Gas Absorption with First-Order Chemical
Reaction into a Turbulent Falling Liquid Film

M.R. Riazi! and J. Razavi?

A numerical solution of the governing partial differential equation for gas absorption in
turbulent falling liquid films with and without the first order homogeneous reaction and
external gas phase mass transfer is shown. The best eddy diffusivity model to describe the
flow distribution is the van Driest model, modified in the outer region of the film by the use
of an eddy diffusivity deduced from gas absorption measurements. The results are given for
special cases to illustrate the effect of turbulence on concentration profile and the rates of

gas absorption.

INTRODUCTION

From the review of published literature on
wetted-wall columns, it is evident that, while
the problem of gas absorption with or without
chemical reaction in laminar falling liquid films
has been studied in some detail, the case of tur-
bulent flow, especially when chemical reaction
is involved, has received less attention. The
problem of gas absorption without chemical
reaction in laminar films was solved by Olbricht
and Wild [1] using the series expansion method.
For the case of first-order chemical reaction in
laminar films, many investigators solved the
governing equation by the method of separation
of variables [2,3] or numerical techniques [4].
The problem of physical gas absorption into a
turbulent liquid film was treated to some extent
by Lamourelle and Sandall [5]. Based on the
gas absorption ineasurements, they obtained an
expression for the liquid phase eddy diffusivity

in the region near the free surface. Menez

and Sandall [6] studied the problem of gas
absorption accompanied by first-order chemical
reaction in a liquid flowing in fully developed
turbulent flow. They obtained asymptotic
solutions for which solute concentrates only
a short distance into the liquid film because
of a slow rate of diffusion or very high rate
of reaction where only eddy diffusivity in the
region near the free surface was used to describe
the turbulence in the liquid film.

For our work, the eddy diffusivity given
by Lamourelle and Sandall [5] is used for the
region near the free surface, while the van
Driest viscosity model has been used for the
region near the wall.

FORMULATION

Let us consider the system shown in Figure 1.
A liquid initially free of the absorbing spieces at
z = 0 flows down the surface of a vertical and
impermeable wall under the influence of gravity.
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Figure 1. Schematic of a falling liquid film
showing the coordinate system.

The absorbings spieces are |absorbed by the
liquid where it undergoes a (pseudo) first-order
irreversible chemical reaction. It is assumed
that the gas phase concentration of absorbing
spieces is constant and the|interfacial shear
stress at the gas-liquid interface is neglected.
Furthermore, it is assumed that the diffusion
in the axial direction is negligible. Under these
conditions, the steady state |mass balance on
the absorbing spieces in the| liquid phase for
turbulent flow is:

u%—f:%(D—i-aD)%%—kC. (1)
The coordinate system used and the phys-

ical description of the absorbing film are shown
in Figure 1. u is the axial velocity of liquid film
and can be found from the momentum equation
after neglecting the pressure gradient and axial
terms:

0

@ummg—;m:o. (2)

The solution of the abgve equations for
momentum and mass transfer requires the spec-
ifications of the boundary and initial condi-
tions:
at inlet z = 0,

C=0, (3)
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at wall y =0,

v =0,
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at interface y = ¢,
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where § is the film thickness, C* is the con-
centration in equilibrium with gas phase and
kG is the mass transfer coefficient in the gas
phase. Upon integration of Equation 2, with
corresponding boundary conditions given in
Equations 4 and 5, the velocity profile can be
obtained:

u=[ 400y, (6)
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In the above equations, if flow is laminar, €, =
Ep = 0.
Introducing the following nondimensional
yugé,ﬂ: \/"_,E: z\u/_q_é’gz
g6

variables: 7 =

2 Vgé, C = £, will transform Equations 1, 3,
4, 5 and 6 to the following form:
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where o = k(g%)%, N = %("’;)% and £y =
1+ =,

Note that when the mass transfer resis-
tance in the gas phase is negligible, N = oo,
the boundary condition given in Equation 10,
reducesto C =1atj=28.

In order to proceed to solve the equations
for the turbulent case, it is necessary to in-
troduce some empirical profiles for the eddy
diffusivity. Some typical models for the falling
film are introduced by Seban and Fari [7].
Accurate specifications of the eddy diffusivity
close to the wall, and also close to the free
surface, are much more important than in the
middle of the film, due to low resistances in
the central region. It is customary that, for
modelling ¢), the flow is divided into two
regions, an inner region where the turbulent
transport is dominated by the presence of the
wall and an outer wall-like region. The best
model to describe the prediction of evaporation,
heating and gas absorption is the van Driest
model, modified in the outer region of the
film by use of an eddy diffusivity deduced by
Lamourelle and Sandall [5] from gas absorption
measurement (7).

Various assumptions have been made in
order to describe the mean velocity distribution
near the wall. A popular kinematic eddy viscos-
ity model for this region, as mentioned before,
is provided by an expression by van Driest 8],
who assumed the following modified expression
for the Prandtl mixing length theory:

L' =K'yt - eap()]
where A is a damping length constant defined
as 26V\/§ and K’ = 0.4. For the falling film,

van Driest viscosity is used in the inner layer of
film liquid. Therefore, for the inner region:
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Nondimensionalization transfers the above
equation in the following form:

144140645 [1—exp(- £)P(1-F)
EM — .

2 (12)

Lamourelle and Sandall [5], by measuring
the mass-transfer coefficient for the liquid phase
for gas absorption into a turbulent liquid flow
down a wetted column, obtained the following
pattern distribution for ep at a temperature of
25°C:

ep = 0.284Re' ™8 (6 — y)? , (13)

in which ep is in fhi:— In order to generalize
the above equation to temperatures other than
25°C and to liquid other than water, it must
be rendered dimensionless in a manner which

Levich [9] has indicated:

€p 1 9P
v 9.0

3

where k" is a constant and ¢ is the surface
tension. The above constant can be calculated
from Equation 13, which yields the following
result:

D _ 6.4 x 1074 2L Rel 58 (5 — y)?

v 9.0
which, for computation purposes upon nondi-
mensionalization, reduces to:
gp =1+ 6.47 x 107*Z——-Re'*™8(6 — 7).
9§06’ (14)
The Reynolds number is defined as:

4 4fgpudy
7 poo

Re = (15)

In dimensionless form, Equation 15 becomes:

5
Re = 4/ udy . (16)
0

Therefore, the feature of the resulting
model is the van Driest [8] distribution modified
in the outer region by the Lamourelle and



Sandall [5] model. It is a common practice L S A R L
to use a constant turbulent Schmidt number in 5 z =108
the boundary layer analysis and for the present
analysis Sc, = 1 was used. o3 5 x 10°
The overall mass transfer| coefficient from -
the interface to the inlet liquid film is defined 06k 3 x 105
as:
z b ac c i 2 x 105
b — foDa_yl‘SdZ (17) 04}
‘ (Cs - 0)
= 105
where C, is the surface concentration. Sher- 02k \
wood number can be calculated from the fol- 5 x10
lowing equation: B Lot
1 i ] I ' o 1 1 T
Z 9C . . — 0.6 . 1
sn= kelo Gl -39 (18) o M )
D C, Figure 2. Development of the concentration

profile for no resistance in the gas phase and

The overall dimensionless mass transfer without chemical reaction for § = 100 (Re = 5000).

rate, m is:

T T T T W
T :/ ?_g - =347 . (19) 40500(10%) 7]
0 ay 0.8}~ -
The differential Equation 7 was put in = \ .
a finite difference form using implicit scheme. ool 2 = 20250(5 x 10°) i

The Crank-Nicolson method was used for Equa- _
C — -~

tion 7, which yielded a three-diagonal matrix.
Four hundred increments were|chosen in the 7 0.4
direction and, using a step-by-step advancing
technique, C' was calculated at different values

of Z. 0.2 .
4050(10%)
RESULTS AND DISCUSSION 0 T T T
0 0.2 04 _ _ 06 0.8 1
The numerical values which were used in our v/é
calculations were: v — 8.63 x 10~7 =% p = Figure 3. Development of the concentration

profile for no resistance in the gas phase and

k _ -9 |m? — £
996.3 %, D = 1.95 x 10 secr OC = 442, without chemical reaction for § = 6.66 (Re = 59.1).

g =981 2 and 0 = 0.0689 X

In most

of our calculations, we used § = 100, which
is equivalent to the Reynolds number of 5000.

For the physical absorption (

n = 0), devel-

opment of the concentration profile is shown

in Figure 2. Calculations wer
Z = 10°, which is equivalent

length of 2 = 7.24 m. For the

e carried up to
to the column
case of laminar

flow, development of the concentration profile
for physical absorption for § = 6.66 (Re = 59.1)
is shown in Figure 3. The relation between two

different values of §; and &, is:

Thus:

z(8 = 6.66) = 0.405z(6 = 100) .

In Figure 3, values of Z correspond to
the same dimensional axial distance z as in
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Figure 4. Development of the concentration
profile for no resistance in the gas phase and
without chemical reaction for § = 200

(Re = 11383).

Figure 2. Results shown in Figure 3 are in
good agreement (less than 0.5% deviation) with
the analytical solution of Olbricht and Wild [1].
Figure 4 shows the same result for turbulent
flow when § = 200(Re = 11383). Comparison
of Figures 2 and 3 indicates that turbulent flow
concentration is less than in laminar flow, while
the slope of %—g at free surface in turbulent
is greater than in laminar flow. Therefore,
as expected, the rate of gas absorption in
turbulent flow is much higher than that in
laminar flow.

The effect of chemical reaction on the
concentration profile is shown in Figure 5.
Comparison of Figures 5 and 2 shows how
presence of a reaction reduces concentration of
absorbing spieces. The effect of mass transfer
resistance (V) on the concentration profile at
Z = 10% is shown in Figure 6. As N decreases,
concentration decreases too. A graphical rela-
tion between § and Re is shown in Figure 7.
Transition from laminar to turbulent flow is
at Re = 1200 — 1300, for laminar flow, Re
= (%)52 and for turbulent flow for values of
5 > 60, Re can be related to 6 by a linear
relation of Re = 63.836 — 1383 with less than
1% deviation. Mass transfer rates (m) are
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Figure 5. Development of the concentration

profile for no resistance in the gas phase and a =1
for 6 = 100.
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Figure 6. Concentration profile with gas phase
resistance and o = 1 for § = 100 at z = 10°.

shown in Figure 8 for special cases. The two
lower curves represent rates of absorption for
laminar films (§ = 6.66 or Re = 59.1) for
a = 0 (physical absorption alone) and o = 1
respectively. For turbulent flow (6 = 100, Re
= 5000) the overall mass transfer rates are
shown for o = 0, 1, and 10. As can be seen, the
effect of the chemical reaction on the absorption
rate in the laminar film is greater than that
in the turbulent flow. Absorption rate for
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Figure 8. Gas absorption rates in laminar and
turbulent films with and without chemical reaction.

N =1 and a = 1 is also shown in Figure 8.

For higher Reynolds numbers

(6 = 200 or Re

= 11383), the absorption rate for « = 0 is

also shown in Figure 8. It g

hould be noted

that in Figure 8, for different dimensionless film
thickness, é, corresponding values of Z for same
dimensionless axial distance % jare different. In

fact for 6 = 6.66 ; Z(§ = 6.66

) = 0.405Z(6 =

100) and for & = 200, Z(6 = 200) = 1.26z(6 =

100).
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CONCLUSIONS

The numerical solution of gas absorption into
laminar and turbulent falling films, with the
combined effects of homogeneous, irreversible
first-order chemical reaction and gas phase
mass-transfer resistance, has been presented.
Results are given in the forms of concentration
profile development and the rate of gas absorp-
tion. It has been shown that the relative effect
of the chemical reaction on the absorption rate
in the laminar flow is greater than that in the
turbulent flow, while the absolute mass-transfer
rates in turbulent-case are significantly larger
than those observed in laminar flow. It has been
shown that in turbulent flow, when Reynolds
number or the film thickness increases, absorp-
tion rates also increase. With the gas phase
mass-transfer-resistance, the absorption rates
can be significantly smaller than those for the
case of no resistance, particularly when the
parameter NV is small.

NOMENCLATURE

A damping length constant (26v£)

C concentration of dissolved gas in
the liquid

cr equilibrium concentration of gas in
liquid

C, concentration of gas at the free
surface

D molecular diffusion coefficient

g acceleration of gravity

e gravity constant (1 in SI unit
system)

k first-order reaction rate constant

k. mass transfer coefficient in liquid
phase

kg mass transfer coeflicient in the gas
phase

K’ constant (0.4)

K"  constant

r Prandtl mixing length

m dimensionless rate of absorption
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. . 2
N dimensionless parameter (£¢[%]
g

W=

)

Re Reynolds number
Sc Schmidt number (%)

Sc; turbulent Schmidt number (55%)

Sh Sherwood number (%)
U liquid velocity in axial direction
distance normal to the surface

z axial distance

Greek Letters

o reaction rate constant (k(;’;—)%)
r liquid loading

6 liquid film thickness

£p eddy diffusivity

Em kinematic eddy viscosity

o surface tension

liquid density

1 liquid viscosity

v liquid kinematic viscosity

To shear stress at the free surface
Superscript

- nondimensionalized quantity

AKNOWLEDGEMENTS

This paper was presented at the International
Conference on Fluid and Thermal Energy Con-
version ‘94, in Bali, Indonesia, December 12-15,
1994.

REFERENCES

1. Olbrich, W.E. and Wild, J.D. “Diffusion
from the free surface into a liquid film in

laminar flow over defined shapes”, Chem.
Engng. Sci., 24(25) (1969).

. Best, R.J. and Hoerner. “Gas absorption

with first-order chemical reaction in lami-
nar falling films — calculation of rates and
enhancement factors”, Chem. Engng. Sci.,
34, pp 759-762 (1979).

. Riazi, M.R. “Estimation of rates and en-

hancement factors in gas absorption with
chemical reaction and gas phase mass trans-
fer resistances”, Chem. Eng. Sci., 41(11), p
2925 (1986).

. Riazi, M.R. and Fari, A. “Effect of interfa-

cial drag on gas absorption with chemical
reaction”, AIChE J., 32(4), p 696 (1986).

. Lamourelle, A.P. and Sandall, O.C. “Gas

absorption into a turbulent liquid”, Chem.
Engng. Sci., 27, pp 1035-1043 (1972).

. Menez, G.D. and Sandall, O.C. “Gas ab-

sorption accompanied by first-order chemi-
cal reaction in turbulent liquids”, Ind. Eng.
Chem. Fundam., 13(1), pp 72-76 (1974).

. Seban, R.A. and Fari, A. “Heating and

evaporation with turbulent falling liquid
film”, J. of Heat Transfer, 98 (1976).

. Van Driest, E.R. “On turbulent flow near

the wall”, J. Aero. Sci., 23, p 1007 (1956).

. Levich, V.G. Physiochemical Hydrodynam-

ics, Prentice Hall, Englewood Cliffs, New
Jersey, p 691 (1962).





