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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 ¢, = e, the contraction swirl flow, for
¢. > e and the expansion swirl flow, for ¢, < 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 experimental 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,... [1]. 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, 5].

The objective of the investigation was to determine,

1 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 apparatus

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 (.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 ecxternal
radius R, were used to study the influence of the gap
thickness ¢ = R;— R, and the radius ratio N = R,/R,
(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 1) which
allowed three types of flow structures to be obtained:
(i) the tangential inlet diameter ¢, 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 ¢, is greater than the
thickness e: the resulting flow is called ‘contraction
swirl flow”; (1ii) ¢, s less than ¢ : 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 R, external radius of the inner cylinder

A
C potassium ferricyanide concentration
D ferricyanide ion diffusion coefficient
dy hydraulic diameter. 2¢

e annular gap thickness, R,— R,

ERR mean square error (equation (10))

F Faraday's constant

j A expansion factor, ¢/¢,

F(NY, g(N) functions of the geometrical
parameters of the annulus (equations (4)
and (7))

I limiting diffusional current

k mass transfer coefficient

L.L L, axiallength of the mass transfer
surface

Ly reattachment axial distance

L/2e¢ reduced axial coordinate

N radii ratio of the annular gap, R /R,

n number of electrons involved in the
electrochemical reaction

Q. volume flow rate

R, internal radius of the outer cylinder

Re Reynolds number, Zei/v

S swirl intensity {equation (15))

Sy initial swirl intensity (equation (16))

Sc Schmidt number, v/D

Sh Sherwood number, 2ek/D

Sh,. Sh., Sh, Sh, Sherwood numbers
obtained in fully developed axial flow, in
contraction swirl flow, in expansion
swirl flow and in pure swirl flow

Ty swirl parameter, &y/o

u,w  axial, tangential velocity

i mean axial velocity in the annulus
g mean axial velocity in the inlet duct
X axial distance from the inlet.

Greek symbols
v kinematic viscosity of the electrolyte
o density of the electrolyte
o, diameter of the tangential inlet.

tained at the constant temperature of 30°C, flowed
through a centrifugal pump to the two flowmeters
which allowed the measurement of the volume flow
ratein a range of 0.020-1 m*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 electirolyte was an aque-
ous solution of 2x 107 M potassium ferricyanide,
5% 107* M potassium ferrocyanide and 0.5 M sodium
hydroxide. At 30°C, the physical properties of the
electrolyte are: density p = 1028 kg m~*, kinematic
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Fi1G. 1. General view of the test annular cell.

viscosity v =8.73x 107" m? s~ and diffusion co-

efficient of ferricyanide ions in the clectrolyte
D = 695x107"'"m?s™'. The studied clectrochemical
reaction was the reduction of the ferricyanide ions.
The mass transfer coefficient & was determined under
diffusion controlled conditions on the cathode, thus
k was related to the limiting current 7, by

k =1, J(nFAC). (N

One of the three nickel 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) e=R;~R (m) N=R/R, ¢, (m}
0.0070
0.0090
0.0180 0.0070 0.72 0.0125
0.0347
0.0070

3

0.0105 0.0145 0.42 0.0145
0.0080 0.0170 0.32 0.0070

0.0170
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F1G. 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: ¢, = R,— R, = 0.007,0.0145 and 0.017 m. 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 Re®*; 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

T

TANGENTIAL INLET

F1G. 3. Sketch of the tangential inlet—case of the pure swirl
flow.

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

tion :
L - 0.23 T 0.3
Sh, = 2.50Re®* Sc"’S[Te] [Lﬂ )

where L/2¢ (1.5 < L/2e < 19.3) is the mean non-
dimensional length from the inlet and 0,4/4 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

Sh, = 0.14Re°'8Sc"'3[2£e] AN 3)

Sh,
34
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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-
ameter f(N) is the same geometrical function as the
one used by Ross and Wragg [7] to express the annular
turbulent mass transfer, so

S R 4
T(N) = 157 ) ®

j— ,,,l —‘NZ,,
T 2In(1/N)

with

Q0

(%

4. MASS TRANSFER IN THE CONTRACTION
SWIRL FLOW

The influence of the tangential inlet diameter ¢, was
studied in the annular cell defined by the gap thickness
¢ = 0.007 m. Three tangential inlet diameters were
used : ¢, = 0.009, 0.0125 and 0.0347 m. The value of
¢, was always greater than e, thus the tangential inlet
and the annulus formed a fluid contraction (sce Fig.
5). During the experiments the Reynolds number was
varied between 100 and 5500.

4.1. Influence of the axial position of the mass transfer
section

The Sherwood number is plotted in Fig. 6 for the
three positions of the transfer section and for the
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FiG. 5. Sketch of the tangential inlet—case of the contraction

swirl flow.
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F1G. 6. Mass transfer results of the contraction swirl flow for
N =10.72 and ¢, = 0.0125 m.
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tangential inlet diameter ¢, = 0.0125 m. At a given
Reynolds number, the average mass transfer decreases
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 rcsult of swirl
decay along the flow path [3, 8].

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

Ly
Sh, = 1.0[2g(N) Re Sce]' 3[i ~11J (6)
2 = [

ol _oney 12N 1N
- In (1/N) N
e e )
1+N2— ,l:_—_l_vi
In(1/N)
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, = 0.807Sc"* Re®¢[0.046f (N)]""

23 123
cao[H 5]

where

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

She/Sh,
3.5
] o Re = 500
3.0 A * Re = 1000
_ O Re = 2500
p A Re = 4000
2.5 4
20 ]
1
1.5 -
1.0 1 T T T T T T
0 5 10 15 20
L/2e
Fi16. 7. Axial distribution of Sh/Sh, for N =0.72 and

b, =0.125 m.
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Fi1G. 8. Effect of Reynolds number on Sk /Sh, for N = 0.72
and ¢, = 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/2¢ increases, the values of the
mass transfer coefficient tend to those obtained in
pure axial flow: Sh./Sh, ~ 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 [10].

The effect of Reynolds number on the ratio Sk./Sh,
is shown in Fig. 8, for the inlet diameter ¢, = 0.0125 m.
For Re > 2000, Sh./Sh, 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 Sh./Sh, increases with Re, hence the swirl Sher-
wood number Sk, varies with Re®, with a > 1/3.

4.2. Influence 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 T, defined by the
ratio of the tangential inlet velocity 7,4 to the mean
annular velocity #. In particular, the mass transfer
coeflicients obtained in the pure swirl flow are higher
than those obtained in the contraction swirl flow
(¢.=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 7,4/ 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 Sk to the one obtained in the pure
swirl flow Sh, decreases rapidly when the Reynolds
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F1G. 9. Effect of the tangential inlet diameter on the mass
transfer for N=0.72and 0 < L < 0.1 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 Sh./Sh, 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, = ¢4/, for the swirl parameter,
(c) the Reynolds number.

The different parameters of the correlation are deter-
mined simultaneously by means of multi-linear
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FiG. 10. Influence of the tangential inlet diameter. Re related
to Sh./Sh,for N =0.72and 0 < L < 0.1 m.
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regression. The accuracy of our correlations 1s evalu-
ated with the relative mean square error ERR

| Nep Sh’culcwshlcxp 22
[s ]] o

Nexp i~ 1

where N, is the number of experimental data, Sk

the value of Sk calculated using the correlation and

Sh*P the value of the experimental Sherwood number.
For Re < 1000, we obtained

L —0.11 .
Sh. = 0.99Re"#* s(-”[z ] T3 (10)
4

with an error ERR = 15% for 311 experimental data.
Equation (10) was determined in the following exper-
imental domain: 100 < Re < 1000, 3.6 < L/2e <
193, 1 € T, < 24.6, N=0.72. The comparison of
equations (2) and (10) shows that the swirl decay and
thus the mass transfer decrease is faster in the pure
swirl flow (Sh, o« [L/2¢] "**, equation (2)) than in
the contraction swirl flow (Sh_ oc [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 (10) shows that the
mass transfer is quasi-independent of the swirl
parameter (Shoc T9°'7). Sh. increases with T,
(She oc T3, contrary to the case of the pure swirl
flow (Sh, oc Ty *?*, equation (2)). It seems that the
parameter T, is not sufficient to characterize the initial
swirl intensity.

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

- 0.3y
Sh, = 0.091Re*° S&"[ZJ 't (1)

with ERR = 9.2% and N, = 156. Equation (11) can
be applied for: 2000 < Re < 5900, 3.6 < L/2e < 19.3,
1 < T,<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
[8} in an annulus of 0.0127 m gap thickness and a
0.01905 tangential inlet diameter. The experimental
points of ref. [§] are reported on Fig. 11, and we can
see that those data are well predicted by equation (11).

Equation (11) is also compared with the correlation
of Garcia and Sparrow [4], obtained for turbulent
mass iransfer 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 x/2¢ = 0.5 x 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

Sh = 0.26Re®° Sc'. (12)
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FiG. 11. Mass transfer in contraction swirl flow. Comparison
with the experimental data of ref. [8].

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

Sh = 0.12Re"#* Sc'/3. (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 of 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 [11]. 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 Sk, (or Sh.) tends to the axial Sher-
wood number Sh, when the axial distance 1/2¢
increases. Thus, the chosen correlation has the same
form as the one used by Hay and West [12] for the heat
transfer in swirling pipe flow induced by a rectangular
tangential inlet, therefore

Sh
ol = (1458)

Sh, (14)

where S is the swirl intensity defined by
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RZ
priuwdr
R(

R2
R, j pru’dr

Ry

S= (15)

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
LyF
s-s[2]

The term [L/2¢}, with ¢ < 0, characterizes the swirl
decay, as shown by equations (2) and (3) for the pure
swirl flow and by equations (10) and (11) for the
contraction swirl flow. The term §, represents the
initial swirl intensity ; the definition of S, is different
from T, because this last parameter does not describe
adequately the swirl intensity (see Section 4.3). We
have established that the initial swirl intensity is
related to the mean velocity 5, in the tangential inlet,
therefore we have expressed S, by a Reynolds number
based on 7y

(16)

2eﬁid
So ~

(a7

v
The mean tangential inlet velocity 0,4 is given by

_ 40,
- gl

ﬁid

(18)

Combining equations (17) and (18) yields

40+M [ e
0~W[$§] Re.

Thus, the equation of correlation (14) becomes

Sh 41+N) [ e} LY
s PR G R G e

Parameters a, b, ¢ and d are determined by using the
Rosenbroock algorithm [13] in order to minimize the
error between the calculated Sherwood numbers
(equation (20)) and the experimental Sherwood
numbers.

(19

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 | in both equations.

For Re < 1000, the equation
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FiG. 12. Comparison of prediction equations with exper-
imental results obtained in pure and contraction swirl flows
for 1000 < Re < 2000.

Sh 41+N) (e} P LY
Sha=1+o.5[—~*1_N (@Re] (2?) @n

correlates the 611 experimental points with a good
fitness (ERR = 16%). The experimental domain
corresponding to the correlation is: 100 < Re <
1000, 1.47 < Lj2e < 19.3,0.04 < (e/¢,)* < 1,032 <
N<0.72.

For Re > 2000, the proposed correlation is

Sh 41+N) [ eV 0.18 £ 7 \-0.31
Sha= 1+032[ I—N (a) Ré] (;2;> . (22)

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/2¢ <19.3,0.04 < {e/9)* < 1,032 < N<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 Sk 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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F1G. 13. Sketch of the tangential inlet—case of the expansion
swirl flow.

therefore ¢ = R,~— R, is always higher than ¢, 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. Axial distribution of the mass transfer

Three mean axial positions of the mass transfer
section have been investigated: L = 0.05, 0.16 and
0.27 m. The variation of Sherwood-Reynolds 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
(0.11 £ L £ 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
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FIG. 14. Mass transfer results of the expansion swirl flow for
N =042 and f, = 2.07.
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a maximum, and thereafter decreases toward the fully
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 wall. The
fluid recirculation in swirl flows has been also studied
by Hallet and co-workers [14, 15]. who visualized the
flow downstream of an axisymmetric sudden expan-
sion. The swirl flow 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
/.. 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 3-9.5 times larger than fully developed axial flow
values. The magnitude of the peak mass/heat transfer
is dependent of both Re and f; {5, 14]. In our exper-
imental conditions, the enhancement of the overall
mass transfer is noteworthy, the normalized Sher-
wood number Sh,/Sh, varies between 1.5 and 4.0 (Fig.
15).

6.2. Influence of the geometric factors

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 f. = e/¢, increases, the axial location of
the peak Sherwood number is increased. Analogous
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FiG. 15. Variation of the normalized Sherwood number
Sh,/Sh, with Re for N = 0.42 and f, = 2.07.
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FiG. 16, Mass transfer results of the expansion swirl flow for
N=032and f, =243,

results were obtained in previous studies. The location
of maximum mass/heat transfer occurs upstream of
the flow reattachment point [15, 16], it moves slightly
downstream with increasing expansion factor f; [5,
17]. 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 [18], for flow down-
stream of an abrupt and asymmetric enlargement in
a channel, correlated the reattachment distance Ly by

Ly fi—1
= (0249-0.06267) =

where h is the height of the enlarged channel and
Rey, = iih/v, with Re, < 900. According to this equa-
tion, Lp/h exhibits a strong dependence on Re,. 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. {5] 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 :

Shemen = 0.555¢"(Re £)°%°.

[Ren(fe—DI*77 (23)

(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 flow mass transfer, because equation (24) pre-
dicts the maximum Sherwood number, whereas the
experimental data represents mean measures on mass
transfer surface 0.1 m long. It is also noteworthy that
the peak Sherwood number is significantly higher in
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FiG. 17. Variation of $h,/Sh, with Re for N = 0.72.

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

Figure 17 shows the evolution of the ratio of the
expansion swirl Sherwood number Sk, to the pure
swirl Sherwood number Sh, for N = 0.42. For the
two lowest mass transfer stations, the ratio Sh./Sh, is
quasi-independent of the Reynolds number. Other-
wise, for the highest transfer surface, Sh,/Sh, increases
with Re. The same results have been obtained for
N =032 [11]. In the recirculation zone, the flow
regime is not very sensitive to the Reynolds number,
thus Sh,/Sh, is nearly constant with increasing Re.
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 = Lg, 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. Correlation of the experimental data

1t 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
Lj2e by (L—Lg)/2e. A local study of the expansion
swirl flow will be necessary to find Ly 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-
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FiG. 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,
Ly = 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 er 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 |
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 Re < 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 Lp is under-
estimated by the foregoing value. This result is prob-
ably due to the discrepancy on the value of L, which
depends on the Reynolds number and on the expan-
sion factor e¢/¢.. 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
¢, to the annular thickness e, 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 ¢, = ¢,
(2) the contraction swirl flow for ¢/¢p, < 1,
(3) the expansion swirl flow for ¢/¢p, > 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

P. LEGENTILHOMME and J. LEGRAND

contraction swirl flow, duc to the initial swirl intensity,
which decreases with decreusing ¢/¢, .

In the expansion swirl flow, there is a recirculation
zone just downstream of the entrance, and then the
swirl flow is redeveloped. The mass transfer is more
important than the one in the two other types of swirl
flow. This result confirms that the ratio ¢/¢.. is the right
parameter to characterize the initial swirl intensity.
Moreover, ¢/, also represents the expansion factor,
which is the main parameter to describe the sudden
expansion fluid flow.

For the purc 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 flow 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 cxpansion swirl flow are 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 flow,
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

Résumé—Les coefficients de transfert de matiére liquide-paroi ont été déterminés expérimentalement a
I'aide d’une méthode électrochimique dans un écoulement annulaire tourbillonnaire induit par une entrée
tangentielle. L’étude porte plus particuliérement sur I'influence du rapport de I’épaisseur de I'espace
annulaire e au diameétre de lentrée ¢,. Selon la valeur de ce rapport, trois types d’hydrodynamique
sont mis en évidence: I’écoulement tourbillonnaire pur, pour ¢, = e, I’écoulement tourbillonnaire avec
contraction, pour ¢, > e et I’écoulement tourbillonnaire avec expansion. pour ¢, < e. Les autres parameétres
de I'étude sont la distance axiale moyenne des surfaces de transfert par rapport a 'entrée, pour caractériser
la décroissance de Iintensité tourbillonnaire, le nombre de Reynolds basé sur le diamétre hydraulique et
les facteurs géométriques de I’espace annulaire. Les résultats expérimentaux, obtenus pour les écoulements
tourbillonnaires laminaire et turbulent, sont corrélés a partir d’équations prenant en compte les paramétres
mentionnés précédemment.

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 Fliissigkeit experimentell untersucht, und zwar filir den Fall einer verwirbelten
Ringspaltstrémung, die durch einen tangentialen EinlaB erzeugt wird. Besonderes Augenmerk wird auf
den EinfluB des Verhiltnisses aus Dicke e des Ringspaltes und EinlaBdurchmesser ¢, gelegt. Abhingig
vom Wert dieses Verhiltnisses ergeben sich drei unterschiedliche Strémungsformen: Die reine Wirbel-
stromung (fiir ¢, = ¢), eine Strémung mit sich einengenden Wirbeln (fiir ¢, > ¢) und eine Strémung mit
sich aufweitenden Wirbeln (¢, < e). Dariiberhinaus wird der EinfluB der folgenden Parameter untersucht:
Der mittlere axiale Abstand der stoffiibertragenden Oberflichen (zur Charakterisiecrung des Abklingens
der Verwirbelung), die mit dem hydraulischen Durchmesser gebildete Reynolds-Zah! und die geometrischen
Kennzahlen des Ringspalts. AbschlieBend werden die Versuchsdaten unter Beriicksichtigung der erwéihnten
Parameter fiir laminare und turbulente Wirbelstrémungen korreliert.

BJIMSSHUE BXOJIHBIX YCJIOBU HA MACCOIIEPEHOC B KOJIBLIEBOM
3AKPYYEHHOM 3ATYXAIOHIEM TEYEHUHU

Aumotamus—C HCTIONIb30BAHHEM 3JIEKTPOXHMHYECKOI0 METOA IKCTIEPHMEHTAIILHO HCCNENYIOTCH Koad-
(MUMEHTE MACCOMEPEHOCA OT CTEHKH K XHAKOCTH NPH KOJIBLUEBOM 3aKpYYEHHOM TEHEHUH, 06pasyeMoM
TaHreHUMAIBHBIM BXoAoM. OCHOBHOE BHMMAaHME YIEJACTCH BIMAHMIO OTHOWUCHHS TOJILMHLI KOJbLE-
BOrO KaHaja e K JAMaMeTpy Bxoaa ¢,. Ha ocHOBe 3HaueHHS NAaHHOTO OTHOLIEHHS ONpENENIeHbI TPH
PeXKHMA TEUEHHS | YHCTO 3aKPYUeHHBIH IOTOK NPH ¢, = e, CYXAIOWMACS 3aKPY4EHHBIH IOTOK NPA §, > €
H PaCUIMPSIOLIHACS 3aKPYYEHHbIH NOTOK 115 ¢, < e. JIpyrumn HccielyeMbIMH IAPaMETPAMH SBJIAIOTCS
Cpe/lHee OCEBOE PACCTOAHHE MEXY NIOBEPXHOCTAMH Tem1006MeHa, KOTOPOe HCMOB3YETCH A XapaKTe-
PHCTHKH 3aTyXaHHs 3aKpYTKH, a TaKke 4HCJO PefiHoNBACA, OCHOBAHHOE HA THJIPABIHYECKOM JHAMETPE
H reoMeTpHyeckux (akTopax KosbleBoro kaHana. [TpeanokeHbl COOTHOLIEHHA AJA JIAMHHAPHOTO H
TYpOYJNEHTHOTO 3aKpy4eHHbIX TeueHHii, 06061maloLne IKCIEPUMEHTAIbHBIC JAHHBIE C Y4ETOM BbILIIEyKa-
3aHHbBIX IAPAMETPOB.



