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INTERFACIAL MASS TRANSFER IN TURBULENT FLOW
ACCOMPANIED BY IRREVERSIBLE FIRST ORDER CHEMICAL
REACTION
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Relations describing the mass transfer accompanied by an irreversible first order chemical reaction
are derived, based on the formerly published general theoretical concepts of interfacial mass
transfer. These relations are compared with experimental results taken from literature. -

Mass transfer accompanied by an irreversible first order chemical reaction is one
of few cases of mass transfer accompanied by chemical reaction amenable to analy-
tical treatment. The problem was solved several times both theoretically and experi-
mentally. More information can be found in Danckwerts’® and Astaritas’> mono-
graphies.

In this study the formerly published® general concepts of mechanism of mass
transfer across the interface in turbulent medium are applied, which are based on the
known parameters characterizing hydrodynamic conditions close to the interface
and in the bulk of fluid.

THEORETICAL

In the case of mass transfer accompanied by an irreversible first order chemical re-
action only the laminar and transition regions are taken into account. The effect of
the turbulent region is significant only at low values of the Schmidt number. Also,
for the same reason, the mass transport in the transition region is not treated as in
a slab of finite thickness as in the original paper® but the transport with reaction in
a semiinfinite space is assumed. This has no significant quantitative effect on the
solution which is formally much simpler because the relations published in literature
for the film and penetration theories can be applied.

According to the physical model the reaction species crossing the interface diffuses
and reacts in the laminar region of the thickness §, in a steady fashion. The remaining
unreacted species in the laminar region proceeds to the transition region of the thick-
ness 4,. In this region there is assumed an unsteady diffusion and reaction in a semi-

Collection Czechosiov. Chem. Commun. [Voi. 44] [1979]



Interfacial Mass Transfer in Turbuient Flow 1389

infinite space for a time period ¢, equal to the time scale of turbulence in the transi-
tion region (t, = A3/v).
The flux of species A across the interface G; is given by

G, = — D(dcfdx),eo - )

The corresponding concentration gradient is obtained from the concentration
profile by solving the differential equation
D(d%c/dx?) = ke (2
for the boundary conditions

¢0) =¢; and ¢(5,) =c,. 3). ®
In this way the relation has been obtained*

G; = (D[6,)(c;cosh M — ¢,) M/sinh M , 5)
where

M = (52D ©

Similarly the flux of reaction species leaving the laminar region G, is obtained
upon introducing the concentration gradient at x = &, in Eq. (I) which results in
the relation

G, = (D/8,) (¢; — ¢, . cosh M) M/sinh M . (7)

The overall flux of the reaction species leaving the laminar region comes into the
transient region where there exists the unsteady diffusion with reaction. The corres-
ponding concentration profile of the species for this physical model is obtained by
solving the equation ’

D(&%c[ox?) = ocfot + ke 8)
for the boundary conditions

8y, ) = ¢, c(00,£) =0 and ¢(x,0)=0. 9 -(1n

For the mentioned conditions the relation for the flux of reaction species between the
laminar and transient regions is obtained® which after introducing ¢, = A2/v and
rearrangement has the form

G, = (D/4,) (/D) ¢,[(N + 1J(2N)) erf N + n~ "% exp (—N?)] (12)
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where
N = (ki)' (13)

1t follows from Eqs (7) and (12) for the unknown concentration of reaction species ¢,
on the boundary between the laminar and transition regions the relation

¢, = ¢i/{cosh M + sinh M[(N + 1/(2N)) erf N + n~*? exp (-NZJIN}. (14)

After substitution for ¢, from Eq. (14) into Eq. (5) and some rearrangements the
final relation results

G; = ¢,(kD)"*[NtghM + (N + 1/(2N)) exf N +
+ n7 Y exp (=N3)]/{N + [(N + 1J@N)) erf N + n~*"? exp (—=N%)] tgh M} .

(15)

For the case 8, = 0 and thus for ¢, = ¢; Eq. (15) changes into Eq. (12) because then
G, = G,. For the case k =0, 6, =0, 2, + 0 (M = N = 0) Eq. (15) changes into
an expression for physical mass transport

G, = De[[5, + (V/2) (D)2 4,1, ' (16)

where the zero concentration of diffusing species in turbulent bulk is assumed.

RESULTS ~ .

In order to verify the theoretical relation it is necessary to know aside from the physi-
co-chemical properties (v, D, k, ¢;) also the hydrodynamic parameters 6, and . It
appears to be very suitable for the mentioned purpose to use the paper by Pohorec-
ki®® who studied the mass transfer accompanied by chemical reaction during ab-
sorption of gas into liquid on a sieve plate. In that case we can assume that §, = 0
and A, = 4,, where there holds for 4,

A= (vife)' . (17)

This means that we assume uniform energy dissipation in the liquid phase on the
plate, so that the turbulent eddies® for which Eq. (17) holds are also assumed to exist
at the gas-liquid interface.

The energy of gas flowing through the gas-liquid mixture on the plate is dissipated
both in gas and liquid phases. For this case the relation has been derived” between
the mean rate of energy dissipation per unit mass of fluid in both phases
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Elvlgf = ggvggi (18)
and therefore

g = .‘,mg/[l + ep,/(l - e) ”x] . (19)

According to experimental conditions and data in the mentioned papers®-® the hydro-
dynamic parameters A, = A, were calculated from Egs (17) and (19). Then for indi-
vidual reaction rate constants k the values of N and corresponding functions of N
and finally the values of G7[[(c; — ¢,)* D] were calculated. Using these values and
experimentally determined values Xg = (Giag)?/[(¢; — ¢,)* D] the interfacial areas
per urit froth volume ag were calculated.

It is necessary to mention that in Pohorecki’s® paper is not treated the irreversible
reaction but the reversible reaction with the equilibrium concentration ¢, which is
assumed to be uniform all over the liquid phase. It embodies the assumption that
reaction species and product concentration in liquid phase are much higher than the
concentration of absorbed gas. In that case the solution for irreversible and reversible
reaction differs only in that, that the relation contains instead of the interface concen-
tration the difference between the interface and equilibrium concentrations.

In the paper by Pohorecki®® there are eight series of measurements of carbon
dioxide absorption in two absorbers using two chemical systems with and without
catalyst addition. For the purpose of comparison of experimental data with theoreti-
cally derived relations are used three series of measurements of the system with a ca-
talyst CO,~K,CO;/KHCO;/KCl + NaOCI. The author® expressed his data in a form
of the Danckwerts’ plot and determined both the interfacial area per unit volume
of liquid and froth on the sieve plate a,, ar and also the mass transfer coefficient k.
The averaged value of carbon dioxide diffusivity in solution D(solution) = 14.
.107° m? 57! was calculated from published values of mass transfer coefficient k,
and surface renewal rate® s (Table I). The solution viscosity g, = 0-00125 Nsm~?
was calculated from the relation Dy = constant and the values of viscosity of water
#y (water) = 0-000981 Nsm~Z and diffusivity of CO, in water D(water) = 1-784.
.1072 m? s~ ! at the temperature 21°C. Densities of the solution were determined ex-
perimentally and corrected for the catalyst addition (¢, = 1170 kgm™2). The air
viscosity was chosen g, = 1-8 . 107° Nsm™ 2. Introducing the values in Egs (17) and
(19) the &, and 1, were determined and the mass transfer coefficient without chemical
reaction

ky = (2/\/) (D[A,) (v/ D) (20)

was calculated from Eq. (20) for the Schmidt number Sc = v/D = 763-1.

In Table I only one value of the mass transfer coefficient k, could be calculated for
each series from Eq. (20) even though the physical properties of liquid phase are
influenced to some extent by the CO%'/HCO; ratio and by the catalyst addition.
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Therefore we recalculated the experimental data of series a which were plotted in
Figs 15 (ref.®) and 16 (ref.?) in a form of Danckwerts’ plot for different values of
CO§'/HCO; ratio. Physical properties, length scale of turbulence 4,, mass transfer
coefficient k, and interfacial area per unit froth volume ay, for each experimental
measurement defined by Xy and k, are tabulated in Table II. Deviations from the
value ap = 300 m™~?! specified by the author are lowest for the highest reaction rate
constants where the scatter around the Danckwerts’ plot straight line is also low.
The relative deviation 5% of the average interfacial area ap = 315 m™" is rather low
if we take into account that the length scale of turbulence 4, was calculated theoreti-
cally. It follows from results that the values of mass transfer coefficients vary accord-
ing to variations of physical properties of the system and also that the values of k,
from Table I refer to the zero reaction rate. It also follows from Table II that the va-
lues of interfacial area calculated for the lowest reaction rate constants k = 96 and
825! are in a good agreement with the others. Their somewhat lower value can be
explained by the rise of an unreacted carbon dioxide concentration in a liquid bulk
over its equilibrium value. This effect has been not accounted for in the derivation
and we do not treat it here in a more detail.

DISCUSSION

Pohorecki® in his experimental paper, whose results are used to verify our theoretical
predictions treated the experimental data using the Danckwerts’ plot in order to
evaluate the mass transfer coefficient without chemical reaction and the value of
interfacial area. In this discussed case of the absorption in a gas-liquid layer on
a sieve plate we can expect with a sufficient accuracy the validity of Danckwerts’
model particularly the assumption that the turbulent eddies reach the interface which
means that there is no laminar region at the interface. Therefore, under the assump-
tion of constant physical properties of the system during the experiment the obtained
values of mass transfer coefficient and interfacial area can be expected to be the real

ones approximately* to that extent to which correspond each other the solutions of
unsteady diffusion accompanied by the first order chemical reaction according to
Higbie and Danckwerts models. As has been demonstrated the numerical solutions
of unsteady diffusion accompanied by the first order chemical reaction according
to both models are so close!*? that it has not been proved which hydrodynamic con-
cept better agrees with the experimental data. From the agreement between the
results obtained from the Danckwerts plot and theoretical predictions results, that
the new model correctly describes the relation between hydrodynamics and mass

. “Approximately” is introduced because it is necessary to compare the numerical solution

for unknown real distribution function of surface ages with the solution for the distribution func-
tion according to the Danckwerts’ model.
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transport. Further, from the model the relation for the Danckwerts intensity of sur-
face renewal s is obtained in the form

s = (4]m) (A7) (21)

i.e. the value which the author has not been able to determine and circumvented it
by using the mass transfer coefficient without chemical reaction. It follows from
Eq. (21) that s is inversely proportional to the time scale of turbulence. In our treat-
ment the time scale of turbulence was obtained from the theoretical equation using
no adjustable parameters. The k, values in Table II were calculated directly from
Egs (17), (19) and (20).

It is interesting to discuss in a more detail the case where the assumptions of
Danckwerts’ model are not met, that is the case where there exists the laminar region
of thickness &, at the interface resisting the turbulent eddies to reach the interface.
The mentioned close agreement of numerical solutions of unsteady diffusion ac-
companied by the first order chemical reaction according to different mass transfer
models makes it possible to replace Eq. (12) by corresponding solution according
to Danckwerts model

G, = c1JD(s + k) (22)

and to introduce the unknown concentration ¢, resulting from Eqs (22) and (7) into
Eq. (15). The resulting final relation in variables of the Danckwerts plot has a form

(Gia)?|e2D = a?k[(tgh M + /(1 + s[)(1 + /(1 + s/k) tgh M)J?.  (23)

It follows from Eq. (23) that the linear course of Danckwerts parameters (Ga)?/c? D
- versus k is linear only if 6, = M = 0. Therefore the experimental data with a curved
shape of the dependence in the Danckwerts plot should be checked for the existing
laminar region resisting the turbulent eddies in reaching the interface. This effect
is called “‘the surface rejuvenation’ contrary to “the surface renewal’ in case in which
the turbulent eddies reach the interface.

If we compare Figs 8 and 9 (ref.®) for the same gas velocity and the clear liquid
height on the sieve plate we can see that the experimental measurements expressed by
the absorption rate per unit of foam volume X are in the Danckwerts plot separated
according to the concentration of sodium hydroxide. The situation is similar in
Figs 10 and 11 (ref.®) of the series b of the system with the catalyst. The conclusion can
be thus made that during the experiment porosity of the foam changes. The appli-
cation of theoretical conclusions on intensity of surface renewal s can elucidate the
cause of separation of dependences in the Danckwerts plot. If we neglect the value
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one in the denominator in Eq. (19) and substitute for s from Eq. (21) into Eq. (23) we
obtain at the assumption §, = 0 the relation

(Gia)?[ciD = (4fm) [(1 — o) gugyg/(egl\)f)]l“ a® + a*k. (24)

From this equation results that the effects of physical properties of the system, poros-

ity and gas velocity can be the reason of the considerable scatter and separation of

individual dependences in the variables of the Danckwerts plot. This was perhaps

also the case for large values k, in the series b (Table I) which does not correspond to

the dependences of k, on the clear liquid height and the gas velocity in Figs 10 and
1 (ref.®) as given by the author.

LIST OF SYMBOLS

interfacial area per unit volume (m™!)

concentration (kmol m™?)

diffusivity (m?s™1)

porosity of foam (—)

gravitational acceleration (ms™?2)

flux of mass per unit of cross sectional area per unit of time (kmolm™?2 s™h

clear liquid height on the plate (m)

reaction rate constant of the first order (s_l)

mass transfer coefficient without chemical reaction (ms_l)

defined by Eq. (6) (—)

defined by Eq. (13) (—)

intensity of surface renewal according to Danckwerts (s~ l)

Schmidt number (—)

time (s)

gas velocity in the column (in free cross-sectional area) (ms‘l)

x distance from the interface (m)

X = (Gial)z/[(ci—z:,)2 D] coordinate of the Danckwerts plot evaluated per unit of liquid
volume on the plate (m~2s~1)

Xp = (GiaF)Z/[(ci — c,)2 D] coordinate of the Danckwerts plot evaluated per unit of foam

volume on the plate (m~2s™ 1)

Cfpe zEEESQR GO S

=
Ly

8y thickness of the laminar region (m)
€ dissipation of energy per unit of time per unit of mass (m?s™3)
J.p thickness of the transition region (m)
Ay length scale of turbulence (m)
I dynamic viscosity (kgm~!s™Y)
v kinematic viscosity (m?s~!)
Q density (kgm™3)
Subscripts
F foam
g gas
i interface
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liquid; laminar region
transition region
equilibrium

turbulent

-~y =
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