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Abstract—Localmass transfer ratesaround a turbulence promoterinachannel having the geometry of zigzag-
type or cavity-type characterized by the location of promoters have been measured by the limiting current

technique.

The experimental results showed that turbulence promoters are effective in breaking the concentration
boundary layer and thus increasing the mass transfer rate. In the present experiment the Reynolds numbers
were varied from 1010 200 for the different aspect ratios of 3.5, 5and 7. The experimentally obtained Sherwood
numbers were compared with those numerically obtained by Kang and Chang. As a result, they were found to

be in agreement to within an error of 20%.

NOMENCLATURE
AR, aspect ratio, L/H;
Co, bulk concentration;

D, diffusivity;

F, Faraday’s constant (96487 C equiv™1!);

H, channel height;

limiting current density;

k,  mass transfer coefficient;

L, distance between the centers of successive
promoters;

*Péclet number, U, H/D;
Reynolds number, U, Hp/u;

Sc, Schmidt number, u/pD;

Sh, Sherwood number, kH/D;

U,,, mean velocity of flow in the channel;

z, number of electrons exchanged during elec-

trode reaction.

Greek symbols
I, viscosity;
p,  density of fluid.

1. INTRODUCTION

IN ORDER to promote mass transfer between a fluid and
a solid it is necessary to fully understand the nature of
the governing boundary layers. Usually the solute
concentration remains very low or nearly zero at the
solid or membrane surfaces where rapid depletion of
solute takes place owing to chemical reaction or
membrane transport. In this case the solute transport
from the bulk fluid to the solid surfaces becomes rate
limiting.

When the fluid enters the mass transfer region in a
channel, the diffusion layer begins to grow, where the
solute concentration varies from that of the bulk fluid
to that on the surface. As a result, the mass transfer to
the surface is gradually retarded along the fluid path.
One method of increasing the mass transfer rate insuch
asituation is to interrupt the continuous growth of the
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diffusion layer near the wall by placing turbulence
promoters in the channel.

Spacers used for electrodialysis and in artificial
kidneys play the role of turbulence promoter as well as
being spacers and supports on the membranes. The
spacers for electrodialysis are generally classified into
two types. One is known as the tortuous path type and
the other utilizes the principle of sheet flow [1]. To
investigate the enhanced mass transfer effect of spacers
for electrodialysis, Solan et al. [2] proposed the
analytical mesh step model and Kang and Chang [3]
numerically analyzed the hydrodynamic performance
of the zigzag-type and cavity-type spacers, charac-
terized by the location of the promoters. Experimental
criteria to evaluate the hydrodynamic performance of
industrial electrodialysis spacers were also provided
(4] and their influence on the product cost was
investigated [5, 6]. In addition, in connection with
electrodialysis, mass transfer studies around the
attached [7] and detached [8] cylindrical promoter
were also carried out.

In most cases when turbulence promoters are used,
mass transfer is augmented by recirculating flow
formed before or behind the promoters. Recirculating
flows are also formed in the flows over a semi-
cylindrical hollow [9] and near an entry of abrupt
expansion [10~12], which all result in the increase of
mass transfer. All these studies employed the limiting
current technique in common in measuring the local
mass transfer rates and lacked rigorous theoretical
analyses. Therefore the present study aims at
experimentally confirming the results of the numerical
analysis performed in our laboratory [3] by varying the
Reynolds numbers and the aspect ratio of the zigzag- or
cavity-type promoters.

2. EXPERIMENTAL TECHNIQUE

The limiting current technique is widely used in
recent years for heat and mass transfer study, which
measures a current density at a cathode where the
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reduction of ferricyanide ion takes place. The
advantage of the limiting current technique over the
formerly used metal deposition or solid dissolution
method is that the surface where mass transfer occurs is
not physically changed and the steady state electrode
potential can be attained much faster than in the metal
deposition reaction. This enables us to make
instantaneous measurements. Besides, local mass
transfer rate can be measured with tiny electrodes. The
details of the limiting current technique may be found
elsewhcre[13—18].Fromthecurrentmeagurementsthc
mass transfer coefficient, k, is given by

k = iy,./2zFC,. 1)

The dimensionless mass transfer rate, the Sherwood
number can be expressed as

Sh = kH/D = i, ,H/zFC4D Q)

where H is a characteristic length and represents the
channel height in this system.

3. APPARATUS

3.1. The flow circuit

The schematic diagrams of the model promoters and
the flow circuit used in the present study are given in
Figs. 1 and 2, respectively. The electrolyte was pumped
through a flow damper, gas trap and finally into a test
cell. The flow damper attenuates the pulsation
generated by a pump and prevents gas bubbles from
entering the test cell. The plastic net placed at the
triangular entry section of the test cell provided
uniform flow of the electrolyte. The upper and lower
plates of the test cell were made of 1 cm thick lucite plate.
A cathode package was installed in the upper plate and
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F1G. 1. Modelled systems for turbulence promoters.

ananode in the lower plate. Two rubber sheets of 3 mm
thickness, parts of which were cut out to provide a flow
path, were overlapped to play the role of the cavity-type
or zigzag-type promoters. Since the flow patterns
characterizing the system are developed immediately
after a few stages of promoters, the cathodes were
placed at the third and the seventh stages for those with
the aspect ratio of 7 and 3.5, respectively. The
rectangular cross-section of the test cell was 80 mm
wide and 6 mm high, and thus the flow could be
assumed as two-dimensional. The upper and lower
plates of the test cell were made easily interchangeable.
The supporting steel plates were attached on both sides
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FiG. 2. Schematic arrangement of experimental equipment.



Mass transfer around a turbulence promoter

of the test section to ensure uniform distribution of
tension over the entire arca. Flow rate was measured by
a rotameter (model B362, Roger Gilmont Instruments,
Great Neck, NY). Thesolution collected in the tank was
pumped back through a Tygon tubing to a test cell by
a controllable gear pump (model 12-41-316, Micro-
pump, Concord, CA).

3.2. The electrodes

All electrodes were made of nickel strips which were_
sandwiched to form a cathode package. Copper wires
were silver-soldered to each of the electrodes.

Mica, having the same dimensions as the electrodes,
was inserted between the adjacent electrodes to ensure
electrical isolation and fixed together with epoxy resin.
Consequently the cathodes and the mica form an
alternating pattern of an electrically active region
followed by an inert region. In this study the ratio of
length of the active region (cathode) to that of the inert
region (mica) in the flow direction was 4.2. A large
rectangular anode, 50 mm long and 60 mm wide, was
mounted at the downstream end of the lower plate.

Since the surface condition of the electrode has a
significant influence on the limiting current, the
electrode surface was polished with fine emery paper to
remove any oxide film. This was followed by washing
with detergent and carbon tetrachloride to remove the
oil film. To activate the electrodes, cathodic treatment
[14, 16] was performed by placing the electrodesin2 M
NaOH solution and applying a negative potential for
4-5 min. The same cathode package was used
throughout the experiment.

3.3. Current measurement

The simplified circuit is shown in Fig. 3. Potential
was not applied to the electrode shadowed by the
promoter to satisfy the boundary condition depicted in
Fig. 1. A switch box was made to measure current from
a single strip without being influenced by other strips.
The currents were measured using a digital multimeter
(Model 619, Keithley, Cleveland, OH) and the supply
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Table . Properties of electrolyticsolutioncomposed of 0.01 M
K3Fe(CN),, 0.01 M K, Fe(CN)g and 1.0 M NaOH

Measured From literaturet
Density 1044 gem™3  1.0426gem™3
Viscosity 1.1004 cp 1.1021 cp

Diffusivity} 6.37 x 107 ¢cm?s™!

1 Ref. [23].
1 Diffusivity of ferricyanide ion.

voltage was measured at the probe of a power supply
(Model 6214A, Hewlett Packard, Loveland, CO) by a
digital multimeter (Model 160B, Keithley). When the
currents fiuctuated, they were made to pass through a
4,79 ohmresistorand the voltage across the resistor was
recorded by a dual-pen chart-recorder.

3.4. Electrolytic solution

The electrolytic solution used in the present study
consisted of the following mixture: 001 ‘M of
K;Fe(CN),, 0.01 M of K;Fe(CN)g and 1.0 M of NaOH.
Because the limiting current measured is directly
proportional to the bulk concentration of ferricyanide
ion, it is important to know this concentration
precisely. The concentrations were checked periodi-
cally using an iodometric method [19] for ferricyanide
and permanganate titration [20] for ferrocyanide.
Decomposition of ferrocyanide proceeds in the light
even without oxygen to form aquopentacyanide [21].
This reaction contaminates the solution as well as
deactivating the electrode surface. To remove this
effect, the tank was painted on the surface to avoid
direct exposure to the ultraviolet light and Tygon
tubings were shielded with aluminum foil. Since the
presence of dissolved oxygenin the electrolytic solution
had an adverse effect upon the electrochemical reaction
[22], nitrogen was bubbled through the solution for 2 h
at 51 min~! before measurement and at 2 1 min~!
throughout all the runs to eliminate dissolved oxygen.

As the properties of the solution, particularly the
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diffusivity of the electrolyte, arc dependent on the
temperature, the temperature of the solution was
maintained at 25+0.3°C by circulating water to the
solution tank. In addition to this, temperature was also
checked in the flow damper before the solution enters
the test cell. The density of the sample solution was
measured using a hydrometer and the viscosity using
a Ubbelohde pipette. The properties of the electrolyte
using semi-empirical equations are well summarized in
the ref. [23] (see Table 1). ’

4. RESULTS AND DISCUSSION

4.1, Comparison of zigzag-type and cavity-type
promoter

Polarization curves similar to Fig. 4 were obtained
from the experiment. The limiting current plateau
always appeared at Reynolds numbers below 200, but
at Reynolds numbers above 300the current often began
to fluctuate.

The experimental local Sherwood numbers in the
first stage and the second stage of each geometry are
presented in Fig. 5 in order that the performance
characteristics of the zigzag-type and cavity-type
promoter may be compared. Throughout the study, a
lower wall for a zigzag-type promoter means a region
behind a promoter and upper wall before a promoter,
while a lower wall for a cavity-type promoter referstoa
region where promoters are installed and upper wall
refers to a wall without promoters.

In the presence of a turbulence promoter,
recirculating flows are formed in front of and behind a
promoter, the shear rate at the wall increases and the
concentration boundary layers are broken periodi-
cally. Consequently the Sherwood number distri-
butions for the zigzag-type promoter do not show a
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FIG. 4. Polarization curve for the reduction of ferricyanide
(zigzag-type, upper wall, electrode No. 6).

great difference between the first and second stage.
However, on the upper wall for the cavity-type
promoter, the concentration boundary layer keeps
growing, resulting in a continuous decrease in the mass
transfer rate stage by stage, as can be seenin Fig. 5. The
performance of the zigzag-type promoter is considered
better than that of the cavity type in breaking the
concentration boundary layer and thus bringing about
an increase in mass transfer. .

4.2. Local Sherwood number distribution

Sherwood number distributions in the first stage for
the zigzag-type promoter vs dimensionless distance X
are shown in Figs. 6-9. In the present study, strip
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FIG. 5. Sherwood number distributions at first and second stage with and without turbulence promoter
(AR = 3.5, Re = 100).(a) First stage. (b) Second stage. Zigzag-type lower wall, Q. Zigzag-type upper wall, @.

Cavity-type upper wall, A.

empty channel.
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Re=10,0O;Re =30, A;Re=150,0; Re = 100, @; Re = 200, V.

electrodes are used. Thus symbols represent the value
which is an average Sherwood number on the strip
electrode.

Thelocal Sherwood number distribution on the wall
for the zigzag-type promoter of aspect ratio 5 is shown
in Fig. 6(a) with the Reynolds number as a parameter.
The mass transfer region and the associated coordi-
nates are shown in the upper part of Fig. 6(a). The range
in which mass transfer arises becomes longer as the
Reynolds number increases. This indicates that the
eddy size of recirculating flow is important in en-
hancing the mass transfer at the wall [3]. Figure 6(b)
shows the local Sherwood number distribution on the
upper wall in the same flow path. After the fluid passes
through a narrow gap above a promoter, a
recirculating flow immediately forms behind the
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promoter. But on the opposite wall the concentration
boundary layer keeps growing and the mass transfer
rate decreases until the fluid encounters the promoter
and a recirculating flow forms in front of the promoter
which is smaller in eddy size than that formed behind
the promoter. As can be seen in Fig. 6(b), at Reynolds
numbers below 50, the recirculating flow has not yet
created any eddy large enough to influence the mass
transfer, and the mass transfer rate decreases along the
path. However, at Reynolds numbers above 100,
recirculating flows with considerable eddy size are
formed in front of the promoter [3] and the mass
transfer rate was observed to increase in the
recirculation zone.

The local Sherwood number distributions for the
cavity-type promoters are shown in Figs. 7(a) and 7(b).
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Fi1G. 7. Local Sherwood number distributions (4R = 5, cavity type, first stage). (a) Lower wall.(b) Upper wall.
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InFig. 7(a), the region of increasing Sherwood numbers
extended to the full mass transfer area with increasing
Reynolds number. The peak Sherwood numbers
around X = 2.5 in Fig. 7(b} contradict the numerical
predictions of Kang and Chang [3], which are lower
than those at X = 2.2 and X = 2.9. However, these
data were included owing to the reproducible nature of
the experimental results.

The local Sherwood number distributions for the
zigzag-type promoter of AR = 3.5 are shown in Figs.
8(a) and 8(b) and those of AR = 7 in Figs. %(a) and 9(b).
Thesamecause and effect for the Reynoldsnumber asin
the case of AR = 5 can be observed in these figures.
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4.3. Comparison of the experiment with the numerical
analysis

Figures 10{a}{d) show a comparison of the
Sherwood numbers from the experiments with those
predicted from the numerical analysis. In this study, the
same grid size and finite-difference numerical technique
used by Kang and Chang [3] were employed. The
concentration profile near the wall was assumed to be
of three types, linear, a second order and a third order
polynomial, from which the dimensionless derivative
evaluated at the wall was taken as the Sherwood
number. The linear approximation was closest to the
experimental value and the second order profile gave
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higher Sherwood numbers than the other two
approximations.

Although the experimental Sherwood number
distributions show a similar trend to the results of the
numerical analysis, a deviation of 10-20%; in the
absolute values was observed at some points of Figs.
10{a}(d). One reason for this is that the upwind
difference scheme employed in the numerical analysis
gives accurate values at small Péclet numbers, and the
solution from this has a tendency to deviate from the
exact solution at large Péclet numbers. This can be
confirmed by the fact that the numerical results become
closer to the experimental Sherwood number at a
Reynolds number of 50 [Figs. 10(a)and 10(c)], thanata
Reynolds number of 100 [Figs. 10(b) and 10(d)].

4.4. Mean Sherwood number

In the channel with turbulence promoters, the mean
Sherwood number over the mass transfer region can be
expressed as a function of the Reynolds number, the
Schmidt number and the aspect ratio from the result of
dimensional analysis. In the present study the Schmidt
number was fixed as 1690 since the composition of the
solution was fixed and the temperature of the solution
was maintained at a constant value of 25°C
Consequently, the dependency of the mean Sherwood
number on the Reynolds number and aspect ratio was
investigated for the zigzag-type promoter. The form of
Sh = Re*AR’ was chosen for the Sherwood number
correlation and the x and y values were obtained froma
multilinear regression. As a result, the correlations are
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expressed in the form Sh,, = 31.6 Re®*2°4R~°-778 for
the lower wall and Sh,, = 24.6 Re®327AR~%*27 for the
upper wall as shown in Fig. 11. From these it can be
deduced that the mean Sherwood number in the
channel with turbulence promoters increases faster at
the lower wall (x = 0.420) than at the upper wall
(x = 0.327)with the Reynolds number, which is consist-
ent with Levich’s findings [24]. Contrary to the
dependence on the Reynolds number, it decreases with
the aspect ratio, which favorably compares with the
experimental correlation (y = —0.5) obtained by
Sonin and Isaacson [5]. However, in electrodialysis
systems, a decrease of aspect ratio resultsin an increase
in current blockage due to the presence of spacer which
reduces the overall efficiency. In view of this, the
optimum aspect ratio is said to be 4-5 [5, 6]. For
practical electrodialytic spacers, an aspect ratio of 10
was used for the tortuous path design spacer by Ionics
Co., 493 and 5.33 for the spacers used in brine
compartments and dialysate compartments, respect-
ively, by Hanjoo Salt Co. (Ulsan, Korea), and 3.75 for
the net spacer in artificial kidneys. All these are in the
aspect ratio range 3.5-5.5 except the tortuous-path
design spacer.

Although the mean Sherwood number increases
with the Reynolds number, for large Reynolds numbers
above 107, the excessive pumping costs in comparison
with the improvement in the mass transfer efficiency
should be considered. Accordingly, the optimum
Reynolds number was reported to fallin the range 102
103 [5].

The overall mean Sherwood number for both the
lower and upper wall of the zigzag-type promoter can
be correlated as

Sh,, = 27.9 Re®376 AR ~0-656_ )

Shm,

FiG.11.Correlations formean Sherwood numberasa function

of Reynolds number and aspect ratio (zigzag-type, Sc = 1690).

Re = 10-200, AR = 3.5,5and 7. O, lower wall, slope = 31.6,

x=0420, y=-0.776. @, upper wall, slope =246,
x=0327,y = —0.527.
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numerically predicted value. Numerical result.
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The correlation obtained numerically by Kang and
Chang [3] using the second-order concentration
profile near the wall is

Sh,, = 0.519 Re®473 5¢0-378, 4

The Sherwood numbers evaluated from equations (3)
and (4)are comparedin Fig. 12 using thevalues AR = §
and S¢ = 1690. The deviation between the twois about
6% at Re = 10and 209 at Re = 200.Ifequation (4) had
been obtained from theljinear approximationinstead of
the second order one, it is clear from Figs. 10(a}(d) that
the deviation between the two would have beensmaller.

5. CONCLUSIONS

The zigzag-type turbulence promoter has been
shown to be more effective than the cavity-type
promoter in breaking the concentration boundary
layer and thus increasing the mass transfer rate. The
local mass transfer rate was greatly influenced by the
formation of recirculating flowsin front ofand behind a
turbulence promoter. The unsteady nature of
turbulence caused by the turbulence promoter brought
about current fluctuation at Reynolds numbers above
300.

The mean Sherwood number was correlated for the
zigzag-type promoter with S¢ = 1690, giving the final
form of the Sherwood number as

Sh,, = 31.6 Re®#2°4R~0-776
Sh,, = 24.6 Re®-327 AR~ 0-527
Shy = 279 Re®37°AR™ %636 for both walls.

for the lower wall,

for the upper wall,

The Sherwood numbers obtained experimentally were
in good agreement with those predicted from the
correlations obtained numerically.
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ETUDE EXPERIMENTALE DU TRANSFERT MASSIQUE AUTOUR D'UN PROMOTEUR
DE TURBULENCE PAR LA METHODE ELECTROCHIMIQUE

- Résumé—Le transfert massique local autour d’un promoteur de turbulence dans un canal ayant la géométrie
du type zigzag ou du type cavité a été mesuré par la technique électrochimique du courant limite.

Les résultats expérimentaux montrent que les promoteurs de turbulence sont efficaces en brisant la couche
limite de concentration et qu'ilsaccroissent ainsile transfert. Dansles expériences, lenombre de Reynolds varie
entre 10 et 200 pour différents rapports de forme égaux a 3,5, 5 et 7. Les nombres de Sherwood obtenus sont
comparés a ceux obtenus numériquement par Kang et Chang. On trouve qu’ils sont compatibles avec une

erreur inféricure & 20%.

EXPERIMENTELLE UNTERSUCHUNG DES STOFFUBERGANGS AN EINEM
TURBULENZPROMOTOR NACH DEM GRENZSTROMVERFAHREN

Zusammenfassung—Der 6rtliche Stoffiibergang an einem Turbulenzpromotor in einem Kanal mit Zickzack-
oder Kammergeometrie, die durch die Lage der Promotoren bestimmt wird, wurde nach dem

Grenzstromverfahren gemessen.

Die experimentellen Ergebnisse zeiglen, daB Turbulenzpromotoren wirkungsvoll sind, indem sie die
Konzentrationsgrenzschicht aufbrechen, und daher der Stoffiibergang zunimmt. Im vorliegenden Experiment
wurden die Reynolds-Zahlen von 10 bis 200 variiert fir die verschiedenen Seitenverhalinisse von 3,5; Sund 7.
Die experimentell ermittelten Sherwood-Zahlen wurden mit den von Kang und Chang numerisch
berechneten Zahlen verglichen. Als Ergebnis wurde eine Ubereinstimmung innerhalb einer Fehlergrenze von

20% gefunden.



1016

Do Hyun KiM, IN Ho KiM and No NaM CHANG

SKCINEPUMEHTAJIbHOE HCCNEJOBAHHE MACCONEPEHOCA 3A TYPBYJIM3ATOPOM
METOAOM NPEJEJILHOI'O TOKA

Ansotaims—MeTONOM NpenenbHOTO TOKAa H3MEPEHB CKOPOCTH JIOKANBHOTO MAacCcomepeHoca 3a
TypOynH3aTOpOM, NOMEUICHHEIM B KaHaNn ¢ reoMeTpHell THNA 3ur3ar MIH NOJOCTb, B 3aBHCHMOCTH
OT MECTOMONOXEHHS TYPOYNMH3aTOPOB. DKCnepHMEHTaIbHEIE HCCIENOBAHHA NI0KAa3amH, YyTo TypOynusa-
TOPHI MOTYT 3$EKTHBHO HCONL30BATHCA JUIR Pa3pyWIeHHS KOHUEHTPAUHOHHOTO NOrPaHHYHOrO C10%
H TeM CaMbIM  YBEIHYEHHS CKOPOCTH MACCONEpEHOCA. B NPOBEACHHBIX J3KCNEPHMEHTAX YHCIA
Peiinonbaca HaMeHsNHCh B auanasoxe ot 10 1o 200 npi pa3nuyHBIX OTHOLIEHHAX CTOPOH: 3,5; 51 7.
TMonyyenHble JKCEpHMEHTaNbHbIE 3HaueHHs wHcna lllepByza cpaBHHBAMHCL €O 3HaHEHHSMH, pac-’
cunTanHbIME yicneHHo Kanrom i YanroM. B obonx ciydasx norpewtocTs He npessitana 209;.





