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Abstract— Various factors affecting mass transfer measurements in electrochemical systems are discussed.
Ways are indicated for increasing the values of “critical” flow rates and Reynolds numbers up to which
meaningful results can be obtained.

Mass-transfer coefficients were measured in fully developed flow in smooth pipes over the range 8 x 103
< Re < 2 x 10° at Schmidt numbers varying between 1000-6000. When the concentration boundary layer
was fully developed the results could be represented by the expression

St; = 0.0165Re 01487067,
Using the current results together with published data an empirical relation has been developed in the form
Nu = 2+cRe*Pr'/?
where ¢ = 0.0165+0.011 Pre~*
10
(4.7+ Pr)®

which can be recommended for predicting heat- and mass-transfer rates over the range 0.6 < Pror Sc < 10*
and 10* < Re < 108,

The mean Stanton numbers measured in the entrance section (developing concentration boundary layer)
agree well with the integrated turbulent Leveque equation

a=0.86—

- 143

St; = 0276 Re™04175¢ =23 (;)

NOMENCLATURE U,  mean flow velocity;
A,  surface area of studied electrode u*,  friction velocity (z,,/p)"/?;
(cathode); X, distance in the flow direction;
C, concentration of reacting species; ¥V, distance perpendicular to the wall.
C,, specific heat at constant pressure; :
d, tube diameter: Greek symbols
d,/d,, ratio of outer to inner diameter in” U viscosity;
annulus; v, kinematic viscosity;
D, diffusion coefficient; ¢, Moody friction factor;
f» Fanning friction factor; p,  density;
F, Faraday constant; T, shear stress.
h, heat-transfer coefficient;
I, limiting current; Subscripts
k, thermal conductivity; b, bulk;
ks, mass-transfer coefficient; w, wall.
K*, dimensionless mass-transfer
coefficient, k/u*; INTRODUCTION
K7, limiting value of K™ attained in THE ELECTROCHEMICAL method of modelling mass
fully developed region; transfer between a liquid and a solid surface by
L, length of the mass-transfer section; measuring the transfer rate of certain ions in aqueous
n,, valence charge of ion species; solutions to an electrode has been developed during
Nu, Nusselt number, hd/k; the past twenty five years. It has also been applied in a
Pr,  Prandtl number, uC,/k; variety of convective heat transfer and wall shear stress
Re,  Reynolds number, pUd/u; studies making use of well known analogies between
Sty,  Stanton number for mass transfer, the various transport phenomena. A comprehensive
kU, review of most applications has been published by
Sc,  Schmidt number, v/D; Mizushina [1]. However, some important questions
Sh, Sherwood number, k;d/D; still remain to be answered.

1185



1186

Thus various investigators have correctly stated
that the transfer process in an electrochemical system
can be studied only within a certain range of Reynolds
numbers since above a certain value of Re the limiting
current, which is a precondition of reliable measure-
ments, will not be observed. Although some of them
have given the maximum Re which could be achieved
in their particular experiments, it has not to our
knowledge been shown on which parameters the
attainable Reynolds number depends and how it can
be increased. Another important question is whether
and in what way the mutual position of the electrodes
can affect the results. Although this effect must have
been observed by many investigators, the only mean-
ingful discussion we could find was in [2]. The effect
has also been studied by Mackley [12] on a heat
exchanger model but due to the very different geo-
metry his results are not directly applicable to the
present problem. We believe that clarification of these
points should save later workers unnecessary bother
and may even have some implications for studies of
turbulent mixing; they are therefore discussed in the
first part of the present paper.

The second part is concerned with measurements of
ion transfer rates in turbulent flow through a circular
smooth pipe. Experiments on turbulent heat and mass
transfer in conventional gases and liquids (i.e. those
with moderate Prandtl or Schmidt numbers) have
been performed for many years and their results are
usually expressed as power functions of the Colburn or
Dittus—Boelter type. As the range of tested fluids was
extended it became first apparent that these equations
were inadequate for very low Prandtl numbers (liquid
metals) and later that the same was true of-very high
Prandtl or Schmidt numbers. It was concluded that a
simple equation with constant exponents and a con-
stant multiplier could not give a satisfactory de-
scription of transfer processes over the whole range of
fluids. In recent years Petukhov [3] and Notter and
Sleicher [4, 5] have suggested more complex semi-
empirical equations which are claimed to represent
heat- and mass-transfer rates in fully developed turbu-
lent flow for a very wide range of fluid properties. It will
be shown that the accuracy of these equations in the
high Schmidt number region is open to doubt because
of the doubtful value of the experimental data used in
their derivation. Conventional heat- and mass-transfer
experiments in this region are notoriously difficult,
whereas electrochemical systems have high Schmidt
numbers due to the low diffusion coefficients and
experiments with them are relatively easy. However,
Notter and Sleicher [6] have expressed doubts about
the reliability of electrochemical measurements. It is
hoped that the present paper will help to disperse those
doubts. Results are also given on the mass-transfer
rates in the entrance section where the concentration
boundary layer is developing.

METHOD AND EXPERIMENTAL APPARATUS

The electrochemical system used in the experiments
was the well known aqueous solution of potassium
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ferri—and ferrocyanide with an addition of sodium
hydroxide as the inert electrolyte. The studied surface
was always represented by the cathode where the
reaction

Fe(CN); ® +¢ = Fe(CN) * (1)

takes place, with the reverse reaction occurring on the
much larger anode. When the potential on the elec-
trode is gradually increased the current first increases
until a stable value is reached. This value is called the
limiting current and corresponds to the condition
when the concentration of the reacting species of ions
on the surface of the electrode equals zero. It can be
casily shown that under these conditions the ion
transfer rate on the electrode is determined by their
diffusion (molecular and turbulent) through the boun-
dary layer and the mass-transfer coefficient can be
determined from the simple equation

Iy

k= —t
neFAC,,

)

where
I = limiting current
n, = valence charge of ion species
F = Faraday constant
A = surface area of studied electrode (cathode)
C, = bulk concentration of reacting species.
All our experiments were carried out under these
conditions.
The rig used is shown diagramatically in Fig. 1 and
has been described in detail elsewhere [ 7-9]. The test
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F1G. 1. Flow circuit. A: main tank (working solution); B:

activation tank (1 M NaOH); C: cooling coil; D: nitrogen

bubbler; E: temperature controller; F: test section; G,H:

pump; I: nitrogen cylinder; J,K: water gauge; L, M: orifice
plate.
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section was made from 9 pieces of nickel tube with an
inner diameter of 54.8 mm and varying lengths, ie.
0.44,1.38,3.05, 6.46, 12.98, 26.06, 52.13, 293.1, 500 mm.
They were manufactured to a tolerance of 0.02 mm
with a polished inner surface ensuring a roughness of
about 1pum, ie. much smaller than the calculated
concentration boundary-layer thickness (10-100 pm).
The longest tube served as the anode, all the other ones
as cathodes, except in some special cases where a
second anode was required. The tubes were insulated
from each other by U PVC rings with Araldite as the
bonding agent and were all inter-changeable. The U
PVC pipe in front of the test section was about 4m
long and its inner diameter was again 54.8 mm; great
care was taken to avoid any steps or discontinuities in
the whole test section. Since the L/d ratio of the plastic
pipe was 73 it could be assumed that the velocity
profile in the cathode region was fully developed for all
Reynolds numbers. The chosen arrangement made it
possible to study the effect of the development of the
concentration boundary layer and also the effect of the
mutual position of and distance between the elec-
trodes.

The flow rate through the rig was controlled by
valves and measured with two different orifice plates.
The range of Reynolds numbers covered in the experi-
ments was 6 x 10°-2 x 10°. The Schmidt number was
controlled by changing the concentration of NaOH in
the solution from 1 to 4 M and the temperature of the
solution from 293 to 308 K; the range of Schmidt
numbers covered was then 1 x 103—6 x 103. The initial
concentration of both K;Fe(CN) and K,Fe(CN),
was 0.005 M ; the concentrations were checked for each
daily run of experiments by simple titration methods
with an accuracy of 1.0%.

Prior to each set of experiments the test section was
rinsed with dilute sulphuric acid, washed with CCl,
and then subjected to 20min of cathodic activation
treatment using a solution without cyanides and a
current density of 20mA/cm?. A nitrogen atmosphere
was maintained above the free surface of the working
solution in the tank and nitrogen was permanently
bubbled through the solution in order to prevent
oxygen from affecting the solution and electrodes.

FACTORS INFLUENCING THE MAXIMUM
ATTAINABLE REYNOLDS NUMBER

It is well known that when the flow rate of a given
solution is increased the limiting current is obtained at
higher voltages and the potential interval over which
the current is constant (ie. the plateau) becomes
shorter. At a certain velocity the plateau disappears
completely and no limiting current is observed. The
accepted explanation [ 1] of this phenomenon says that
when the flow rate increases the diffusion rate is
increased as well, until the chemical reaction rate on
the surface becomes too slow to remove all ions
reaching the electrode surface and thus reduce the
surface concentration to zero. The reaction rate can, of
course, be increased by increasing the potential but
this does not help since above a certain electrode
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potential secondary reactions, mainly hydrogen evol-
ution on the cathode, will lead to a steep increase in
current. The upper limit at which a limiting current is
still observed is often called “critical flow rate”. This
explanation is basically correct but it is not the whole
story.

In our experiments we found that the critical flow
rate was higher for shorter cathodes; similar obser-
vations were reported by Schiitz [ 10] and others. We
further observed that for a given length of the cathode
the critical flow rate can be increased by increasing the
concentration of the non-reacting electrolyte or by
reducing the concentration of the reacting cyanide
ions, and also by using two anodes—one upstream and
one downstream of the cathode. Gosman [2] also used
two anodes and offered the correct explanation for
their effect, namely the reduction in ohmic potential
drop.

Indeed, the ohmic potential needed to overcome the
electrical resistance between the electrodes can be seen
as the explanation of all the aforementioned factors
determining the critical flow rate. When the cathode is
long the ohmic potential drop in the column of fluid
facing the cathode may be greater than the width of the
diffusion controlled plateau that would be established
if the ohmic potential were negligible (this width might
be 1V say). Consequently it will not be possible to
obtain diffusion controlled conditions over the whole
surface since the potential difference at that end of the
cathode which is near to the anode will have exceeded
the hydrogen overvoltage before the ion concentration
on the other end of the surface has fallen to zero. Under
those conditions a limiting current cannot be obtained.

It follows that the critical flow rate and Reynolds
number depend on the ohmic potential drop and can
be increased in several ways, each of which has its
limitations.

1. Reduce the ferricyanide concentration thus re-
ducing the current density and hence the ohmic
potential drop.

2. Increase the sodium hydroxide concentration in
the solution. This will lead to an increase in critical
flow rate even for short cathodes, since the diffusion
coefficient will be lower and the ion transfer to the
cathode will be reduced. The critical Reynolds number
will be increased to a lesser extent (increased viscosity).
For a long electrode the additional effect of the
increased electrical conductivity of the solution comes
into play and leads to a lower ohmic potential drop
along the cathode; hence the relative increase in the
critical Reynolds number will be significantly greater
for long cathodes. However, using this method one has
to accept a considerable increase in the Schmidt
number.

3. Use two anodes, one upstream and one do-
wnstream of the electrode, thus reducing the variation
in potential difference along the cathode by about 50%;
and increasing the Reynolds number at which a well
defined plateau can still be obtained. It will be seen in
the next paragraph that an upstream anode can cause
erroneously high current readings; fortunately this



1188

effect becomes very small at high Re whereas at low Re
limiting currents can be obtained with a single anode.
The effect of the upstream anode can be further
reduced by placing it further ahead of the cathode.
Note that the increase in the total ohmic potential
drop due to the increased distance between the
electrodes does not affect the critical flow rate; it is only
the potential drop along the cathode that matters.

By a suitable application of these principles we were
able to obtain in our experiments limiting currents at
Reynolds numbers as high as 2 x 10%; this value is 2.5
times higher than the highest Reynolds number which
to our knowledge has been used in similar pipe flow
experiments by other investigators.

OTHER FACTORS AFFECTING THE RESULTS

In his experiments Gosman [2] observed that the
limiting current was higher when the anode was placed
immediately in front of the cathode against the case
when it was placed downstream. Nevertheless other
authors maintain that the position of the electrodes is
immaterial and both modes of arrangement have been
widely used. Therefore, we carried out tests with a
single anode at different distances upstream of the
cathode, with a single anode downstream, and with
two anodes (one upstream and one downstream). The
cathode was divided into two parts, one 26 mm and the
other 52 mm long. The results may be summarised as
follows:

Under equal conditions the current with the up-
stream anode was by up to 159 higher than that with
the downstream one, the current with the 2 anodes
lying in between those values. The difference decreased
with increasing distance between the upstream anode
and the cathode and with increasing Reynolds num-
ber. When the upstream anode was used the current
increase on the first cathode (that nearer to the anode)
was by a few percent higher when the second cathode
was connected in the circuit. However, with the
downstream cathode the current on the first cathode
was the same whether the second cathode was con-
nected or not.

All these findings are consistent with the expla-
nation that the reaction on the anode leads to an
increase in the concentration of ferricyanide ions in the
vicinity of the surface thus augmenting the current on a
downstream cathode. When both cathodes were con-
nected the production of ferricyanide ions on the
anode was higher and one would expect the current on
the first cathode to be higher, as indeed it was. When
the Reynolds number is increased turbulent mixing is
more vigorous and apparently causes the surplus
ferricyanide ions to be diluted more rapidly in the main
stream and this mixing effect obviously predominates
over the higher rate of ion production on the anode.
The mixing process also explains the effect of the
distance between the electrodes.

Tt follows that the anode position can significantly
affect the results and that data obtained with an
upstream anode must be suspect, especially when the
Reynolds number was low.
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The choice of values of the physical properties (v and
D) determining the Schmidt number poses some
problems. There is a shortage of experimental data
covering the whole range of concentrations of the
components, and the molecular diffusivity D of the
reacting ions is not easily measurable with high
accuracy. In our evaluation we used for the viscosity
the data given by Landolt and Bornstein [11] for
NaOH solutions and assumed that the effect of the
cyanides was negligible in view of their very low
concentration. We further assumed the validity of the
Stokes—FEinstein equation Dy/T = const, and calcu-
lated D by taking the value of the constant as
recommended by Mackley [12]: const = 2.50
x 10715 (m/s?)(kg/K). The accuracy of the viscosity is
estimated to be within 29, and that of D within 5%, this
being the product of possible errors in Stokes’ con-
stant, temperature and viscosity. Thus the maximum
error in Sc should not exceed 7. The values are
tabulated in Table 1 for various concentrations and
temperatures and it may be seen how strongly the
Schmidt number is influenced by the temperature of
the solution. Accurate temperature measurements are
therefore of the utmost importance.

In Table 2 our data for 2M NaOH at 25°C are
compared with measured values quoted in the litera-
ture. Excluding [24] which exhibits very high v and
low D (perhaps due to high cyanide concentrations) it
may be seen that our data on viscosity agree well with
[10, 22, 27] and are about 4% lower than in [25] and
[26]. The scatter in the diffusion coefficients given by
different authors exceeds 10%;, probably due to the low
accuracy of measurement; our data agree well with
those given in [25] and [27] and lie between the values
given in [10] and [26]. The quoted Schmidt numbers
for the given conditions appear to be on average
somewhat higher than our value (although [ 10] quotes
a value by 6% lower), but in view of the variations in
the exact concentration of the components and lack of
data on other NaOH concentrations there did not
seem to be any point in further adjustment and we
considered the adopted way of determining Sc as
sufficiently accurate.

MASS TRANSFER IN THE FULLY
DEVELOPED REGION

The mass-transfer coefficients k; in fully developed
flow were determined from the limiting currents
measured on the 293 mm long cathode for Reynolds
numbers ranging from 1 x 10* to 2 x 10° and Schmidt
numbers from 1160 to 5900. As mentioned earlier the
flow was hydrodynamically fully developed before
entry into the test section; it will be shown in the next
section that since the L/d ratio of the cathode was
about 6 the concentration boundary layer was fully
developed over a considerable part of its length and the
effect of the entrance section on k, was less than 5% and
could be neglected.

In Fig. 2 the Stanton number St, = k,/U (where U is
the mean flow velocity) is plotted as a function of Re
with Sc as parameter; Fig. 3 shows the cross plot St, vs
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Table 1.
NaOH Temp. ux 103 v % 10° D x10'° px1073
M (0O (kg/ms) (m?/s) (m?/s) Se (kg/m?)
10 20.5 1.22 1.173 6.014 1950 1.04
1.0 30.5 097 0.9327 7.822 1192 1.04
2.0 25.5 1.345 1.245 5.548 2244 1.08
20 280 1.27 1.176 5.925 1985 1.08
20 40.0 0.995 09123 7.864 1160 1.08
4.0 245 226 1.948 3.291 5919 1.16
4.0 29.5 1.995 1.72 3.791 4837 1.16
4.0 350 1.73 1.491 4451 3350 1.16
Table 2.
NaOH K,Fe(CN), K, Fe(CN), ux10° vx10® D x10'° Const. x 10'3 Sc Temp. Ref
m kg
™M % (kgms)  (ms) (@) (?z <) °C
20 0.005-0.002 0.01-0.005 1.36 1.289 5478 2.50 2298 25 *
20 0.025 0.025 1.385 1.26 5.80 270 2170 25 [10]
2.004 0.2 0.2 1.64 1423 4.54 250 3134 25 [24]
22028  0.0245 0.0255 1.433 1.303 533 2.56 2445 25 [25]
2.2028 0.0049 0.0051 1416 1.311 5.56 2.64 2455 25 [25
19 0.01-0.001 0.01-0.001 1.33 1.236 5.155 230 2400 25 [22
2015 0.001 0.001 1.419 1314 5.103 243 2575 25 [26]
2011 0.01224 0.01228 1.382 1.276 5.39 2.50 2367 25 [27]
* Present data.
1074
r
5
[+
1078 — i
10 108
Re
FIG. 2. Stanton number vs Reynolds number in fully developed flow (Schmidt number as parameter).
Sc with Re as parameter. It is seen that parallel straight  Colburn relation
lines are obtained in both graphs, their slope in graph 2 St, = 0.023Re~*25c- 067, @)

being —0.14 and in graph 3: —0.67. The results can
then be represented by the expression

Sty = 0.0165Re ™ 014§~ 0-67, (3)

In the investigated range of Re and Sc the Stanton
numbers obtained from equation (3) are by 20-309;
higher than those calculated from the well known

This is not surprising since it is now known that the
Colburn equation underestimates St, at high Schmidt
numbers; it can also be shown from theoretical
considerations [3, 6] that the absolute value of the
exponent of Re should be smaller than 0.2.

Notter and Sleicher [4, 5] recognising the shortcom-
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FiG. 3. Stanton number vs Schmidt number (Reynglds
number as parameter).

ings of the Colburn equation, suggested in a recent
paper a new formula for heat and mass transfer in
smooth pipes which is supposed to be valid for 0.1
< Pr < 10° and 10* < Re < 10, For isothermal con-
ditions they suggest:

Nu = 5+0.015Re*Pr® (5)
where a = 0.88—0.24/(4+ Pr)

b=4+05e067

For mass transfer Nu is simply replaced by the
Sherwood number Sh and Pr by Sc. This equation was
a fit to numerical solutions of the turbulent Graetz
problem, where eddy diffusivities had been determined
from selected experimental heat- and mass-transfer
data.

There exists a number of theoretical studies aiming
at the prediction of Nusselt numbers which will not be
discussed here. The basic problem is always the
behaviour of the eddy diffusivities in the close vicinity
of the wall which is not known with sufficient accuracy
for fluids with high Pr or Sc. The dependence of the
eddy diffusivities on the distance from the wall is in fact
often deduced from heat- and mass-transfer measure-
ments. The procedure chosen by Notter and Sleicher
is, therefore, quite acceptable in principle.

For high Schmidt numbers (S¢ > 50) the asymptotic
form of equation (5) for mass transfer is

St, = 0.015Re0128¢ 067 (6)

yielding Stanton numbers by 10-18%; higher than the
results of the present study.

We believe that this discrepancy can be explained by
Notter and Sleicher’s [6] choice of experimental data
in the region of Schmidt (or Prandtl) numbers higher
than 10°. For this region there is a dearth of data
obtained by conventional mass- and heat-transfer
methods, and they based their expression exclusively
on the results of Harriot and Hamilton [13] who
measured mass-transfer rates by determining the wei-
ght loss of benzoic acid tubes in flowing
glycerine—water solutions. However, their resuits are
in all probability too high for the following reasons:
Their tubes were reported to be slightly porous and
they did in fact find deposits of glycerine in the walls
after the experiments and added the weight of this
deposit to the measured weight loss. Thus the size of
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the interacting surface was larger than the inner tube
surface considered in the evaluation. Moreover the
apparent transfer rate might well have been further
increased by the particular flow conditions over a
porous wall. Most importantly, Harriott and Hamil-
ton themselves state that the roughness of the walls
(40-70 ym) was not negligible and could have led to
increased transfer rates; they estimate that the de-
viation might have been up to 10%; at Sc = 1000 and a
good bit more at very high Sc.

The only other data for high Pr (up to Pr = 600)
giving similarly high (or indeed even somewhat higher)
values of Nu come from the heat-transfer measure-
ments of Friend and Metzner [14] with molasses and
syrups. However, most of their experiments were done
atlow Reynolds numbers (Re < 10*)and extrapolated
in a somewhat arbitrary manner. They also neglected
the effect of property variations due to the temperature
gradient in the boundary layer. Notter and Sleicher did
not consider these results as sufficiently reliable pro-
bably for these reasons.

On the other hand Lin et al. [15] and Hubbard and
Lightfoot [16] measured mass-transfer rates by an
electrochemical method very similar to the one used in
this study and obtained lower St, values. Friend and
Metzner fairly criticised Lin’s results because he had
used an annular geometry and disregarded the effect of
the d,/d, parameter. Referring to this criticism Notter
and Sleicher rejected not only Lin’s but also Hubbard’s
data (because they agreed well with Lin’s) and dis-
missed the electrochemical method as not sufficiently
proven. In view of what has been said about Harriott
and Hamilton’s data we consider this rejection as
unjustified and believe that the electrochemical me-
thod yields the more reliable results.

It may be seen that equations (3) and (6) exhibit
different exponents of Re. The exponent —0.12 or even
—0.10 has been suggested by various authors on the
basis that for high Sc the Stanton number should be
proportional to f 12, From the present work it appears
that the exponent on f, although much lower than 1 as
for Pr =1, is somewhat higher than % (ie. 0.56 if f
oc Re™%2%). This is supported by Hubbard’s [16]
findings that in the range 10° < Sc < 10* the value of
dInSt/d1n fis between 1 and 1.

In Fig. 4 the present results are compared to those of
several other authors in the form K} vs Sc. The
dimensionless mass-transfer coefficient K = k,/u*,
where u* = (1,,/p)'/? is the friction velocity, would be
independent of Re if the Stanton number were exactly
proportional to /2 In reality K} is very slightly
dependent on Re; mean values of our present results
were taken, the deviation in the given range of Re being
less than 3%, All other results in the graphs are from
electrochemical experiments with the exception of
Meyerink and Friedlander’s who used a dissolution
method. Lin’s data was corrected to take account of
the annular geometry. It is seen that the present results
agree very well with Gosman’s [2], and Meyerink’s
[17], and well with Lin’s. Schiitz’s [10] and Shaw’s
[18] resuits obtained for a single Sc are by about 129
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F1G. 4. Comparison of experimental results for high Sc.

lower and the reason for this deviation is not clear; it
may be due to their particular techniques.

As a result of this discussion we believe that
equation (3) is a better description of the transfer
process at high Schmidt and Prandtl numbers than
equation (6). On the other hand we have no reason to
doubt the reliability of the results used in Notter’s
analysis of the lower Prandt! number region. Using the
same data as Notter—Sleicher for Pr < 20 one can
suggest again a single empirical equation covering the
range 0.6 < Pr < 10*; 10* < Re < 108 in the form

Nu =2+ cRe*Pr'/? @
where ¢ = 0.016540.011 Pre~ ™
10
47+Pr)

For high Prandtl numbers equation (7) converts
into (3) which may be written as

a=0.86

Nu = 0.0165Re%36Pri/3, 8)
For Pr = 0.8 one obtains from (7)
Nu = 2+0.0205Re® 8 Pr'/3, 9)

It will be noted that the exponents in (9) are the same
as in Colburn’s equation; however, the values from
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F1G. 5. Comparison of semiempirical equations for heat
and mass transfer. — , present correlation;--—,
Notter—Sleicher; —«—~, Dittus—Beolter; —--—..—, Colburn.

In Fig 5 equation (7)is compared for Re = 10* and
Re = 10° with Notter—Sleicher’s equation (5). At Pr
< 10 the difference between the two equations does
not exceed 6%, at Pr > 100 the difference is 10189 at
Re = 10* —10° and is up to 23% at Re = 10°.

Petukhov [3] performed computer calculations of
Nu from an analytical model, compared the results to
experimental results and approximated them by the
equation

RePré
8

M=t nese W0
where the friction factor ¢ = (1.82logRe—1.64)"2,
For Pr > 1000 equation (10) simplifies to
f 1/2
Nu = 0.0855 (g) RePr3, (11)
Petukhov again checked his results at high Pr only
against Harriott-Hamilton’s experimental data.
Hence it is not surprising that equation (8) gives
lower values of Nu than equation (11) although the
deviation is somewhat smaller than from (5).
Petukhov’s equation is not shown in Fig. 5 since the
results are fairly similar to Notter—Sleicher’s. Shown

equation (9) are by up to 11% lower, as one would }ll)c?:\t'eveli3 ;itre C(il‘burns equation and the
expect since Colburn’s equation is known to over- - us—boeler equation
estimate Nu for gases. Nu = 0.023Re®8 pro+ (12)
1072 E
- Sc=2244
- Re
i 59
B 00
12900
o 26000
» 10 63200
=
E 135000
108 L1l [ S A ¥ 1 O T B B B R B 1 sk
073 02 0™ 10° 10!
L/d

FiG. 6. Stanton number vs L/d (developing concentration boundary layer).
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which are both seen to deviate substantially from the
experimental curve at high Pr. This only confirms that
an equation with constant exponents and multiplier is
unsuitable for the wide range of Pr.

The present findings that Nu varies with Pr!/3
implies that the eddy diffusivity near the wall (y*
< 10)is proportional to y** as proposed by Reichardt
[19] rather than to y** as proposed by Deissler [20].
The same conclusion was reached by both Petukhov
and Notter.

Since the proposed equation (7) is believed to be
based on more reliable data than equations (5) and (10)
in the high Pr region, and similar data were used for all
equations at lower Pr, the accuracy of equation (7) over
the whole range should be at least as good as that
quoted by Notter and Sleicher, i.e. +10%,.

MASS TRANSFER IN THE REGION OF THE
DEVELOPING CONCENTRATION BOUNDARY LAYER
Using the aforementioned short cathodes the mean

mass-transfer coefficient was measured as a function of
the dimensionless distance from the inlet L/d. The
results for one Schmidt number and varying Reynolds
numbers are plotted in Fig. 6. It will be remembered
that the velocity profile at the entrance to the cathode
was fully developed and the increase in St, in the
entrance region is, therefore, due only to the develop-
ing concentration boundary layer. As one would
expect the Stanton number approaches the fully
developed value the faster the higher the Reynolds
number. The distance from the entrance where St,
reaches a value by 5% higher than the asymptotic one
was found to vary from L/d =5 for Re = 10* to
Ljd = 1for Re = 10°,

Linton and Sherwood [21] suggested that the mass-
transfer process for very short pipes at high Sc could be
expressed by the equation

u* oC *C
v Y ox oy?
where u* is friction velocity.

Using the Blasius friction relation for the solution of
equation (13) one obtains:

(13)

L 13

Sty = 0.276Re™ 0417523 (}) . (14
Figure 7 shows a plot of measured St (L/d)/?
against Re for various Sc together with the lines
calculated from equation (14). Only the linear part of
the lines in Fig. 6 was used for the experimental points,
since equation (13) can only be applied to this initial
part of the inlet section. The range of validity of
equation (14) is seen to depend on the Reynolds
number and changes from 0 < L/d < 0.5 for Re < 1
x10* to 0 < L/d < 0.1 for Re > 1 x 10°. The agree-
ment is excellent and the average deviation does not
exceed 5%. Shaw et al. [22] found similar agreement
with the slope of the calculated lines but lower
numerical values. However, Son and Hanratty [23]
later stated that an error was found in Shaw’s experi-
ments which led to deflated values of St,. They
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repeated Shaw’s measurements and their results agree
very well with those of the present study. On the other
hand Schiitz [10] measured local values of St; with
little probes fitted into the cathode. His data have been
converted into mean values and these are by 20-35%
higher than the present results. No doubt this de-
viation is at least in part caused by Schiitz’s use of an
upstream anode.

GENERAL CONCLUSIONS

From the results of this study it may be concluded
that there is no reason to doubt that the electrochemi-
cal method provides representative results on mass
transfer in the range of Schmidt numbers which can be
obtained with the given electrolyte. In the studied case
of turbulent transfer in smooth pipes at very high Sc it
appears that the electrochemical method is actually
superior to others. It avoids changes in surface rough-
ness and pipe diameter inherent in mass-transfer
measurements based on dissolution. It also avoids the
difficulties of heat-transfer measurements with high Pr,
where one has to work with uncommon highly viscous
fluids which may be even non-Newtonian, and where
one always has to deal with the problem of varying
properties in the boundary layer.

On the other hand great care must be exercised in
the prediction of mass- and heat-transfer rates at
moderate Sc or Pr from results obtained by the
electrochemical method. In practice it is often assumed
that a power function (such as the Colburn equation)
obtained for a certain limited range of Pr or Sc can be
directly extrapolated to very different values of these
criteria. This study confirms previous findings that this
is not so, the power function itself depends on the value
of Sc or Pr, and predictions for low Pr solely from the
results of electrochemical measurements may be unre-
liable. In the given case of turbulent transfer in smooth
pipes there is, of course, no need to do so as there is an
abundance of data for low Pr. But if, as an example, we
assumed equation (3) to be valid over the whole range
of Pr the predicted Nuforsay Pr = 1 and Re = 5 x 10*
would be 429 higher than that from the more correct
equation (7). (Note, however, that for Pr = 10 the
difference in the results of the two equations is only
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1%.) Similar behaviour may be expected in other
geometries and flow regimes. Thus if data is required
for low Prandtl number fluids the electrochemical
method may provide qualitative information on ge-
neral trends, relative distributions of local transfer
coefficients etc., but if reliable quantitative answers are
sought it must be accompanied by a thorough
theoretical analysis or preferably by at least a limited
amount of confirmatory experiments at the actual Pr.
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TRANSFERT MASSIQUE DANS UN ECOULEMENT TURBULENT EN CONDUITE,
MESUREE PAR LA METHODE ELECTROCHIMIQUE

Résumé—On considére les nombreux facteurs qui influent sur les mesures de transfert massique dans
les systémes électrochimiques. On indique des moyens pour accroitre les valeurs des débits “critiques™
et des nombres de Reynolds auxquels on obtient des résultats intéressants.

Les coefficients de transfert massique sont mesurés en écoulement turbulent établi dans des tubes lisses
pour un domaine 8 x 10° < Re < 2 x 10° et des nombres de Schmidt variant entre 1000 et 6000. Quand la
couche limite de concentration est complétement développée, les résultats peuvent étre représentés par

I'expression

Sty = 0,0165Re™ % 145c =007,
Utilisant les résultats avec ceux publiés, une relation empirique est donnée sous la forme

Nu = 5+cRe*Pr'’3

ou

¢ = 0,0165+0,0011 Pee~""

a = 0,86 —

HMT Vol. 20, No. 11—G
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qui peut étre recommandée pour estimer les flux de transfert massique et thermique dans Je domaine 0,5 < Pr
ou Sc < 10* et 10* < Re < 10°.

Les nombre de Stanton moyens mesurés a I'entrée (couche limite de concentration en développement)
s’accordent bien avec I'équation de Lévéque pour le régime turbulent

Sty = 0276Re™%*17Sc™ 23 (L/d)™ ',

MESSUNG DES STOFFUBERGANGS BEI TURBULENTER ROHRSTROMUNG
MIT HILFE DER ELEKTROCHEMISCHEN METHODE

Zusammenfassung —Es werden verschiedene Faktoren, welche Stoffiibergangsmessungen in elektrochemi-
schen Systemen beeinflussen, diskutiert und Wege aufgezeigt, bis zu welchen Werten, bei denen noch
aussagekriftige Ergebnisse erzielt werden, die “kritischen” DurchfluBiraten und die Reynoldszahlen erhoht
werden kénnen. Bei voll ausgebildeter Stromung fiir die Bereiche 8-10° < Re < 2-10° und 1000 < S¢

< 6000 gemessen. Fiir den Fall der vollstindig ausgebildeten Konzentrationsgrenzschicht, konnen die
Ergebnisse mit Hilfe der Gleichung

Sty = 0,0165Re™ %145 =007
wiedergegeben werden. Aus den eigenen Mefwerten und anderen verdffentlichten Daten konnte die
empirische Beziehung
Nu = 5+cRe*Pr'/3
hergeleitet werden, wobei
¢ =0,01654+0011Pre "
10
4,5+ Pr)®
Diese Beziehuny kann zur Berechnung des Wiirme- und Stoffiibergangs im Bereich0,5 < Pr(Sc) < 10*und 10*

< Re < 10° empfohlen werden. Die im Einlaufbereich gemessenen mittleren Stantonzahlen (bei sich
ausbildender K onzentrationsgrenzschicht) stimmen gut mit der integrierten Leveque-Bezichung

a =086~

=143

St; = 0,276Re™0417Sc 23 (HL‘)

fiir turbulente Grenzschicht tiberein.

SJIEKTPOXUMHUYECKME UIMEPEHHSA MACCOOBMEHA ITPHU TYPBYJIEHTHOM
TEYEHUA B TPYBE

Aummoramus — O6CYXHaeTcs BIHAHHE Da3NTHYHbIX (AKTOPOB HA H3MEDEHHS NEPEHOCA MAcChl B
JNEKTPOXHMHUYECKHX cHCTeMax. TToka3aHbl MyTH NMOBHINEHHA (KPHTHYECKHX» 3HAYEHHH PACXONOB H
qHcen Peftnonbaca. KoshdHIEEHTH MacconepeHoca R3IMEPSUTHCh B HOJHOCTHIO PA3BHTOM TCYEHHH
B rnajkex TpyGax B aManailoHe 8 X 10°< Re< 2 x 10° npu uymcnax IImmaora 1000-6000. dns
TIO/IHOCTBIO Pa3BHTOTO KOHLEHTPAUMOHHOIO NOTPaHHYHOTO CNOS MOJYYeHO

St4=0,0165Re~2:148c~ %7,

Ha ocHoBe pe3ynbTaTOB HACTOALLIETO MCC/CAOBAHHA X ONyGIMKOBAHHBIX NAHHEIX MPELTOKEHO
IMIHPHYECKOE COOTHOILIEHHE

Nu=15+ cRe’Pri’3,

raoe ¢ =0,0165+0,011Pre-?,
10
a= 0,86 - m .
OT0 COOTHOIIEHAE MOXHO PEKOMEHIOBATh ISl pacyeTa CKOPOCTel MEepeHoca Temia M Macchl B
mmanasonax 0.5 < Pr wmm Sc < 10* u 10*<< Re < 108.
Cpenmnre yncia CTaHTOHa, H3MEPEHHBIE HA BXOJHOM YYacTKe (Hepa3BHTHIH KOHLEHTPAUHOHHEIH
MOTPaHMYHEIN CrI0if), XOPOIIO COrnacyoTcs ¢ HHTErpanbHEIM ypaBHeHHAEM JleBexa Uit TypOyJIeHT-
HOTO peXuMa TeYeHUs

-1/3
Sty=0,276Re~ 0417 5c-2/3 ('2“) .



