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Steady-state mass transfer between two opposite discs
and a liquid in radial divergent flow
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The paper deals with global and local mass transfer between a liquid and two opposite fixed discs.
The liquid is introduced through a central hole in one of the discs and flows radially. The mass
transfer coefficients, measured by the electrochemical method, are empirically correlated. The cor-
relations are compared with corresponding empirical correlations from the literature. Local mea-
surements using microelectrodes allowed to determine the evolution of the local mass transfer
coefficients over each disc as a function of the geometrical parameters, particularly the gap between

the discs.
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List of symbols

C concentration (molm™)

D molecular diffusion coefficient of
ferricyanide ions (m?s™")

fl2) dimensionless function representing the
velocity profile

h half distance between the discs, or between
the plates (m)

Iy limiting diffusion current (A)

kq average mass transfer coefficient (ms™")

kq(r) local mass transfer coefficient (ms™")

(kq); average mass transfer coefficient at disc Dy
(ms™")

(ka)s average mass transfer coefficient at disc Dg
(ms™)

L length of a plate in a rectangular channel
flow (m)

0O, volumetric flow rate (m’s™")

r radial coordinate (m)

R, radius of the central hole in disc Dy (m)

1. Introduction

Radial flow between stationary discs has been studied
by different authors [1-8]. The fluid is generally in-
troduced axially through one disc and flows radially
between the discs; this type of flow is divergent. In
industrial electrochemistry, divergent radial flow be-
tween discs is applied in the ‘pump cell’ proposed for
electroorganic applications [9, 10]. In such a cell, the
flow is normally generated by the rotation of one
disc, but forced flow without rotation has also been
considered [11, 12]. Studies related to hydrodynamic

R] radius of the entrance region at disc Dy (m)
R, external radius of the discs (m)

Re Reynolds number (= Q,/(2hv))

Re’ Reynolds number in Equation 8 (=024/v)
channel Reynolds number at r (= Q,/(47mhv))
Sc Schmidt number (= v/D)

Sh Sherwood number based on 2/ (=ky 2h/D)

v mean velocity (ms™')
X reduced variable, given by Equation 2
X5 overall reduced variable, given by Equation 6

Greek symbols

v kinematic viscosity (m*s™")

P density (kgm™)

Subscripts

I lower disc

S upper disc

int. from spatial integration of the distribution
meas. average value from the total current

and heat transfer aspects in such configurations have
also been made [13-18].

An experimental study of solid to liquid mass
transfer in forced-flow systems consisting of rotating or
fixed discs placed between annular, axially set discsin a
cylindrical container, was undertaken [19]. Radial flow
is successively divergent and convergent between pairs
of discs. The program has been initiated by the study
of mass transfer to two parallel discs, one rotating,
the other stationary, located in a closed cylinder [20].

The present work deals with global and local mass
transfer to the opposite discs in the presence of radial
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divergent liquid flow. There is a similarity between
this work and the study of mass transfer between a
solid surface and a submerged liquid jet [21, 22].

2. Hydrodynamics and mass transfer
in radial flow between discs

The hydrodynamics of the radial flow between two
discs has been theoretically and experimentally
studied [1-8, 23]. A characteristic of such a flow is
that the mean velocity decreases with the radial co-
ordinate. The case where the flow is laminar at the
centre, and remaining laminar with r increasing, has
been treated theoretically [2]. Flow turbulent at small
values of r, may become laminar due to reverse
transition at a critical coordinate r = r. [2, 15, 16].
Important contributions from two research groups
are summarized below.

2.1. Results of Kreith

Kreith [15, 16] made theoretical and experimental
heat and mass transfer studies.

2.1.1. Laminar flow. Kreith’s results for heat transfer
in symmetrical laminar flow can be adapted to wall-
to-liquid mass transfer in the same type of flow, thus
leading to the following differential equation:

0°C 10C
—— = Rey, - 1
572 em Sc f(2) - (1)
where
Re — g;h r — QV
m v dmhy

is the channel Reynolds number. Equation 1 neglects
radial diffusional transport with respect to transversal
diffusional transport.

Equation 1 contains the product of the dimen-
sionless numbers Re,, and Sc. Its dimensional ho-
mogeneity is satisfied if the dimensionless ratio
2h*/(r* — R3) is associated to Re,, and Sc via a di-
mensionless product:

2h?

X = Rep Sc IR (2)
where the reduced variable X was introduced by
Kreith as a key variable in the development made for
creeping flow considerations [16].

Kreith’s theoretical solutions can be expressed in
terms of radial distributions of the local mass transfer
coefficients, kq(r), as follows:

() parabolic velocity profile:

D& 5 -1/3
ka(r) = EZ 8.36 (4n + §>
n=0

H@g)}] 5

(i1) uniform velocity profile:

ka(r) :%i2 exp{—((Zn—i— l)g)z)l(} (4)
n=0

Spatial integration of Equations 3 and 4 between
r = Ry and r = R, yields the mean mass transfer
coefficient k4 and the Sherwood number, Sh =
kq(2h)/D, as a function of the overall reduced vari-
able:

2Rey, Sc h?
e ] 5
2 R% — R% ( )

These two theoretical solutions, tested experimentally
by Kreith for both mass and heat transfer, tend to:

2
Sh2X22{2 Rim Sczh } (©)
Ry — Ry

when X, tends to zero. This limiting solution was
verified experimentally by Kreith [15] for heat trans-
fer in air, and using Thomas’ data [17] for water.
Equation 6 applies for X, < 0.6. Beyond this value,
and if the flow is laminar, the data seem to agree
better with the solution corresponding to a parabolic
velocity profile.

No physical meaning of X, was given by Kreith.

This parameter can be expressed as follows:
h2

X:—,
27 D,

(7)
where 7 is the mean residence time in the cell, and
Equation 7 allows Equation 6 to be reduced to
kg = h/t;. Note that Equation 6 shows a variation of
Sh with Sc, and not with Sc'/? as for convective mass
transport through laminar boundary layers.

Equation 6 can be compared with the theoretical
solution corresponding to wall-to-liquid mass trans-
fer in laminar flow between two wide parallel flat
plates of length L and separation 24. For fully de-
veloped boundary layer flow, the integration of a
differential equation analogous to Equation 1 leads to
the well known Leveque equation [25]:

Sh = 1.85(Re’ Sc 2h/L)"> (8)

where Re’ is a channel Reynolds number. However,
when the diffusional mass transport takes place with
a uniform velocity profile, the solution of the problem
becomes [25]:

A 2 1/2

Sh = —75 (Re Sc 2h/L) / (9)
Note the similarity between X, and the reduced
variable Re” x Sc¢ x 2h/L, and the difference between
the numerical values of its exponent in Equations 8
and 9.

2.1.2. Turbulent flow. Using experimental data of
naphtalene dissolution in air (S¢ = 2.4), Kreith [15]
obtained, for a turbulent flow between the discs:

2Re,, Sc h?

0.8
Sh0.565{ KK } =Xx*® (10)



STEADY-STATE MASS TRANSFER

1421

in which R; is the radius of the circular surface de-
limited around the centre of the disc receiving the
entering flow. Curiously, Kreith did not introduce the
one third power of Sc in its empirical correlation for
mass transfer, until its transposition to heat transfer
via the Chilton—Colburn analogy.

2.2. Results of Jansson et al.

Some of Jansson’s experimental work in the devel-
opment of the pump cell [26, 27] may be used for
comparison with the results of the present work. The
radial flow shown in Fig. 1(a) and (b) is divergent and
free at the periphery, while that in Fig. 1(c) is suc-
cessively divergent and convergent in a closed cell,
that is, with a wall effect existing near the periphery
of the discs. The mean mass transfer coefficient, l_cd’
between the flowing liquid and discs A and B, re-
spectively, or discs A” and B’ taken as a whole (A” and
B’ were electrically connected, thus neglecting possi-
ble differences in the hydrodynamics near A” and B’),
was measured electrochemically. Radial distributions
of the local mass transfer coefficient determined over
surface A for several distances 24 show the attenua-
tion of the entrance flow effect with decreasing 2.
According to Ghoroghchian [26], mass transfer is
stronger in divergent radial flow than in convergent
radial flow.

2.3. Graphical representation of literature data

Table 1 contains empirical correlations found in the
literature or established by the authors from pub-
lished results. They express Sk as a function of X,
and Sh x Sc™'/3 as a function of X»/Sc, for global
mass transfer between a fluid in radial divergent flow
and the two opposite discs [11, 26, 27]. Other results
of Jansson concerned with radial convergent flow [26]
or radial flow consecutively divergent and convergent
[26, 27] (Fig. 1(c)), were empirically correlated by the
authors. It is worth noting in Table 1 that the flow
was laterally confined in the experiments of Jansson

Upper Disc Ds

Lower Disc D,

) (c)

Fig. 1. Radial flows between two parallel discs. (a) Divergent
(outflow) single; (b) divergent double outflow; (c) divergent/con-
vergent (outflow/inflow).

while there was no lateral confinement in the experi-
ments of Kreith.

In establishing the correlations from the data of
Jansson [11, 26, 27], it was assumed that the experi-
ments were made at 30°C and that Sc = 840 (the
value of the temperature was not indicated by
Jansson et al. who used 0.1 M NaOH and only stated
that Sc was about 800). Taking for the viscosity the
value of the water viscosity at 30°C and the corre-
sponding value of 9.4 x 107'°m?s™" at 30°C of the
molecular diffusion coefficient of ferricyanide ions in
aqueous NaOH solutions [28], a value of S¢ = 840 is
obtained.

The group of Jansson determined solid-to-liquid
mass transfer coefficients by means of the electro-
chemical method (reduction of ferricyanide in aque-
ous NaOH), while Kreith measured solid to gas mass
transfer coefficients using the dissolution of napht-
alene in air.

Figure 2(a) compares the correlations of Table 1
in the form of the variation of Sk against X>. The two
clearly distinguishable families of curves correspond
to the works of Kreith and Jansson et al., respec-
tively, that is, to Sc = 2.4 in the former and
Sc = 840 in the latter. Figure 2(b) compares the
empirical correlations as Sh x Sc~!/3 against X»/Sc.
In Fig. 2(b) all the published results are in satisfac-
tory agreement, indicating that Sk against X, is not
an acceptable representation. In other words, the
influence of Sc¢ (or Pr) has to be considered as Sc'/?
(or Pr'3).

3. Experimental details

The two discs of the cell were arranged as in Fig. 1(a),
thus minimizing the end effects at their periphery.
This cell is part of a set-up made of Altuglas, previ-
ously used in research on the impingement of liquid
jets on a solid surface [21, 22]. The set-up (Fig. 3) is
essentially composed of two main parts: (a) a cylin-
drical (internal diameter 185mm) part, E, with a
lateral exit at its top; its base supports a 60 mm di-
ameter cylinder, F. A cylindrical piece, G, made of
Altuglas (dia. 110 mm) in which a nickel disc (Dy; dia.
2R, = 90mm) is inserted, is held at its top; (b) a
cylinder made of Altuglas, H, externally screwed, can
be moved vertically through the cover of E. A
110 mm diameter support at the basis of this cylinder
holds a nickel disc Dg (thickness 3mm; dia.
2R, = 90mm) with active lower face and perforated
at its centre (cylindrical hole diameter 2R; = 6; 10 or
14mm). The verticality of the system is ensured by a
perforated disc J made of Altuglas, which can be
moved by screwing it along H.

The liquid is circulated by a centrifugal pump and
enters the cell at the top. The velocity profile just
before the perforated disc Dg is made uniform with a
cylindrical pad of stainless steel wire working as a
calming section; however, owing to the reduced
thickness (3 mm) of Dg, a small vena contracta effect
is generated at the entrance. The liquid flowrate, Q,
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Fig. 2. Comparison of the empirical correlations in Table 1. Sources: (1, 2) Kreith [15, 16]; (3) Bakke er al. [5]; (4, 5) Ashworth and Jansson
[11]; (6) Jansson and Marshall [27]; (7, 8) Ghoroghchian ef al. [26]; (9) Jansson and Marshall [27]; (10) Ghoroghchian et al. [26].

was measured with rotameters, and it varied between
15 and 470dm’h™".

The two nickel discs were used as electrodes in the
determination of the mass transfer coefficient. In this,
now classical, method [28], Fe(CN);™ ions contained
in a mixture of Fe(CN);~ 0.005M and Fe(CN)¢~
0.05m in a 0.5M aqueous solution of NaOH are re-
duced. A nickel wire located approximately at the
same level as D; and Dg, but outside the channel
defined by these discs, acts as a redox reference
electrode. When Dg is used as the working electrode
(i.e., cathode), D; serves the counter-clectrode (i.e.,
anode), and vice versa. The concentration of the
Fe(CN);~ ions was determined amperometrically by
adding cobalt salt to an ammonium media and using
a rotating disc platinum electrode.

The liquid temperature was maintained at 30 °C by
controlled heating of the reservoir. At this temperature,
the electrolyte properties are v = 0.94x 10" °m?s™",
p = 1050kgm™ and D = 8.8x107'""m?s™"; thus
Sc = v/D = 1070.

Two sets of measurements were made. In the first
set, global measurements dealing with entire surface
areas of Dy and Dg served for the determination of

Entrance

Calming section I_T

) Exit
g—| —1
Dy I
{Lower disc)
Reference
{nickel wire]
G—T]
Ds
F (Upper disc)
gl ]

Fig. 3. Schematic view of the cell used.

the mean mass transfer coefficient ky at each disc
under given geometrical and hydrodynamical condi-
tions. The experimental variables were Ry, & and Q.
In the second set, local measurements were made by
using 400 um diameter nickel wires as microelectrodes
inserted into 600 um diameter cylindrical holes and
held in place with Araldite. The microelectrodes were
located radially in each disc (18 microelectrodes for
Dy; 21 microelectrodes for Dg). The distribution,
kq(r), of the local mass transfer coefficients on each
disc was obtained. The measurements were restricted
to 2R; = 6mm; thus the variables were only #
and Q,.

The active surfaces of discs Dy and Dg, including
the microelectrodes, were mechanically polished
down to a roughness of 0.25 um and were activated
prior to each experiment by short contact (30s) with a
50% aqueous solution of HCI, followed by rinsing.

The limiting diffusion current, /1, was measured
with a classical three-electrode potentiostatic circuit
using a Tacussel-PRT potentiostat linked to a
Tacussel Pilovit-Num pilot unit. The current—time
(i.e., the current—potential) curves were registered
with a Sefram-Servotrace register. When local mea-
surements were made at a given disc, limiting currents
corresponding to the whole cathodic surface and to
each microelectrode were measured under the same
experimental conditions, thus leading to kg and kq(r),
respectively. The numerical values of kq and kq(r)
were computed from 7.

4. Results
4.1. Average mass transfer
Figure 4 presents the experimental variations of /i as

a function of Q,, for the two discs Dy and Dg, and at
different geometrical conditions. It can be observed
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Fig. 4. Variation of the limiting current /i to discs Dy and Dg with Q,. (a) for 2R; = 14mm and 22 = 2 (V, ¥) or 6mm (O, @); (b) for

2R, = 14mm and 2 = 0.76 (A, A) or 2mm (V, ¥); (c) for 21 = 2mm and 2R,

symbols); upper disc (filled symbols).

that: (i) at a given flow-rate, when the other param-
eters are constant, mass transfer is higher at disc Dy
than at disc Dg. This is due to the fact that Dy is
impinged by the entering flow. However, the devia-
tion between the results related to D; and Dg de-
creases when /i decreases (Fig. 4(a) and (b)) (i.e.,
when the mean radial velocity is increased, O, being
constant), or when the entrance diameter 2R,
(Fig. 4(c)) (i.e., the size of the entrance impingement
region) is decreased; and (ii) as / is reduced to a small
value, the space between Dy and Dg tends to behave
as a capillary, with a resulting increase in the pressure
drop: the radial flow effect is made smaller, and the
radial velocity profile is more uniform.

The double logarithmic plot of Fig. 5 shows, for
disc Dy and 2R, = 14mm, the influence of / on the
variation of Sk with Re. As / is increased, the slope of
the straight lines obtained also increases but tends to
stabilize: the Re exponent progressively changes from

10 (O, W) or 14mm (V, V). Key: lower disc (open

approximately 0.5 to 0.7. Furthermore, all the other
parameters being constant, the hydrodynamics be-
tween the discs changes with /4, and this explains the
variation of S with Re. Indeed, in the absence of an
impingement entrance region, it is evident (Fig. 6)
that: (i) at small & values, the radial velocity profile
can be uniform, parabolic or approximately para-
bolic, with a mean velocity which decreases with r.
Hence, the hydrodynamic situation near Dy and Dg
may be similar; and (ii) at high /& values, the system
tends to be similar to that in which a submerged jet
impinges a solid surface; there is, therefore, a minimal
influence of disc Dg on the flow structure, while a
boundary layer flow takes place on disc Dy. For mass
transfer to Dg the effect of Re is as Re%> at small &
values, but the Re exponent does not vary consis-
tently when / is increased.

If Equation 1 did not apply, the dimensionless
number X, could not be deduced and dimensional
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analysis would be necessary. Such an analysis leads to
the following empirical correlation:

_ R19T 20 ¢
Sh=a Re’ Sc¢° | —
ane C[RJ {Rz—Rl]

(1)

but, since the empirical determination of its expo-
nents yields e = 0.05 and 0.08 for discs Dy and Dsg,
respectively, the influence of 24/(R, — Ry) can be ne-
glected. Finally, if ¢ = 1/3, Equation 11 takes the
form of the equation describing mass transfer be-
tween a planar solid surface and a liquid jet from a
circular hole of diameter 2R;.

Another form of empirical correlation may be
formulated:

< 2Ren * ”
Sh = constant x Scl/3{%} (12)
Ry — Ry

il
() = H H

]

(b)

1

AN
s

il

)
«© i

Stagnation region wall jet region

Fig. 6. Schematic evolution with 2/ of radial flow between the
discs.

0% 10

Q, / (2hp)

14mm. Key for 24: (O) 8, (V) 6, (V) 4, (®) 2 and (O) 0.76 mm.

that is, similarly to that used for the construction of
Fig. 2(b). Representations of the data for discs Dy
and Dg, respectively, were made in [19] accordingly to
Equation 12. The empirical correlations obtained
according to Equations 11 and 12 are given in Ta-
ble 2. The Reynolds number exponent is not the same
in the correlations related to disc Dy, while the weight
given to s and to R is approximately the same for a
given disc, irrespective of the correlation.

4.2. Local mass transfer

The local measurements were restricted to
2R, = 6mm;2h = 0.7,20r8mm; Q, = 40dm>h™"
for 2h = 2mm, that is, at Re, = 840;

0, = 150 dm?h™! for the three values of 2/, that s, at

Re,, = 10000; 3500 and 880, respectively. Fig-

ure 7(a), (b) and (c) shows, for three values of 4, the

distributions kq(r) obtained at Q, = 150dm>h™';

Fig. 7(b) and (d) shows the influence of this parameter.
It can be observed that:

(i) Near r = 0, there exists on disc Dy a zone where
kq shows two maxima. In spite of the lack of
precision, the radial position of the second
maximum could delimit an entrance region of
diameter 2R, different from 2R;. The values
R} = 6, 9.5 and 13.5mm indicate that the size
of this region depends on /.

At2h = 0.7 and 2mm, and outside the entrance
region (r=R)), the experimental distributions
kq(r) are practically identical. This finding con-
firms that the hydrodynamics are approximately
the same near both discs when / is small, as
anticipated from the discussion of Fig. 5.

(i)
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Table 2. Empirical correlations obtained in the present work for discs Dy and Dg
Disc Correlation as Expression 11 Correlation as Expression 12
_ 13 _ N 0.5
Upper Sh = 0.36 Re"3sc /(1) Sh = 3.26Sc\/? (Ren )
Ds (r=0.97) (r=098) " '
VA 05q.1/3 ()" 1/3 (2Ren
Lower Sh = 049 Re"35c!/3 (1) Sh= 2 76 5c1/? (2 )
D, (r=0.97) (r=098) "

Validity 550 < Re < 7 x 10* and 0.14 < h/R; < 0.8

(ii1)) When £ is increased (Fig. 7(c)), the experimental
distributions k4(r) are distinct, as anticipated in
Fig. 6(c).

(iv) At 2h = 2mm, and in spite of the difficulty of
interpreting a few points in Fig. 7(d), the two
values of Re,, lead approximately to the same
qualitative results.

Theoretical k4(r) distributions given by Equations 3
and 4, corresponding to laminar flow, are plotted in
the four schemes of Fig. 7; they were calculated at
positions between r = R} and r = R, (external ra-
dius). It is clear that distribution (3) (parabolic pro-
file) is in satisfactory agreement with the experimental
data considering that the hydrodynamics are the
same near both discs at radial distances higher than
Rj.

The mean mass transfer coefficients, computed
from the measured overall limiting currents at the
full cathodes D; or Dg, may be compared to the
corresponding mean values [(kq)li,, or [(kas)]in Te-
sulting from the spatial integration of the experi-
mental ky(r) distributions. It can be seen that the

30
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Fig. 7. Experimental k4(r) distributions. (a, b, ¢) at 9, = 150dm>*h™!

numerical values of the [kg],,.. / [k, ratio are near
unity, except when the kq(r) distribution shows dis-
continuities which render the integration inaccurate;
under such conditions, the ratio differs considerably
from unity.

5. Discussion of the results
5.1. Comparison with the literature

5.1.1. Lower disc D;. The results of Kreith [13] for air-
to-solid mean mass transfer were used for compari-
son; in the experiments made in [13], the active region
was essentially the domain r>R;, while the im-
pingement region r < R;, where the mass transfer
coefficient reaches high values [29], was made inac-
tive. Figure 8(a) compares theoretical and empirical
correlations from [13] with the current experimental
results. The latter are somewhat higher, possibly be-
cause the impingement region over disc Dy was active
in the authors’ experiments. It is worth noting that
the method used by Kreith (dissolution in air) is
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and three values of H; (d) at Q, = 40dm*h™" and 24 = 2mm. The

ratio (]}d)mcas. / (/;d)m; (a) 1.03 (lower), 1.35 (upper); (b) 0.87 (lower), 1.10 (upper); (c) 0.97 (lower), 1 (upper); (d) 0.80 (lower), 0.89 (upper).

Key: (O) lower disc, (@) upper disc.
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probably less precise than the electrochemical

method.

5.1.2. Upper disc Ds. To our knowledge, only the
results of Jansson are relevant for comparison. The
four corresponding correlations, given in Table 1, are
compared in Fig. 8(b) to the current results. The
agreement is satisfactory, in spite of a noticeable
disagreement with one correlation arising from [11].
All the results shown in Fig. 8(b) were electrochemi-
cally obtained and corrrespond to wall-to-liquid mass
transfer. The fact that in the work of Ghoroghchian
et al. [26] kq at disc Dg had a value which is inter-
mediate between the cases of divergent and conver-
gent flows (cell of Fig. 1(c)) is not discerned in
Fig. 8(b).

5.2. Discussion

As demonstrated by local measurements, two differ-
ent flow regions may be distinguished over disc Dy:

(i) The central region around the impingement
point, which can be compared to the impinge-
ment region over a wall impinged by a jet in an
unconfined system. A theoretical mass transfer
study of the latter was made by Chin and Tsang
[30]; following the nomenclature of the present
work, the expression obtained by these authors
may be written as

(13)

The radial flow parallel to the disc region, with a
mean velocity decreasing progressively with r.
This can be compared to a region created by
boundary layer flow over a flat plate or to the
wall jet region below an impinging jet. In
the former case, kg would vary with Re®> [31],
while in the latter case kg would vary with Re® ">

Sh = 1.26 Re™ S¢'/3 (h/Ry) "
(i1)

[32]. Such considerations were also made by
Bensmaili [33] in the analysis of mass transfer
coefficients between a mercury surface and an
impinging liquid jet. If comparison with only the
boundary layer flow is considered, as a first ap-
proximation, integration between r = R; and
r = R, of the local mass transfer expression
established for the laminar boundary layer the-
ory yields:

- 2h R>
Sh~0.14Re'? S | ——|In |=2| (14
O R —r] R (14)

Comparing Equations 13 and 14 to the authors’
experimental data corresponding to 2R; = 14mm
(Fig. 9), one may observe that: (i) at 24 = 8 mm, the
results are located between results predicted by the
boundary layer theory at low Re, and the solution
corresponding to the stagnation point, towards which
the results tend at high values of Re; and (i) at
2h = 0.7mm, a value for which the mean radial ve-
locity in the channel is high, overall mass transfer is
approximately the same for the two discs and is suf-
ficiently well described by laminar boundary layer
theory. However, the mass transfer is somewhat
higher at disc D; than at disc Ds. Fig. 7(a) indicates
agreement between the theoretical distribution ob-
tained by Kreith in the case of a laminar flow with a
parabolic velocity profile and local mass transfer
data.
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