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Abstract

The electrochemical technique with the ferri-ferrocyanide system has been used to obtain transient mass transfer
coefficients for smooth pipes. In contrast to the analytical solution of the corresponding heat transfer problem, two
distinct transient periods are observed. It is proposed that the first is controlled by chemical reaction kinetics at the
surface and during that period the boundary condition of zero ferricyanide concentration at the cathode surface is
approached. The diffusion-controlled period follows in agreement with the heat transfer solution. The transfer rate for
laminar flow is then proportional to (D/ t)l/ 2. in accordance with Higbie’s penetration theory. By analogy, the data also
confirm the analytical heat transfer results. In turbulent flow, the mass transfer rate during the first transient period is
the same as in laminar flow; during the second, it is proportional to Re‘/“(D/t)]/ 2, higher than in laminar flow.
Therefore, the first transient period is longer and the second shorter than for laminar flow conditions. © 2001 Elsevier

Science Ltd. All rights reserved.

1. Introduction

In heat or mass transfer to and from flowing systems
one distinguishes between the entry region of a conduit
and the fully developed region which occurs further
downstream. In the former, temperature and concen-
tration changes are confined to a thin boundary layer
near the wall; in the latter, these variations penetrate
into the core of the fluid.

Heat and mass transfer coefficients in the entry re-
gion are well established for steady laminar flow. They
were first studied by Leveque [1] and can be cast in the
dimensionless form for constant temperature or con-
centration boundary conditions as

Sh =1.615(ReSc(d /L))", (1)

Nu = 1.615(RePr(d/L))". 2)

For the transient period which precedes attainment of
the steady state, no experimental data and little theo-
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retical work can be found in the literature, although the
importance of transient, or more generally unsteady,
behaviour is undeniable in many areas of transport
phenomena. For example, in a pulse-plating operation,
the current is turned off periodically for short intervals
to allow the concentration of metal ions to increase at
the electrode surface. This procedure is useful in pro-
ducing an improved deposit morphology. There are
many other industrial applications where a knowledge
of transient behaviour is essential for the design of
control systems.

The occurrence of unsteady mass transfer is also
seen in biological systems and has been discussed by
Basmadjian et al. [2] in the context of blood coagula-
tion. “The First Hundred Seconds” and “The Breath-
ing Reactor” are two important cases of unsteady
physiological mass transfer. The former, which is of
particular interest here, represents the changes imme-
diately after the coagulation cascade is triggered by a
reactive event at the blood/wall interface. The concen-
tration boundary layer undergoes a rapid growth and,
since the fate of the coagulation process may be de-
termined by the wall concentration changes (transients),
it would be of importance to have some insights into
this interval. Furthermore, transients may give rise to

0017-9310/01/$ - see front matter © 2001 Elsevier Science Ltd. All rights reserved.

PII: S0017-9310(01)00039-4



3920 N. Mahinpey et al. | International Journal of Heat and Mass Transfer 44 (2001) 3919-3930

Nomenclature Sh Sherwood number (kd/D)
t time (s)
A cathode area (m?) t dimensionless variable (t? /vSc'/?)
Cy bulk concentration (mol/l) I non-dimensional time (Ut/d)
Cy wall concentration (mol/l) U average velocity (m/s)
D diffusion coefficient (m?/s) Use free stream fluid velocity in x-direction
d diameter (m) v cell voltage (V)
F Faraday constant distance along the wall (m)
h heat transfer coefficient (J/m? s K) xt dimensionless variable (xpu?_ /vt,)
; i lcllrlrilrteirrllt ((1:21 current (A) Greek letters
fim £ . o thermal diffusivity of the fluid (m?/s)
k mass transfer coefficient (m/s or cm/s) )
L length of the cathode (m) tw  wall shear stress (Pa) s
Tt dimensionless variable (¢ /(x*)*?)
" valence change v kinematic viscosity (m?/s)
Pr Prandtl number (v/«) . 3 y
. 3 P density (kg/m’)
0 volumetric flow rate (m*/s) 0 concentration boundary layer thickness (m)
G wall heat flux (J/m? s) yay
Re Reynolds number (Ud/v) Subscript
Sc Schmidt number (v/D) ss steady state
i i w  1.0480
large OVe.I'ShOOtS and lag tlmis in the next phasewof the 9w _ ~0.1376 4 0.(c") + 6.9177(7*)2
coagulation cascade called “common pathway” and, Gwss VTt
hence_:, .both the steady and unsteady states need to be I 10.029(1*)3 _ 0.(1*)4, (3)
scrutinized [3].
In “The Breathing Reactor”, flow pulsatility will
. . where
culminate in an unsteady process. The mass transfer
coefficient and the concentration boundary layer N t
undergo periodic variations as the flow rate increases, T = (x +)2/3' 4)

diminishes and reverses itself during the course of a
blood pulse cycle.

Soliman and Chambre [4] treated the time-dependent
Leveque problem. In 1990, Basmadjian [5], in some
parts of a detailed review, discussed unsteady-state mass
transfer in physiological systems. These two references
are of particular relevance to the present work, in which
transient heat and mass transfer in the entry region of a
circular pipe are examined both experimentally and
theoretically.

2. Theory

As previously mentioned, the time-dependent
boundary layer growth in the Leveque region has been
analyzed by Soliman and Chambre [4]. They general-
ized the steady-state Leveque problem to include time
dependence for the surface heat flux due to a time-step
in the surface temperature and for the case of the
surface temperature due to a time-step in the wall heat
flux. Their solution for the heat flux when the Prandtl
number, Pr, is very large was given in the following

expanded form in powers of a dimensionless parameter
+.
T

As 1t — 0, this equation reduces to

qw _ 1.048
PR )

Based on the plots in [4], Egs. (3) and (5) are identical to
within 10% of ¢y . Now, one may use the analogy be-
tween heat and mass transfer to establish

N kG —Cy) 1048 ®
Nss N kss(cb - CW)SS - \/‘C-; ’

in which C, and C,, are the concentrations of the re-
acting ion in the bulk of the solution and at the wall,
respectively.

In a mass-transfer-controlled regime it follows that

k 1.048 L0 w3x3
f T anpysdE

oy ()

To evaluate the transient mass transfer coefficients, &, in
this equation, we introduce the steady state value, kg,
obtained from the Leveque solution for the local
position x:
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Sh = k;d = 1.076(ReSc(d/x))""*
v\’
= 1.076(E> . (8)

Inserting the wall shear stress, 7y, from the Poiseuille
solution for pipe flow

8Uu
e ©)

into Eq. (8) gives

- 1/3
Sh:0.54( W> (10)
Dpx

and, hence, the steady-state mass transfer coefficients
can be expressed as

WDZ 1/3
kSS:0.54(T—) : (1)
wx
Replacing ks in Eq. (7) finally gives
1/2
k:0.57(§) . (12)

This simplified version of Eq. (3) indicates that the
transient mass transfer coefficients for the laminar re-
gime are, in contrast to the steady-state values, inde-
pendent of velocity and distance. Its heat transfer
counterpart is

%:0.57(%)1/2, (13)

where 7 and « are the heat transfer coefficient and
thermal diffusivity, respectively.

It should be noted that the transient mass transfer
coefficient £ in Eq. (12) is identical to that derived by
Higbie [6] in his “penetration theory” for mass transfer
from bubbles rising through a stagnant liquid [7],

k= (g)l/zzo.ﬂ(?)l/z. (14)

The reason is that both of these otherwise dissimilar
processes are transient and diffusion controlled.

An expression for film thickness under transient
conditions can be derived directly from Eq. (12):

D
om = 1.75(D1)'2.

(15)
Until local steady state is reached, 6 depends on diffu-
sivity and time only, and is independent of both velocity
and position.

The transient solution can be equated with the inte-
grated Leveque solution over the length L to obtain the
time required to reach steady state.

1/2 5\ 1/3
0.57(9> = 1.615(£) , (16)
1 dL

where the right-hand side represents the mean integral
mass transfer coefficient over the conduit length L.
Solving Eq. (16) for time ¢, we obtain

d212 1/3
U2D) '

t55:0.124( (17)
However, since the transient solution is only valid to
within 10% of the steady state and the approach is
subsequently slower and more asymptotic, Eq. (17) will
slightly underestimate the time required to reach steady
state.

It should be noted that the transient period depends
on length L. This reinforces the fact that the thin con-
centration or temperature boundary layers near the en-
trance region are built up rapidly, with the later, thicker
ones taking a longer time to reach the steady-state
concentration or temperature profiles.

3. Experimental
3.1. The electrochemical technique

The electrochemical technique was used to measure
mass transfer coefficients between nickel surfaces and
the ferri-ferrocyanide solution. This method is based on
a diffusion-controlled reaction at the electrode surface.
As discussed in detail by Selman and Tobias [8], when an
electric potential is applied between two electrodes in an
aqueous solution of an electrolyte, an ionic reduction
occurs at the cathode and an oxidation at the anode. As
a result, a current, which is proportional to the number
of ions reacting at the electrodes per unit time, flows
through the circuit.

At steady state, ions that are converted at the elec-
trode have to be supplied from the bulk of the liquid. This
can occur by a diffusion process under the influence of the
concentration gradient and by migration of the ions in
the electric field. The rate of the electrochemical reaction
increases with the potential difference between the elec-
trode and solution, and at a sufficiently high potential
difference, mass transfer towards the electrodes becomes
the rate-determining step in the electrochemical reaction.
By using an extra-large anode, the flux of reacting ions is
influenced primarily by the cathode geometry. In this
study, the following reaction occurs at the cathode:

Fe(CN)}” + e — Fe(CN); (18)

and the reverse reaction at the anode. Thus, the com-
position of the electrolyte solution does not change.

As discussed earlier, ions may migrate due to the
potential gradient. To suppress this effect or make it
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negligible compared to diffusion and convection, a high
concentration of sodium hydroxide (inert electrolyte) is
used. This also enables the Schmidt number to be ad-
justed since diffusivity and viscosity of the solution de-
pend on both temperature and NaOH concentration.

If the bulk concentration of the reacting species, Cy,
is known, an average mass transfer coefficient k£ can be
calculated from

k =I|im/nFACb, (19)

where Iy, is the measured limiting current, » is valency
change in the reaction, F is Faraday’s constant and 4 is
the surface area of the cathode.

3.1.1. Flow loop and experimental procedure

The experimental set-up shown in Fig. 1 formed a
closed loop from the 3 HP centrifugal pump through
PVC pipe with an internal diameter of 38 mm, to the
nickel test section, two rotameters and a 200 1 poly-
ethylene tank. An inverter was used to adjust the RPM
of the pump motor and, hence, to control the flow rate.
In addition to the inverter, a bypass loop was employed
to control the flow rate. A 3.5 m long PVC pipe before
the cathode was used to ensure fully developed flow
conditions at all Reynolds numbers. The temperature of
the solution was controlled by a coil heat exchanger
inserted in the tank.

The solution was deoxygenated before each run by
nitrogen bubbles. The concentrations of potassium
ferricyanide and sodium hydroxide were checked by
volumetric analysis [9] prior to each run. To obtain
Schmidt numbers of 4200 and 2650, the runs were car-
ried out at temperatures of 18°C and 28°C, respectively.

350 cm

The concentrations of K;3Fe(CN),, KsFe(CN), and
NaOH were 4 x 1073, 6 x 1072 and 2.5 M, respectively.
All physical properties, together with Schmidt numbers,
were calculated based on data provided by Bourne et al.
[10].

3.2. Electrical circuit

An 8-channel, 12-bit, analog input DAS08 board was
used to measure the voltage across the electrodes as well
as the current in the cell. A 0.05 Q current shunt was
placed in series with the cell in order to measure the cell
current. The voltage and current signals were isolated by
using two separate signal conditioning modules. The
electrode voltage signal was input to a —5 to 5 V analog
input/output module, which relayed an isolated signal to
the DASO08 board. On the other hand, the cell current
signal was input to a —100 to 100 mV analog input, -5
to 5 V analog output, which relayed an amplified iso-
lated signal to the DAS08 board. The voltage and cur-
rent data were sampled at 10 Hz for transient response
experiments, and at 1/30 Hz for obtaining polarization
curves. An overall schematic diagram of the electrical
circuit is given in Fig. 2.

As there was a lag time between the time the data
acquisition system started and the time the power supply
was switched on, the first non-zero, positive current was
assigned to 0.1 s, the smallest time reading, to syn-
chronize data obtained from all runs.

3.2.1. Measurement errors
An evaluation of all sources of error has been made
in [11]. The pertinent maximum uncertainties are, in the

d=3.8cm
30.5 cm 45.7 cm
.
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Fig. 1. Schematic diagram of electrolyte flow system.
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—7 D.C.
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Dos8 | T LiR55e 7Z power
T supply
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Das-8

Fig. 2. Electrical circuit.

Reynolds number 3.1%, in the Schmidt number 4.1%
and in the Sherwood number 4.3%.

4. Results and discussion
4.1. Initial experiments

Two sets of experiments have been carried out. The
main objective of the first set was to obtain steady-state
values of mass transfer coefficients in a smooth, straight
pipe, 18.6 mm in diameter and 150 mm in length, and a
Y-bifurcation model resembling a human aortic bifur-
cation [12].

Results of that earlier work revealed two distinct
regions during the transient period as shown in Fig. 3,
where the mass transfer coefficient & is plotted versus
time. The first region with a lower slope is followed by a
second one which then gradually approaches the steady-
state values. The point(s) at which the slope change(s)
will hereafter be called the hump. Similar results were
obtained at four different Schmidt numbers for both
laminar and turbulent flows. All results can be found in
[11].

Soliman and Chambre [4] analyzed the correspond-
ing transient heat transfer case. As expected, a general
monotonic reduction of the transfer rate is predicted
with no hump and no inflection point, as was clearly
observed for electrochemical mass transfer in Fig. 3.
Since heat and mass transfer are substantially governed
by the same mechanism, a difference in the boundary
conditions may justify this discrepancy. Soliman et al.
imposed their boundary conditions at time ¢=0.
However, in our mass transfer experiments, while the
cell voltage was imposed at 1 = 0, the corresponding wall
boundary condition of zero ferricyanide concentration
would be established only after a finite, albeit brief,
period during which the reaction at the cathode is the
rate-determining step. Towards the end of this period,
i.e. when the wall concentration approaches zero, the
slope of the experimental k& vs ¢ plot increases and ap-
proaches or coincides with the theoretical solution for
diffusion-controlled conditions. It should be noted that,
as a prerequisite for the electrochemical technique, the
rate of reaction must be higher than the rate of mass
transfer to enable the cathode surface to consume all

0.001
¢ Re=988
4 . ARe=574
m Re=367
 § *
[ ] Py
[] *
] 1
]
[ .
4
‘%,
8 ‘15
Q )
g 2
= A e—
IR N
[
0.0001
1 10 100
t(s)

Fig. 3. Mass transfer coefficients vs time at different Reynolds numbers, Sc = 2470 (earlier work).
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ferricyanide ions immediately upon reaching the surface.
This should provide a wall concentration equal to zero,
for voltages anywhere on the plateau of the polarization
curve.

To test the above-mentioned hypothesis, a new set of
experiments with a higher frequency of data collection
was carried out. A cathode, 38 mm in diameter and 305
mm in length, and a larger anode were used. Details
regarding the electrodes and their fabrication methods
are given elsewhere [13].

4.1.1. Laminar flow results

In these experiments, the polarization curve was
checked at each Reynolds number and the voltage
across the electrodes as well as the current were recorded
simultaneously with a frequency of 10 Hz, 10 times
higher than previously used. Based on each polarization
curve, different voltages along the plateau were applied
and the currents recorded. The graphs of cell voltage vs
time showed that the voltage across the cathode and
anode reaches the final value in less than 1/10 of a sec-
ond, for all experiments. Consequently, cell voltage lag
time is not a cause of the hump.

For laminar flow, examples of mass transfer coef-
ficients at different Reynolds and Schmidt numbers are
shown in Figs. 4-6. In these figures, the line of transient
behaviour obtained from the theory, Eq. (12), and the
steady-state Leveque solution [1] are depicted. The time
when the hump is observed and that required to reach

0.01
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steady state, from Eq. (17), are also shown. In the initial,
reaction-rate-controlled region, since the concentration
at the wall is not zero, the curves represent the ratio
k(Cy — Cy)/Cy rather than k; thus, the values are always
lower than the transient theory line. However, after the
hump, when the concentration at the wall reaches zero,
the current becomes the limiting current and the ordi-
nate correctly represents the mass transfer coefficients.

It was observed that the first transient values were
higher at higher applied voltages. Also, the development
of the hump was delayed as the voltage across the
electrodes decreased, consistent with the decreased val-
ues of k(C, — Cy,)/Cy; in other words, the length of time
during which the surface reaction rate governs the pro-
cess becomes longer as the rate is decreased. The de-
pendence of the level of the first transient and the
resultant location of the hump on voltage reflects the
dependence of the rate of the surface reaction on cell
voltage.

Based on these observations, the following is pro-
posed. When the voltage is applied to the electrodes, a
mass transfer process is initiated with the formation of
the concentration boundary layer. Recalling Eq. (195),
one would expect, for laminar flow during the transient
period, the boundary layer thickness to grow at a rate of
172, independent of velocity and distance x along the
cathode. Since this layer is initially very thin, the rate of
mass transfer would be very high and the electrochem-
ical process will be reaction rate limited. The initial

— Transient Theory

¢ 900 mVv

o 500 mV

= | eveque Solution

/

\VIriLY]
V) =13(s)

*
i Tralnl
0.001 o *

HO.4(S)

T

k (cm/s)

0.0001

0.00001

0.1 1

10 100 1000
t(s)

Fig. 4. Mass transfer coefficients vs time at different applied cell voltages, compared with the Leveque solution and the theoretical

transient line (Re = 473, Sc = 2650).
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0.01
— Transient Theory
A 900 mV
O 800 mV
¢ 400 mV
=== | eveque Solution
N I q
o g t9oomv)=T6(s)
0.001
w
£
L
x
0.0001
0.00001
0.1 1 10 100 1000
t(s)

Fig. 5. Mass transfer coefficients vs time at different applied cell voltages, compared with the Leveque solution and the theoretical

transient line (Re = 488, Sc = 4200).

0.01
— Transient Theory
H 900 mV
¢ 500 mV
= | eveque Solution
\
[ ]
0.001 s
Q
£
L
E4
0.0001
0.00001
0.1 1 10 100 1000
t(s)

Fig. 6. Mass transfer coefficients vs time at different applied cell voltages, compared with the Leveque solution and the theoretical
transient line (Re = 1616, Sc = 4200).

the initial measured current (before the hump) is largely
proportional to the rate of the reaction consuming the
ferricyanide ions. It is not constant but decreases slowly

ferricyanide concentration at the cathode surface is the
same as in the bulk (Cy). It then falls rapidly but remains
above zero at the cathode surface until the hump. Thus,
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due to the diminishing wall concentration. The slope of
the line represents the rate of change of the reaction rate
with respect to time.

Simultaneously, the concentration boundary layer
grows and increases the resistance to diffusion of
ferricyanide ions towards the cathode surface. This
results in a decrease in the rate of mass transfer, even
though (C, — Cy) increases. These two phenomena
continue until the two rates are equalized and the
surface concentration drops to zero. From this point
on, the rate of reaction is higher than the rate of mass
transfer and the process is mass-transfer-controlled.
After the hump, transient mass transfer is observed
until the curve approaches the steady state solution. In
the second transient region, mass transfer behaviour
matches that for heat transfer with a constant wall
temperature.

As shown in Figs. 4-6, as the voltage across the
electrodes is increased, the rate of reaction increases as
well, with the k/v value at any one time remaining
substantially constant, suggesting that the reaction rate
varies linearly with cell voltage over the polarization
plateau. Hence, the line for the reaction-rate-controlled
data at higher voltages intersects earlier with the line for
the mass-transfer-controlled transient data resulting in
the earlier observation of the hump.

A dimensional analysis was also performed to obtain
empirical transient equations. Three non-dimensional
groups were introduced: Re, Sc¢ and ¢, the latter rep-
resenting non-dimensional time and given by

= R (20)

The results are correlated with a standard deviation of
3%. In the laminar regime,

Sh = 0.46Re"28c047 " (21)
D U004 po.s3 D 1/2
k = Sh 4 0.46 005 {048 (7) ’ (22)

for all points from the hump to the point(s) at which
deviation towards steady-state values is observed.

It is apparent that &k is almost proportional to
(D/t)l/2 and that the impact of velocity or Reynolds
number on k is negligible. Diffusivity and time are the
main factors influencing transient mass transfer coeffi-
cients in the laminar regime, just as predicted by Eq.

(12).
4.2. Turbulent flow results

Two examples of data obtained for turbulent flow are
shown in Figs. 7 and 8. The same phenomena are ob-
served as in laminar flow, with the main difference being
that, for the same cell voltage, the hump occurs later.
The reaction-kinetics-controlled (first transient) values
are comparable to those observed in laminar flow. Once
diffusional transfer is dominant, the rates for both
transient and steady state are, as expected, higher than
their counterparts in laminar flow. Thus, it will take

0.01
=== Empirical Equation
m 1200 mV
% 700 mV
N
\\
\\
[ \\\
Togu M t(1200my)=3.2(s)
T " apg j
5 0.001
x 00% {700mV)=8(s)
P,
\\
\\
\\
0.0001
0.1 1 10 100

t(s)

Fig. 7. Mass transfer coefficients vs time (turbulent regime), compared with the empirical correlation (Re = 4396, Sc = 4200).
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A 1100 mV
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N
e S A ™ t(1100mv)=2.9(s
IYYYON

0

§ o001 00 —

x (BOOMV)=1G(s)

e
\"n.
0.0001
0.1 1 10 100

t

(s)

Fig. 8. Mass transfer coefficients vs time (turbulent regime), compared with the empirical correlation (Re = 5842, Sc = 2650).

longer for kinetics to catch up with the higher rate of
diffusional transfer and the humps occur later. While the
first transient period is longer, the second transient, the
interval consistent with heat transfer results, is much
shorter, i.e. the steady state condition is reached earlier.
For laminar flow, this interval is 50-100 s or longer; for
turbulent flow, it is 20-30 s, with shorter values for
higher Reynolds and lower Schmidt numbers. The latter
conditions give higher steady-state k& values which are
reached earlier by the transient.

The experimental results up to a Reynolds number of
7000 were correlated with a standard deviation of 3% by
the expression

Sh = 0.09Re*™ "5 " (23)

D 1/2
o<Rel/4(7) . (29)

As in the laminar case, the range of data included in the
correlation is from the hump to the point at which de-
viation towards steady-state values is observed. Eq. (24)
is also shown in Figs. 7 and 8.

Unlike laminar transient mass transfer, the Reynolds
number (or velocity) does play an important role in
turbulent transient mass transfer. It is also apparent
that, as for laminar transient conditions, the mass
transfer coefficient k& depends on (D/r)"*. Additional
turbulent data are given in Fig. 9 (Sc = 4200) and Fig. 10
(Sc = 2650) for different Reynolds numbers. All have
been used for the correlation, Eq. (23). Both confirm the

U0.25d0.23 D0.49

D
k = Shg = 009 V0.23 W

previous observations, viz. the long first, kinetically
controlled transient, the short diffusion-controlled
transient, a modest Re effect on the second transient and
the stronger Re effect observed previously [12,13] for the
steady-state data.

Fig. 11 shows the observed & values, i.e. k(Cy, — Cy)/
Cy, versus cell voltage at + = 0.3 s as an example in the
first transient period for all data obtained at Sc = 4200.
Apparently the kinetically controlled transient is sub-
stantially unaffected by flow conditions, or by the rate of
diffusional transfer, and depends mainly on cell voltage.
The small upward bias of the turbulent data simply
suggests that turbulent eddy motion more readily re-
plenishes the ferricyanide ion concentration at the wall,
thus maintaining the C,, value slightly higher than under
laminar flow conditions.

5. Summary and conclusions

Transient mass transfer coefficients have been
measured in smooth pipes using the electrochemical
technique. Two distinct transient regions were observed
in all experiments, different from the single transient
corresponding to heat transfer. In the first transient re-
gion, the process is controlled by the surface reaction
rate. During this time the wall concentration of the re-
actant drops to zero and the boundary layer for diffu-
sion-controlled mass transfer is established. In the
second region, diffusion of the reacting ions through the
boundary layer governs the process. In the first region,
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Fig. 9. Mass transfer coefficients vs time at different Reynolds numbers (turbulent regime), Sc = 4200.
¢ Re=6635, 1100 mV
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Fig. 10. Mass transfer coefficients vs time at different Reynolds numbers (turbulent regime), Sc = 2650.

hypothesis was gained from

the rate of change of the mass transfer coefficient with Support for this
time is slow; as the rate speeds up in the second region, a measurements of reaction rate versus cell voltage (on the
polarization curve plateau). A linear relationship was

“hump” is observed where the slope changes.
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Fig. 11. Mass transfer coefficient values at ¢ = 0.3 s vs applied cell voltage; laminar and turbulent results, Sc = 4200.

observed. The location of the hump, at which control is
changed, moved toward later times as cell voltage was
decreased.

In the mass-transfer-controlled transient region, the
transfer rate is proportional to (D/7)"?, in accordance
with the Higbie penetration theory and independent of
velocity and distance. By analogy, the data also confirm
the heat transfer results.

The same phenomena were observed in transient
turbulent flow. While the kinetically controlled tran-
sient is comparable to its laminar counterpart, the
transfer rate during the diffusion-controlled transient is
higher than that in laminar flow. This results from the
influence of velocity or Reynolds number on the
transfer rate, which varies with Re!/*(D/r)'?. Those
observations and the higher steady-state transfer in
turbulent flow result in a longer kinetics-controlled
first transient and a shorter mass-transfer-controlled
second transient period compared to those in laminar
flow.
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