecules in both directions, so that for an ideal system equimolecular counterdif-
fusion takes place, though in absorption gas molecules are diffusing into the liquid, with
negligible transfer in the reverse direction, as discussed in Volume 1, Chapter 10. In
general, the ratio of the liquid to the gas flowrate is considerably greater in absorption
than in distillation with the result that layout of the trays is different in the two cases.
Furthermore, with the higher liquid rates in absorption, packed columns are much more
commonly used.
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12.2. CONDITIONS OF EQUILIBRIUM BETWEEN
LIQUID AND GAS

When two phases are brought into contact they eventually reach equilibrium. Thus, water
in contact with air evaporates until the air is saturated with water vapour, and the air is
absorbed by the water until it becomes saturated with the individual gases. In any mixture
of gases, the degree to which each gas is absorbed is determined by its partial pressure.
At a given temperature and concentration, each dissolved gas exerts a definite partial
pressure. Three types of gases may be considered from this aspect—a very soluble one,
such as ammonia, a moderately soluble one, such as sulphur dioxide, and a slightly soluble
one, such as oxygen. The values in Table 12.1 show the concentrations in kilograms per
1000 kg of water that are required to develop a partial pressure of 1.3, 6.7, 13.3, 26.7,
and 66.7 kN/m? at 303 K. It may be seen that a slightly soluble gas requires a much
higher partial pressure of the gas in contact with the liquid to give a solution of a given
concentration. Conversely, with a very soluble gas a given concentration in the liquid
phase is obtained with a lower partial pressure in the vapour phase. At 293 K a solution
of 4 kg of sulphur dioxide per 1000 kg of water exerts a partial pressure of 2.7 kN/m?. If
a gas is in contact with this solution with a partial pressure SO, greater than 2.7 kN/m?,
sulphur dioxide will be absorbed. The most concentrated solution that can be obtained
is that in which the partial pressure of the solute gas is equal to its partial pressure in
the gas phase. These equilibrium conditions fix the limits of operation of an absorption
unit. Thus, in an ammonia—air mixture containing 13.1 per cent of ammonia, the partial
pressure of the ammonia is 13.3 kN/m? and the maximum concentration of the ammonia
in the water at 303 K is 93 kg per 1000 kg of water.

Table 12.1. Partial pressures and concentrations of aqueous solutions of
gases at 303 K

Partial pressure of Concentration of solute in water kg/1000 kg water
solute(]lr;frﬁg)phase Ammonia Sulphur dioxide Oxygen
1.3 11 1.9 —
6.7 50 6.8 —
133 93 12 0.008
26.7 160 24.4 0.013
66.7 315 56 0.033

Whilst the solubility of a gas is not substantially affected by the total pressure in the
system for pressures up to about 500 kN/m?, it is important to note that the solubility falls
with a rise of temperature. Thus, for a concentration of 25 per cent by mass of ammonia
in water, the equilibrium partial pressure of the ammonia is 30.3 kN/m? at 293 K and
46.9 kN/m? at 303 K.

In many instances the absorption is accompanied by the evolution of heat, and it is
therefore necessary to fit coolers to the equipment to keep the temperature sufficiently
low for an adequate degree of absorption to be obtained.
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For dilute concentrations of most gases, and over a wide range for some gases, the
equilibrium relationship is given by Henry’s law. This law, as used in Chapter 11, can
be written as:

Py =7 Cy (12.1)

where: P4 is the partial pressure of the component A in the gas phase,
C4 is the concentration of the component in the liquid, and
7/ 1s Henry’s constant.

12.3. THE MECHANISM OF ABSORPTION

12.3.1. The two-film theory

The most useful concept of the process of absorption is given by the two-film theory
due to WrrrManD| and this is explained fully in Volume 1, Chapter 10. According to
this theory, material is transferred in the bulk of the phases by convection currents, and
concentration differences are regarded as negligible except in the vicinity of the interface
between the phases. On either side of this interface it is supposed that the currents die out
and that there exists a thin film of fluid through which the transfer is effected solely by
molecular diffusion. This film will be slightly thicker than the laminar sub-layer, because
it offers a resistance equivalent to that of the whole boundary layer. According to Fick’s
law (Volume 1, equation 10.1) the rate of transfer by diffusion is proportional to the
concentration gradient and to the area of interface over which the diffusion is occurring.
Fick’s law is limited to cases where the concentration of the absorbed component is low.
At high concentrations, bulk flow occurs and the mass transfer rate, which is increased by
a factor Cr/Cp, is governed by Stefan’s law, equation 12.2. Under these circumstances,
the concentration gradient is no longer constant throughout the film and the lines AB and
DE are curved. This question has been discussed in Chapter 10 of Volume 1, but some
of the important features will be given here.

The direction of transfer of material across the interface is not dependent solely on the
concentration difference, but also on the equilibrium relationship. Thus, for a mixture of
ammonia or hydrogen chloride and air which is in equilibrium with an aqueous solution,
the concentration in the water is many times greater than that in the air. There is, therefore,
a very large concentration gradient across the interface, although this is not the controlling
factor in the mass transfer, as it is generally assumed that there is no resistance at the
interface itself, where equilibrium conditions will exist. The controlling factor will be the
rate of diffusion through the two films where all the resistance is considered to lie. The
change in concentration of a component through the gas and liquid phases is illustrated
in Figure 12.1. P4 represents the partial pressure in the bulk of the gas phase and Py;
the partial pressure at the interface. C4; is the concentration in the bulk of the liquid
phase and C,; the concentration at the interface. Thus, according to this theory, the
concentrations at the interface are in equilibrium, and the resistance to transfer is centred
in the thin films on either side. This type of problem is encountered in heat transfer across
a tube, where the main resistance to transfer is shown to lie in the thin films on either
side of the wall; here the transfer is by conduction.
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Figure 12.1. Concentration profile for absorbed component A

12.3.2. Application of mass transfer theories

The preceding analysis of the process of absorption is based on the two-film theory of
WhitmMaND | Tt is supposed that the two films have negligible capacity, but offer all the
resistance to mass transfer. Any turbulence disappears at the interface or free surface, and
the flow is thus considered to be laminar and parallel to the surface.

An alternative theory described in detail in Volume 1, Chapter 10, has been put forward
by HicBie®, and later extended by DaNckwerts® and DaNckwerTs and KenNepy® in
which the liquid surface is considered to be composed of a large number of small elements
each of which is exposed to the gas phase for an interval of time, after which they are
replaced by fresh elements arising from the bulk of the liquid.

All three of these proposals give the mass transfer rate N/, directly proportional to
the concentration difference (C4; — C4z) so that they do not directly enable a decision
to be made between the theories. However, in the Higbie—Danckwerts theory N/, o
V' Dr whereas N, o Dy, in the two-film theory. Danckwerts®® applied this theory to
the problem of absorption coupled with chemical reaction but, although in this case the
three proposals give somewhat different results, it has not been possible to distinguish
between them.

The application of the penetration theory to the interpretation of experimental results
obtained in wetted-wall columns has been studied by LYNN, STRAATEMEIER, and KRAMERs .
They absorbed pure sulphur dioxide in water and various aqueous solutions of salts and
found that, in the presence of a trace of Teepol which suppressed ripple formation, the
rate of absorption was closely predicted by the theory. In very short columns, however,
the rate was overestimated because of the formation of a region in which the surface was
stagnant over the bottom one centimetre length of column. The studies were extended
to columns containing spheres and again the penetration theory was found to hold, there
being very little mixing of the surface layers with the bulk of the fluid as it flowed from
one layer of spheres to the next.

Absorption experiments in columns packed with spheres, 37.8 mm diameter, were also
carried out by DAvIDSON et al.(® who absorbed pure carbon dioxide into water. When a
small amount of surface active agent was present in the water no appreciable mixing was
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found between the layers of spheres. With pure water, however, the liquid was almost
completely mixed in this region.

DavipsoN'” built up theoretical models of the surfaces existing in a packed bed, and
assumed that the liquid ran down each surface in laminar flow and was then fully mixed
before it commenced to run down the next surface. The angles of inclination of the
surfaces were taken as random. In the first theory it was assumed that all the surfaces
were of equal length, and in the second that there was a random distribution of surface
lengths up to a maximum. Thus the assumptions regarding age distribution of the liquid
surfaces were similar to those of HiGBIE® and Danckwerts'® . Experimental results were
in good agreement with the second theory. All random packings of a given size appeared
to be equivalent to a series of sloping surfaces, and therefore the most effective packing
would be that which gave the largest interfacial area.

In an attempt to test the surface renewal theory of gas absorption, DANCKWERTS and
KennepY® measured the transient rate of absorption of carbon dioxide into various
solutions by means of a rotating drum which carried a film of liquid through the gas.
Results so obtained were compared with those for absorption in a packed column and
it was shown that exposure times of at least one second were required to give a strict
comparison; this was longer than could be obtained with the rotating drum. ROBERTS
and Danckwerts® therefore used a wetted-wall column to extend the times of contact
up to 1.3 s. The column was carefully designed to eliminate entry and exit effects
and the formation of ripples. The experimental results and conclusions are reported by
DANCkWERTs, KENNEDY, and RoBerTs!?) who showed that they could be used, on the basis
of the penetration theory model, to predict the performance of a packed column to within
about 10 per cent.

There have been many recent studies of the mechanism of mass transfer in a gas
absorption system. Many of these have been directed towards investigating whether
there is a significant resistance to mass transfer at the interface itself. In order to obtain
results which can readily be interpreted, it is essential to operate with a system of simple
geometry. For that reason a laminar jet has been used by a number of workers.

CuLLeN and Davipson!! studied the absorption of carbon dioxide into a laminar jet
of water. When the water issued with a uniform velocity over the cross-section, the
measured rate of absorption corresponded closely with the theoretical value. When the
velocity profile in the water was parabolic, the measured rate was lower than the calculated
value; this was attributed to a hydrodynamic entry effect.

The possible existence of an interface resistance in mass transfer has been examined by
Ramvonnr and Toor'? who absorbed carbon dioxide into a laminar jet of water with a flat
velocity profile, using contact times down to 1 ms. They found that the rate of absorption
was not more than 4 per cent less than that predicted on the assumption of instantaneous
saturation of the surface layers of liquid. Thus, the effects of interfacial resistance could
not have been significant. When the jet was formed at the outlet of a long capillary
tube so that a parabolic velocity profile was established, absorption rates were lower than
predicted because of the reduced surface velocity. The presence of surface-active agents
appeared to cause an interfacial resistance, although this effect is probably attributable to
a modification of the hydrodynamic pattern.

STERNLING and ScriveN!®) have examined interfacial phenomena in gas absorption and
have explained the interfacial turbulence which has been noted by a number of workers in
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terms of the Marangoni effect which gives rise to movement at the interface due to local
variations in interfacial tension. Some systems have been shown to give rise to stable
interfaces when the solute is transferred in one direction, although instabilities develop
during transfer in the reverse direction.

GoobpripGe and Rosa!'* used a laminar jet to study the rate of absorption of carbon
dioxide into sodium carbonate solutions containing a number of additives including
glycerol, sucrose, glucose, and arsenites. For the short times of exposure used, absorption
rates into sodium carbonate solution or aqueous glycerol corresponded to those predicted
on the basis of pure physical absorption. In the presence of the additives, however, the
process was accelerated as the result of chemical reaction.

Absorption of gases and vapour by drops has been studied by GARNER and Kenprick !>
and GARNER and LANE('® who developed a vertical wind tunnel in which drops could be
suspended for considerable periods of time in the rising gas stream. During the formation
of each drop the rate of mass transfer was very high because of the high initial turbulence.
After the initial turbulence had subsided, the mass transfer rate approached the rate for
molecular diffusion provided that the circulation had stopped completely. In a drop with
stable natural circulation the rate was found to approach 2.5 times the rate for molecular
diffusion.

12.3.3. Diffusion through a stagnant gas

The process of absorption may be regarded as the diffusion of a soluble gas A into a
liquid. The molecules of A have to diffuse through a stagnant gas film and then through
a stagnant liquid film before entering the main bulk of liquid. The absorption of a gas
consisting of a soluble component A and an insoluble component B is a problem of
mass transfer through a stationary gas to which Stefan’s law (Volume 1, Chapter 10)
applies:

Cr dCy

N, = —-Dy—— 12.2
A VCB dz ( )

where N, is the overall rate of mass transfer (moles/unit area and unit time),
Dy 1s the gas-phase diffusivity,
z 1s distance in the direction of mass transfer, and
Ca, Cp, and Cr are the molar concentrations of A, B, and total gas,
respectively.

Integrating over the whole thickness zg of the film, and representing concentrations at
each side of the interface by suffixes 1 and 2:
_ DyCr  Cp

In — (12.3)
G Cpi

Ny

Since Cy = P/RT, where R is the gas constant, T the absolute temperature, and P the
total pressure. For an ideal gas, then:
Dy P Pg>

= n
RTzg  Pp

N/, (12.4)
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Writing Pg,, as the log mean of the partial pressures Pg; and Pgs, then:

Pgy — P
Py = — o (12.5)
In(Pp2/ Pp1)
,  DyP Ppy— Pp
NA =
RTZG PBm
DyP [Py — P
_ Dy Al A2 (12.6)
RTZG Pgm
Hence the rate of absorption of A per unit time per unit area is given by:
Py — P
N, =k’GP|: Al “] (12.7)
PBm
or: N;‘q = k(;(PAI — PAQ) (128)
D Dy P k. P
where: kg = Y . and kg = v = ¢ (12.9)
RTZG RTZG PBm PBm

In the great majority of industrial processes the film thickness is not known, so that the
rate equation of immediate use is equation 12.8 using k¢. kg is known as the gas-film
transfer coefficient for absorption and is a direct measure of the rate of absorption per
unit area of interface with a driving force of unit partial pressure difference.

12.3.4. Diffusion in the liquid phase

The rate of diffusion in liquids is much slower than in gases, and mixtures of liquids
may take a long time to reach equilibrium unless agitated. This is partly due to the much
closer spacing of the molecules, as a result of which the molecular attractions are more
important.

Whilst there is at present no theoretical basis for the rate of diffusion in liquids compa-
rable with the kinetic theory for gases, the basic equation is taken as similar to that for
gases, or for dilute concentrations:

dc,
N, =—-D, —2 12.10
A L4z ( )
Cpr—C
On integration: N, = —DL[ A2 “"] (12.11)
L

where: C4, Cp are the molar concentrations of A and B,
zp 1s the thickness of liquid film through which diffusion occurs, and
Dy is the diffusivity in the liquid phase.

Since the film thickness is rarely known, equation 12.11 is usually rewritten as:
N =k (Ca1 — Ca2) (12.12)

which is similar to equation 12.8 for gases.
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In equation 12.12, k; is the liquid-film transfer coefficient, which is usually expressed in
kmol/s m?(kmol/m?) = m/s. For dilute concentrations:

Dy

L

kp =

12.3.5. Rate of absorption

In a steady-state process of absorption, the rate of transfer of material through the gas
film will be the same as that through the liquid film, and the general equation for mass
transfer of a component A may be written as:

Ny = kG(Pag — Pai) = kp(Cai — Car) (12.13)

where P,¢ is the partial pressure in the bulk of the gas, C4; is the concentration in the
bulk of the liquid, and P4; and C4; are the values of concentration at the interface where
equilibrium conditions are assumed to exist. Therefore:

kg JLa—Ca (12.14)

kp — Pag — Pa;

These conditions may be illustrated graphically as in Figure 12.2, where ABF is the
equilibrium curve for the soluble component A.
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Concentration in liquid phase (C4)

Figure 12.2. Driving forces in the gas and liquid phases

Point D (C4., Pag) represents conditions in the bulk of the gas and liquid.
Pac) s the partial pressure of A in the main bulk of the gas stream, and
Car) is the average concentration of A in the main bulk of the liquid
stream.
Point A (Cae, Pag) represents a concentration of C4, in the liquid in equilibrium with
P4 in the gas.
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Point B (Cy4;, P4;) represents the concentration of Cy; in the liquid in equilibrium
with P,; in the gas, and gives conditions at the interface.

Point F (C4p, Ps.) represents a partial pressure P4, in the gas phase in equilibrium
with C4. in the liquid.

Then, the driving force causing transfer in the gas phase is:
(Pac — Pai) =DE
and the driving force causing transfer in the liquid phase is:

(Cai —Cyr) =BE

Pag — Pai _ ki

Then: =
Cai —CaL kg

and the concentrations at the interface (point B) are found by drawing a line through D
of slope —k; / kg to cut the equilibrium curve in B.

Overall coefficients

In order to obtain a direct measurement of the values of k; and ks the measurement of
the concentration at the interface would be necessary. These values can only be obtained
in very special circumstances, and it has been found of considerable value to use two
overall coefficients K and K defined by:

N} = KG(Pag — Pac) = K1.(Cae — Car) (12.15)

K¢ and K are known as the overall gas and liquid phase coefficients, respectively.

Relation between film and overall coefficients

The rate of transfer of A may now be written as:

Ny = kgl Pac — Pail = kp[Cai — Carl = KG[Pag — Pael = KL[Cae — CaLl

1 1 [PAG—PAe]

Thus: — (12.16)
Pag — Pai

Ko ko
. |:PAG" PA:‘] n I [PAf — PAa]
kg L Pag — Pai kG L Pac — Pai
From the previous discussion:

L [PAG—PA,-]
Cai —CarL

ke ki
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I 1 1 [Pag—PuTl[ Pai— Pa
Thus: _:_+_[ AG A]|:A A]
Kc ke ki LCai —Car || Pag — Pai

. 1 n 1 [PA;—PA(,:I
k¢ ki LCai—Car

(Pai — Pae)/(Cai — Cyap) is the average slope of the equilibrium curve and, when the
solution obeys Henry’s law, .7 = dP4/dCs = (Pa; — Pae)/(Cai — CaL).

1 1 H
Therefore: K_c, = E + Z (12.17)
Similarl : : + : (12.18)
imilarly: — = — .
y K. k. | ko
1 H
and: —_— = — (12.19)
Kg K,

A more detailed discussion of the relationship between film and overall coefficients is
given in Volume 1, Chapter 10.

The validity of using equations 12.17 and 12.18 in order to obtain an overall transfer
coefficient has been examined in detail by King!!”. He has pointed out that the equilibrium
constant .7Z must be constant, there must be no significant interfacial resistance, and there
must be no interdependence of the values of the two film-coefficients.

Rates of absorption in terms of mole fractions

The mass transfer equations can be written as:

Ny =k (va — yai) = KG(ya — yae) (12.20)
and: N; =kf(x,4; —XA)=K£()C,4€—XA) (]2.21)

where x4, y4 are the mole fractions of the soluble component A in the liquid and gas
phases, respectively.

G ki, K¢, Kj are transfer coefficients defined in terms of mole fractions by
equations 12.20 and 12.21.

If m is the slope of the equilibrium curve [approximately (ya; — Yae)/(xai — xa)], it

can then be shown that:

1 1 m
L 12.22
K,k % (12.22)

which is similar to equation 11.151 used for distillation.

Factors influencing the transfer coefficient

The influence of the solubility of the gas on the shape of the equilibrium curve, and the
effect on the film and overall coefficients, may be seen by considering three cases in
turn — very soluble, almost insoluble, and moderately soluble gases.
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(a) Very soluble gas. Here the equilibrium curve lies close to the concentration-axis and
the points E and F are very close to one another as shown in Figure 12.2. The driving
force over the gas film (DE) is then approximately equal to the overall driving force (DF),
so that kg is approximately equal to Kg.

(b) Almost insoluble gas. Here the equilibrium curve rises very steeply so that the
driving force (C4; — C4r) (EB) in the liquid film becomes approximately equal to the
overall driving force (C4. — Csr) (AD). In this case k; will be approximately equal
to K.

(c) Moderately soluble gas. Here both films offer an appreciable resistance, and the point
B at the interface must be located by drawing a line through D of slope —(k./kg) =

—(PaG — Pai)/(Cai — Car).

In most experimental work, the concentration at the interface cannot be measured
directly, and only the overall coefficients are therefore found. To obtain values for the
film coefficients, the relations between kg, k; and K¢ are utilised as discussed previously.

12.4. DETERMINATION OF TRANSFER COEFFICIENTS

In the design of an absorption tower, the most important single factor is the value of
the transfer coefficient or the height of the transfer unit. Whilst the total flowrates of the
gas and liquid streams are fixed by the process, it is necessary to determine the most
suitable flow per unit area through the column. The gas flow is limited by the fact that
the flooding rate must not be exceeded and there will be a serious drop in performance if
the liquid rate is very low. It is convenient to examine the effects of flowrates of the gas
and liquid on the transfer coefficients, and also to investigate the influence of variables
such as temperature, pressure, and diffusivity.

In the laboratory, wetted-wall columns have been used by a number of workers and
they have proved valuable in determining the importance of the various factors, and have
served as a basis from which correlations have been developed for packed towers.

12.4.1. Wetted-wall columns

In many early studies, the rate of vaporisation of liquids into an air stream was measured
in a wetted-wall column, similar to that shown in Figure 12.3. Logarithmic plots of d/zg
and Re = dup /. gave a series of approximately straight lines and d/zs was proportional
to Re'®3

where: d is the diameter of tube,
Zg 1s the thickness of gas film,
is the gas velocity,
is the gas density,
is the gas viscosity, and
1s a constant.

E D =
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Figure 12.3. Diagram of a typical laboratory wetted-wall column

The unknown film thickness z; may be eliminated as follows:

k byP (equation 12.9)
= ————---—— cquation .
¢ RTZG PBm d
kcRTPg, 1 B
Thus: G B = 2RO
Dy P iG d
hpd Pg,,
or: —PT7Bm _ BRO® (12.23)
Dy P

where hp = kgRT is the mass transfer coefficient with the driving force expressed as a
molar concentration difference.

GiLLianp and  SHerwoob’s data(!®, expressed by equation 12.23, are shown in
Figure 12.4 for a number of systems. To allow for the variation in the physical properties,
the Schmidt Group Sc is introduced, and the general equation for mass transfer in a
wetted-wall column is then given by:

hDdr PB.*H'

o — B'Re*33 5044 (12.24)
1%

Values of B’ 0.021-0.027 have been reported and a mean value of 0.023 may be taken,
which means that equation 12.24 very similar to the general heat transfer equation for
forced convection in tubes (Volume 1, Chapter 9). The data shown in Figure 12.4 are
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Figure 12.5. Correlation of data on the vaporisation of liquids in wetted-wall columns

replotted as D v Bm ¢ 77 In Figure 12.5 and, 1n this way, they ma ¢
plotted as (hpd/Dy)(Pg,/P)Sc™%* in Figure 12.5 and, in this way, they may b

correlated by means of a single line.

In comparing the results of various workers, it is important to ensure that the inlet
arrangements for the air are similar. Modifications of the inlet give rise to various values
for the index on the Reynolds number, as found by HoLLings and Siver™. A good
calming length is necessary before the inlet to the measuring section, if the results are to

be reproducible.
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Equation 12.24 is frequently rearranged as:

hpd Pgn 4 [ M ]0'5623,}36_0,17( 1 )

Dy P dup [ pDy pDy
hn P " 0.56
or: 2D Thm | K — B'Re"V = j, (12.25)
u P pDv

where j; is the j-factor for mass transfer as introduced by ChiLroN and CoLBURN®?)
and discussed in Volume 1, Chapter 10. The main feature of this type of work is that
hp x G08, D?,'SG and P/Pg,,. This form of relation is the basis for correlating data on
packed towers.

Example 12.1

The overall liquid transfer coefficient, K, a, for the absorption of SO, in water in a column is
0.003 kmol/s m*® (kmol/m?). By assuming an expression for the absorption of NHj in water at the
same liquor rate and varying gas rates, derive an expression for the overall liquid film coefficient
K a for absorption of NHj; in water in this equipment at the same water rate though with varying
gas rates. The diffusivities of SO, and NH; in air at 273 K are 0.103 and 0.170 cmZ/s. SO,
dissolves in water, and Henry’s constant is equal to 50 (ka’mz)/(kmol,fm3). All data are expressed
for the same temperature.

Solution

From equation 12.18:

1 1 1 1
_= = = 333.3
KL&' kLﬂ + .%kca 0.003

For the absorption of a moderately soluble gas it is reasonable to assume that the liquid and gas
phase resistances are of the same order of magnitude, assuming them to be equal.

| I 333
k;‘a .Z/'k(;a ( 2 )
or: kia = . 7kca = 0.006 kmol/s m®(kmol/m?)

Thus, for SO,: kga = 0.006/.77 = 0.006/50 = 0.00012 kmol/s m® (kNa’mz)

From equation 12.25: kga is proportional to (diffusivity)®.

Hence for NH; : kga = 0.00012(0.17/0.103)%% = 0.00016 kmol/s m*(kN/m?)

For a very soluble gas such as NHs, kga >~ Kga.

For NHj the liquid-film resistance will be small, and:

kga = Kga = 0.00016 kmol/s m*(kN/m?)
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In early work on wetted-wall columns, Morris and Jackson®!) represented the exper-
imental data for the mass transfer coefficient for the gas film A, in a form similar to
equation 12.25, though with slightly different indices, to give:

h —0.25 —0.5 P
20 _ 0.04 [@] [ 2 ] [ ] (12.26)
u M )ODV PB.'n

The velocity u of the gas is strictly the velocity relative to the surface of the falling
liquid film, though little error is introduced if it is taken as the superficial velocity in
the column.

Compounding of film coefficients

Assuming kg is approximately proportional to G'*%, equation 12.17 may be rearranged
to give:
1 1 NV 1 V4

KG kG r'(_.g x(ru“-*‘ k,r_

(12.27)

If k; is assumed to be independent of the gas velocity, then a plot of 1/Ks against
1/u®® will give a straight line with a positive intercept on the vertical axis representing
the liquid film resistance .77 /k;, as shown for ammonia and for sulphur dioxide in
Figure 12.6. It may be seen that in each case a straight line is obtained. The lines for
ammonia pass almost through the origin showing that the liquid film resistance is very
small, although the line for sulphur dioxide gives a large intercept on the vertical axis,
indicating a high value of the liquid film resistance.

S0,

1 NH3

I

Figure 12.6. Plot of 1/K¢ versus 1/u”3 for ammonia and for sulphur dioxide

For a constant value of Re, the film thickness zg should be independent of temperature,
since /pDy is almost independent of temperature. kg will then vary as VT, because
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Dy o T3/ and kg o< Dy /T. This is somewhat difficult to test accurately since the diffu-
sivity in the liquid phase also depends on temperature. Thus, the data for sulphur dioxide,
shown in Figure 12.6, qualitatively support the theory for different temperatures, although
the increase in value of k; masks the influence of temperature on kg.

Example 12.2

A wetted-wall column is used for absorbing sulphur dioxide from air by means of a caustic soda
solution. At an air flow of 2 kg/m’s, corresponding to a Reynolds number of 5160, the friction
factor R/pu? is 0.0200.
Calculate the mass transfer coefficient in kg SO, /s m?(kN/m?) under these conditions if the tower
is at atmospheric pressure. At the temperature of absorption the following values may be used:
The diffusion coefficient for SO, = 0.116 x 10~* m?/s, the viscosity of gas = 0.018 mstmz,
and the density of gas stream = 1.154 kg/m°.

Solution

For wetted-wall columns, the data are correlated by:

o\ [ Pan 0.56
(_’) (%) (p%) = B'Re " = j, (equation 12.25)
u

From Volume 1, Chapter 10: ja = R/pu’
In this problem: G’ = 2.0 kg/m’s, Re = 5160 and R/pu® = 0.020
D =0.116 x 107* m?/s, pu=1.8x 107 Ns/m?, and p = 1.154 kg/m’

Substituting these values gives:

0.56

(,u)“-f'f'_( 1.8 x 107 ) 118
oD T\ 1.154 x 0.116 x 104 o

Thus: (h—d) (h) = (0.020/1.18) = 0.0169
u P
G' = pu = 2.0 kg/m’s
and: u=(2.0/1.154) = 1.73 m/s
Thus: hq(Pgn/P) = (0.0169 x 1.73) = 0.0293

d may be obtained from d = Rep/pu = 0.046 m (46 mm), which is the same order of size of
wetted-wall column as that which was originally used in the research work.

ke _(kr!)(PBm)
CTA\RT/\P
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R = 8314 m*(N/m?)/K kmol and T will be taken as 298 K, and hence:

kg = [0.0293/(8314 x 298)] = 1.18 x 10~ kmol/m?s(N/m?)
=7.56 x 10~* kg SO,/m?s(kN/m?)

12.4.2. Coefficients in packed towers

The majority of published data on transfer coefficients in packed towers are for rather
small laboratory units, and there is still some uncertainty in extending the data for use
in industrial units. One of the great difficulties in correlating the performance of packed
towers is the problem of assessing the effective wetted area for interphase transfer. It is
convenient to consider separately conditions where the gas-film is controlling, and then
where the liquid film is controlling. The general method of expressing results is based on
that used for wetted-wall columns.

Gas-film controlled processes

The absorption of ammonia in water has been extensively studied by a number of workers.
KowaLKE et al.*? used a tower of 0.4 m internal diameter with a packing 1.2 m deep,
and expressed their results as:

Kga = aG"® (12.28)

where K is expressed in kmol/s m? (kN/m?) and « is the interfacial surface per unit
volume of tower (m?/m?). Thus Kga is a transfer coefficient based on unit volume of
tower. G’ is in kg/s m?, and varies with the nature of the packing and the liquid rate.
It was noted that « increased with L’ for values up to 1.1 kg/s m?, after which further
increase gave no significant increase in Kga. It was thought that the initial increase in
the coefficient was occasioned by a more effective wetting of the packing. On increasing
the liquid rate so that the column approached flooding conditions, it was found that Kga
decreased. Other measurements by BorDEN and SQUIREs'*®) and NormaN®® confirm the
applicability of equation 12.28.

FELLINGER® used a 450 mm diameter column with downcomers and risers in an
attempt to avoid the problem of determining any entrance or exit effects. Some of
the results for Hps are shown in Table 12.2, taken from Perry’s Chemical Engineers’
Handbook®® . Further discussion on the use of transfer units is included in Section 12.8.8
and in Chapter 11.

Table 12.2. Height of the transfer unit Hpg in metres

Raschig rings size G’ Hog Hog
(mm) (kg/m?s) (L' = 0.65 kg/m?s) (L' =1.95 kg/m?s)

9.5 0.26 0.37 0.23

0.78 0.60 0.32

25 0.26 0.40 0.22

0.78 0.64 0.34

50 0.26 0.60 0.34

0.78 1.04 0.58
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MoLsTAD et al.*” also measured the absorption of ammonia in water using a tower
of 384 mm side packed with wood grids, or with rings or saddles, and obtained Kga
by direct experiment. The value of kga was then calculated from the following relation
based on equation 12.17:

= + - (12.29)

The simplest method of representing data for gas-film coefficients is to relate the
Sherwood number [(hpd/Dy)(Pp,/P)] to the Reynolds number (Re) and the Schmidt
number (u/pDy). The indices used vary between investigators though vaN KREVELEN and
Horruzer®® have given the following expression, which is claimed to be valid over a
wide range of Reynolds numbers:

h Dd PBm

M 0.33
o = 0.2Re"® (—) (12.30)
Vv

pDy

Later work suggests that 0.11 is a more realistic value for the coefficient.
SEMMELBAUER?? has recommended the following correlation for 100 < (Re)g < 10,000
and 0.0l m < d, < 0.05 m:

(Sh)g = B(Re)%(Sc)%* (12.31)

where: B = 0.69 for Raschig rings and 0.86 for Berl saddles,
(Sh)G = hde/DG,
(Re)g = G'dy/uc.
(S¢)¢ = ne/pcDg, and
d, = packing size.

Processes controlled by liquid-film resistance

The absorption of carbon dioxide, oxygen, and hydrogen in water are three examples in
which most, if not all, of the resistance to transfer lies in the liquid phase. SHERWOOD
and HorLoway®” measured values of k;a for these systems using a tower of 500 mm
diameter packed with 37 mm rings. The results were expressed in the form:

L.r 0.75 0.50
kra :)3[—] [ fL ] (12.32)
Dy 193 prLDr

It may be noted that this equation has no term for characteristic length on the right-hand
side and therefore it is not a dimensionally consistent equation. If values of k; a are plotted
against value L’ on logarithmic scales as shown in Figure 12.7, a slope of about 0.75 is
obtained for values of L' 0.5-20 kg/s m?. Beyond this value of L', it was found that
kpa tended to fall because the loading point for the column was reached. These values of
kra were found to be affected by the gas rate. Subsequently, Cooper et al.®" established
that, at the high liquid rates and low gas rates used in practice, the transfer rates were
much lower than given by equation 12.32. This was believed to be due to maldistribution
at gas velocities as low as 0.03 m/s. The results of Cooper et al.®" and SHERWOOD and
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Figure 12.7. Variation of liquid-film coefficient with liquid flow for the absorption of oxygen in water

HoLLoway®® are compared in Figure 12.8, where the height of the transfer unit Hy; is
plotted against the liquid rate for various gas velocities.

!
l u=0.045 (m/s)
2 — —Cooper et al. 7015
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Holloway
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Liquid rate, L’ (kg/s m?)

Figure 12.8. Effect of liquid rate on height of transfer unit Hpy . Comparison of the results of Sherwood and
Holloway®?, and Cooper et al.?!

In an equation similar to equation 12.31, SEMMELBAUER'®® produced the following
correlation for the liquid film mass transfer coefficient k; for 3 < Re; < 3000 and
0.0l m <d, <0.05 m:

(Sh) = B'(Re);™ (SO)7 (dygpi /up)™ (12.33)

where: B’ = 0.32 and 0.25 for Raschig rings and Berl saddles, respectively.
(Sh)p = krd,/ Dy,
(Re)p = L'd,/pr, and
(Sc)p = ur/pLDy.

NonseBEL®? emphasises that values of the individual film mass transfer coefficients
obtained from this equation must be used with caution when designing large-scale towers
and appropriately large safety factors should be incorporated.
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12.4.3. Coefficients in spray towers

It is difficult to compare the performance of various spray towers since the type of spray
distributor used influences the results. Data from Hixson and Scort®® and others show
that Kga varies as G'*8, and is also affected by the liquid rate. More reliable data with
spray columns might be expected if the liquid were introduced in the form of individual
drops through a single jet into a tube full of gas. Unfortunately the drops tend to alter
in size and shape and it is not possible to get the true interfacial area very accurately.
This has been investigated by WHITMAN et al.®¥, who found that k¢ for the absorption
of ammonia in water was about 0.035 kmol/s m? (N/m?), compared with 0.00025 for the
absorption of carbon dioxide in water.

Some values obtained by Picrorp and PyLE®® for the height of a transfer unit H;
for the stripping of oxygen from water are shown in Figure 12.9. For short heights, the
efficiency of the spray chamber approximates closely to that of a packed tower although,
for heights greater than 1.2 m, the efficiency of the spray tower drops off rather rapidly.
Whilst it might be possible to obtain a very large active interface by producing small
drops, in practice it is impossible to prevent these coalescing, and hence the effective
interfacial surface falls off with height, and spray towers are not used extensively.
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I 1 1 | L
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Figure 12.9. Height of the transfer unit H; for stripping of oxygen from water in a spray tower

12.5. ABSORPTION ASSOCIATED WITH
CHEMICAL REACTION

In the instances so far considered, the process of absorption of the gas in the liquid has
been entirely a physical one. There are, however, a number of cases in which the gas, on
absorption, reacts chemically with a component of the liquid phase®®. The topic of mass
transfer accompanied by chemical reaction is treated in detail in Volume 1, Chapter 10.
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In the absorption of carbon dioxide by caustic soda, the carbon dioxide reacts directly
with the caustic soda and the process of mass transfer is thus made much more compli-
cated. Again, when carbon dioxide is absorbed in an ethanolamine solution, there is direct
chemical reaction between the amine and the gas. In such processes the conditions in the
gas phase are similar to those already discussed, though in the liquid phase there is a
liquid film followed by a reaction zone. The process of diffusion and chemical reaction
may still be represented by an extension of the film theory by a method due to Harta®?.
In the case considered, the chemical reaction is irreversible and of the type in which a
solute gas A is absorbed from a mixture by a substance B in the liquid phase, which
combines with A according to the equation A + B — AB. As the gas approaches the
liquid interface, it dissolves and reacts at once with B. The new product AB, thus formed,
diffuses towards the main body of the liquid. The concentration of B at the interface falls;
this results in diffusion of B from the bulk of the liquid phase to the interface. Since the
chemical reaction is rapid, B is removed very quickly, so that it is necessary for the gas
A to diffuse through part of the liquid film before meeting B. There is thus a zone of
reaction between A and B which moves away from the gas—liquid interface, taking up
some position towards the bulk of the liquid. The final position of this reaction zone will
be such that the rate of diffusion of A from the gas—liquid interface is equal to the rate of
diffusion of B from the main body of the liquid. When this condition has been reached,
the concentrations of A, B, and AB may be indicated as shown in Figure 12.10, where
the concentrations are shown as ordinates and the positions of a plane relative to the
interface as abscissae. In this Figure, the plane of the interface between gas and liquid is
shown by U, the reaction zone by R, and the outer boundary of liquid film by S. Then A
diffuses through the gas film as a result of the driving force (P4 — Pa;) and diffuses to
the reaction zone as a result of the driving force C4; in the liquid phase. The component
B diffuses from the main body of the liquid to the reaction zone under a driving force
q, and the non-volatile product AB diffuses back to the main bulk of the liquid under a
driving force (m — n).

Reaction
. zone
318
Ols
Gas phase g@ Bulk liquid phase
GlE AB
A |
PA. CAL
CAJ' |
| q
| P
i ¥
U R S

Figure 12.10. Concentration profile for absorption with chemical reaction

The difference between a physical absorption, and one in which a chemical reaction
occurs, can also be shown by Figures 12.11a and 12.11b, taken from a paper by van
KRevELEN and Horruzer®®. Figure 12.11a shows the normal concentration profile for
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Figure 12.11. Concentration profiles for absorption (a) without chemical reaction, (b) with chemical reaction.
The scales for concentration in the two phases are not the same and are chosen so that P4; /.7 in the gas phase
and Cy; for the liquid phase are at the same position in the diagrams

physical absorption whilst Figure 12.115 shows the profile modified by the chemical
reaction. For transfer in the gas phase:

N}, = kG(Pac — Pai) (12.34)

and in the liquid phase:
Ny =k (Cai —Car) (12.35)

The effect of the chemical reaction is to accelerate the removal of A from the interface,
and supposing that it is now r times as great then:

Ny =rkp(Cai — Car) (12.36)

In Figure 12.11a, the concentration profile through the liquid film of thickness z; is
represented by a straight line such that k; = Dy /z;. In b, component A is removed
by chemical reaction, so that the concentration profile is curved. The dotted line gives
the concentration profile if, for the same rate of absorption, A were removed only by
diffusion. The effective diffusion path is 1/r times the total film thickness z; .

D
Thus: N = "5 (Cpi — Car) = rk(Cai — Car) (12.37)
L

vaN KrReveLEN and Horryzer?® showed that the factor r may be related to Cy;, Dy, ki,
to the concentration of B in the bulk liquid Cp;, and to the second-order reaction rate
constant k, for the absorption of CO, in alkaline solutions. Their relationship is shown
in Figure 12.12, in which r, that is N\ /k;Cya;, is plotted against (kD Cgr)'/?/k;. for
various values of Cpp /iC4;, where i is the number of kmol of B combining with 1 kmol
of A.

Figure 12.2 illustrates three conditions:
(a) If ky is very small, » =~ 1, and conditions are those of physical absorption.
(b) If ks is very large, r ~ Cpr /iC4;, and the rate of the process is determined by the

transport of B towards the phase boundary.
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Figure 12.12.  N{/k;Ca; versus (kaDyCpr)'/?/ky, for various values of Cpy/iCa;

(c) At moderate values of ky, r >~ (jD;Cp1)"?/k;, and the rate of the process is
determined by the rate of the chemical reaction.

Thus, from equation 12.37:

(kyDy Cpp)'?

N3 =k (Cai —CaL)
kr

= (Ca;i — Car)(ky D Cpp)'? (12.38)

and the controlling parameter is now k.

The results of this work have been confirmed by NusiNG, HENDRIKSZ, and KRAMERS®)

As an illustration of combined absorption and chemical reaction, the results of TEPE
and Dobpce®” on the absorption of carbon dioxide by sodium hydroxide solution may be
considered. A 150 mm diameter tower filled to a depth of 915 mm with 12.5 mm carbon
Raschig rings was used. Some of the results are indicated in Figure 12.13. Ksa increases
rapidly with increasing sodium hydroxide concentration up to a value of about 2 kmol/m>.
Changes in the gas rate were found to have negligible effect on Ka, indicating that the
major resistance to absorption was in the liquid phase. The influence of the liquid rate
was rather low, and was proportional to L', It may be assumed that, in this case, the
final rate of the process is controlled by the resistance to diffusion in the liquid, by the
rate of the chemical reaction, or by both together.

CrYpER and MaLONEY“? presented data on the absorption of carbon dioxide in
diethanolamine solution, using a 200 mm tower filled with 20 mm rings, and some of
their data are shown in Figure 12.14. The coefficient Kga is found to be independent of
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Figure 12.14. Absorption of carbon dioxide in diethanolamine solutions. Liquid rate = 1.85 kg/m?s

the gas rate but to increase with the liquid rate, as expected in a process controlled by
the resistance in the liquid phase.

It 1s difficult to deduce the size of tower required for an absorption combined with a
chemical reaction, and a laboratory scale experiment should be carried out in all cases.
StepHENs and Morris*! have used a small disc-type tower illustrated in Figure 12.15
for preliminary experiments of this kind. It was found that a simple wetted-wall column
was unsatisfactory where chemical reactions took place. In this unit a series of discs,

supported by means of a wire, was arranged one on top of the other as shown.

The absorption of carbon dioxide into aqueous amine solutions has been investigated by
DaNckwerTs and McNEIL“? using a stirred cell. It was found that the reaction proceeded
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Figure 12.15. Small disc-tower for absorption tests

in two stages: first a fast reaction to give amine carbamate, and secondly a slow reaction in
the bulk of the liquid in which the carbamate was partially hydrolysed to bicarbonate. The
use of sodium arsenite as catalyst considerably accelerated this second reaction, showing
that the overall capacity of an absorber could be substantially increased by a suitable
catalyst.

A comprehensive review of work on the absorption of carbon dioxide by alkaline
solutions has been carried out by DANcKkwERTs and SHARMA®®) who applied results of
research to the design of industrial scale equipment. Subsequently, SAHAY and SHARMA*Y)
showed that the mass transfer coefficient may be correlated with the gas and liquid rates
and the gas and liquid compositions by:

Kga = const. L'"G'? exp(az F' + asy) (12.39)
where: a;, a», a3, as are experimentally determined constants,
F’ = fractional conversion of the liquid, and
y = mole fraction of CO; in the gas.

Eckert™®), by using the same reaction, determined the mass transfer performance of
packings in terms of Kga as:
N

= — 12.40
V(APA)Im ( )

K(;a
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where: N = number of moles of CO, absorbed,
V = packed volume, and
(AP4)im = log mean driving force.

Data obtained from this work are limited by the conditions under which they were
obtained. It is both difficult and dangerous to extrapolate over the entire range of conditions
encountered on a full-scale plant.

12.6. ABSORPTION ACCOMPANIED BY THE
LIBERATION OF HEAT

In some absorption processes, especially where a chemical reaction occurs, there is a
liberation of heat. This generally gives rise to an increase in the temperature of the liquid,
with the result that the position of the equilibrium curve is adversely affected.

In the case of plate columns, a heat balance may be performed over each plate and
the resulting temperature determined. For adiabatic operation, where no heat is removed
from the system, the temperature of the streams leaving the absorber will be higher than
those entering, due to the heat of solution. This rise in temperature lowers the solubility
of the solute gas so that a large value of L,,/G,, and a larger number of trays will be
required than for isothermal operation.

For packed columns, the temperature rise will affect the equilibrium curve, and
differential equations for heat and mass transfer, together with heat and mass balances,
must be integrated numerically. An example of this procedure is given in Volume 1,
Chapter 13, for the case of water cooling. For gas absorption under non-isothermal
conditions, reference may be made to specialist texts“4? for a detailed description of
the methods available. As an approximation, it is sometimes assumed that all the heat
evolved is taken up by the liquid, and that temperature rise of the gas may be neglected.
This method gives an overestimate of the rise in temperature of the liquid and results in
the design of a tower which is taller than necessary. Figure 12.16 shows the effect of the
temperature rise on the equilibrium curve for an adiabatic absorption process of ammonia
in water. If the amount of heat liberated is very large, it may be necessary to cool the
liquid. This is most conveniently done in a plate column, either with heat exchangers
connected between consecutive plates, or with cooling coils on the plate, as shown in
Figure 12.17.

The overall heat transfer coefficient between the gas—liquid dispersion on the tray and
the cooling medium in the tubes is dependent upon the gas velocity, as pointed out by
PoLL and Smit™®| but is usually in the range 500—2000 W/m? K.

With packed towers it is considerably more difficult to arrange for cooling, and it
is usually necessary to remove the liquid stream at intervals down the column and to
cool externally. CoGGaN and Bourne“® have presented a computer programme to enable
the economic decision to be made between an adiabatic absorption tower, or a smaller
isothermal column with interstage cooling.
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Figure 12.16. Equilibrium curve modified to allow for the heat of solution of the solute®)

12.7. PACKED TOWERS FOR GAS ABSORPTION

From the analysis given already of the diffusional nature of absorption, one of the
outstanding requirements is to provide as large an interfacial area of contact as possible
between the phases. For this purpose, columns similar to those used for distillation
are suitable. However, whereas distillation columns are usually tall and thin absorption
columns are more likely to be short and fat. In addition, equipment may be used in which
gas is passed into a liquid which is agitated by a stirrer. A few special forms of units
have also been used, although it is the packed column which is most frequently used for
gas absorption applications.
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Figure 12.17. Glitsch “truss type” bubble-tray in stainless steel for a 1.9 m absorption column

12.7.1. Construction

The essential features of a packed column, as discussed in Chapter 4, are the shell,
the arrangements for the gas and liquid inlets and outlets and the packing with its
necessary supporting and redistributing systems. Reference may be made to Chapter 4
and to Volume 6 for details of these aspects, whilst this section is largely concerned with
the determination of the height of packing for a particular duty. In installations where
the gas is fed from a previous stage of a process where it is under pressure, there is
no need to use a blower for the transfer of the gas through the column. When this is
not the case, a simple blower is commonly used, and such blowers have been described
in Volume 1, Chapter 8. The pressure drop across the column may be calculated by
the methods presented in Chapter 4 of this volume and the blower sized accordingly.
A pressure drop exceeding 30 mm of water per metre of packing is said to improve gas
distribution though process conditions may not permit a figure as high as this. The packed
height should not normally exceed 6 m in any section of the tower and for some packings
a much lower height must be used.

In the design of an absorption tower it is necessary to take into account the charac-
teristics of the packing elements and the flow behaviour discussed in Chapter 4, together
with the considerations given in the following sections concerning the performance of
columns under operating conditions.

12.7.2. Mass transfer coefficients and specific area in packed towers

Traditional methods of assessing the capacity of tower packings, which involve the use
of the specific surface area S and the voidage e, developed from the fact that these
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properties could be readily defined and measured for a packed bed of granular material
such as granite, limestone, and coke which were some of the earliest forms of tower
packings. The values of S and e enabled a reasonable prediction of hydraulic performance
to be made. With the introduction of Raschig rings and other specially shaped packings,
it was necessary to introduce a basis for comparing their relative efficiencies. Although
the commonly published values of specific surface area S provide a reasonable basis of
comparison, papers such as that by SHULMAN et al.®” showed that the total area offered
by Raschig rings was not used, and varied considerably with hydraulic loading.

Further evidence of the importance of the wetted fraction of the total area came with the
introduction of the Pall type ring. A Pall ring having the same surface area as a Raschig
ring is up to 60 per cent more efficient, though many still argue the relative merits of
packings purely on the basis of surface area.

The selection of a tower packing is based on its hydraulic capacity, which determines
the required cross-sectional area of the tower, and the efficiency, Kga typically, which
governs the packing height. Here a is the area of surface per unit volume of column and is
therefore equal to S(1 — e). Table 12.35 shows the capacity of the commonly available
tower packings relative to 25 mm Raschig rings, for which a considerable amount of
information is published in the literature. The table lists the packings in order of relative
efficiency, K¢a, evaluated at the same approach to the hydraulic capacity limit determined
by flooding in each case.

12.7.3. Capacity of packed towers

The drop in pressure for the flow of gas and liquid over packings is discussed in Chapter 4.
It is important to note that, during operation, the tower does not reach flooding conditions.
In addition, every effort should be made to have as high a liquid rate as possible, in order
to attain satisfactory wetting of the packing.

With low liquid rates, the whole of the surface of the packing is not completely wetted.
This may be seen very readily by allowing a coloured liquid to flow over packing contained
in a glass tube. From the flow patterns, it is obvious how little of the surface is wetted
until the rate is quite high. This difficulty of wetting can sometimes be overcome by
having considerable recirculation of the liquid over the tower, although in other cases,
such as vacuum distillation, poor wetting will have to be accepted because of the low
volume of liquid available. In selecting a packing, it is desirable to choose the form which
will give as near complete wetting as possible. The minimum liquid rate below which
the packing will no longer perform satisfactorily is known as the minimum wetting rate,
discussed in Chapter 4.

The following treatment is a particular application of the more general approach adopted
in Volume 1, Chapter 10.

Figure 12.18 illustrates the conditions that occur during the steady operation of a
countercurrent gas—liquid absorption tower. It is convenient to express the concentration
of the streams in terms of moles of solute gas per mole of inert gas in the gas phase, and
as moles of solute gas per mole of solute free liquid in the liquid phase. The actual area
of interface between the two phases is not known, and the term a is introduced as the
interfacial area per unit volume of the column. On this basis the general equation, 12.13,
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G, Ly
e, | | x

Y+dY T X+dX

Figure 12.18. Countercurrent absorption tower

for mass transfer can be written as:

NAA dZa = kGa(PAG — PA,')A dzZ
=kra(Cy — Ca)AdZ

where: N/, = kmol of solute absorbed per unit time and unit interfacial area,
a = surface area of interface per unit volume of column,
A = cross-sectional area of column, and
Z = height of packed section.

The interfacial area for transfer = adV = aAdZ

12.7.4. Height of column based on conditions in the gas film

If G,, = moles of inert gas/(unit time) (unit cross-section of tower),
L,, = moles of solute-free liquor/(unit time) (unit cross-section of tower),
Y moles of solute gas A/mole of inert gas B in gas phase, and
X = moles of solute A/mole of inert solvent in liquid phase.

(12.41)

(12.42)

and at any plane at which the molar ratios of the diffusing material in the gas and liquid
phases are Y and X, then over a small height dZ, the moles of gas leaving the gas phase

will equal the moles taken up by the liquid.
Thus: AG, dY = AL, dX
But: GnAdY = N)(adV) = kga(Pa; — Pag)AdZ

(12.43)
(12.44)
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It may be noted that, in a gas absorption process, gas and liquid concentrations will
decrease in the upwards direction and both dX and dY will be negative.

Y
Si . P ,:—P
mnce AG 1Y
Y; Y
G,dY =kgaP — dz
" e [1+Y; 1+Y]

—k P[ i — Y ]dZ
R U )+ 1)

Hence the height of column Z required to achieve a change in Y from Y at the bottom
to Y, at the top of the column is given by:

z Gn 21+Y)1+Y)dY
f dZ =7 = —f d+a+1) (12.45)
0 kGaP Y Y; -Y

which for dilute mixtures may be written as:

Gn [ dY
Z = f (12.46)
kGaP Y) Y,- —-Y

In this analysis it has been assumed that k¢ is a constant throughout the column, and
provided the concentration changes are not too large this will be reasonably true.

12.7.5. Height of column based on conditions in liquid film

A similar analysis may be made in terms of the liquid film. Thus from equations 12.41
and 12.42:
AL, dX =kra(Cpi — Car)AdZ (12.47)

where the concentrations C are in terms of moles of solute per unit volume of liquor. If
C7 = (moles of solute + solvent) (volume of liquid), then:

Cy moles of solute

Cr —C4  moles of solvent

X
h : Cyh= C 12.48
whence A =1xCr ( )

The transfer equation (12.47) may now be written as:

X X;
L,dX =k aCr [ - : ] dz
1+4X 14X;

X —X; :|
1+ X))+ X)

Thus: fz iz —7— A[*Z (1+ X)) (1 + X)dX (12.49)
' 0 kraCr Jx, X —X; '

= kLaCT [
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and for dilute concentrations this gives:

L, [* dX
Z = 12.50
kLaCT Ll X — X,' ( )

where C+ and k; have been taken as constant over the column.

12.7.6. Height based on overall coefficients

If the driving force based on the gas concentration is written as (Y — Y,) and the overall
gas transfer coefficient as K¢, then the height of the tower for dilute concentrations

becomes: y
G, 2 dY
7z = f (12.51)
KgaP Jy, Y.—Y

or in terms of the liquor concentration as:

L, X2 dx
Z = : [ (12.52)
KLGCT X X — X(,

Equations for dilute concentrations

As the mole fraction is approximately equal to the molar ratio at dilute concentrations
then considering the gas film:

G m 2 d Y Gm 2 d
7= f - f 4 (12.53)
KgaP Jy, Y.—Y KgaP Jy, ye—y

and considering the liquid film:

Ly, Y2 dx Ly, 2 dx
Z = f = f (12.54)
KLGCT X X — X,_, KLaC;r X X — Xe

12.7.7. The operating line and graphical integration for the
height of a column

Taking a material balance on the solute from the bottom of the column to any plane where
the mole ratios are ¥ and X gives for unit area of cross-section:

Gu(Y1 =Y)=Lu(X; —X) (12.55)
L,
or: Ni—Y =00 -X) (12.56)

This is the equation of a straight line of slope L,,/G,,, which passes through the point
(X1, Y1). It may be seen by making a material balance over the whole column that the
same line passes through the point (X, Y¥>). This line, known as the operating line,
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Operating line
Y1 A
= D R
2] Y
8) e -
5 [ Equilibrium
i curve
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@
°
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g
=
2 Y=Y,
w i e
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[S) /
o  '2[B
@
[=]
=
Xo=0 X X Xi= X

Moles of solute/mole of solvent (X) (liquid phase)

Figure 12.19. Driving force in gas and liquid-film controlled processes. The Figure shows the operating line
BDA and the equilibrium curve FR

represents the conditions at any point in the column. It is similar to the operating line
used in Chapter 11. Figure 12.19 illustrates typical conditions for the case of moist air and
sulphuric acid or caustic soda solution, where the main resistance lies in the gas phase.

The equilibrium curve is represented by the line FR, and the operating line is given
by AB, A corresponding to the concentrations at the bottom of the column and B to
those at the top of the column. D represents the condition of the bulk of the liquid and
gas at any point in the column, and has coordinates X and Y. Then, if the gas film is
controlling the process, Y; equals Y,, and is given by a point F on the equilibrium curve,
with coordinates X and Y;. The driving force causing transfer is then given by the distance
DF. It is therefore possible to evaluate the expression:

f"z dy
y, Yi—Y

by selecting values of Y, reading off from the Figure the corresponding values of Y;, and
thus calculating 1/(Y; — Y). It may be noted that, for gas absorption, ¥ > ¥; and ¥; — Y
and dY in the integral are both negative.

If the liquid film controls the process, X; equals X, and the driving force X; — X is
given in Figure 12.19 by the line DR. The evaluation of the integral:

fxz dXx
x, X—X;

may be effected in the same way as for the gas film.
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Special case when equilibrium curve is a straight line

If over the range of concentrations considered the equilibrium curve is a straight line,
it is permissible to use a mean value of the driving force over the column. For dilute

concentrations, over a small height dZ of column, the absorption is given by:

N,AadZ = G,,Ady = KgaAP(y. — y)dZ

If: Ye =mx + ¢
then: Ye2 =mXxy + ¢
and: Vel =mXx| + ¢
so that: m= Yel 7 Ye2

X — X2

Further, taking a material balance over the lower portion of the columns gives:

Lm (xl - JC) = Gm(yl - ,V)
G
and: x=x1—— 1 —y)

L m

From equation 12.57:

2 KgaP 2o d
f 0l 4z = f Y
0 G yvi Ye =Y

I dy
B ¥ m[x] + (Gn.i/Lm)(y - yl)] +c—y

(12.57)
(12.58)

(12.59)

(12.60)

(12.61)

(from equations 12.58 and 12.60)

_ 1 In mxy + ¢ — yj
1 —mG,/Ly) y2 —=ml[x; + (Gp/Lp)(y2 — y1)] —¢
1 Yel — Y1

= In

| — Yel — Ye2 X| —X2 Yel — Ye2 X1 — X2
’ Vel — Ye2 — yi— W

X1 — X2 Yi— ¥ X — X2 Vi — WM

(from equations 12.58, 12.59, and 12.60)

_ yi— In (¥ — Ye)i
(Y=Y =(y=Ye)2 (V= Y2

N =N

(V= Y)m

where (y — ye)im 1s the logarithmic mean value of y — y,.
Substituting in equation 12.61:
KgaP s N—»
Gm (y - y(’)]m
Thus: aAZN) = G, (y1 — y2)A = KGaAP(y — Ye)imZ

(12.62)
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and in terms of mole ratios:

Thus, the logarithmic mean of the driving forces at the top and the bottom of the column
may be used.
For concentrated solutions:

aAZN), = G, (Y1 — Y2)A = KgaApP(Y — Y)imZ (12.64)

It is necessary to introduce the factor ¢ since Y is not directly proportional to P. The
value of ¢ may be found from the relation:

oY = (12.65)

from which ¢ = 1/(1 4 Y). Although the value of ¢ will change slightly over the column,
a mean value will generally be acceptable.

It 1s of interest to note from Figure 12.20, that, as long as the ratio k; /kg remains
constant (that is, if the slope of DE is constant), then the ratio of DQ, the driving force
through the gas phase, divided by DF, the driving force assuming all the resistance to be
in the gas phase, will be a constant. Thus, the use of the driving force DF is satisfactory
even if the resistance does not lie wholly in the gas phase. The coefficient ks on this
basis is not an accurate value for the gas-film coefficient, although is proportional to it.
It follows that, if the equilibrium curve is straight, either the gas-film or the liquid-film
coefficient may be used. This simplification is of considerable value.

S

\‘}% \\(‘e
% (;_)Q0 d\\)@
£ >
@ D
o
£
5 @ E
£
8 F
| -
3

Concentration in liquid phase

Figure 12.20. Driving force when equilibrium curve is a straight line
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12.7.8. Capacity of tower in terms of partial pressures for high
concentrations

A material balance taken between the bottom of the column and some plane where the
partial pressure in the gas phase is P4 and the concentration in the liquid is X gives:

P P
Lm(XI - X) - Gm |: AGl - AG ] (1266)
P —Pygi P — Pyg
Over a small height of the column dZ, therefore:
_GmP
—Lm dX = m dPAG — kGa(PAG — P,q,') dZ (1267)
ke Ppm Pac — Py
_kePp aP( AG Ai) 47
P PBm
Pac — Pa;
= k’GaP—( a6 — Pai) 47
Bm
z PAG? —P, mdP 7
Thus: [ dz = Gf , LS8 (12.68)
0 Pag, KGa(P — PaG)*(PaG — Pai)

The advantage of using k;; instead of k¢ is that k; is independent of concentration,
although this equation is almost unmanageable in practice. If a substantial amount of the
gas is absorbed from a concentrated mixture, k; will still change as a result of a reduced
gas velocity, although it is independent of concentration.

12.7.9. The transfer unit

The group f (dy/ye — y), which is used in Chapter 11, has been defined by Cuicron and
CoLBURN®?) as the number of overall gas transfer units Nog. The concept of the transfer
unit is also introduced in Volume 1, Chapter 10. The application of this group to the
countercurrent conditions in the absorption tower is now considered.

Over a small height dZ, the partial pressure of the diffusing component A will change
by an amount dP4¢. Then the moles of A transferred are given by:

(change in mole fraction) x (total moles of gas)

—dP
Therefore: Kga(Pag — Pa.)dZ = P’*G G (12.69)
(for dilute concentrations)
Pac,  dP Z KgaP
Thus: f A6 [ G? dz (12.70)
Pag, Pae = Pac o Gy,

or in terms of mole fractions:

2 d z P P
Noc =f Y =[ Koa— dZ = Kga—2 (12.71)
yi Ye ™Y 0 Gm Gm
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The number of overall gas transfer units Npg is an integrated value of the change in
composition per unit driving force, and therefore represents the difficulty of the separation.

In many cases in gas absorption, (y — y,) is very small at the top of the column, and
consequently 1/(y — y.) is very much greater at the top than at the bottom of the column.
Thus, equation 12.77 may lead to the use of an integral which is difficult to evaluate
graphically because of the very steep slope of the curve.

dy _ ypyddny

Now: Nog = [? ,
Ye—y T ye—y

(12.72)
In these circumstances, the new form of the integral is much more readily evaluated, as
pointed out by RACKETT®?),

As in Chapter 11 (equation 11.140), equation 12.77 may be written as:

Height of column Z
N, — = 12.73
oG Height of transfer unit  Hpg ( )
The height of the overall gas transfer unit is then Hpg = ——— (12.74)

PK(_';G

If the driving force is taken over the gas-film only, the height of a gas-film transfer
unit H; = G,/ Pkga is obtained. Similarly for the liquid film, the height of the overall

liquid-phase transfer unit Hy is given by:

Hyp, = —" (12.75)

The height of the liquid-film transfer unit is given by:

L:H
H; = K aCr (12.76)
where Cr is the mean molar density of the liquid.

In this analysis, it is assumed that the total number of moles of gas and liquid remain
the same. This is true in absorption only when a small change in concentration takes
place. With distillation, the total number of moles of gas and liquid does remain more
nearly constant so that no difficulty then arises. In Chapter 11, the following relationships
between individual and overall heights of transfer units are obtained and methods of
obtaining the values of H; and H, are discussed:

G!
Hoc = Hg + mLf “H, (equation 11.148)
L .
Hy, =H;, + —2-Hg (equation 11.149)
mG),

For absorption duties, SEMMELBAUER®” presented the following equations to evaluate Hg

and H; for Raschig rings and Berl saddles:

0.41,,0.26,,0.46__0.5
Hy = p| 2 Hd Hi o
G = 10.46 ~0.67 ~0.5 170.67 70.05

(12.77)
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1088505
H; = 12.78
L=p 1005 p1 3 DI3 4055 ( )

where B = 30 for Raschig rings and 8 = 21 for Berl saddles respectively, and L" and G’
are mass flowrates per unit area.

The limits of validity and the units for the terms in equations 12.77 and 12.78 are given
in Table 12.4.

Table 12.4. Range of application of equations 12.77 and 12.78

L 0.1-10 kg/m?s wur 0.2-2 mN s/m?
G’ 0.1-1.0 kg/m?s UG 0.005-0.03 mN s/m?
dp 0.006-0.06 m o (20-200) x1073 J/m?

oL 600- 1400 kg/m? T 273-373 K

PG 0.4-4 kg/m? d/d, 2.5-25 —

Dy (3-30 x 10710) m?/s hp/d, 10-100 —

D¢ (3-90 x 1079) m?/s

For a range of packings, Morris and Jackson®! have presented values of the heights
of the individual film transfer-units as shown in Table 12.5. For Pall rings and Intalox
saddles, the nomographs in Figures 12.21 and 12.22°% may be used though Figure 12.22
must not be used to estimate H; for distillation applications. Table 11.6 gives the value
as a function of size and type of packing. It is, however, satisfactory for absorption and
stripping duties.

Concentrated solutions

With concentrated solutions, allowance must be made for the change in the total number
of moles flowing, because the molar flow will decrease up the column if the amount of
absorption is large.

CoLBURN®Y) has shown that, under these conditions, the number of transfer units is

given by:
2 1 —
N()G =f Y ( y)lm (1279)
i Ye—y 1=y

where (1 — y)iy, is the logarithmic mean of (1 — y) and (1 — y;).

Example 12.3

An acetone—air mixture containing 0.015 mole fraction of acetone has the mole fraction reduced
to 1 per cent of this value by countercurrent absorption with water in a packed tower. The gas
flowrate G’ is 1 kg/m?s of air and the water enters at 1.6 kg/m’s. For this system, Henry’s law
holds and y, = 1.75x, where y, is the mole fraction of acetone in the vapour in equilibrium with
a mole fraction x in the liquid. How many overall transfer units are required?
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Table 12.5. Height of a transfer unit for various packings

54)

695

Material Size (mm) Height of a transfer
unit (m)
Grids Pitch Height Thickness Hg H;
Plain grids
Metal 25 25 1.6 1 0.5
25 50 1.6 1.2 0.6
Wood 25 25 6.4 0.9 0.5
25 50 6.4 1.2 0.6
Serrated grids
Wood 100 100 13 6.8 0.7
50 50 9.5 1.8 0.6
38 38 4.8 1.6 0.6
Solid material nominal size
Coke 75 0.7 0.9
38 0.25 0.8
25 0.2 0.7
Quartz 50 0.5 0.8
25 0.16 0.8
Diameter Height Thickness
Stacked Raschig rings
Stoneware 100 100 9.5 1.8 0.7
75 75 9.5 1.1 0.6
75 75 6.4 1.4 0.6
50 50 6.4 0.7 0.6
50 50 4.8 0.8 0.6
Random Raschig rings
Metal 50 50 1.6 0.5 0.6
25 25 1.6 0.2 0.5
13 13 0.8 0.1 0.5
Stoneware 75 75 9.5 0.8 0.7
50 50 6.4 0.5 0.6
50 50 4.8 0.5 0.6
38 38 4.8 0.3 0.6
25 25 2.5 0.2 0.5
19 19 2.5 0.15 0.5
13 13 1.6 0.1 0.5
Carbon 50 50 6.4 0.5 0.6
25 25 4.8 0.2 0.5
13 13 32 0.1 0.5
Solution

As the system is dilute, mole fractions are approximately equal to mole ratios.

At the bottom of the tower: y; = 0.015,G" = 1.0 kg/mzs, x| is unknown

At the top of the tower: y2 = 0.00015, x, = 0 and L' = 1.6 kg/m’s

Thus:

and:

L, = (1.6/18) = 0.0889 kmol/m>s
G, = (1.0/29) = 0.0345 kmol/m>s
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Figure 12.21. Nomograph for the estimation of the height of a gas-phase transfer unit®*

An overall mass balance gives:

Gm (_VI - _VZ) = Lm (X] — X2)
or: 0.0345(0.015 — 0.00015) = 0.0889(x; — 0) and x; = 0.00576
Thus: Ve, = (1.75 x 0.00576) = 0.0101

The number of overall transfer units is defined by:

oo dy y— v
Nog =f y _n-7» (from equations 12.60 and 12.70)
v Y=Y (V= Ye)m

Top driving force, (y2 — ye2) = 0.00015 since x, = 0.
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Figure 12.22. Nomograph for the estimation of the height of a liquid-phase transfer unit®%

Bottom driving force, = (y; — y.1) = (0.015 — 0.0101) = 0.0049.

Thus: (v = youm = (0.0049 — 0.00015)/ In(0.0049/0.00015) = 0.00136
and: Nog = (0.015 — 0.00015)/0.00136 = 10.92
Also: Nor =Nog x mG,, /L,

= (10.92 x 1.75 x 0.0345)/0.0889 = 7.42

697
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12.7.10. The importance of liquid and gas flowrates and the slope of
the equilibrium curve

For a packed tower operating with dilute concentrations, since x >~ X; and y =~ Y, then:
G, (y1 —y2) =L, (x; — x2) (12.80)

where, as before, x and y are the mole fractions of solute in the liquid and gas phases,
and G,, and L, are the gas and liquid molar flowrates per unit area on a solute free basis.

A material balance between the top and some plane where the mole fractions are x,
y gives:

G, (y—y2) =L, (x — x2) (12.81)

If the entering solvent is free from solute, then x, = 0 and:

!

G
X = L—,’"(y =) (12.82)

m

But the number of overall transfer units is given by:

2 dy
Nog = f
¥ Ye — ¥

For dilute concentrations, Henry’s law holds and y, = mx. Therefore:

2 dy
Thus: Nog =
us oG [ mG'

Yi m — v —
7 y=x»)—vy

m

B f,\'z dy
= " [mG:ﬁ _ 1] me

L:n y L-’“ >
] mG,\ yi1 mG!
and: Nog = ———1n [(1 — —”’) — + —m] (12.83)
| — Gm L:n Y2 L:n
L.?

m

CoLBURN® has shown that this equation may usefully be plotted as shown in
Figure 12.23 which is taken from his paper. In this plot the number of transfer units
Nog is shown for values of y;/y> using mG,,/L,, as a parameter and it may be seen that
the greater mG,,/L,,, the greater is the value of Ny for a given ratio of y;/y,. From

equation 12.82:

L_L;=y|—yz=y|—yz

G, x| Yer/m
GJ’

Thus: ” = Yel
Lm yl - y2

where y,; is the value of y in equilibrium with x;.
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Figure 12.23. Number of transfer units No¢ as a function of y;, y», with mG), /L), as parameter

On this basis, the lower the value of mG,, /L, , the lower will be y.;, and hence the
weaker the exit liquid. Colburn has suggested that the economic range for mG/,/L! is
0.7-0.8. If the value of Hys is known, the quickest way of obtaining a good indication
of the required height of the column is by using Figure 12.23.

Example 12.4

Gas, from a petroleum distillation column, has a concentration of H,S reduced from 0.03 (kmol
H,S/kmol of inert hydrocarbon gas) to 1 per cent of this value by scrubbing with a
triethanolamine—water solvent in a countercurrent tower, operating at 300 K and atmospheric
pressure. The equilibrium relation for the solution may be taken as Y, = 2X.

The solvent enters the tower free of H,S and leaves containing 0.013 kmol of H,S/kmol of
solvent. If the flow of inert gas is 0.015 kmol/s m? of tower cross-section, calculate:

(a) the height of the absorber necessary, and
(b) the number of transfer units Ny required.

The overall coefficient for absorption K/.a may be taken as 0.04 kmol/s m* (unit mole fraction
driving force).
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Solution

Driving force at top of column = (¥; — ¥5.) = 0.0003

Driving force at bottom of column = (¥, — ¥,.) = (0.03 — 0.026) = 0.004
(0.004 — 0.0003)

Logarithmic mean driving force =

ln( 0.004 )
0.0003
=0.00143
From equation 12.62: G, (Y, —Y2)S =KgaP(Y —Y)inSZ
That is: G, (Y, — Ya) = Kia(Y — Y)mZ
Thus: 0.015(0.03 — 0.0003) = 0.04 x 0.00143Z
0.000446
d: - —— ?.?9 = 7-8
an 0.0000572 m (say)
. . G,
Height of transfer unit Hpg = ——
Kga
0.015
= —— =0.375
0.04 "
Number of transfi its N 779 20.7 = 21 (say)
moer ransier units = ——— = =
umbe sfer units Nog = 5= say

Example 12.5

Ammonia is to be removed from a 10 per cent ammonia—air mixture by countercurrent scrubbing
with water in a packed tower at 293 K so that 99 per cent of the ammonia is removed when working
at a total pressure of 101.3 kN/m?.

If the gas rate is 0.95 kg/m?s of tower cross-section and the liquid rate is 0.65 kg/m?s, find the
necessary height of the tower if the absorption coefficient Kga = 0.001 kmol/m?*s(kN/m?) partial
pressure difference. The equilibrium data are:

kmol NHj;/kmol water: 0.021 0.031 0.042 0.053 0.079 0.106 0.159
Partial pressure NHj:

(mm Hg) 12.0 18.2 24.9 31.7 50.0 69.6 114.0
(kN/m?) 1.6 2.4 3.3 4.2 6.7 9.3 15.2
Solution

If the compositions of the gas are given as per cent by volume, at the bottom of the tower are
y; =0.10 and ¥; = 0.10/(1 — 0.10) = 0.111.

At the top of the tower: y, = 0.001 =~ Y,.
Mass flowrate of gas = 0.95 kg/m’s.
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Mass per cent of air = [0.9 x 29/(0.1 x 17 + 0.9 x 29)] x 100 = 93.8.

Thus: mass flowrate of air = (0.938 x 0.95) = 0.891 kgfmzs
and: G, = (0.891/29) = 0.0307 kmol/m’s
L =0.65/18 = 0.036 kmol/m?’s

m

A mass balance between a plane in the tower where the compositions are X and Y and the top
of the tower gives:

G, (Y = Y2) = L},(X = X»)

But: X, =0
Thus: 0.0307(Y — 0.001) = 0.036X, or ¥ = 1.173X + 0.001

This is the equation of the operating line in terms of mole ratios.

The given equilibrium data may be converted to the same basis since:

YP

and:

Y =
P — Pg

Using these equations, the following data are obtained:

kmol NHs/kmol H,O 0.021 0.031 0.042 0.053 0.079 0.106  0.159
Partial pressure P; (mm) 12 18.2 24.9 31.7 50.0 69.6 114.0
P — P; =760 — P; (mm) 748 741.8 735.1 728.3 710 690.4 646
Y = Pg/(P — Pg) 0.016 0.0245 0.0339 0.0435 0.0704  0.101 0.176

These data are plotted in Figure 12.24.
From a mass balance over the column, the height Z is given by:

G A+ +Y;
= f d+na+ )dY (equation 12.45)

~ kgaP Jy, (Y - Y)

Figure 12.25 may be used to evaluate the integral as follows:

(d+Y)a+Y)

Y Y; 1+YV)(1+Y) ¥ =)
0.111 0.089 1.21 55.0
0.10 0.078 1.185 53.8
0.08 0.059 1.14 54.3
0.06 0.042 1.11 61.4
0.04 0.027 1.067 82.0
0.02 0.013 1.035 148
0.01 0.006 1.016 254
0.005 0.0026 1.010 421

0.001 0 1.0 1000
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Figure 12.24. Operating and equilibrium lines for Example 12.5

The area under the curve in Figure 12.25 is 12.6. For a very soluble gas kg« =~ kga so that:

B 0.0307
~(0.001 x 101.3)

x 12.6 =3.82 m

If the equilibrium line is assumed to be straight, then:

G (Y,—Y)) = KgaZAP,

m

Top driving force = AY, = 0.022. Bottom driving force = AY, = 0.001.

Thus: AYim = 0.0068, AP, = 0.688 kN/m’

_(0.0307 x 0.11)
~(0.001 x 0.688)

»

911

=

and:

12.8. PLATE TOWERS FOR GAS ABSORPTION

Bubble-cap columns or sieve trays, of similar construction to those described in Chapter 11
on distillation, are sometimes used for gas absorption, particularly when the load is more
than can be handled in a packed tower of about 1 m diameter and when there is any
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Figure 12.25. Determination of column height for Example 12.5

likelihood of deposition of solids which would quickly choke a packing. Plate towers are
particularly useful when the liquid rate is sufficient to flood a packed tower. Since the
ratio of liquid rate to gas rate is greater than with distillation, the slot area will be rather
less and the downcomers rather larger. On the whole, plate efficiencies have been found
to be less than with the distillation equipment, and to range from 20 to 80 per cent.

The plate column is a common type of equipment for large installations, although when
the diameter of the column is less than 2 m, packed columns are more often used. For
the handling of very corrosive fluids, packed columns are frequently preferred for larger
units. The essential arrangement of such a unit is shown in Figure 12.26, where:

L, is the molar rate of flow per unit area of solute free liquid,

G, is the molar rate of flow per unit area of inert gas,

n refers to the plate numbered from the bottom upwards (and suffix n refers to
material leaving plate n),

x 1is the mole fraction of the absorbed component in the liquid,

is the mole fraction of the absorbed component in the gas, and

s 1is the total number of plates in the column.

~<

It may be assumed that dilute solutions are used so that mole fractions and mole ratios
are approximately equal. Each plate is taken as an “ideal” unit, so that the gas leaving of
composition y, is in equilibrium with the liquid of composition x, leaving the plate.
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Figure 12.26. Plate tower — nomenclature for fluid streams

A material balance for the absorbed component from the bottom to a plane above plate
n gives:

Gyn + Lyx1 = Gy yo + L, Xu (12.84)

me m

! !
m m

or: Yn = FX;,+] -+ Yo — G—,xl (]285)

m m

This is the equation of a straight line of slope L, /G, , relating the composition of the
gas entering a plate to the liquid leaving the plate, and is known as the operating line. As
shown in Figure 12.27, such a line passes through two points B (x4, ys) and A(xy, yo),
representing the terminal concentrations in the column. The equilibrium curve is shown
in this figure as PQR.

Point A represents conditions at the bottom of the tower. The gas rising from the bottom
plate is in equilibrium with a liquid of concentration x; and is shown as point 3 on the
operating line. Then point 4 indicates the concentration of the liquid on the second plate
from the bottom. In this way steps may be drawn to point B, giving the gas y, rising
from the top plate and the liquid x,; entering the top of the absorber.

12.8.1. Number of plates by use of absorption factor

If the equilibrium curve can be represented by the relation y, = mx, then the number of
plates required for a given degree of absorption can conveniently be found by a method
due to Kremser®® and Soupers and BRowN®”). The same treatment is applicable for
concentrated solutions provided concentrations are expressed as mole ratios, and if the
equilibrium curve can be represented approximately by Y, = mX.
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Figure 12.27. Diagrammatic representation of changes in a plate column

A material balance over plate n gives:

L (xp — xH+1) = G:n(yu—l - yn) (1286)

m

For an ideal plate, y, = mx,,;

!
m

L
and: _J,(yn - yﬂ-{-]) = Yn—1 — Yn (1287)
mG),

This group L, /mG,,, which will be taken as constant, is called the absorption
factor ..

_ yn—l + . /’cyn-}—l
14.7

Thus: Vn (12.88)

Applying this relation to the bottom plate and taking y, as the mole fraction of absorbed
component in the gas entering the column, then:

_ Yo+-7y
14+.7
And for the second plate from the bottom:
14+ .72
(1 +.7)?

vl +.2) + Py
RET AT 1

=

Simplifying:
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And for the third plate from the bottom:

oyl + 2+ )+ Py
B A+ A+ A+

which may be written as:
_ 2 =1/ =Dy +. Py
(A =1D/(A=1)

(A= Dyo+ (A= D)y
- A — 1

y3

Proceeding thus until plate n is reached:

(A" = Dyo + A" (A4 = Dyns

Yn =

. ,//n+1 —1
o ( "/’”_H - l)yn _-"/f”(» A — l)yn-f—l
Y= 2 —1
Th ( ’K,H'I - "Z’I)yn - A" ( % — l)yn—H
us: Yo— Yn = ]
(A2 =Dy, — (2 = 1)y,
and: Yo — Yn+1 = Y il
o — ]
-V, ] ,Zn-i—l — L — (A — 1 n
Dividing: Yomum _{ 1 Mn = (I WV
Yo — Yn+1 (2t — Dy, — (. ntl — 1) ynti1
— AN A — D(n = Yat1)
(' ntl — l)(yn - }"JH—I)
or" Yo — ¥n - 'Z”-H -
. Yo — Yn+l A — 1]

Applying this relation over the whole column and putting n = s gives:
(yo — ys) = actual change in composition of gas, and
(yo — ys+1) = maximum possible change in composition of gas, that is if the gas leaving
the absorber is in equilibrium with the entering liquid (or y; = mxy ).

Then: ‘
Yo —Ys _ (L:n/me )H_l - (L:n/mG:n)

m

Yo — MXgp1 (L., /mG! )+ — 1

(12.89)

This equation is conveniently represented, as suggested by Soupers and Brown®?,

by Figure 12.28, and it is easy to use such a diagram to determine the number of
plates required.

A high degree of absorption can be obtained, either by using a large number of plates,
or by using a high absorption factor L, /mG,,. Since m is fixed by the system, this means

that L/ /G! must be large if a high degree of absorption is to be obtained, although this

m m
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Figure 12.28. Graphical representation of the effect of the absorption factor and the number of plates on the
degree of absorption

will result in a low value of x for the liquid leaving at the bottom. This problem is to
some extent met by recirculating the liquid over the tower, although the advantages of
a countercurrent flow system are then lost. A value of mG,,/L, of about 0.7-0.8 is
probably the most economic, that is L, /mG,, 1.3.

It is important to note that, if L/ /mG),, is less than 1, then a very large number of
plates are required to achieve a high recovery, and even an infinite number will not give
complete recovery. L) /mG,, is the ratio of the slope of the operating line L, /G,, to
the slope of the equilibrium curve m, so thatif L) /G, < m, or L, /mG,, < 1, then the
operating line will never cut the equilibrium curve and the gas leaving the top of the
column will not therefore reach equilibrium with the entering liquid.

12.8.2. Tray types for absorption

It has already been noted that trays which are suitable for distillation may be used for
absorption duties though in general lower efficiencies will be obtained. In Chapter 11, the
design of trays for common contacting devices is considered and the methods presented
in that chapter are generally applicable. The most commonly used tray types are shown
in Figure 11.50a with the crossflow tray being the most popular.

At high liquid flowrates, the liquid gradient on the tray can become excessive and
lead to poor vapour distribution across the plate. This problem may be overcome by the
shortening of the liquid flow-path as in the case of the double-pass and cascade trays.
The whole design process is discussed in Volume 6.
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Example 12.6

A bubble-cap column with 30 plates is to be used to remove n-pentane from a solvent oil by means
of steam stripping. The inlet oil contains 6 kmol of n-pentane per 100 kmol of pure oil and it is
desired to reduce the solute content to 0.1 kmol per 100 kmol of solvent. Assuming isothermal
operation and an overall plate efficiency of 30 per cent, find the specific steam consumption, that
is the kmol of steam required per kmol of solvent oil treated, and the ratio of the specific and
minimum steam consumptions. How many plates would be required if this ratio were 2.0?

The equilibrium relation for the system may be taken as ¥, = 3.0X, where Y, and X are expressed
in mole ratios of pentane in the gas and liquid phases respectively.

Solution

Number of theoretical plates = (30 x 0.3) = 9.
At the bottom of the tower:

Flowrate of steam = G’ (kmol/m?s)

m

Mole ratio of pentane in steam = Y;, and

Mole ratio of pentane in oil = X; = 0.001

At the top of the tower:
exit steam composition = Y,, inlet oil composition = X, = 0.06,

flowrate of oil = L/ (kmol/m?s)

The minimum steam consumption occurs when the exit steam stream is in equilibrium with the
inlet oil, that is when:
Yoo = (0.06 x 3) =0.18

'
Lmin

(X, — X)) =G, (Y, —Y))
If Y, = 0, that is the inlet steam is pentane-free, then:

L. ,.(0.06 —0.001) = (G, x 0.18)

min

and: (G'/LYmin = (0.06 — 0.001)/0.18 = 0.328

The operating line may be fixed by trial and error as it passes through the point (0.001, 0), and
9 theoretical plates are required for the separation. Thus it is a matter of selecting the operating
line which, with 9 steps, will give X, = 0.001 when X; = 0.06. This is tedious but possible, and
the problem may be better solved analytically since the equilibrium line is straight.

Use may be made of the absorption factor method where

Y) I— m )2(2 = TN ] (equation 12.89)

!
m

where . 7 is the absorption factor = L) /mG/ and N is the number of theoretical plates.

The corresponding expression for a stripping operation is:

X=X, (/AN —(1).2)
Xo=Y,/m (1) 2N+ — 1
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In this problem, N =9, X, = 0.06, X; = 0.001, and ¥; =0

‘ (0.06 — 0.001) (1,210 —(1/.7) ,
Thus: — o006 - 0.983 = A/ 20— 1 from which (1/.7) = 1.37
G G’ 1.37
Thus: Pom 137, 2m = =20 — 0.457
Ly, L, 3
and: f.tc‘tual G, /L, _ 0.457 _ 139
minimum G, /L, 0328 —
If (actual G/, /L’ )/(min G/,/L,) = 2, actual G/, /L., = 0.656.
Thus: 1/.Z=mG),, /L, =1.968
N+l _
and: 0.983 = (1.968) 1.968 from which N = 4.9
(1.968)NV+1 — ]

The actual number of plates = (4.9/0.3) = 16.3 (say 17).

12.9. OTHER EQUIPMENT FOR GAS ABSORPTION

12.9.1. The use of vessels with agitators

A gas may be dissolved in a liquid by dispersing it through holes in a pipe immersed
in the liquid which is stirred with some form of agitator, as shown in Figure 12.29.
Although this type of equipment will give only one theoretical stage per unit, but it often
provides a useful method of saturating a liquid with a gas. CoopEr et al.®® have studied
the absorption of oxygen from air in an aqueous solution of sodium sulphite using simple
vessels of 0.15 to 2.44 m diameter fitted with four simple baffles. Air was just below the
agitator which was a vaned-disc or flat-paddle. It was found that the absorption coefficient
K a varied almost directly with Py, the power input per unit volume. For constant values
of Py, the following relation was obtained:

Kga o< u®®’ (12.90)

§

where u; is the superficial gas velocity based on the volume of gas at inlet and the cross-
section of tank. A general correlation was obtained by plotting K(;a/u?'67 against the
power input per unit volume Py, as shown in Figure 12.30 taken from this investigation.
Averst and Herert® have given some data on the use of this type of unit for the
absorption of carbon dioxide into ammoniacal solutions.

The interfacial area, a, was the subject of an investigation by WESTERTERP et al.®))
though the correlations proposed are complex. Maximum values of a are about
1000 m?/m?. Further work on the interfacial area in agitated vessels has been
reviewed and summarised by SrRiDAR and poTTER®" who found that the correlation of

CALDERBANK®? was applicable for most situations. Calderbank proposed that, for pure
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Figure 12.29. Vessel fitted with vaned-disc agitator
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Figure 12.30. General correlation of data for a vessel (height = diameter) with vaned-disc agitator

liquids, the specific interfacial area, that is the surface area per unit volume of aerated
suspension, a(m?/m?) is given by:

0.2 0.5
a = 24,200 (Py)"* (%) (“—) (12.91)
)

Uo
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where surface aeration is negligible, that is when:

N'd2or \O7 7 N\ 03
(—“OL) ( ‘) < 25. 000 (12.92)
1293 Ug

When the surface aeration is significant, then the interfacial area is:

af N.Fdzp 0.7 N.Fd 0.2
—=10"* (—fL) ( ‘) — 25,000 (12.93)
a Hr Uy

In these equations, a’ is the specific interfacial area for a significant degree of surface
aeration (m?/m?), Py is the agitator power per unit volume of vessel (W/m?), p, is the
liquid density, o is the surface tension (N/m), u; is the superficial gas velocity (m/s), ug
is the terminal bubble-rise velocity (m/s), N’ is the impeller speed (Hz), d; is the impeller
diameter (m), d; is the tank diameter (m), 4 is the liquid viscosity (Ns/m?) and dj is the
Sauter mean bubble diameter defined in Chapter 1, Section 1.2.4.

The effects of gas hold-up and bubble diameter have also been studied by Sridhar and
Potter and, again, the correlations obtained by Calderbank are recommended.

The liquid-phase mass transfer coefficient, k;, in agitated vessels has been measured
and data correlated by several workers. SIDEMAN et al.*® and VALENTIN®® have presented
reviews of the early work and more recent work has been published by Yaar and
YosHIDA®Y | ZLOKARNIK®® | van'T RIET®? and Hoker, LANGER and Upo®®. For small
bubbles (< 2.5 mm diameter) produced in well-agitated vessels, CALDERBANK®? suggests
the following correlation for bubbles in agitated electrolytes:

A 1/3
k; =031 ( p‘;"‘g) (Se)~2/3 (12.94)
PL
where: Ap = density difference between gas and liquid,

pL, i = density and viscosity of the liquid, and
Sc¢ = Schmidt number for transport in the liquid.

Josnr and SHARMA®? and Fukapa et al.’% have investigated the performance of vessels
with multiple impellers on horizontal shafts.

Several investigations have been carried out into the power requirements for agitation
of aerated liquids including those of Yunc et al.”" and LuonG and VoLesky!’® and it
is generally concluded that the power required is less for an aerated system than for a
non-aerated system.

Although, as described by BIErLE ef al.’®, liquid jet-type absorbers are also used, one
relatively recent application of mass transfer in agitated tanks with chemical reaction is
the absorption of pollutants from flue gases and, in particular, the scrubbing of sulphur
dioxide by a slurry containing fine limestone particles. In this case, the concentration of
sulphur dioxide is usually very low and the mechanism of the absorption is complicated
due to the presence of solids in the liquid phase where the rate of solid dissolution may
significantly affect the absorption rate.
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Studies on the dissolution of solids in the liquid phase include that of Hixson and
Baum® whose correlation of data in terms of Reynolds, Sherwood and Schmidt numbers,
discussed in detail in Section 10.2 in connection with mass transfer during leaching, is
one of the most frequently used methods for calculating the mass transfer coefficient for
the solid dissolution.

Further work on the absorption of sulphur dioxide by UcHmpa et al.’> has shown that
the absorption rate changes with the surface area of the limestone particles which in turn
varies with the size and the number of particles, and that the rate of dissolution plays a
very important role on the absorption. It was further found the absorption rate does not
vary significantly with temperature and that the reactions involved may be considered as
being instantaneous.

12.9.2. The centrifugal absorber

In an attempt to obtain the benefits of repeated spray formations, a centrifugal type
absorber has been developed from the ideas of Piazza for a still head. The principle of
the unit is shown in Figure 12.31. A set of stationary concentric rings intermeshes with
a second set of rings attached to a rotating plate. Liquid fed to the centre of the plate

Liquidin 4y  Gasin

Liquid outl l Gas out

Figure 12.31. The centrifugal absorber

is carried up the first ring, splashes over to the baffle and falls into the through between
the rings. It then runs up the second ring and in a similar way passes from ring to ring
through the unit. The gas stream can be introduced at the top to give cocurrent flow,
or at the bottom if countercurrent flow is desired. Some of the features of this unit are
discussed by AuMED® who found that the depth of the ring was not very important and
that most of the transfer took place as the gas mixed with the liquid spray leaving the top
of the rings. CHamBERs and WALL? have given some particulars of the performance of
the 510 mm diameter unit shown in Figure 12.32, for the absorption of carbon dioxide
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from air containing 10—15 per cent of carbon dioxide, using mono-ethanolamine solution.
Some values of absorption rates are given in Table 12.7.

Liquid inlet \

Gas
inlet
—
\ AANNNNNNAN -
TS EIIEEIS (227 R 777777 7 1
] e
&l m
R R~
Gals
Liquid outlet outlet
Figure 12.32. Details of a 510 mm diameter centrifugal absorber
Table 12.7. Results for absorption in a 510 mm diameter absorber
Gas flow Liquid flow per cent CO; in gas Absorption rate
3 3
(m?/s) (m~/s) in out (kg/s)
0.016 1.07 x 1074 16.3 2.3 0.0044
0.024 1.07 x 1074 15.8 4.5 0.0055
0.031 1.07 x 10~ 14.3 6.6 0.0051
0.039 1.07 x 10~ 16.3 8.7 0.0065

12.9.3. Spray towers

In the spray tower, the gas enters at the bottom and the liquid is introduced through a series
of sprays at the top. The performance of these units is generally rather poor, because the
droplets tend to coalesce after they have fallen through a few metres, and the interfacial
surface is thereby seriously reduced. Although there is considerable turbulence in the gas
phase, there is little circulation of the liquid within the drops, and the resistance of the
equivalent liquid film tends to be high. Spray towers are therefore useful only where the
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Figure 12.33. Centrifugal spray tower(’®

main resistance to mass transfer lies within the gas phase, and have consequently been
used with moderate success for the absorption of ammonia in water. They are also used
as air humidifiers, in which case the whole of the resistance lies within the gas phase.

Centrifugal spray tower

Figure 12.33, taken from the work of KLEINScHMIDT and ANTHONY!"®, illustrates a spray
tower in which the gas stream enters tangentially, so that the liquid drops are subjected
to centrifugal force before they are taken out of the gas stream at the top.
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12.12. NOMENCLATURE

Units in Dimensions
SI System inM,L, TS0
A Cross-sectional area of column m? L2
A Absorption factor — —
a Surface area of interface per unit volume m?/m3 L}
of column
a,ax ... Constants in equation 12.39 — —
a’ Specific surface area (equation 12.94) m~! -1
B A constant in equation 12.23 — —
B’ A constant in equation 12.24 — —
C Molar concentration kmol/m3 NL-3
Cy, Cp Molar concentrations of A, B kmol/m3 NL-3
Car, CpL Molar concentrations of A, B in bulk of kmol/m3 NL-3
liquid phase
Cae Molar concentration of A in liquid phase kmol/m? NL3

in equilibrium with partial pressure
P4c in gas phase
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Units in Dimensions
SI System inM,L, T#6

Ca; Molar concentration of A at interface kmol/m3 NL-3

Car Molar concentration of A in bulk kmol/m? NL—3
of liquid

Cr Total molar concentration kmol/m?3 NL-3

c Constant term in equation of equilibrium — —
line

cG Gas mixture constant (p,/ur)O‘ZS/ [(cm?/s)~3/%] L—3/2p3/4
(Dy)%3 in cgs units

Dy Liquid phase diffusivity m?/s L>T!

Dy Vapour phase diffusivity m?/s L2T!

d Column diameter m L

d; Impeller diameter m L

do Sauter mean diameter m L

dp Packing size m L

d; Tank diameter m L

e Voidage — —

F’ Fractional conversion (equation 12.39) — —

f Fraction of surface renewed per unit time s T-!

G, Molar rate of flow of inert gas per unit kmol/m?s NL—-2T-!
cross-section

G’ Gas flowrate (mass) per unit cross-section kg/m?s ML2T"!

H Height of transfer unit m L

h Heat transfer coefficient W/m?K MT39-!

hp Mass transfer coefficient (Dy /z¢) m/s LT !

hp Height of packing m L

V4 Henry’s constant (N/m2)/(kmol/m3) MN~!L2T7-2

i Number of mole of B reacting with — —
1 mole of A

Jd j-factor for mass transfer — —

K¢ Overall gas-phase transfer coefficient s/m LT

K Overall liquid-phase transfer coefficient m/s LT!

K Overall gas-phase transfer coefficient in kmol/m?s NL2T"!
terms of mole fractions

Ky Overall liquid-phase transfer coefficient in kmol/m?s NL—2T~!
terms of mole fractions

k Thermal conductivity W/m K MLT 39!

kg Gas-film transfer s/m L-IT
coefficient (Dy P/RT zg Ppm)

kg Gas-film transfer coefficient (Dy /RTzg) s/m LT

kY, Gas-film transfer coefficient in terms of kmol/m?s NL~2T"!
mole fractions

kr Liquid-film transfer coefficient m/s LT!

k] Liquid-film transfer coefficient in terms of kmol/m?s NL—2T~!
mole fractions

ky Reaction rate constant for second-order m?3/kmols N-IlL3T!
reaction

L, Molar rate of flow of solute-free liquor kmol/s m? NL—2T!
per unit cross-section

L, Volumetric liquid rate m3/s L3T!

L' Liquid flowrate (mass) per unit kg/s m? ML~2T!
cross-section

m Slope of equilibrium line — —

Na, Np Molar rate of diffusion of A, B per unit kmol/s m? NL—21-!

arca
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Molar rate of absorption of A, B per unit
area

Molar rate of absorption of A per unit
area with chemical reaction

Number of transfer units

Impeller speed

Number of plates from bottom

Total pressure

Partial pressures of A and B

Logarithmic mean value of Pp

Partial pressure of A in equilibrium with
concentration C 47 in liquid phase

Partial pressure of A in bulk of gas phase

Partial pressure of A at interface

Log mean driving force for A

Power input per unit volume

Universal gas constant

Ratio of effective film thickness for
absorption without and with chemical
reaction

Specific surface of packing

Total number of plates in column

Absolute temperature

Time

Gas velocity

Terminal rise velocity

Superficial gas velocity (based on inlet
conditions)

Volume of packed section of column

Moles of solute gas A per mole of solvent
in liquid phase

Mole fraction of A in liquid phase

Molar ratio of solute gas A to inert gas B
in gas phase

Mole fraction of A in gas phase

Height of packed column

Distance of direction of mass transfer

Thickness of gas film

Thickness of liquid film

A coefficient in equation 12.28

A coefficient

A coefficient (equation 12.33)

Viscosity of gas

Viscosity of liquid

Density of gas

Density of liquid

Surface tension

Correction factor for concentrated
solutions

Galileo number

Prandtl number

Reynolds number

Schmidt number

Sherwood number

Units in
SI System

kmol/s m?

kmol/s m?

s7!, (Hz)
N/m?2
N/m?
N/m?
N/m?

N/m?2
N/m?
N/m?
W/m3
J/kmol K

8

S
S
S

288"~

R
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Dimensions
inM,L, T6

NL 27!

NL 21!

M—0.8L—0.4T1.8
L-5/4
ML-IT-!
ML-IT-!
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Suffixes

TEENQTSS we -
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Units in Dimensions
SI System inM,L, Té&

denotes conditions at bottom of packed column, or at plane 1
denotes conditions at top of packed column, or at plane 2
denotes soluble gas

denotes insoluble gas

denotes equilibrium value

denotes film value

denotes value at interface

denotes gas phase

denotes liquid phase

denotes logarithmic mean value

denotes values on plate n

denotes reference state (293 K, 101.3 kN/m?)

LG OG, L, OL refer to gas film, overall gas, liquid film, and overall liquid transfer units



