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This paper is concerned with the
processes occurring on the liquid
side of the interface when gases
are absorbed by liquids, and by
reactive liquids in particular. The
mechanism of the transport of the
solute gas up to the interface on
the gas side is not considered.
Reference will be made mainly to
absorption in the type of equip-
ment often used indusfrially, in
which the absorbing liquid runs
over an extended rigid surface,
typical examples being ring- and
grid-packed towers. However, much
of what is said will have some
bearing on absorption under other
circumstances, for instance at the
surface of a stirred liquid or ris-
ing bubble.

In the case of packed towers and
similar equipment consideration
will be confined to the processes
occurring in a representative hori-
zontal slice of packing (which will
include at least one vertical unit
of such ordered packings as grids
or stacked rings). The paper will
not be concerned with the progres-
sive changes in the bulk composi-
tions of the gas and liquid streams
along the axes of flow, although
this is of course an important
aspect of the problem of designing
complete pieces of equipment.

The interfacial partial pressure
of the solute gas in the region con-
sidered is such that its saturated
concentration at the surface of the
liquid is ¢* (this refers to wunre-
acted gas in cases where the solute
gas reacts with the absorbent).
The effect of an interfacial re-
sistance, which would prevent equi-
librium at the interface, will not
be considered. There is some evi-
dence that such resistances may
exist (5, 6) ; however, their magni-
tude appears to have little effect
under conditions of practical in-
terest (5), and their existence would
in any case not affect the general
conclusions reached here. The bulk
concentration of unreacted dis-
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solved gas in the region considered
is ¢, and the effective area of
liquid-gas interface per unit gross
volume of the packed space is a.
It is a well-established experi-
mental fact that when no reaction
occurs in the liquid the rate of
absorption per unit gross volume,
aN is given by an expression of
the form

aN = kra(c*—c,) €))]

For the moment this equation may
be taken as defining %k, which will
be used to mean the mass transfer
coefficient for physical absorption
into a nonreacting liquid. For a
given gas and liquid %k;0 is con-
stant under given hydrodynamic
conditions (e.g., size and shape of
packing, liquid flow rate, ete.).
However, there is reason to sup-
pose that the effective value of ¢
is in general less than the geo-
metrical surface of the packing
and that both ¢ and k; change
when the hydrodynamic conditions
are varied. It is therefore not easy
to assign values to ¢ and %; sepa-
rately, and often only the product
ke is reported, as thig can be di-
rectly determined from measure-
ments of the volumetric absorption
rate aN and a knowledge of ¢* and
Cor
Several different types of model
have been proposed for the pro-
cesses which control the rate of
absorption, and hence the value of
kr. Of these the two most familiar
lead to the film and penetration
theories of absorption,

THE FILM THEORY

The film theory was first put
forward by Whitman(26); its im-
plications are perhaps most clearly
understood if absorption of gas
into the horizontal surface of a
stirred liquid is considered. Elabo-
rating the original statement of
the theory somewhat, one may sup-
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pose that the turbulence created in
the main body of the liquid by stir-
ring is damped out in the neigh-
borhood of the surface, as it would
be near a rigid surface. The scale
of turbulence and the magnitude
of the eddy diffusivity are supposed
to become progressively smaller as
the surface is approached, until
transport by eddies becomes of
negligible importance. There will
thus be a region in the immediate
neighborhood of the surface
through which the solute is trans-
ported by molecular diffusion alone.
Transport by eddy diffusion be-
comes increasingly important at
greater depths, and the bulk of
the liquid is kept virtually uniform
in composition by large-scale
eddies.

It is convenient for practical
purposes to replace this picture by
a simpler model (as is often done
in the consideration of transfer
from rigid surfaces) in which
there is supposed to be a com-
pletely stagnant surface film of
definite thickness B, which offers
all the resistance to absorption
and which overlies liquid having
the bulk concentration ¢, Clearly
this model very much oversimplifies
the situation described in the pre-
ceding paragraph and must there-
fore be treated with caution if
used to simulate the behavior of
the real system. If the gas and
liquid at the interface are in equi-
librium, and steady-state diffusion
through the film is assumed, the
simplified model gives rise to the
expression

S RCETSINC)

N =

whence
ky,=D/B 3)

D being the molecular diffusivity

of the dissolved gas. It is found
experimentally that %;, and hence
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B, is not uniquely determined by
the hydrodynamic conditions, be-
ing roughly proportional to D:(21),
but this might reasonably be re-
garded as a consequence of the
simplifying assumption. [Similarly
the effective film thickness for
solid-liquid transfer under forced
convection is found to vary as D?
an”.g

The film model has been -widely
applied, perhaps with less plausi-
bility, to absorption into the liquid
running over the packing in an
absorption tower.

THE PENETRATION THEORY

The penetration theory, pro-
posed originally by Higbie(?) and
modified by Danckwerts(3), sup-
poses that turbulence extends to
the surface of the liquid, so that
eddies are constantly bringing
macroscopic masses of fresh liquid
from the interior to the surface,
where they are exposed to the gas
for a finite time before being re-
placed. Between its first exposure
and ultimate replacement each ele-
ment of liquid surface absorbs gas
at a rate which is approximately
the same as the rate of absorption
into a stagnant liquid of infinite
depth exposed to the gas for the
same length of time; in general
the absorption rate decreases with
the time of exposure. Thus at a
given moment the surface of a
stirred liquid is a mosaic of ele-
ments of different “ages” which
are absorbing at different rates.
The average rate of absorption de-
pends on the distribution of the
elements of the surface among the
various “age groups.” In an ab-
sorption tower the liquid may be
in laminar flow on the continuous
surfaces of the packing and may
be completely or partially mixed
up at the points of discontinuity
between packing elements. Each
element of surface moving down
the packing is supposed to absorb
approximately as would a stagnant
semiinfinite liquid over the same
time interval and to be replaced
sooner or later with fresh liquid
of the bulk composition as the re-
sult of mixing at the discontinui-
ties. Here again a representative
slice of the packing will display at
a given moment a spectrum of sur-
face ages which will determine the
average rate of absorption.

To find the average absorption
rate per unit area of surface N,
one multiplies the fraction of sur-
face which has the age ¢t by the
stagnant-liquid absorption rate for
an exposure time t and sums the
product over all surface ages. It

Vol. 1, No. 4

is convenient to define a distribu-
tion function ¢(¢) such that the
fraction of the surface having ages
between t and (f + dt) is ¢ (f)edt.
If the amount of gas absorbed by
unit area of stagnant surface at
time ¢ is @ (¢), we have then

N=/¢(t)d—%t(—t)—dt=

f 0L JORNC

t=0
Before the penetration theory

can be used, the form of the
surface-age distribution function

.9(t) must be known or postu-

lated. The two simplest models each
lead to expressions for ¢(t) char-
acterized by a single parameter.
Higbie postulated a simple situa-
tion in which each element of sur-
face is exposed for the same length
of time, 6, before being replaced.
Thus ¢{(£)=1/8 for t<h, and ¢ (%)
=0 for t>0. The average rate of
absorption is then

N=Q(0)/6 (5)

where Q(8) is the amount of gas
absorbed by unit area of stagnant
surface in time 6 (Figure 1).

For physical absorption

Q(8) = 2(c* — c) v/ Db/,

and Higbie’s model therefore leads
to

ki =2+D/x6 (6)

Danckwerts suggested that it
might be more realistie, at any
rate in the case of randomly ar-
ranged packings and stirred liquids,
to suppose that there was no corre-
lation between the age of an ele-
ment of surface and its chance of
being replaced. The distribution
function ¢(t) then has the form

¢ (1) =se" @

where s is the fractional rate of
surface renewal. Inserting fhis
expression for ¢(t), and Q(f) for
physical absorption, into Equation
(4), one finds

k=~ Ds (8)

The distribution of ages in the
Danckwerts model corresponds to
that in a population in which the
death rate s is independent of age;
whereas Higbie’s model corre-
sponds to a population in which
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everyone dies at the same age 6.
The Higbie and Danckwerts forms
of ¢(t) are compared in Figure 2,
and it may be noted that they over-
lap to a considerable extent. What-
ever form the age-distribution

function is assumed to have, the

penetration theory will always pre-
dict that k; is proportional to D3
and will give rise to the conven-
tional rule for the addition of “re-
sistances” in series(19).

EFFECTS OF CHEMICAL
REACTION

In order to calculate the effect
of a chemical reaction between ab-
sorbed gas and liquid on the basis
of any one of the three models
described, it is necessary to use
the quantity k;, which is the hy-
pothetical mass transfer coefficient
for absorption without reaction.
The value of (k;a) may be found
by measuring the absorption rate
of a gas of known solubility and
diffusivity into an inert liquid un-
der identical hydrodynamic con-
ditions; a liquid of the same vis-
cosity and density as the reacting
liquid must be used. The value of
(kpa) thus found must be multi-
plied by the factor (D,/D;)%, where
D, is the diffusivity of dissolved
gas in the inert liquid and D, that
of unreacted dissolved gas in the
reacting liquid. In view of the un-
certainty involved in estimating
D, (see below) and the fact that
the diffusivities of many solutes
in, for instance, aqueous solutions
of equal viscosity are approximate-
ly equal, this correction may in
practice often be omitted. Alter-
natively (ko) may be estimated
by means of some empirical for-
mula, such as that of Sherwood
and Holloway(21), based on ex-
periments made under fairly simi-
lar hydrodynamic conditions. The
value of ki can be found from
(kre) only if there is some inde-
pendent method of measuring a.
Since @ represents not necessarily
the total wetted surface but that
part of it which is effective in gas
absorption, measuring it inde-
pendently is clearly a matter of
some difficulty. Various methods of
measurement have been suggested,
and the results embodied in for-
mulas involving the hydrodynamic
variables(10). The results are of
doubtful significance, particularly
in view of the conclusions reached
later in the present discussion. An
alternative method, described later,
is the measurement of (aN) by use
of, for instance, both an inert and
a reacting solution. It will be as-
sumed for the moment that un-
ambiguous values of k;, and @ can
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be determined for a given system.

A knowledge of the following
quantities is also required: c¥*, the
solubility of unreacted gas in the
reacting liquid; D, the diffusivity
of wunreacted dissolved gas; the
velocity constant of the reaction;
and equilibrium constants (if re-
versible reactions occur). The
quantities ¢* and D are not accessi-
ble to direct measurement and must
be estimated as well as possible;
both will be influenced by the con-
centration and composition of the
solution. The mechanism of the
reaction between the dissolved gas
and the solution may often be open
to doubt. If it is known, the equa-
tions for diffusion accompanied by
chemical reaction can be solved
analytically only in certain simple
cases. The reaction-velocity con-
stant is often strongly dependent
on the concentration and composi-
tion of the solution, and its value
may have to be estimated by ex-
trapolation from very different con-
ditions. The calculation of equilib-
rium concentrations, particularly
in systems involving ions, is com-
plicated by the nonideal behavior
of the reactants,

As explained later, explicit
knowledge of the physicochemical
quantities mentioned in the last
paragraph may be unnecessary if
the penetration theory in one of
its forms is accepted as a valid
basis for the calculation.

First-Order Reactions

As an example of the calcula-
tion of the effect of a reaction on
the absorption rate N, the case of
an irreversible first-order reaction
(velocity constant r) may be con-
sidered. It leads to the destruction
of the dissolved gas, the bulk con-
centration of this being taken as
zero. The steady state and tran-
sient diffusion equations have been
solved for this case and lead to the
following expressions for N for the
different models.

Film model (22)

N =¢*+/ Dr /tanh B \/—%— (9)

N =/ Dr ftani| 27 (90)
L
Penetration model [Higbie (2)]:

I 1
erf 78 40 U/ mE (10)
ooy (1442
8Dr
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erf —2—\/ Dr +—~2— vV Dr X
ky ™ 3

exp (— 4 Dr/akr)

Penetration model

(3)1:

(10a)

[Danckwerts

N=c*v/D(@G+s) (11)

— X
N=¢ \/DT+kL2

Equations (9a), (10a), and (1la)
are obtained by substituting for B,
8 and s respectively in terms of kj,
for the appropriate model as given
by Equations (8), (6), and (8).

The effect of this or any type of
chemical reaction on the rate of
absorption can be expressed as the
ratio of the rate of absorption with
chemical reaction to the rate of
absorption in the absence of re-
action, other things being equal;
this ratio will be denoted by «. In
the present case « is obtained by
dividing the foregoing expressions
for N by (kyc*), which is the hy-
pothetical rate of physical absorp-
tion when ¢, is zero. Each of the
three models predicts that « will
depend on k; as well as on (Dr),
being greatest when kg is small,
and vice versa. In fact the effect
of the reaction depends on the sin-
gle parameter (Dr/k;2); o varies
in each case from unity when this
is small to (+/Dr/k;) when it is
large. In spite of the difference in
mathematical form of the expres-
sions based on the three models,
they give numerically almost equal
values for «, with a maximum di-
vergence of less than 10% over
the entire range of (Dr/k;2) from
0 to w0 (5).

The dependence of « on k;, and
the numerical agreement among
the three models, are also found
in the expressions for irreversible
first-order reaction with a finite
value of ¢, or for reversible first-
order reaction (5).

(11a)

Second-Order Reactions

If the dissolved gas is assumed
to undergo a second-order reac-
tion with a reagent which can dif-
fuse through the liquid, the result-
ing diffusion equations cannot in
general be solved analytically for
either the steady state or the tran-
sient cases. However, van Krevelen
and Hoftyzer(11) have used a
step-by-step method to obtain solu-
tions for the film model, and Perry
and Pigford(20) have obtained ex-
pressions for transient absorption
rates by means of an electronic
computer.-In both cases the calcu-
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lations were simplified by assum-
ing the diffusivities of the dis-
solved gas and the reagent to be
equal. As with first-order reactions,
there appears to be general numeri-
cal agreement among the predic-
tions based on the film model and
the two penetration models (8, 12).

Three extreme types of behavior
are predicted under limiting con-
ditions. If ¢/, is the bulk concen-
tration of the reagent (¢* and ¢/,
should be expressed in chemical
equivalents) and 7 is the second-
order reaction-velocity constant be-
tween dissolved gas and reagent
(¢, being assumed equal to zero),
then

(@) if v Dr'e//kr K1
then N = krc* (12)
ie, a=1
) if ' Dr'e’/kr>e’/ct
= s '
then N =Fk.L(c +c,,)] (13)
e, a=1+4c¢'/c*
(¢) if 1KDr'e) [k <K, [c*
then N =c¢*+/Dr' ¢/
ie, a=+/'Dr c,,’/kL} (14)

In case a the reaction is so slow
or k; so large that the reaction
does not appreciably affect the ab-
sorption rate. In case b the reaction
between the dissolved gas and the
reagent is exceedingly fast, and
the rate of absorption is controlled
by the diffusion of the two sub-
stances to the site of the reaction
within the film. In case ¢ the con-
centration of the reagent is so high
that the reaction is pseudo first
order and so fast that the absorp-
tion rate is independent of k;, as
in the case of a true first-order
reaction when Dr/k2>>1. In
cases which do not fall into any of
these limiting categories the value
of « is in general dependent on k;.

SIMPLE FILM AND PENETRATION
MODELS INVALID

It has been pointed out that in
cases where the calculations have
been made the film model and the
two simple penetration models lead
to closely similar quantitative pre-
dictions concerning the effects of
chemical reaction on the absorption
rate. It might seem to be imma-
terial for practical purposes which
type of model is used as a basis
for calculation, as if any one of
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the three is valid the use of the
others would also be expected to
give approximately correct results.
However, the penetration models
have a great advantage if it is
possible to measure in the labora-
tory the transient rate of absorp-
tion of gas into stagnant liquid
for short times of exposure (i.e.,
Q(t) vs. t for small values of t).
The Higbie or Danckwerts model
can then be used to calculate N for
absorption in conditions for which
0 or ¢ (ie, k;) is known, by use
of Equation (4) with the appropri-
ate form of ¢(¢). Explicit knowl-
edge of such inaccessible quantities
as c¢*, D, r, ete,, is not required,
nor is it necessary to know the
mechanism or order of the reaction.
If absorption causes a rise in tem-
perature at the surface of the
liquid(4), this is also automati-
cally allowed for. It is thus possi-
ble to make a comparison between
the observed and predicted effects
of reaction without introducing the
uncertainties involved in the esti-
mation of these various factors.
The Highie model will be used
to illustrate the process, since this
is the simpler to follow. With the
appropriate absorbing liquid and
gas (the latter being at the right
pressure or partial pressure to give
the required value of ¢*), Q(f) is
determined as a function of £ by
means of a rotating drum(5), a
falling film(6), or some other tech-
nique. Absorption measurements
are also made in, for instance, a
packed tower by use of the same
liquid and gas. If the exposure time
of elements of liquid surface in the
tower is 0, the average absorption
rate N per unit area of interface is
Q(0)/6 (Figure 1). The quantity
actually measured in the column.is
the absorption rate per unit vol-
ume of packing(aN). There are
thus two unknowns, a and 6. Com-
paring the results for two solu-
tions which give Q vs. ¢t curves of
different shapes (e.g., absorption
of carbon dioxide into an inert
solution and a Dbuffer solution)
makes it possible to solve for both
e and 0. If the Higbie model is
valid, these same values should
then enable one to predict the tower
absorption rate (aN), under iden-
tical hydrodynamic conditions, for
any other solution for which the
Q@ vs. t curve is measured.
Kennedy(5,9) has measured the
transient rates of absorption of
carbon dioxide into inert solutions,
alkaline buffer solutions, and caus-
tic soda solutions for times of ex-
posure up to 14 sec. Measurements
were also made of the absorption
rate (aN) in a tower packed with
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L5-in. Raschig rings under care-
fully standardized hydrodynamic
condifions. It appears from these
measurements that no single pair
of values for a¢ and 8 will serve to
correlate the observed absorption
rates for different solutions in the
tower in spite of the constancy of
hydrodynamic conditions. For in-
stance, the values of ¢ and 6 re-
quired to account for absorption
into inert solutions and dilute caus-
tic soda solutions appeared to be
about 0.5 cm.”! and 0.15 sec. re-
spectively, while the wvalues for
absorption into the buffer solutions
were about 1.2 cm.! and 1 sec.
Thus the apparent wetted area
varied from about 15% of the
geometrical surface in the first
case to about 30% in the second,
and the corresponding apparent
values of k& could be estimated as
about 0.13 and 0.05 cm./sec. Very
similar conclusions were reached
when the Danckwerts model was
used as a basis of calculation.

A possible reason for this dis-
crepancy is that the actual distri-
bution of surface ages in.the pack-
ing departs widely from that postu-
lated in either the Higbie or the
Danckwerts models. It seems likely
that the “younger” elements of the
surface may have a relatively
greater rate of replacement than
the “older” elements. In other
words, there are regions in the
packing where the flow is brisk and
the rate of turnover high, and other
parts where the liquid is relatively
stagnant. The distribution of ages
then corresponds to that in a popu-
lation with a high infant mortality
rate, and it may give a relatively
greater weight to the older parts
of the surface than either the Hig-
bie or Danckwerts models, as indi-
cated in Figure 2c¢.

Figure 3 shows calculated curves
of Q/c¢*/D vs. t for (a) physical
absorption, (b) absorption with ir-
reversible first-order reaction (» =
2.2 sec-l), (e) absorption with
very fast first-order reaction (r=
22 sec."1). In case (a) the absorp-
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tion rate into the stagnant ligquid
falls off rapidly with exposure time,
and so the absorption rate in the
tower is strongly dependent on the
rate of renewal of liquid surface.
In case (b) (where the behavior
is similar to that calculated and
found experimentally for the ab-
sorption of carbon dioxide into buf-
fer solutions of pH about 10.7) the
transient absorption rate falls off
at first and then becomes constant;
the absorption rate in the tower is
then less dependent on the surface-
renewal rate. Finally, in case (c),
the rate of absorption into the
stagnant liquid is virtually con-
stant, and the tower absorption
rate is independent of surface re-
newal. It can be seen therefore
that absorption into imert liguids
in the tower will take place mainly
in the regions where the rate of
surface renewal is high. A first-
order reaction, by maintaining the
rate of absorption into older sur-
faces, enables a larger proportion
of the absorption to occur in re-
gions where the surface-renewal is
low. In the limit a very fast first-
order reaction gives the same rate
of absorption into all regions of
the wetted surface,

Without being committed to
either the film or penetration mod-
els, one can say that the local value
of k;, probably varies from one
region to another in the packing.
When k;, is determined for physical
absorption, it is an average value
which is obtained. If a reacting
liquid is substituted, however, the
reaction (if first order, for in-
stance) will have more effect in
the regions where Xk is small, and
vice versa, and it is not possible
to calculate the over-all effect un-
less the distribution of k%, values
is known. In the case of an irre-
versible first-order reaction in
which the reaction is so fast that
Dr/ki2>>1 everywhere, the ex-
pressions for all three models agree
[Equations (9a), (10a), (1la)]
that N will be independent of k.

and equal everywhere to c*+v/Dr.

Page 459



Physical absorption, however, takes
place predominantly in that frac-
tion of the surface where %k is
large. If one takes a series of re-
acting solutions of increasing r, in
effect more and more of the surface
participates in absorbing gas.
Similarly, in the case of a second-
order reaction the effective wetted
surface will be least in the cases
where the local absorption rate is
proportional to &k, [Equations (12)
and (13)] and greatest in the case
where it is independent. of k&,
[Equation (14)].

Since dissolved carbon dioxide
undergoes, in effect, an irreversi-
ble first-order reaction with alka-
line buffer solutions and since ab-
sorption into the dilute caustie
soda solutions is believed to have
been controlled by the diffusion of
the reactants [the conditions of
Equation (18)], Kennedy’s obser-
vations are in general agreement
with the foregoing arguments.
Hoftyzer and van Krevelen(8)
have shown that similar conclu-
sions can be reached by consider-
ing some experiments by Tepe and
Dodge(24) on the absorption of
carbon dioxide in solutions of po-
tassium hydroxide and caustic soda
and by Comstock and Dodge(1)
on the absorption of carbon dioxide
in solutions of potassium carbonate
and sodium carbonate, both in
towers packed with Raschig rings,.
They have used a previous estab-
lished equation for k; as a funec-
tion of flow conditions, packing di-
ameter, diffusivity, ete., and have
estimated the values of ¢*, D and
r' in the solutions considered. They
show that certain of the measure-
ments of Tepe and Dodge were
made under conditions such that
Equation (14) should be obeyed,
with ¢, = [OH']. Calculating N on
this basis, they used the experi-
mental values of (aN) to calculate
a, the effective wetted area per
unit volume of packing, which ap-
peared to be 409 of the geometri-
cal surface. For other measure-
ments Equation (13) was applica-
ble, and in this case ¢ was about
2% of the geometrical surface.
Certain of the experiments carried
out by Comstock and Dodge ap-
proached the limiting conditions
represented by Equation (14)
(with ¢,/ =[C0%’]), and others by
Equation (12). The values of ¢ were
again found to be about 40 and 2%
respectively of the geometrical
surface. The effective wetted sur-
face therefore appears to be much
less when the absorption rate is
controlled entirely by diffusion, and
thus proportional to k;, than when
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it is independent of k. [The upper
limit of 40% suggests that at best
only about half the surface of a
Raschig ring can be effectively irri-
gated (8).]

PROBLEMS OF INDUSTRIAL
DESIGN

The nonuniformity of the value
of k;, from one region of the pack-
ing to another makes it difficult to
devise a generally valid procedure
for the design of equipment for
absorption accompanied by chemi-
cal reaction. If k& were in fact uni-
form, and if the performance of
the equipment for physical absorp-
tion under the appropriate hydro-
dynamic conditions were known,
the effect of the reaction (i.e., the
value of «) might be calculated in
one of the following ways:

a. If the reaction mechanism is
known and values of such physico-
chemical quantities as ¢*, Dr, etc.,
can be estimated, then a solution
of the equations for the film or
penetration models leads to formu-
las such as Equations (9) to (14).

b. If the transient absorption
rate of the gas into stagnant liquid

d(k;) of the geometrical surface
a4 The volumetric rate of physical
absorption would be given by

[e o]

(@N) = (c*—c,) aaf ke (kL) e

0

d(kr) =kraa(c* —c) (15)

%, being the average value of kg
over the entire geometrical surface.
As already shown, the ratio «
which determines the effect of re-
action on absorption rate is in
general a function of kg, which
may be written «(k;), and will
vary from one region to another.

The average value = for the sur-
face as a whole would be given by
[v0}

a =/a(kL) « ¥ (k) « d (kr) (16)

0
There is not necessarily _any siln-
ple relationship between o and k.
Alternatively, one may use the
language of the penetration theory
and say that the surface-age dis-

% ©y -

(10

(b)

= x

]
0 -]

3

Fig. 2. Surface-age distribution functions o(t); (a), Hig—
bie, 8 = 4D/xnk;2; (b) Danckwerts, S = k;2/D; (e) hypotheti-
cal case giving greater weight to older parts of the surface.

is measured, the Higbie or Danck-
werts model can be employed
[Equation (4)1.

¢. The value of «, which would
be the same for both systems, can
be determined in a laboratory model
having the same value of k; as the
full-scale equipment.

Modifications of these methods
can be used if it is possible to dis-
cover the actual distribution of kg
values; this might conveniently be
defined by a distribution function
& (kg) such that the local value of
the liquid-film coefficient lay be-
tween k;, and (k;, 4+ dk;) over parts
of the surface having an area cor-
responding to a fraction ¢ (kp)*
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Fig. 8. Effect of first-order reaction
on transient absorption.
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tribution function ¢(t) is not that
of the Higbie or Daanckwerts mod-
els, but has some other form; if
this were known, and Q(¢) known
as a function of t by caleulation or
experiment, then « could be found
by evaluating Equation (4) for
absorption with and without re-
action,

An extension of Kennedy’s work
may make it possible to determine
the actual distribution of %, values
or surface ages under the hydro-
dynamic conditions obtaining in
his packed tower. It seems quite
likely, however, that a change in
hydrodynamic conditions (e.g., flow
rate or packing size) might lead
to an entirely different form for
Y (k) or ¢(t). The labor involved
in determining these functions un-
der all conditions of practical in-
terest would then be prohibitive.
Hoftyzer and van Krevelen(8)
point out that investigations car-
ried out under different sets of
hydrodynamic conditions have led,
for instance, to quite different con-
clusions about the effect of alkali
concentration on the rate of ab-
sorption of carbon dioxide. These
authors have suggested a simpli-
fied approximate design method for
the case of second-order reaction,
but its usefulness under various
conditions requires to be tested by
experiment.

The use of a laboratory model
cannot be expected to give a value
of & which will be generally ap-
plicable to full-scale equipment,
since the functions ¢(k;) or ¢ (%)
are likely to have different forms
in the two systems, even if the
average coefficient %; has the same
value in both. Wetted-wall columns,
“totem pole” columns, and stirred
vessels do not give results which
agree well with those for packed
towers. Even geometrically similar
models are unlikely to give satis-
factory results because of the num-
ber of conditions which must be
satisfied to ensure similarity in
other respects. Thus in the case of
an irreversible first-order reaction
it appears that for a packing of a
given shape o will be a function
of at least three dimensionless
groups; for instance,

2 48
x=F _(H‘_’ _“d_’ rdp. (17)
“ 2g L
(where d is the particle diameter
and L the mass velocity of the
liquid). .

If surface-tension effects are im-
portant, as they will be when the
particles are sufficiently small, a
fourth group must be added. A
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¥ig. 4. Effect of discontinuity on concentration profile: (a) before discon-
tinuity, (b) immediately after, (¢) and (d) later stages.

second-order reaction will require
one or more further groups.
However, there are certain cir-
cumstances in which laboratory
experiments may be used to pre-
dict the effect of chemical reaction
in industrial equipment. If the
absorption rate per unit volume
of packing (aN,) is known for a
given gas-liquid system A under
specified hydrodynamic conditions,
the absorption rate (aNp) for some
other gas-liquid system B under
the same hydrodynamic conditions
can be predicted provided the
transient absorption curves (@ vs.
t) for the two systems are geo-
metrically similar, so that the ratio
of @, to Qy is constant. The fol-
lowing simple condition then holds:

aNp ) Qs

< aN 4 QA (18)
The ratio Qz/Q, may be deter-
mined directly from transient ab-
sorption measurements, or it may
be calculated if the data are avail-
able. Alternatively, the ratio (aNp)
/(aN,) may be determined in a
model absorption apparatus, which
need not have the same hydro-
dynamic characteristics ag the full-
scale equipment. For example, in
the system A the gas might be
absorbed in an inert liquid; the @
vs. t curve would then be parabolic:

Qa = 2c*/ Dyt/w (19)
In system B the dissolved gas
might undergo an extremely rapid
reaction with a reagent in the
solution when

QB = 2ﬁ63* ’\/ DBt/ﬂ' (20)
8 being a constant which is equal to
(14 ¢,/c*) when the diffusivities
of the two reactants are equal(23).
In such a case the ratio (aNp)/
(aN,) of the volumetric absorp-
tion rates for the two systems
would be equal to Bc¥p\/Dplc*,
V Dy, but it could be inferred di-
rectly from the @ vs. ¢ curves with-
out an explicit knowledge of the
physical quantities involved. It
could also be measured in a labora-
tory absorption apparatus if the
two curves were known to be geo-
metrically similar.
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To take another example, the
dissolved gas might in both sys-
tems undergo a very fast irreversi-
ble first-order or pseudo first order
reaction. The @ vs. ¢t curves would
then be straight lines through the
origin, of slope ¢*\/Dr, or
¢*/Dr¢,, and (aNg)/(aN,)
would be equal to the ratio of the
slopes.

The principle can be applied to
all cases in which it is observed
experimentally that the @ vs. ¢
curves are geometrically similar,
even when the mechanism of the
absorption process is unknown. The
method is easily justified if the
penetration theory, in its most
general form, is accepted, since
from Equation (4)

= -
N3 =/¢ @ dQs @) =

Q[ _ 9,
QA Z£¢(t)dQA(t)_ QA NA

(e1)

The justification does not de-
pend on the form of the surface-
age distribution function ¢(%).
However, if the two Q vs. t curves
are only approximately similar, the
accuracy of the method may de-
pend on the form of ¢ (). In such
a case, if a model is used to de-
termine the ratio (aNg)/(aNy),
the results should be treated with
caution. Too little information is
at present available to enable a
more precise statement to be made.

OTHER MODELS OF THE
ABSORPTION PROCESS

Since 1949 Kishinevskii and
others(13, 14,15) have been de-
veloping a theory of gas-absorp-
tion which assumes that the liquid
surface is constantly being re-
placed by fresh material. A mean
value of the exposure time is in-
troduced, corresponding to the
quantity 0 in Higbie’s model. How-
ever, it is assumed that molecular
diffusion plays little or no part in
determining the rate of absorp-
tion; the process envisaged may
be described as one of surface re-
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newal without penetration. It is
supposed that a layer at the sur-
face of the liquid becomes instan-
taneously saturated with the gas
on exposure, and this saturated
layer is subsequently carried away
into the bulk of the liquid. If a
chemical reaction occurs in solu-
tion, the surface layer is kept con-
stantly saturated with wunreacted
gas during the time of exposure,
while the concentration of reacied
gas increases at a rate determined
by the kinetics of the reaction. The
thickness of the surface layer is
not discussed, but it seems neces-
sary for the validity of the theory
that it should be confined to an
adsorbed film on the surface of the
liquid; a deeper layer could be
formed ounly by the diffusion of
dissolved gas molecules into the
liquid, and this would lead back
immediately to the penetration
theory. A detailed critical survey
of Kishinevskii’s theory is not pos-
sible here, but it apparently im-
plies that the influence of the dif-
fusivity of the solute gas on kg
should be negligible. Evidence on
this point is scanty, but Sherwood
and Holloway’s measurements (21)
seem to provide strong evidence
that (as between O, and CO, on
one hand and H, on the other) k;
varies approximately as D:i. Fur-
ther evidence on this point would
be welcome. It is inferesting that
recent work by Lewis(16) appears
to show that rates of transfer
across a liquid-liquid interface un-
der turbulent conditions are inde-
pendent of diffusivity.

There is a certain amount of
evidence in favor of what may be
called  “surface  rejuvenation”
rather than surface renewal. The
passage of liquid over a discon-
tinuity between two smooth sur-
faces, on both of which the flow
is laminar, may be considered; as
a simple example one may consider
the flow over two contiguous
spheres. Although it may be ex-
pected that over a wide range of
flow conditions some type of eddy
may form at the junction of the
spheres, it appears that complete
mixing and renewal of the surface
does not occur. Lynn, Straatemeier,
and Kramers, for instance, have
found (18) that the rate of absorp-
tion into water flowing over a verti-
cal column of contiguous spheres
corresponds more closely to that to
be expected if no mixing occurs at
discontinuities than to the case of
complete mixing. Experiments with
totem-pole columns suggest that
complete mixing does not occur at
the junction points between the
disks, Wagstaffe(25) (using the

Page 462

Higbie model) has shown that the
average exposure time required fo
account for observed absorption
rates is usually greater than the
average retention time on a disk
(calculated from flow rate and hold-
up); the ratio of apparent ex-
posure time to retention time de-
pends on the flow rate and the
physical properties of the liguid,
including its surface tension. Ken-
nedy’s measurements on a column
packed with 14-in. Raschig rings
(5,9) indicate that the effective
exposure time may be sufficient for
liquid traveling with the mean
vertical velocity to traverse several
packing diameters. None of these
observations are conclusive in
themselves, but taken together they
tend to suggest that when a film
of liquid in laminar flow meets a
discontinuity, a surface layer may
under certain circumstances travel
on relatively undisturbed even
though eddying may cause mixing
of the liquid beneath it. The liquid
leaving the region of the discon-
tinuity may then consist of an
outer layer in which the original
concentration profile is unchanged,
overlying a layer in which the con-
centration is uniform (Figure 4).
The result would be that owing to
an increase in the concentration
gradient at the surface, the ab-
sorption rate after the discon-
tinuity would be higher than if
the liquid had continued in undis-
turbed laminar flow, but not so
high as if there had been complete
mixing at the discontinuity. We
may say that the surface has been
rejuvenated rather than renewed.
The net effect of passage over a
series of discontinuities will be
that the average value of the trans-
fer coefficient k; will remain con-
stant, rather than decreasing prog-
ressively as it would in uninter-
rupted laminar flow. It is possible
but by no means certain that the
methods of the penetration theory
might be applicable to a process
of this kind, the surface-age dis-
tribution function «(t) (unlike
those functions discussed previ-
ously) having the value zero at
t=20. If the flow rate over the
packing is sufficiently high and the
uninterrupted paths - are long
enough, convective mixing of the
liquid is likely to take place even
on the continuous surfaces, either
because of turbulence or through
the action of ripples, which have a
profound effect on lquid-film coeffi-
cients in wetted-wall columns(6).

Even if a Hquid is in completely
streamline flow, the fanning out of
the stream lines and their subse-
quent convergence (particularly,
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for instance, in grid packings and
totem-pole columnsg) are likely to
play a major part in the process of
gas absorption. As yet, the me-
chanics of flow of this kind have
barely been considered.

CONCLUSIONS

In the present state of knowledge
only rough estimates can be made
of the performance of absorption
equipment when reacting liquids
are to be used (except in the spe-
cial cases cited). The conventional
methods fail because they employ
oversimplified models of the hydro-
dynamic behavior of the liquid, in-
volving only two parameters (kg
and a). It is possible that sufficient-
ly accurate methods might be based
on a rather more elaborate model,
but there is not enough reliable
information available to enable the
theory to be developed further at
the moment.

Much of the past research on
absorption with reaction has been
difficult to interpret because of lack
of knowledge of the mechanism and
rate of the reaction and other
physicochemical data. It is recom-
mended that any future work on
absorption into agitated liquids
should be coupled with the meas-
urement of transient absorption
rates into the same liquids; in thig
way many of the uncertainties
would be resolved.

Gas absorption in packed towers
depends on the flow of a layer of
liquid over discontinuous surfaces,
and very little is known about the
mechanism of such flow. The study
of this flow is essential to an un-
derstanding of the true mechanism
of absorption.
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NOTATION

a = effective wetted surface area
per unit volume of packing

@, = geometrical surface area per
unit volume of packing

B = effective liquid-film thickness

¢* = concentration of unreacted dis-
solved gas at surface of liquid

¢, = concentration of unreacted dis-
solved gas in bulk of liquid

¢’, = concentration of unreacted
reagent in bulk of liquid
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D = diffusivity of dissolved gas
d = diameter of packing particle
ky, = liquid-film  coefficient  for
physical absorption
ky, = average value of k; over en-
tire surface of packing
L = liquid mass velocity
N = average rate of absorption
per unit area of wetted sur-
face in packing
Q (t) = quantity of gas absorbed by
unit area of stagnant liquid
of effectively infinite depth in
time ¢
r = first-order
constant
7’ = second-order reaction-velocity
constant
s = fractional rate of surface re-
newal
t = time of exposure of liquid to
gas
e =ratio of N with reaction to N
without reaction, other things
equal
o = average value of a over entire
- surface of packing
8 = constant in Equation (20)
0 = effective exposure time of
liquid on packing
p. = viseosity of liquid
¢ = density of liquid
¢(t) = distribution function for
local surface ages

reaction-velocity

¢ (k) = distribution function for
local values of %, '
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Heat Transfer in Cylinders with Heat Generation

Leonard Topper

The Johns Hopkins University, Baltimore, Maryland

The prediction of temperatures has been studied for a tubular flow reactor when
heat is generated at a rate which is a linear function of the local temperature. An-
alytical solutions are presented both for the case where the wall is isothermal and
for the case where the exterior surroundings are isothermal and the heat transfer co-
efficient between the tube wall and the surroundings is constant. This analysis should
be helpful for estimating local temperatures and also for predicting the transient
response to changes in one of the independent operating variables. N

One of the fundamental chemi-
cal engineering problems is the
prediction of temperatures in a
flow reactor. The temperature pat-
tern is dictated by the inlet tem-
perature of the fluid, heat genera-
tion within the fluid due to chemi-
cal or nuclear reaction, heat trans-
fer to the surroundings, the veloc-
ity distribution and transport

Leonard Topper is at present with Esso Re-
search and Engincering Company, Linden, New
Jersey.
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properties of the fluid, and the
geometry of the reactor. Every
case of this problem has some
unique aspects, but there are
enough common features to make
a simplified theoretical analysis
desirable. The present analysis
should be helpful for estimating
temperatures in a flow reactor and
for predicting the transient re-
sponse to changes in an operating
variable.
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The assumption that the rate of
heat generation depends only on
the local temperature is valid for
chemical reactions only when they
are of zero order. The linear tem-
perature dependence of the heat
source may be viewed as an ap-
proximation of the exponential
variation of chemical reaction rate
with temperature.

The reactor is taken to be a tube
of radius s, through which the fluid
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