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Abstract-Wall to liquid mass transfer coefficients are experimentally investigated, with an electrochemical 
method, in an annular swirling flow generated by a tangential inlet. Attention is focused on the influence 
of the ratio of the annular thickness e to the inlet diameter $<,. According to the value of this ratio, three 
categories of flow regimes are obtained: the pure swirl flow, for 4, = e, the contraction swirl flow. for 
4, > e and the expansion swirl flow, for #J,, < e. The other parameters of the study are the mean axial 
distance of the mass transfer surfaces, to characterize the swirl decay, the Reynolds number based on the 
hydraulic diameter and the geometric factors of the annulus. Correlations of the ex~~mental data, taking 

into account the aforementioned parameters, are proposed for laminar and turbulent swirling flows. 

1. INTRODUCTION 

THE SWIRLING decaying flows can be achieved by 
different means : tangential inlets, helical inserts, tan- 
gential vanes,. . , [I]. The swirl is generated in the 
entrance section and thereafter decays freely along the 
flow path. The swirling flows, due to the tangential 
velocity component. are mainly used in exchangers, 
giving economy in space and more efficient heat or 
mass transfer than that obtained in axial pipe flow. 
Another application domain of the swirl flows is 
electrochemical engineering, and particularly for the 
improvement of electrochemical metal removal from 
dilute solutions [2]. Despite the potential applications, 
only a few articles are available about decaying swirl- 
ing flows in an annulus. 

In this work, we have determined the overall mass 
transfer in an annulus where the swirling decaying 
flow is generated by a tangential inlet tube. One of the 
essential parameters to characterize the generation of 
the swirl flow induced by tangential inlets is the initial 
swirl intensity which depends on the ratio between 
the tangential inlet diameter and the thickness of the 
annular gap. The original purpose of the present paper 
is to emphasize the influence of this ratio on hydro- 
dynamics and mass transfer. In a previous work [3], 
we studied the mass transfer in different annuli where 
the swirl flow is generated by a tangential inlet, the 
diameter of which is equal to the annular thickness. 
The present work investigates experimentally the cases 
of tangential inlet diameter greater or smaller than 
the gap thickness; the swirl flow is associated with 
contraction flow or expansion flow. The presence of 
a step between the inlet and the annulus can induce 
recirculation flows [4, 51. 

The objective of the investigation was to determine, 

t Author to whom correspondence should be addressed. 

using an electrochemical method, the overall mass 
transfer coefficients at the inner cylinder. The mass 
transfer section was located at different axial distances 
from the tangential inlet. The ratio of inlet diameter 
to gap thickness was varied between 0.41 and 4.96. 
The last parameter of the study was the Reynolds 
number based on the hydraulic diameter of the annu- 
lus, the investigated values of which ranged from 100 
to 5900. 

2. EXPERIMENTAL APPARATUS AND 

PROCEDURES 

2.1. Description of ~pp~rfftMs 
The annular cells were constituted by two con- 

centric cylinders, 0.39 m long (see Fig. 1). The outer 
cylinder was made of Altuglass with a 0.025 m internal 
radius R,. The inner cylinder consisted of three nickel 
active parts 0.1 m long, isolated from each other with 
inert elements. The overall mass transfer coefficients 
were determined at three different mean axial pos- 
itions : 0.05,0.16 and 0.27 m (see Fig. 1). Several inner 
cylinders with 0.018, 0.0105 and 0.008 m external 
radius R, were used to study the influence of the gap 
thickness e = Rz- R, and the radius ratio N = R,/R2 

(see Table 1) on the wall to liquid mass transfer. The 
swirl motion of the electrolyte was induced by means 
of different tangential inlets (see Table I) which 
allowed three types of flow structures to be obtained : 
(i) the tangential inlet diameter $p is equal to the 
annular gap thickness e : the fluid movement is called 
‘pure swirl flow’, the study of which has been detailed 
in ref. [3] ; (ii) the inlet diameter c$,, is greater than the 
thickness (I: the resulting flow is called ‘contraction 
swirl flow’; (iii) 4_ is less than e : in this case we obtain 
the ‘expansion swirl flow’. 

The mean features of the test rig are given in Fig. 

2. From the tank, the electrolyte, which was main- 
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NOMENCLATURE 

mass transfer surface 
potassium ferricyanide concentration 
ferricyanide ion diffusion coefhcient 
hydraulic diameter, 2~ 
annular gap thickness, R, - R , 
mean square error (equation (IO)) 
Faraday’s constant 
expansion factor, P/c~~ 

,f’(N), s(N) functions of the ~eomet~cal 

1, 
k 
L,L, 

L, 
L/2e 
N 
n 

Q, 

parameters of the annulus (equations (4) 

and (7)) 
limiting diffusional current 
mass transfer coefficient 

Lz axial length of the mass transfer 
SUIfdCC 

reattachment axial distance 
reduced axial coordinate 
radii ratio of the annular gap, R ,/ Rz 
number of electrons involved in the 
electrochemical reaction 
volume flow rate 

RI external radius of the inner cylinder 

R, internal radius of the outer cylinder 
Re Reynolds number, 2&‘v 
S swirl intensity (equation (15)) 
St, initial swirl intensity (equation (I 6)) 
SC Schmidt number, v/D 
Sh Sherwood number, Zek/D 
S/z;,, Sh,, Sh,, Sh, Sherwood numbers 

obtained in fully developed axial flow, in 
contraction swirl flow, in expansion 
swirl flow and in pure swirl flow 

T,, swirl parameter. &/fi 
11, 14’ axial, tangential velocity 
ii mean axial velocity in the annulus 

r;d mean axial velocity in the inlet duct 
.Y axial distance from the inlet. 

Greek symbols 
L’ kinematic viscosity of the electrolyte 

P density of the electrolyte 

(be diameter of the tangential inlet. 

tained at the constant temperature of 3O’C, flowed 
through a centrifugal pump to the two flowmeters 
which allowed the measurement of the volume flow 
rate in a range of 0.020-I m3 h ‘. Then, the electrolyte 
entered the vertical test cell tangentially and was re- 
cycled to the tank by means of a tangential outlet. 

2.2. Electrochemical method 
The overall mass transfer was performed using a 

polarographic method. The electrolyte was an aque- 
ous solution of 2 x 10 ’ M potassium ferricyanide, 
5 x lo-* M potassium ferrocyanide and 0.5 M sodium 
hydroxide. At 3O”C, the physical properties of the 
electrolyte are : density p = 1028 kg m 3, kinematic 

AXIAL POSITION 

&WiS TRANSFES 

SECTIONS 

(NICKEL) 

TANGENTIAL 

INLET 4 

TAN6ENTIAL, 

OUTLET 

L (mf 

0.270 

0.160 

0.05 

. 0 

viscosity v = 8.73 x 10 ’ mL se ’ and diffusion co- 
efficient of ferricyanide ions in the electrolyte 
D = 6.95 x IO- ‘Q mr s- ‘_ The studied electrochemical 
reaction was the reduction of the ferricyanide ions. 
The mass transfer coefficient X- was determined under 
diffusion controlled conditions on the cathode, thus 
k was related to the limiting current I,. by 

k = I, ,‘(nFAC). (1) 

One of the three nicke1 parts of the inner cylinder 
acted alternately as the cathode, the other two acted 
as the anode. The reference electrode consisted of a 
platinum wire. 

The interest of this experimental method is that the 
mass transfer surface remains unchanged during the 
experiments. Moreover, the boundary condition of 
the mass transfer experiments, uniform concentration 

Table 1. Geometric characteristics of the annuli and 
tangential inlets 

--. _.-_ 
Inner Tangential 

cylinder Gap Radius inlet 
radius, thickness, ratio, diameter. 

R, (m) P= R,-R, (m) N= RJR2 h Cm) 
~- 

0.0070 

0.0180 0.0070 0.72 
0.0090 
0.0125 
0.0347 

0.0105 0.0145 0.42 
0.0070 
0.0 I45 

0.0080 0.0 170 0.32 
0.0070 
0.0170 

FIG. I General view of the test annular cell. 
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1 - TANK 

2 - CENTRIFUGAL PUHP 

3 AND 4 - FLOWMETERS 

5 - TEST CELL 

6 AND 7 - Row ADJUSTMENT GATES 

8 - DRAIN PIPE 

9 - BY-PASS 

10 - TEMPERATURE REGULATION 

11 - NITROGEN INJECTION 

FIG. 2. Schematic layout of the experimental facility. 

at the electrodes (C = 0 for the diffusion controlled 

conditions), corresponds to uniform temperature at 
the same heat transfer surface. Thereby, the mass 
transfer results could be applied to heat transfer prob- 
lems for analogous hydrodynamic conditions. 

3. MASS TRANSFER IN THE PURE SWIRL 

FLOW 

The pure swirl flow is obtained when the tangential 
inlet diameter is equal to the annulus gap thickness 
(Fig. 3). Three configurations have been used in the 

study:4, = R,-R, = 0.007,0.0145and0.017m.The 
results obtained in this type of flow were reported in 
ref. [3]. From a mass transfer point of view, two flow 

regimes have been observed (Fig. 4). For Re < 1000, 

the Sherwood number varied with R.E’.~ ; this vari- 
ation was found to be similar to that obtained in the 
developing laminar axial flow [6]. The experimental 
data obtained in the three different geometries have 

OUTER CYLINDER 

INNER CYLINDER 

e= R2 - R1 

TANGENTIAL INLET 

FIG. 3. Sketch of the tangential inlet-case of the pure swirl 
flow. 

been correlated, for Re < 1000, by the following equa- 
tion : 

Sh P = 2.50Re0,5 SC’.‘~ [!I] 02’[FJ a.? (2) 

where L/2e (1.5 < L/2e < 19.3) is the mean non- 
dimensional length from the inlet and I?,,& the ratio of 
the mean tangential inlet velocity to the mean annular 

axial velocity. 
For Re > 2000, all the experimental points have 

been correlated by 

10 I 
, 

lo= lo3 Re 

FIG. 4. Mass transfer results of pure swirl flow for N = 0.72 
and @,, = 0.007 m. 
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The Sherwood number was proportional to Re” ’ as 
for the developed turbulent flow in a pipe. The par- 
ametcr j‘(N) is the same geometrical function as the 
one used by Ross and Wragg [7] to express the annulat 
turbulent mass transfer, so 

with 

;z’= 1-N’ 
2ln (l/N)’ 

4. MASS TRANSFER IN THE CONTRACTION 

SWIRL FLOW 

The influence of the tangential inlet diameter c$~ was 
studied in the annular cell defined by the gap thickness 
L’ = 0.007 m. Three tangential inlet diameters were 

used : $<, = 0.009, 0.0 125 and 0.0347 m. The value of 
C/I,, was always greater than r, thus the tangential inlet 
and the annulus formed a fluid contraction (see Fig. 
5). During the experiments the Reynolds number was 
varied between 100 and 5500. 

4.1. Infiuencc of’ the axial position of’ the mass transfkr 
section 

The Sherwood number is plotted in Fig. 6 for the 
three positions of the transfer section and for the 

OUTER CYLINDER 

INNER CYLINDER 

TANGENTIAL INLET 

FIG. 5. Sketch of the tangential inlet-case of the contraction 
swirl flow. 

Sk 
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L/Ze = 3.57 

L/Ze = 11.42 

L/2e = 19.29 

Re 

FE. 6. Mass transfer results of the contraction swirl flow for FIG. 7. Axial distribution of ShJSh, for N = 0.72 and 
N = 0.72 and 4, = 0.0125 m. (b, = 0.125 m. 

tangential inlet diameter c$,, = 0.0125 m. At a given 
Reynolds number, the average mass transfer dccrcases 
with the axial distance of the mass transfer section. 
This result is particularly significant for large 
Reynolds numbers. In this case (Re > 2000). the tan- 

gential component of the velocity is important and its 
influence on the mass transfer coefficients is sensitive 

up to the upper transfer surface. The decrease of mass 
transfer with the axial distance is a result of swirl 

decay along the flow path [3, 81. 
As for pure swirl flow [3], two flow regimes. one for 

Re < 1000 and the second for Re > 2000. are clearly 
shown on Fig. 6. The increase of the mass transfer 
coefficients due to the contraction swirl flow by com- 

parison with the developed axial flow is shown on Fig. 
7, where the axial distribution of the ratio Sh,/SIz, is 

given. The axial Sherwood number Sh, is calculated 
for Re < 1000 with the Turitto equation [9] 

where 

(7) 

For Re > 2000, Sh, is given by Ross and Wragg 

[7] who have determined the turbulent annular mass 
transfer by assuming a linear velocity distribution in 

the boundary layer, hence 

Sh, = O.SO~SC”~ Re0~6[0.04f5f(N)] ‘I ’ 

x (2e) ‘f”: y?‘I 

where ,f(N) is defined by equation (4). 

Shc/Sho 

3’5 b 
3.0 = 

l Re = 1000 
0 Re = 2500 

A Re = 4000 

2.5 - 

2.0 

- ;,,,I--_, q Re 500 

- 

1.5 

1 .O 

0 5 10 15 20 

L/2e 

(8) 
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I l C/2.3 = 3.57 
A!_/& = 11.42 

- oL/2e = 19.29 

2: 

1 i t I 

lo2 10 ’ Re 

FIG. 8. Effect of Reynolds number on Sh,/Sh, for N = 0.72 
and c#J<, = 0.0125 m. 

For the lowest position of the mass transfer surface 
(L/2e = 3.57), the relative increase of mass transfer 

coefficients is important : for Re = 4000, Sh,/Sh, > 3 
(Fig. 6). The influence of the swirl motion is sensitive 
even for low Reynolds numbers. On the contrary, 
when the value of L/2e increases, the values of the 

mass transfer coefficient tend to those obtained in 
pure axial flow : ShJSh, N 1 for L/2e = 19.29 and for 
all Reynolds numbers. For the upper position of the 
transfer section and particularly for 100 < Re < 1000, 

we can consider that the swirl is completely decayed, 
but the axial velocity profile is no well established. In 
this last case, the mass transfer is more important than 
the one obtained in the fully developed laminar axial 

flow [lo]. 
The effect of Reynolds number on the ratio Sh,/Sh, 

is shown in Fig. 8, for the inlet diameter 4. = 0.0125 m. 
For Re > 2000, S/I,/,%, is nearly independent of Re, 

therefore the evolution of the mass transfer with Re is 

similar in the contraction swirl flow and the turbulent 
axial flow. The same conclusion can be drawn for 
Re < 1000, except for the lowest transfer surface, for 
which ShJSh, increases with Re, hence the swirl Sher- 
wood number Sh, varies with Re”, with a > l/3. 

4.2. Injuence of the tangential inlet diameter 

The increase of the inlet diameter improves the mass 
transfer (Fig. 9). This behaviour corresponds to the 

decrease of the initial swirl intensity, which is 
described [3] by a swirl parameter r, defined by the 
ratio of the tangential inlet velocity v,~ to the mean 
annular velocity U. In particular, the mass transfer 
coefficients obtained in the pure swirl flow are higher 
than those obtained in the contraction swirl flow 
(c#J~ = 0.007 m). For small Reynolds numbers 
(Re < 500), the Sherwood number slightly decreases 

when the inlet diameter increases. In contrast, for 
Re > 1000, the Sherwood number has a strong depen- 
dence on the swirl parameter : when &/ii varies from 
1 to 24.7, the Sherwood numbers are multiplied by a 
factor of 2.5. 

For Re < 1000, the ratio of contraction swirl Sher- 
wood numbers Sh, to the one obtained in the pure 

I I 

10 2 10 ’ Re 

FIG. 9. Effect of the tangential inlet diameter on the mass 
transfer for N = 0.72 and 0 < L < 0. I m. 

number increases (Fig. 10). Thus the swirl decay is 
very sensitive to the inlet type. But for high values of 
Re (Re > 2000), the ratio ShJSh, is nearly constant, 
the swirl is slightly decayed, even for the contraction 

swirl flow. 

4.3. Correlation of the experimental data 
All the experimental data have been correlated 

using the same type of equation--one for Re < 1000 
and one for Re > 2000-as those defined for the pure 
swirl flow (equations (2) and (3)). The equations of 
correlation take into account the different parameters 

influencing the mass transfer : 

(a) L/2e, to characterize the swirl decay. 
(b) T, = z!,JU, for the swirl parameter. 
(c) the Reynolds number. 

The different parameters of the correlation are deter- 
mined simultaneously by means of multi-linear 

1.1 

1 .o 

0.9 

0.8 

0.7 

0.6 

0.5 

0.4 

Shc/Sh, 

A 34.7 mm 

I 
?e 

FIG. IO. Influence of the tangential inlet diameter. Re related 
swirl flow Sh, decreases rapidly when the Reynolds to Sh,/Sh, for N = 0.72 and 0 < L < 0.1 m. 



regression. The accuracy of our correlations is cvalu- 
atcd with the relative mean square error ERR 

ERR = (9) 

where NCXP is the number of experimental data, S/r:‘;“’ 
the value of S/t calculated using the correlation and 
.S/I~~ the value of the experimental Sherwood number. 

For Rr < 1000. we obtained 

L -0” 
Sh, = 0.99Re”“ SC,“’ [I 2e 

Ti”” (10) 

with an error ERR = 15% for 3 1 I experimental data. 

Equation (IO) was determined in the following exper- 
imental domain: 100 < Re < 1000, 3.6 < L/2e < 
19.3, 1 < T, < 24.6, N = 0.72. The comparison of 

equations (2) and (I 0) shows that the swirl decay and 
thus the mass transfer decrease is faster in the pure 
swirl flow (S/r, JC [Li2e] ” “, equation (2)) than in 
the contraction swirl flow (Sh, K [L/2e] ~’ ’ ‘, equation 

(10)). This result is due to the fact that the initial swirl 
intensity is more important in the pure swirl flow. 
Further inspection of equation (IO) shows that the 
mass transfer is quasi-independent of the swirl 
parameter (Sh cc Tti “I’). S/I, increases with T,, 

(Sh, cc T;; “I’), contrary to the case of the pure swirl 

flow (Sh, cc I”,” “, equation (2)). It seems that the 
parameter T, is not sufficient to characterize the initial 
swirl intensity. 

For Rr > 2000, the experimental data have been 
correlated by 

Sir, = 0.091 Re” “‘SC’~’ ; [I 
,139 rl:‘” (II) 

with ERR = 9.2% and NeXP = 156. Equation (I 1) can 
be applied for: 2000 d Rr 6 5900,3.6 d L/2r d 19.3, 
I < To < 24.6, N = 0.72. This correlation shows that 
the mass transfer strongly depends on the axial pos- 
ition of the mass transfer surface. 

The only available data dealing with the contraction 
swirl flow have been obtained by Shoukry and Shemilt 
[S] in an annulus of 0.0127 m gap thickness and a 
0.01905 tangential inlet diameter. The experimental 
points of ref. [8] are reported on Fig. 11, and we can 

see that those data are well predicted by equation (1 I). 
Equation (I I) is also compared with the correlation 

of Garcia and Sparrow [4], obtained for turbulent 
mass transfer downstream of a contraction-related. 
forward-facing step in a duct. In the presence of a 
contraction, the axial distribution of the Sherwood 
number increased at first, reached a maximum value 
and then decreased to the fully developed value. The 
maximum value of the Sherwood number is located 
at about sj2e = 0.5 ; .Y is the axial distance from the 
abrupt contraction. The effect of the contraction ratio 
on peak Sherwood number is very small [4] and the 
peak values can be correlated by 

S/I = 0.26Re”“’ SC’ ‘. (12) 

;;j ,mT, , Re 

1000 2000 '1000 6000 l0000 200 

FIG. 11. Mass transfer in contraction swirl flow. Comparison 
with the experimental data of ref. [RI. 

Applying our correlation (equation (11)) to this prob- 
lem with T, = 1 and L/2e = 0.5, we obtain 

Sh = 0.12Ren.X0 SC’,‘. (13) 

The mass transfer in contraction swirl flow is 

meaningfully higher for Re > 2000 than in con- 
traction axial flow. This result proves the interest of 
the swirl flow. Due to the fact that the axial position 

of the peak is very close to the contraction, the pres- 
ence of the peak is not detected in the experimental 
determination of the overall mass transfer. 

5. GENERAL CORRELATION FOR THE 

OVERALL MASS TRANSFER IN PURE AND 

CONTRACTION SWIRL FLOWS 

5.1. Choice qf the equation of correlation 

To the best of the author’s knowledge, no general 
correlation for mass/heat transfer in swirling decaying 
flows induced by tangential inlets is available. The 
correlations of the literature are very often given in 
terms of: Sh (or Nu) = a Re’, where a and b depend 

on all the other factors influencing the mass (or heat) 
transfer [ll]. It is difficult to establish a generally 
applicable selection of these factors but the correlation 
has to take into consideration the fact that the swirl 
Sherwood number Sh, (or Sk.) tends to the axial Sher- 
wood number S/r, when the axial distance L/2e 
increases. Thus, the chosen correlation has the same 
form as the one used by Hay and West [ 121 for the heat 
transfer in swirling pipe flow induced by a rectangular 
tangential inlet, therefore 

;; = (I +sy 
‘I 

where S is the swirl intensity defined by 

(14) 
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s R2 
pr2uw dr 

s= R’R2 s . 
R2 prl2 dr 

RI 

S represents the ratio of the local flux of angular 
momentum to the flux of axial momentum. In order 
to determine S, it is necessary to know the axial and 
tangential velocity profiles for all the axial positions. 
The problem is solved by modelling the swirl intensity 

Sby 

(16) 

The term [L/2@, with c < 0, characterizes the swirl 
decay, as shown by equations (2) and (3) for the pure 
swirl flow and by equations (IO) and (11) for the 
contraction swirl flow. The term S, represents the 
initial swirl intensity ; the definition of So is different 
from T,, because this last parameter does not describe 
adequately the swirl intensity (see Section 4.3). We 
have established that the initiai swirl intensity is 
related to the mean velocity fiid in the tangential inlet, 
therefore we have expressed S, by a Reynolds number 
based on Gid 

&_?$!L. 

The mean tangential inlet velocity tjid is given by 

4Q, 
C,d = m’ 

(17) 

Combining equations (17) and (18) yields 

4(1+N) e 2 
S()~---- - 

1-N (p, Re’ [I (19) 

Thus, the equation of correlation (14) becomes 

Parameters a, b, c and d are determined by using the 
Rosenbroock algorithm [ 131 in order to minimize the 
error between the calculated Sherwood numbers 
(equation (20)) and the experimental Sherwood 
numbers. 

5.2. Results 

All the experimental data, obtained in the pure and 
contraction swirl flows are correlated together. Two 
equations of the correlation are proposed, one for 
Re < 1000 and the other for Re > 2000. For both 
equations, the parameter a of equation (20) is found 
to be nearly equal to 1: a = 0.98 for Re < 1000 and 
a = 1.04 for Re > 2000. Thereby, the value of a is 
taken equal to 1 in both equations. 

For Re < 1000, the equation 

* Equation 21 

0 Equation 22 

0 100 200 300 400 500 600 7 

FIG. 12. Comparison of prediction equations with exper- 
imental results obtained in pure and contraction swirl flows 

for 1000 < Re < 2000. 

correlates the 611 experimental points with a good 
fitness (ERR = 16%). The experimental domain 
corresponding to the correlation is: 100 < Re ,< 

1000, 1.47 6 L/2e d 19.3, 0.04 6 (e/4,,)’ < 1, 0.32 G 
N d 0.72. 

For Re > 2000, the proposed correlation is 

The correlation is obtained for 294 experimental 
points. The fit between predicted and experimental 
values of the Sherwood number is quite good and it 
is obtained with a mean square error ERR = 21%. 

The experimental domain is : 2000 < Re ,< 5900,1.47 < 
L/2e < 19.3, 0.04 < (e/#J* < 1, 0.32 < IV < 0.72. 

A comparison of equations (21) and (22) shows 
that the effect of the initial swirl intensity S, is the 
same in both flow regimes, but the swirl intensity 
decreases more rapidly in the laminar regime. 

For 1000 < Re < 2000, we have plotted in Fig. 12 
the variations of the Sherwood numbers calculated 
using equations (21) and (22) with the measured Sher- 
wood numbers (220 experimental points). The exper- 
imental values of Sh are well predicted by both equa- 
tions. Thus the domain defined by 1000 < Re < 2000 
corresponds to an intermediate flow regime. 

6. MASS TRANSFER IN THE EXPANSION 

SWIRL FLOW 

The hydrodynamic conditions studied below deal 
with the setup of an abrupt asymmetric enlargement 
between the tangential inlet and the annulus (Fig. 13). 
The annulus consists of an outer cylinder of radius 
equal to 0.025 m and two different nickel inner cylin- 
ders with radii of 0.0105 and 0.008 m. The tangential 
inlet diameter is equal to 0.007 m for the two annuli, 
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OUTER CYLINDER 

INNER CYLINDER 

< R2 - RI 

TANOENTIAL INLET 

FOG. 13. Sketch of the tangential inlet--case of the expansion 
swirl flow. 

therefore e = R, - R, is always higher than $e and we 
can consider that the fluid flow conditions result from 
the association of the tangential inlet with the sudden 

asymmetric expansion. With regard to literature, there 
do not seem to be prior mass/heat transfer results 

for this hydrodynamic situation. The mass transfer 
coefficients were obtained for a variation of the 
Reynolds numbers between 120 and 4600. 

6.1. Axiul distribution of the muss transjizr 

Three mean axial positions of the mass transfer 
section have been investigated : L = 0.05, 0.16 and 
0.27 m. The variation of SherwoodPReynolds num- 
bers is plotted on Fig. 14 for N = 0.42 and for the 
three non-dimensional axial positions. Contrary to 
the cases of pure and contraction swirl flows, the mass 
transfer does not decrease monotonically with the 
increase of L/2e. For example, the Sherwood number 
measured at the lowest mass transfer surface 

(0 < L < 0.1 m) is less than the one obtained for the 
intermediate position of the test section 

(0. I1 ,< L d 0.21 m), otherwise the last one is higher 
than the Sherwood number determined at the upper 
transfer station. The mass transfer rises in the region 
immediately downstream of the expansion, achieves 

102: II] 
I 

lo2 10' Re 

FIG. 14. Mass transfer results of the expansion swirl flow for 
N = 0.42 and .f, = 2.07. 

a maximum, and thereafter decreases toward the Ku114 

developed axial mass transfer. 

This behaviour is similar to that obtained down- 

stream of hydrodynamic singularities such as axi- 
symmetric sudden expansions [5], where recirculation 
flows in laminar and turbulent regimes exist. The mass 
transfer evolutions correspond to the separation, re- 

attachment, redevelopment sequence experienced by 
the flow. The recirculation flow persists up to the 

reattachment of the separated flow to the wail. The 
fluid recirculation in swirl flows has been also studied 
by Hallet and co-workers [ 14, 151. who visualized the 

flow downstream of an axisymmetric sudden expan- 
sion. The swirl Row is generated in a tube with four 
tangential inlets associated with an axial one. They 

established that the appearance of the recirculation 
zone was related to the initial swirl intensity S,,. The 
critical value of S,, for the presence of the separated 
flow is decreased with increasing expansion factor 

fe. Dellenback et al. [16] investigated the local heat 
transfer rates in tube swirl flow downstream of an 

axisymmetric abrupt expansion. In the turbulent re- 
circulation region, the local heat transfer magnitude 

is 339.5 times larger than fully developed axial flow 
values. The magnitude of the peak massiheat transfer 
is dependent of both Re and ,fi [5, 141. In our cxpcr- 

imental conditions, the enhancement of the overall 
mass transfer is noteworthy, the normalized Shcr- 
wood number Sh,/Sh, varies between 1.5 and 4.0 (Fig. 
15). 

6.2. Influence of the geometric ,fkctors 
The Sherwood number measured at the highest 

mass transfer section is less than that obtained at the 
lowest mass transfer surface (N = 0.42, Fig. 14). The 

opposite result is shown on Fig. 16 for N = 0.32. 
When the radius ratio decreases, and thus the expan- 
sion factor ,/l = c,‘4,, increases, the axial location of 
the peak Sherwood number is increased. Analogous 

Sh./Sh. 

4.5 ~ 4 I 

4.0 

2.5 

lo2 10 ’ Re 

FIG. 15. Variation of the normalized Sherwood number 
ShJSh,, with Re for N = 0.42 and ,A = 2.07. 
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FIG. I6. Mass transfer results of the expansion swirl Sow for 
N = 0.32 and f, = 2.43. 

results were obtained in previous studies. The location 
of maximum mass/heat transfer occurs upstream of 
the flow reattachment point [15, 161, it moves slightly 
downstream with increasing expansion factor f, [S, 
171. The influence of the Reynolds number is not 
clearly established. Dellenback et al. [16] found in the 
expansion swirl flow that the location of the maximum 
showed little dependence on the Reynolds number. 
Otherwise, Sparrow and Chuck [ 181, for flow down- 
stream of an abrupt and asymmetric enlargement in 
a channel, correlated the reattachment distance L, by 

+ = (0.249~0.0626&+ [Re,(f;-- 1)]o.777 (23) 
.e 

where h is the height of the enlarged channel and 
Re, = Ch/v, with Re,, c: 900. According to this equa- 
tion, LR/h exhibits a strong dependence on Reh. Wragg 
et al. [5], for nozzle flows expanding into an axi- 
symmetric circular or square duct, observed a similar 
behaviour. The reason for the two distinct effects of 
Reynolds number could be explained by the presence 
of swirl flows in ref. [15]. It will be worthwhile to 
explore this problem. 

Wragg et al. IS] determined experimentally the 
maximum local mass transfer for Re > 3000. Peak 
mass transfer data for both square and circular 
geometries can be correlated by the following 
expression : 

She,,, = O.S.~SC’~~(R~~,)“~~~. (24) 

This correlation equation is reported in Fig. 16 with 
our experimental data, and we can see that the agree- 
ment is good. It means that the expansion swirl flow 
mass transfer is significantly higher than expansion 
axial Aow mass transfer, because equation (24) pre- 
dicts the maximum Sherwood number, whereas the 
experimental data represents mean measures on mass 
transfer surface 0.t m long. It is also noteworthy that 
the peak Sherwood number is signi~cantly higher in 

She&h, 
2.0 4 

0.8 j 

102 IO5 He 

FIG. 17. Variation of Sh,!Sh, with Re for N = 0.72. 

axial expansion flow (equation (24)) than in con- 
traction llow (equation (12)). 

Figure 17 shows the evolution of the ratio of the 
expansion swirl Sherwood number Sh, to the pure 
swirl Sherwood number Sh, For N = 0.42. For the 
two lowest mass transfer stations, the ratio ~~~/~h~ is 
quasi-independent of the Reynolds number. Other- 
wise, for the highest transfer surface, S/z,/%, increases 
with Re. The same results have been obtained for 
N = 0.32 [I I]. In the recirculation zone, the flow 
regime is not very sensitive to the Reynolds number, 
thus Sh,/Sh, is nearly constant with increasing &. 
After the reattachment point, there is the re- 
development of the swirl flow; the recirculation zone 
involves a delay to the swirl flow. Thus, for a given 
axial distance located downstream of the re- 
attachment point, the ratio Sh,/Sh, increases with Re 
because the decay of the expansion swirl flow begins 
at a distance x = L,, namely after the decay of the 
pure swirl flow which begins as soon as the fluid enters 
the annulus. It is interesting to note that, for the three 
different mass transfer surface positions, the mass 
transfer in expansion swirl flow is greater than in pure 
swirl flow. 

6.3. ~orre~a~i~n of’ the e.~perim~~tai dutu 
It is established that the swirl flow is redeveloped 

after the reattachment point of the separated flow, so 
that the empirical correlations determined in the pure 
and contraction swirl flows (equations (21) and (22)) 
can be used for the expansion swirl flow downstream 
of the recirculation zone, by replacing the parameter 
L/2e by (L-LL,)/2e. A local study of the expansion 
swirl flow will be necessary to find LR exactly. In 
the first approximation, we have assumed that the 
recirculation zone is essentially located near the lowest 
transfer surface for the two annuli (N = 0.32 and 
0.42), therefore the decaying swirling flow begins at 
the leading edge of the intermediate transfer surface : 
L, = 0.11 m. Applying equation (23) to our exper- 



* Equation 21 for Re < 1000 
and 22 ior Re > 2000 
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F~ti. 18. Comparison between the correlation established 
for pure and contraction swirl flows and experimental data 

obtained in expansion swirl flow. 

imental conditions, we obtained high values of the 
reattachment distance: for Re = 300 and N = 0.42, 
L, = 0.48 m. However, according to the fact that the 
swirl flow is generated by a tangential inlet, the real 
axial reattachment distance travelled by a fluid par- 

ticle is much smaller. Furthermore, Dellenback et al. 
[16] have shown that the peak mass/heat transfer 
moves significantly upstream as swirl strength is 
increased ; for example the peak axial distance is div- 
ided by four when the swirl number varies between 1 

and 0 (pure axial flow). 
The comparison between the experimental and cal- 

culated (with equations (21) and (22)) Sherwood 
numbers is given in Fig. 18. For low Sherwood num- 

bers, or for Rr < 1000, the experimental data are well 
correlated by equation (21). Then, for Re > 2000, 
equation (22) predicts mass transfer coefficients lower 
than the experimental values, namely L, is under- 
estimated by the foregoing value. This result is prob- 
ably due to the discrepancy on the value of LR. which 
depends on the Reynolds number and on the expan- 
sion factor e/4,.. The good agreement between the 

empirical correlations and the experimental data pro- 
ves that the swirl flow is actually redeveloped after the 
recirculation zone. 

7. CONCLUSION 

According to the ratio of tangential inlet diameter 
4, to the annular thickness r, overall wall to liquid 
mass transfer performed in annular geometries pro- 
vided the definition of three different flow regimes : 

(1) the pure swirl flow when &,, = c, 
(2) the contraction swirl flow for e/4, < 1, 
(3) the expansion swirl flow for e/~$(, > 1. 

The first two flows are similar from a mass transfer 
point of view, they can be considered as swirling 
decaying flows. The mass transfer coefficients in the 
pure swirl flow are higher than those attainable in 

and J. Lt.(i~/\h~) 

contraction swirl Row. due to the initial swirl intensity, 
which decreases with decreasing e/cb, 

In the expansion swirl flow, there is a recirculation 
Lone just downstream of the entrance. and then the 
swirl flow is redcvelopcd. The mass transfer is more 

important than the one in the two other types of swirl 
flow. This result confirms that the ratio (‘;~i,~ is the right 
parameter to characterize the initial swirl intensity. 
Moreover. c,‘c/I( also represents the expansion factor, 

which is the main parameter to dcscribo the sudden 
expansion fluid flow. 

For the pure and contraction swirl flows. two gen- 
eral correlations are proposed. for laminar and tur- 
bulent regimes, taking into account the initial swirl 

intensity and the fact that the swirl how decays 
towards the developed axial flow. All the experimental 

data are expressed with a satisfactory accuracy by the 

correlations. The data obtained downstream of the 
recirculation zone in the expansion swirl flow arc also 
well correlated by the proposed empirical corre- 
lations. The expansion swirl flow can be described by 
a recirculation zone, which is related to the sudden 
expansion axial flows features. followed by a pure 

swirling decaying flow. Further local investigations 
should provide information about the expansion swirl 
flows which could be very useful in heat/mass ex- 
changers, due to the significant increase of heat,‘mass 
transfer rates over those found in purely axial Row, 
and even in pure swirl flows. 
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INFLUENCE DES CONDITIONS D’ENTREE SUR LE TRANSFERT DE MATIERE 
DANS LES ECOULEMENTS ANNULAIRES TOURBILLONNAIRES NON 

ENTRETENUS 

Rbumb-Les coefficients de transfert de matitre liquide-paroi ont ete determines exptrimentalement a 
I’aide d’une methode electrochimique dans un tcoulement annulaire tourbillonnaire induit par une entree 
tangentielle. L’etude Porte plus particulitrement sur l’influence du rapport de l’tpaisseur de I’espace 
annulaire e au diamttre de l’entree 4<,. Selon la valeur de ce rapport, trois types d’hydrodynamique 
sont mis en evidence: l’ecoulement tourbillonnaire pur, pour +<, = e, l’tcoulement tourbillonnaire avec 
contraction, pour $J<, > e et I’ecoulement tourbillonnaire avec expansion, pour 4,, < e. Les autres parametres 
de I’etude sont la distance axiale moyenne des surfaces de transfert par rapport a l’entree, pour caracteriser 
la dbcroissance de l’intensite tourbillonnaire, le nombre de Reynolds base sur le diametre hydraulique et 
les facteurs geometriques de l’espace annulaire. Les resultats exptrimentaux, obtenus pour les Ccoulements 
tourbillonnaires laminaire et turbulent, sont correles a partir d’tquations prenant en compte les paramttres 

mention& precedemment. 

EINFLUSS DER EINTRITTSBEDINGUNGEN AUF DEN STOFFUBERGANG IN EINER 
RINGSPALTSTROMUNG MIT ABKLINGENDER VERWIRBELUNG 

Zusammenfassung-Mit Hilfe eines elektrochemischen Verfahrens werden die Stoffiibergangskoeffizienten 
von einer Wand an eine Fhissigkeit experimentell untersucht, und zwar ftir den Fall einer verwirbelten 
Ringspaltstriimung, die durch einen tangentialen EinlaB erzeugt wird. Besonderes Augenmerk wird auf 
den EinfluB des Verhaltnisses aus Dicke e des Ringspaltes und EinlaBdurchmesser 4e gelegt. Abhlngig 
vom Wert dieses Verhaltnisses ergeben sich drei unterschiedliche Strijmungsfonnen: Die reine Wirbel- 
stramung (fur +c = e), eine Striimung mit sich einengenden Wirbeln (fur 4, > e) und eine Strijmung mit 
sich aufweitenden Wirbeln (4, < e). Dariiberhinaus wird der EinfluB der folgenden Parameter untersucht: 
Der mittlere axiale Abstand der stoffiibertragenden Oberflkhen (zur Charakterisierung des Abklingens 
der Verwirbelung), die mit dem hydraulischen Durchmesser gebildete Reynolds-Zahl und die geometrischen 
Kennzahlen des Ringspalts. AbschlieDend werden die Versuchsdaten unter Beriicksichtigung der erwahnten 

Parameter fur laminare und turbulente Wirbelstromungen korrehert. 

BJIHtIHME BXOAHbIX YCJIOBHfi HA MACCOI-IEPEHOC B KOJIbHEBOM 
3AKPYqEHHOM 3ATYXAIOQEM TEgEHMM 

Ammra& HCnonb30BaHBeM 3neKTpoxHMHSecKoro MeTona 3KcnepHhfeHTanbtio w2cnenyloTcn K03@- 

+HqaeHTbr MacconepeHoca OTCT~HKB K xft9~ocm npx Konbueisohs 3aKpyqeHHoM TeqeHwo6pa3yeMoM 

TaHreHqHanbHbw BXO~OM. OCHOBH~~ BHHhfawe ynenneTcn nnsisHsn0 0THoweHHX TonuHHbl Konbue- 

BO~O KaHana e K )JHaMeTpy Bxona 4.. Ha OCHOBe 3HaSeHUR naHHOr0 OTHOuIeHHIi OnpeneneHbi Tpw 

pemHMa Te~eHw:9icro 3aKpyveHHbIti noToK npH I$.= e,cymarowificn 3aKpyveHHblfi noToK npH4, > e 

upac~~~pn~0u&&13aKpy~eHHb1finoToK~r 4, < e.flpyrH~B BccnenyeMblMH napaMeTpaMH Xi3nnwTcK 

cpen~ee ocewe paccronHue Memny noaepxHocrnMH TennooBMeHa, KoTopoe kicnonb3yeTca ann xaparTe- 
PHCTUKH 3aTJ’XaHHK 3aKpyTKH, a TaKme ‘IHCJIO PefiHOnbnCa, OCHOBaHHOe Ha rHApaBJIHWCKOM AHaMeTp 

H reoMeTpwbzcKnx +aKTopax KonbueBoro Kawna. llpenno~esar cooTHoweHHn arm nahniHapHor0 H 

Typ6yneHTHoro 3axpyveHHblx TeveHuii, o6o6mammwe 3KcnepuMeHTanbHbIe naHHbIe C y%ToM BblLueyKa- 

3awibrxnapaMeTpon. 


