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The problem of gas absorption with chemical reaction has 
been studied extensively, and investigators in recent years (Ste- 
panek and Achwal, 1976; Pedersen and Prenosil, 1981) have 
shown the effect of a finite gas-side resistance on absorption 
rate. However, in all the analyses made by these investigators, 
a parabolic velocity distrihution in the liquid film with no shear 
stress at the gas-liquid (G-L) interface was assumed, and the 
effect of shear stress at the G-L interface on velocity distri- 
bution in the liquid filin was neglected. The purpose of this 
study is to show the effect of interfacial shear stress on the rate 
of absorption froin a gas phase to a laminar falling liquid film 
in a vertical tube. In our analysis we assume that the physical 
properties of liquid are constant; in addition, the curvature of 
the layer and the interfacial surface waves are neglected. The 
assumption of neglecting curvature is valid as long as the layer 
thickness, 6, is sniall in comparison to the tube diameter, d .  
Furthermore we assume that the gas phase concentration and 
the film thickness are constant at a given liquid loading. Under 
these circumstances the transport equation describing concen- 
tration in laminar liquid film with first-order chemical reaction 
(neglecting the axial dispersion term) in appropriate dimen- 
sionless variables becomes: 

The corresponding boundary conditions for E q  
gas-side resistance are: 
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Figure 1 shows the physical model used. Liquid enters the 
tube on the top with the thickness of 6 .  Gas may enter froin 
the top (concurrent) or from the bottom in a countercurrent 
flow. Pedersen and Prenosil (1981) solved thl5 problein by 
assuming parabolic distribution for TiL. 

In this analysis we do not neglect the interfacial shear stress 
at the G-L interface, T,, and upon integration of the momen- 
tum equation we find the following velocity distrihution for the 
liquid film in a diinensionless forin: 

(5) I lL  = (1 - IZ) + jy (1  - I) - 

where 
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showing the coordinate system considered. 
Figure 1. Diagram of the absorption process 
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The Reynolcls ninnlier for the licpid phase is olitainrd us: 

AS discussed by Bird et al. (19601, the shear stress at the G- 
L interface, T,, can be written as: 

Ti = 7, + T,/ 
or in a diinensionless form as: 

Y = Yr + YA (7) 
where yf is the dimensionless shear stress due to friction at the 
interface and y,, is the dimensionless shear stress due to mass 
transfer from the gas phase to the liquid phase. If C, is the 
friction coefficient and Ei,/ is the mass transfer rate, Eq. 7 can 
be written as: 

y = (k) (i) (ii,; - J i T I . # ) Z  + fi T%,(ii,; - ]TiL, )  (8) 
2 PI. 2 

where 

In Eq,  8, ii,; is the gas velocity and can be olitained fronl the 
gas Reynolds number as 

E[, = ( y k )  JL 
A U, d - 2.0 

Zr,, is the liquid velocity at the inteiface and is ol>taitied froin 
Eq. 5 a t f  = 0 

(10) 
Thc coefficient C, was used froin the corrdation of data for 
fully developed annular gas-liquid flow. The coefficient ac- 
counts for the irregularities at the suitice of the liquid laver 

- - 
u,, = tJLl;.-o = 1 + ]y 

as well as pressure padient. 
cieiit in terms of He, is: 

f- 8 

T~IC single phase friction co&- 

Re,, < 2,000 

2,000 < Re,, < 4,000 

Re,, < 4,000 

(11) 

Henstock and Hanratty (1976) suggested that the friction factor 
for He,, < 4,000 given by Eq. 11 should he multiplied by a 
term (1 + 1,400 F )  in order to account for the two-phase flow 
nature where for the laminar liquid film 

in- which 

p = [(0,707 + (0.0379 n e y y - e ] " .  I 

After evaluation of y from hi. 8, Eq. 3 can bc used to obtain 
the velocity distribution in the liquid phase. Once the velocity 
in the liquid film is found, oiw can obtain the concentration 
distribution froin Eq. 1. In order to show the influence of 
interfacial shear stress on absorption rate, a yield factor E is 
defined as follows: 

'I -- 11 

By evaluating the factor E froin Eq. 13, the cffect of the in- 
terfacial drag on the absorption rate for different cases can he 
studied. Equation 1 with the corresponding boundory condi- 
tions was solved numerically using an implicit finite-difference 
method yielding a tridiagonal matrix. A grid size of 400 in the 
Z direction was chosen, and using step-bv-step advancing tech- 
nique in the ;i direction, values of C were obtained. Analytical 
results from Pedersen and Prenosil (1981) were used to check 
our numerical results for the case of no interfacial drag. The 
agreement for both the concentration distrihiition and the ab- 
sorption rate was satisfactory (less than 1% difference) for dif- 
ferent values of (Y and N. 

In order to obtain concentration distributions from Eq. 1, 
the first step is to determine the intwfacial shrw strrss froin 
Eq. 8. However, in order. to determine y, the concentration 
gradient at the inteiface, E,! is ncedcd, therefore an itcration 
process is required. 

RESULTS 

The numerical calculations w c x  carried up to 3.00 111 tulic 
length for d = 2.4 x 111; U ,  = lo-" mVs; pI. = 10 '  kg/ 
,O; D = in%; pJpL = 0.0013; u,,Iu,, = 13; cx = 0.1; 
and R = lo-". Froin the numerical results it was forintl that 
y,I is negligible in comparison with y,. Negligililr values of y,, 
were anticipated, since in the absorption processes tlic rate of 
inass transfer is not significant. Neglecting Y,/ sinip1ific.s our 
calculations since the solution of E(4. 1 does not enter the 
iteration loop for obtaining the velocity distriliutioii. I n  t l i r  
calculations, y = 33.1 is equivalent to the liquid filni thickness 
of 1.5 X lo - '  in. 

Figure 2 shows how the interfacial drag affects tlw conceii- 
tration distribution for Re,, = 15,000. Conceiitration at two 
different lengths, Z = 0.25 and 5 = 1.2, is shown. 5 = 1.2 i s  
equivalent to a tulie length of 3.0 i ~ w l i e n  y = 133.1.  Figure 
3 shows the average concentration C,,, for tlifkrent gas Hey- 
nolds numbers, defined as follows: 

I,) Ti,. dT 

N-1.0 ReG=15.000 

0.6 Concurrent 

o.2 I - Concurrent 

00' ' ' I I ' I ' 
00 0.2 0 4  0.6 08 1 0  

R 
Figure 2. Concentration profile for concurrent and 

counter current flows. 
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Figure 3. Average concentration along the tube 
length for different gas Reynolds numbers in con- 

current and countercurrent flow. 

Concr.ntratioiis at a given length in concurrent flow are less 
than the concentrations in countercurrent flow. Figure 4 shows 
the yield factor E defined by Eq. 13 for different gas Reynolds 
numbers. The line E = 1 corresponds to the case of y = 0. 
When the flow is concurrent, values of E are higher than 1, 
indicating that thc> gas ahsoilition rate has Iieen increased Iiy 
including the iiitrrfacial drag in the analysis. For He,, < 5,000, 
E is close to unity and in fact the effect of intei.facia1 shear 
stress can be neglectcd. For countercurrent flow values of 6 
are less than 1. In Figure 5 the effect of gas Reynolds uumber 
on liquid Reynolds iiumlwr is shown. Figiire 6 shows the effect 
of gas-sidc inass transfer rcsistance (parmieter N) on the y i r ld  
factor E. When N increases, the a1)sorption rate increases too 
and therefore the effect of y on the al)sorption rate is enhanced. 
Coinparison of Figures 4 and 6 indicates how E increases as 
gas-side resistance decreases (N increases). 

In suniiriary, the above analysis indicates that neglecting 
interfacial shcur strcss in gas a1)sorption ~iro~ilc!ms, especially 
at gas Keynolcls nmnhcrs of greater tliaii .5,000, is not reason- 
able. In concurrent flow, shear stress causc:s an increase on the 
rate of absorption, while in countercurrent flow the interfacial 
shear stress causes a decrease in the absorption rate. 
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Figure 4. Variation of factor E along the tube length 
for N = 1.0 and A = 33.1. 
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Figure 5. Variation of liquid Reynolds numbers 
with gas Reynolds numbers for A = 33.1. 

NOTATION 

F 

4! 
I 
k 

= concentration in the liquid phase 
= concentration in  equilibrium \Litti the bulk of thc gas 
= diinensionlcss concentration. C = C/C* 
= dimensionless average concentration, defined hy Eg. 

= friction factor 
= dihsivity 
= diaiiieter of the tulle 
= diiiiensioilIe.ss diameter of thc tulie, d = ;I/& 
= dimeiisioiiless factor showing the effect of interfikial 

= diinensionlcss group containing flow rates and fluid 

= acceltmtion of gravity 
= paranieter dcfiued in Eq. 5 
= rate constant for a first-order rcaction 
= niass traiisfcr coefficient iii the gas in trriiis of liquid 

= dimcnsionless local inass transfer rate 
= diniensionless parameter, rl: = k,,S/D 

14 

drag on the a1)sorptioii ratc defined in Eq. 1:3 

properties, defined in Eq. 12 

concentration 
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Figure 6, Variation of factor E along the tube length 
for N = 5.0 and A = 33.1. 
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R 
Re,; = gas Reynolds nuiiiber 
Re,, 
uc; = gas velocity 
uL = liquid velocity 
i iL ,  

uy,, 
11;-, = g6’12u, 

t t c  

i i I .  

t iLt  

s 
s 
z 
5 

= dimcnsionlcss parameter, R = DC“/pL 

= liquid Reynolds number, defined in Eq. 6 

= liquid velocity at the surface 
= liquid velocity at the iiiteiface with zero inteifacial drag, 

= diinerisioiiless gas velocity, Ti,: = i i J i i ~ ~ ,  

= diiiiensionless liquid velocity, Ti, = ii,/ci:, 

= dimensionless liquid velocity at the interface, ii,, = 

= distalice from the G-L interface toward the wall 
= dimensionless distance, I = s/6 
= coordinate in the direction of flow 
= dimensionless distance, ? = 0 z 1 i i ~ , S 2  = (Diu,) (2 ly)  

- 
- 
- 

~ l L t l I l ~ ,  

zl6 

Greek Letters 

ci 

p 

y 
y,, 

y, 

6 = liquid film thickness 

= diiiieiisioiiless reaction constant, ci = k&’/L) 
= function of liquid film Reynolds number, defined in 

= dimensioiiless interfacial shear stress, y = T , / P , &  

= diineiisioiiless interfacial shear stress due to inass trans- 

= dimensionless interfacial shear stress due to friction, 

Eq. 12 

fer, yr/ = 7,/pL$ 

Y/ = Tf/PL@ 

A 
r = liquid loading 
pc = gas density 
pL = liquid density 
kc: = gas viscosity 
p L  = liquid viscosity 
ucz = gas kinematic viscosity 
u, = liquid kinematic viscosity 
T,, 

T~ 
T ,  = interfacial shear stress 

= diiiiensionless filiii thickness praiiieter, A = g6’/$ 

= interfacial shear stress due to inass transfer 
= interfacial shear stress due to friction 
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