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Abstract—The onset of free convection at upward facing horizontal surfaces adjacent to a free fluid
environment has been studied using the electrochemical system involving the electrodeposition of
Cu?* ions. A transient potential step technique was employed and photography of the ensuing developing
convective structure was synchronised with the recording of current-time transients. This enabled the
interdependence of instantaneous mass-transfer rate and convective flow structure to be visualised.
A number of distinctive flow structures in the transient and steady states were observed and these have
been related to the correlation regimes for the overall mass-transfer rate. Interesting phenomena involving
periodic instabilities have been discovered at transitional Rayleigh numbers leading to pulsations in the
convective plume and corresponding regular oscillations in the steady state mass-transfer rate.

The effect of surface roughening on mass transfer and hydrodynamic performance during extended
experiments has been observed and a method of overcoming surface roughening difficulties in the
application of the electrochemical technique is suggested.

Diffusion transient undershoot times are correlated in terms of plate Rayleigh number by the equations

Dt )
i 32:5(Gr,Sc)~2?
in the range 107 < Re, < 10'! and
Dt .
yiie 1-80(Gr;8¢)~ %!
in the range 10* < Ra, <107,
The periodic fluctuation frequencies are similarly correlated by the equation

Dt
7= 128(Gr,Se) ™.

NOMENCLATURE Subscripts

A, electrode surface area; o0,  refers to bulk concentration;

c, molar concentration of reacting ions; 0, refers to interfacial conditions;

D, ionic diffusion coefficient; u, refers to undershoot;

d, diameter of electrode surface; b, refers to diffusion layer breakup.

F, Faraday number (96 500 C Mol™1);

Gr,  Grashof number; INTRODUCTION

g, gravitational acceleration; THIS paper describes an experimental study of phenom-

ir, limiting electrolysis current; ena occurring during the onset of free convection above

k., mean mass-transfer coefficient; plane horizontal surfaces in fluid-solid mass trans-

Nu, Nusselt number; fer. The electrochemical technique of mass-transfer

Ra, Rayleigh number, Sc x Gr; measurement (e.g. [1-3]) has been employed as this

Sc,  Schmidt number; allows precise monitoring of the instantaneous transfer

Sh,  Sherwood number; rate as a function of time. Schlieren photographs of

t, time; the observed convection have been synchronized with

A distance normal to electrode surface; the current recordings in order to observe the inter-

2, reaction valency. dependence of the mass-transfer rate and the hydro-

dynamic structure above the electrode surfaces.
In previous work with a similar system steady state

Greek symbols free convective mass-transfer rates were measured and

o, diffusion layer thickness; successfully correlated for a wide range of experimental

¥, densification coefficient; conditions [4]. Further work involving a simple

v, kinematic viscosity of fluid; shadowgraph technique illustrated the variety of con-

0, density of fluid; vective flow types possible in steady state conditions

Ap,  density difference between interface and bulk.  [5].
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The problem under discussion is analogous to cases
of heat transfer from heated surfaces into unrestricted
fluids and certain previous papers on this topic are
directly relevant. For instance Soehngen [6] undertook
an extensive investigation of the transient performance
of heated cylinders in high Prandtl number fluids. For
different heating rates the value of the thermal
boundary-layer thickness and Nusselt number were
measured with time. A pronounced overshoot of the
boundary-layer thickness was noted with respect to the
final steady state value with a corresponding under-
shoot of the heat-transfer coefficient. Vest and Lawson
[7] have studied the onset of convection adjacent to
a suddenly heated horizontal wire, the development of
the temperature field and its subsequent distortion
upon convection onset being observed by Mach-
Zender interferometry. Optical studies of convection
above plane heated surfaces of various geometries
were described by Husar and Sparrow [8] and more
recently Sparrow, Husar and Goldstein [9] have in-
vestigated the generation of thermals at a horizontal
surface and have measured the periodic fluctuation of
local temperature above an active thermal-generating
site.

There appears to be no previous detailed work on
the onset of convection in mass-transfer systems and
no previous attempt in either heat or mass transfer to
explore the interesting region between the end of the
transient diffusion (or conduction) period and the
steady state free convection period, in terms of the
dependence of the instantaneous heat- or mass-transfer
rate on the developing flow structure. The present
study was therefore undertaken in order to elucidate
some of these phenomena and also in order to obtain
clearer and more instructive photographs of steady
state free convection than those provided by [5].

THEORETICAL DISCUSSION
The electrochemical technique has become a widely
accepted method of mass-transfer measurement and
heat-transfer modelling due to its convenience and
precision. In the present work the process used was
the cathodic electrodeposition of Cu?* ions from a
swamping 1-5M sulphuric acid electrolyte the presence
of which effectively eliminates migration transport of
Cu?* and ensures diffusion—convection control. Oper-
ation at limiting electrolysis current facilitates calcu-
lation of the mass-transfer coefficient from the
measured current and bulk concentration of transfer-

ring species through the simple equation

3

e = zFAc,, )

since the interfacial concentration approaches zero.
The basis of the present experimental approach was
the sudden switch-on to the active cathode surfaces of
a potential corresponding to the limiting current so
that the interfacial Cu?* concentration was suddenly
constrained to a value of zero. The response of the
current was then monitored with time and its gradual
fall from a theoretically infinite initial value due to the
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fusion layer growth at the solid-liquid inter-
face.

gradual build up of the diffusion layer was observed.
The potential and current variation with time is illus-
trated in Fig. 1(a) and the conditions at the electrode
are depicted in Fig. 1(b).

The shape of the current-time transient correspond-
ing to a simple diffusion process in the fluid adjacent
to the plate surface is easily predicted from the solution
of the one-dimensional unsteady-state diffusion equa-
tion, with surface concentration of ¢, for t = 0. From
this the mass-transfer rate and hence current may be
expressed as a function of time, the equation for the
Cu?* system becoming

i s D2
A—108x10 cw{—t—} . 2
Such transient techniques are common in electro-
chemical science and may be uséd for instance for the
measurement of ionic diffusion coefficients at suitably
designed electrodes.

As the diffusion boundary layer adjacent to the
electrode becomes progressively thicker an unstable
situation arises due to the existence of a less dense
layer of solution under the heavier bulk solution and
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this leads eventually to the onset of convection and the
attainment of a time-steady transfer rate. A critical
value of the Rayleigh number, based on boundary-
layer thickness as characteristic dimension, character-
izes the limit of stability. For their analogous heat-
transfer study Sparrow, Husar and Goldstein deter-
mined a critical Rayleigh number of approximately
1800.

Once convection has begun, a variety of flow struc-
tures are possible above a circular horizontal surface
depending upon the surface dimensions and the
physical properties of the fluid. At relatively small
surfaces and with low Sc and Pr fluids a laminar
boundary-layer flow occurs radially inwards feeding a
single centrally ascending steady laminar plume. Rotem
and Claassen [10, 11] are among authors who have
theoretically analysed this case for heat transfer and
they have presented [11] colour Schlieren pictures of
boundary-layer flow on a plate and discussed the transi-
tion to instability. Some theoretical and experimental
equations describing heat and mass transfer in hori-
zontal boundary-layer flows have recently been com-
pared in [12]. With relatively large surfaces, boundary
layers thicken above the stability limit and in heat
transfer the intermittent generation of thermals results
at fixed sites, as discussed and photographed by
Sparrow, Husar and Goldstein. Howard [13] has
presented a phenomenological model by which the
periodicity of thermal generation may be explained.
The model is based on the concept of a conductive
phase followed by a break-off and mixing phase in a
periodic cycle. Since thermals are generated at a multi-
plicity of sites on the surface the overall time-averaged
heat-transfer rate is independent of surface dimensions,
though, of course, local fluctuation of heat flux and
temperature field must occur. A similar behaviour
would be anticipated in solid-liquid mass transfer
though the high value of the Schmidt numbers would
be expected to lead to close spaced mass convection
streams.

At conditions intermediate between these extremes
a transitional type of flow structure consisting of a
periodically erupting plume was demonstrated in the
earlier study [ 5], the range of Gr,Sc in which transition
occurred being tentatively suggested as 3 x 105-2 x 108,

Steady state mass-transfer rates were correlated [4, 5]
by the equation

Sh = 0-72(Gr,.Sc)°%3 3)

in the range 3 x10* < Gr,.Sc<3x10" and by
Sh = 0-18(Gry. Sc)°33 4

in the range 3 x 107 < Gr,.Sc < 10'2,

No detailed study has yet been made of the inter-
relationship of instantaneous mass-transfer rate and
flow structure during the actual onset of convection
and it was the main purpose of the present study to
elucidate this behaviour.

EXPERIMENTAL

Horizontal copper disk cathodes were flush mounted
in perspex decks and fitted into the base of a glass
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sided rectangular tank. The copper plate anode was
suspended from the lid. Cathodes of 1, 2:5, 10, 20 and
50mm diameter were used. The cell was filled with
electrolyte containing 1-SM H,SO, and a range of con-
centrations of Cu SO, were added, 0-005, 0-02, 0-05,0°1,
0-3M. The cell was positioned in a standard Toepler
Schlieren optical system which facilitated the photogra-
phy of any change in concentration of the solution
above the electrodes. The electrical circuit consisted of
a stabilized power unit, a high impedance voltmeter
and a Y-t recorder which measured the current flowing
in the circuit via the potential difference produced
across a variable known resistance from a decade box.
The essential details of the apparatus are shown in
Fig. 2.
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e

= ¥
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FiG. 2. Experimental cell and circuit.

Prior to each experiment the cathode surfaces were
polished with fine emery cloth and washed. For each
electrode/solution combination a standard current—
potential curve was plotted in order to measure the
limiting current and also to determine a suitable
potential value corresponding to limiting current con-
ditions. Current transients were then taken in homo-
geneous stagnant fluid conditions by sudden switch-on
of the predetermined potential and monitoring of the
current response as a function of time. As soon as
convection became visible above the electrode,
photography of the various stages of development of
the flow structure was commenced. Where appropriate,
the frequency of flow pulsation was measured by visual
observation.

In conditions of strong electrolyte concentration
certain experiments were prolonged in order to observe
the effect of electrode roughening on mass-transfer rate
and flow. In further experiments a series of successive
potential steps were applied in order to observe the
effect of progressive roughening on the shape of the
transient. In these runs the electrode was active for
10min and was then switched off for 10 min prior to
a further potential step application.

RESULTS

The programme of work resulted in the systematic
collection of several hundred photographs showing
various stages of convection development for each
combination of experimental variables. It has therefore
been necessary to restrict the presentation here to
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Fi1G. 3. Current-time plot and convection development for 50 mm electrode in 0-05 M solution,
Ray = 1:35 x 10'°,

selected representative examples and in Figs. 3-6 four
distinct cases are depicted. In each case the current vs
time transient is plotted and the time of each photo-
graph is indicated. In the calculation of the quoted
Gr and Ra numbers the values of electrolyte viscosity
and density were taken from Eisenberg et al. [14] and
those of Cu?* diffusivity from Arvia et al. [15]. The
Ap terms were calculated according to the procedure
of Wilke et al. [16].

Figure 3 refers to the 50 mm electrode in the 0-05M
solution. The transient is seen to undershoot and then
overshoot the eventual steady limiting current value.
It is notable that convection is distinctly visible before
the undershoot minimum is reached at about, ¢, = 35

seconds. The sharp increase in the mass-transfer rate
is then caused by the first main generation of convection
streams which may be seen to be well established at
t = 43s. Necking of the plume then occurs (t = 67s)
and the mass-transfer rate falls until a steady-state
situation arises (¢ = 91s), in which there is a complex
flow structure consisting of a multiplicity of close
spaced interacting convection streams.

The opposite extreme case of the onset of single
plumed steady laminar convection is depicted in Fig. 4
for the case of the 1mm electrode in 0-3M solution.
Again a marked undershoot and overshoot is apparent
in this case t, being much shorter, approximately Ss.

Figures 5 and 6 present two intermediate cases. In
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F1G. 4. Current-time plot and convection development for 1 mm electrode in 0-3 M solution,
Ray = 643 x 10°.
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F1G. 5. Current-time plot and convection development for 25 mm electrode in 0-3M
solution, Ra; = 1-0 x 107,

Fig. 5, which is for the 2:5mm electrode in 0:3M
solution, the electrode is now too wide to sustain a
stable boundary layer to plume flow and there is a
characteristic periodic instability within the mainly
laminar plume which however, remains single. Initial
lift-off instability is over the whole surface, t = 855,
and the flow quickly necks, ¢t = 12-5, before another
boundary-layer instability becomes apparent, t = 165,
and a second eruption occurs, t = 19-5s. This process
repeats at regular intervals of about 5s and the plume
always contains regularly spaced nodules. In con-
sequence of this periodic hydrodynamic behaviour the
mass-transfer rate never becomes truly constant at
steady state but fluctuates in a regular manner with

the same frequency as the visible flow eruptions as
can be readily seen from the transient plot.

The second intermediate case is depicted in Fig. 6
for the 10mm electrode in the 0-1M solution. Here
the electrode is sufficiently wide to produce muitiple
convection stream generation but the necking effect is
so marked as to eventually merge into a single plume
before a second multi-generation of convections occurs,
t = 41s. Again this transient clearly shows convection
onset before the undershoot minimum is reached.
Another feature of this plot is the occurrence of a
distinct second undershoot minimum following the
necking, ¢ = 34s, of the first generation of convection
streams. The second generation causes a second current
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F1G. 6. Current-time plot and convection development for 10mm electrode in 0-1 M
solution, Ra; = 2:16 x 108.
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56s

Fi1G. 7. Sequence showing boundary layer instability at 10 mm electrode in 0-05 M solution,
Ra, = 1-08 x 108,

rise, t = 47, before the system eventually settles to a
steady state. The eruption of distinct generations of
convection streams was clearly visible continually in
this case at a period of 8-5s.

The three photographs shown as Fig. 7 for the
10mm electrode in 0-05M CuSO, give a good illus-
tration of the formation of a laminar boundary layer
sweeping in over the electrode and feeding the central
plume (b). Despite the fact that this is a moving layer
and not a stagnant diffusion layer it periodically reaches
an unstable thickness and begins to break up (c) into
the multiplumed structure.

The present technique permits convenient obser-
vation of the effect of electrode roughening as depo-
sition proceeds, especially in the more concentrated
solutions. Figure 8 shows the result of a particularly
interesting case of an extended run with conditions as
for Fig. 4. A succession of plotter sweeps are shown
with the time in minutes indicated. The flow remained
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tion showing long term effects of electrode roughening.
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F1G. 9. Repeated transients at 20mm electrode in
0-3M solution. Cycle of 10min active: 10min
' dead.
laminar and the mass-transfer rate steady up to
t = 34 min when a regular fluctuation became apparent
in the current with a corresponding periodic pulsation
in the plume. This persisted until ¢ = 15min when the
system reverted to a steady laminar flow, followed by
a further later change to periodic fluctuation. The steep
increase in the value of the limiting current is note-
worthy, the value changing from (:35mA to 3-0mA in
30min, illustrating the difficulty of obtaining repro-
ducible and meaningful results for mass transfer using
electrodeposition techniques in situations leading to
extreme electrode roughening.
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The effect of electrode roughening is further illus-
trated in Fig. 9 where a repeated step potential change
was applied at 20min intervals with the 20mm elec-
trode in 0-03M solution. The system was active for
10min and left switched off for 10 min before a further
step was applied. A family of distinct and separate
transients is produced, the effect of the large increase
in surface area being particularly notable in the
transient diffusion period as well as in the magnitude
of the steady-state convective limiting current. The
degree of undershoot is progressively diminished, and
the tendency of the current to increase ceases at the
longest times. At the end of this experiment a layer of
powder some 0-75mm thick had accumulated on the
electrode.

The final electrodeposits on certain electrodes which
had been active for a moderate length of time ( = 20 min)
were photographed and a typical resultant picture for
d = 20mm is shown in Fig. 10. A pattern of distinct
radial striations is visible in the electrodeposit extend-
ing several mm inward from the circumference. The
striations are probably caused by roll cells which re-
main positionally stable. The photographs of flow
structure above a horizontal disk in heat transfer by
Husar and Sparrow [8] show a very similar radial
pattern.

DISCUSSION

{(a) Regimes of Flow

Itis clear from the current transients and correspond-
ing photographs that a variety of flow structures can
exist depending on plate size and electrolyte concen-
tration. In Fig. 11 the four main flow types illustrated
in Figs. 3-6 are related to the overall mass-transfer
correlation previously established and the behaviour
of all combinations of experimental conditions is in-
cluded. Below a value of Gry.Sc ~ 2 x 10° the flow
has a simple single plumed laminar structure, (Fig. 4)

SEEY

FiG. 10. Electrodeposit on 20mm electrode.
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contrasting with the complex multi-columnar flow
developed at ScGr, > 10°, (Fig. 3). Between these
extremes as the value of SeGry is increased the flow
pattern takes on a progressively more mauliti-columnar
form. Initially, small nodules interrupt the single
laminar plume structure (Fig. 5). These appear to be
caused by a periodic instability of the diffusion layer.
The plate is becoming too wide to sustain a stable
laminar flow. The nodules appear regularly at a time
interval which decreases with increasing Rayleigh num-
ber. At higher values of Gr,.Sc{> 10%) the eruptions
are multi-columnar and occur over much of the plate
surface during the periodic disturbance (Fig. 6). As the
Rayleigh number is further increased a continuous
random generation of columins occurs (Gr,. S¢ > 10%),

These regimes of flow behaviour give rise to a
transition zone in the log-log plot of Sh against
Gr,. Sc. In the single laminar plume region the mass-
transfer coefficient depends on plate diameter, in
accordance with boundary-layer theory, whereas when
the flow erupts in a multi-columnar form over the plate
surface the effect of plate diameter on the mass-transfer
coefficient is relatively unimportant as reflected by the
1/3rd exponent on the Rayleigh number in the corre-
lation for this region.

(b} Nature of current transients

All the current transients determined for clean sur-
faces exhibited similar shapes. The initial decay of the
current corresponds to simple diffusional thickening of
astable low density layer adjacent to the surface. Before
the current had fallen to its minimum value optical
observations showed a breakup of the simple diffusion
layer. In the case of the larger surfaces the disturbance
appeared to be initiated at the plate edges and spread
inwards towards the centre.

Following Sparrow et al. [9] an attempt was made
to estimate the value of the critical Raylgigh number
(Ray, crit) at which the initial conduction layer becomes
unstable. This is given by:

Pg(cs, — c0)d°

Rﬁg,crit = Dy

(5)

Like Sparrow et al. 6 was evaluated from
= 2:77./(Dty) (6)

where 1;, is the layer break-up time observed optically.
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F1G. 12. Critical Rayleigh numbers for diffusion layer
breakup (Ra;).
{This value of & is obtained from the conceniration
distribution equation with ¢/c,, = 0:95 at the edge of
the diffusion layer.)

The values of Ra, calculated in this way are plotted
in Fig. 12 against the solution concentrations for the
larger electrodes. The shaded band represents the limits
of Ra; from [9] obtained as a similar plot of Ra; vs
1T,— T, for the heat-transfer periodic fluctuation case.
The values of R, show similar scatter and the
mean value is approximately 2400 as compared to the
mean value of 1800 observed by Sparrow et al. This
difference is to be expected since the present data are
for initially stagnant conditions whereas Sparrow’s
correspond to the periodic generation of thermals
where the solution must be in motion, Only data from
the larger electrodes are considered since, at the smaller
surfaces, edge effects lead to increasing departure from
one dimensional diffusional conditions.

Figure 13 presents a correlation of the undershoot
time {ie. the time at which the current fell to iis
minimum value) for the full range of electrode diameters
and solution concentrations tested. In this Jog-log plot
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FiG. 13. Correlation of transient undershoot times and
fluctuation periods in terms of Ra,.
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the undershoot time has been made non-dimensional
by dividing by the mass diffusion time d%/D. The data
points fit the correlation line closely over the entire
range of Rayleigh number and show the classic change
of slope at Ra =~ 107 corresponding to the transition
from single laminar plume flow. In the multi-columnar
flow region the undershoot times correlate as:

% = 32-5(Ra)~%"? W)
thus since Ra oc d?, the undershoot time in this region
is independent of electrode diameter. In the laminar
plume regime the corresponding equation is:

% = 1-80(Ra)~ %51, (8)
Similar relations hold for the transient “overshoot”
times except that these are of the order of 50 per cent
greater than the undershoot times.

For those flows which went into regular oscillation
following the transient diffusion regime, the fluctuation
periods are also correlated on Fig. 13. The periods
of these oscillations are seen to be considerably shorter
than the layer break up times and the undershoot times,
but they follow a consistently similar trend with Ra,.

(c) Laminar to “turbulent” transition

Sections in standard heat-transfer texts (e.g. [17-21])
on thermal free convection from horizontal surfaces
into unbounded fluids invariably present the two
dimensionless equations

Nu = 0-54Ra$** for 10° < Ra<2x107 (9)
and

Nu = 0-14Ra$*? for 2 x 107 < Ra < 3 x10'° (10)

following the original work of Fishenden and Saunders
[22]. Most authors speak of these equations applying
to conditions of laminar and turbulent flow respectively
with a fransition Ra of 2 x 107, The present flow
visualisation results suggest that this represents a con-
siderable oversimplification of the transition criterion
and that true turbulence is unlikely at values of Ra,
immediately above 2 x 107. Rather, the transition at
a 1/3rd power on the Ra, group is an indication that
the transfer rate has become independent of the dimen-
sion of the transfer surface due to the establishment
of a multi-columnar flow structure. The photographs
of thermals rising from a heated surface presented by
Sparrow et al. [9] do not indicate turbulence at Ray,
of the order of 108~10°* and the mechanism of thermal
generation as in the analogous mass-transfer case, is a
regular periodic process in which only part of the cycle
is a localised mixing following conduction layer detach-
ment. This argument does not deny the possibility of
turbulence at higher values of Ra and indeed when

*The conditions under which the photographs of Fig. 2
of [9] were taken are not given and the above stated
Rayleigh numbers are estimated from general information
given in that paper.
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thermals become stronger and more closely spaced it
is expected that the flow structure must inevitably
become turbulent.

(d) Electrode roughening

With small electrodes and large concentrations a
rapid roughening of the surface is apparent and this
leads to the steep rises in current with time as illustrated
in Fig. 8. This phenomenon creates problems in the
measurement of mass transfer using the limiting elec-
trolysis current technique for electrodeposition, since
the plotting of current—voltage curves in order to locate
the limiting current plateau usually takes 10-20min
during which time a considerable enhancement of
current above the true smooth surface value must
occur. The present transient technique offers a useful
alternative approach to this problem. Several current—
time transients may be recorded at different potential
settings in order to determine limiting conditions. Then
the steady convection region of the curve may be back
extrapolated to ¢t =0 to give the mass-transfer rate
which approximates closely to the true smooth surface
value.
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ETUDES OPTIQUES ET ELECTROCHIMIQUES DU TRANSFERT DE MASSE
EN CONVECTION LIBRE TRANSITOIRE SUR DES SURFACES HORIZONTALES

Résumé—Le déclenchement de la convection libre sur des surfaces horizontales adjacentes a une ambiance
de fluide libre située au-dessus a été étudié a 'aide d’un systéme électrochimique basé sur le dép6t d’ions
Cu?”. Une technique de variation étagée du potentiel est employée et la photographie du développement,
qui s’ensuit, de structures convectives a été synchronisée avec I'enregistrement des variations du courant
électrique. Cela a permis de visualiser I'interdépendance entre le taux de transfert massique instantané
et la structure de I’écoulement convectif. Un certain nombre de structures distinctes d’écoulement dans
les régimes instationnaire et stationnaire a été observé et elles ont été reliées aux régimes des domaines
de corrélation pour le transfert massique global. Des phénoménes intéressants faisant intervenir des
instabilités périodiques ont été découverts pour des nombres de Rayleigh de transition conduisant a des
pulsations dans le sillage convectif et 4 des oscillations réguliéres analogues dans le taux de transfert
de masse a I'état stationnaire.

L’effet des rugosités de surface sur le transfert de masse et sur le régime hydrodynamique a été observé
lors d’expériences prolongées et une méthode est suggérée afin d’éviter les difficultés d’application de la
méthode électrochimique diies a la présence de rugosités de surface.

Les temps de diffusion transitoires par défaut sont corrélés au nombre de Rayleigh de la plaque
par les équations

Dt
7= 32,5(Gry.Sc)~ %3

2

dans la zone 107 < Ra; < 101t et

Dt
Foi 1,80(Gry.Sc)~ 3!

dans la zone 10* < Ra, <107
De méme, les fréquences des fluctuations périodiques sont corrélées par ’équation:

Dt
roie 12,8(Gr,.8c)~ 23,

OPTISCHE UND ELEKTROCHEMISCHE UNTERSUCHUNGEN DES
INSTATIONAREN STOFFUBERGANGS BEI FREIER KONVEKTION
' AN HORIZONTALEN OBERFLACHEN

Zusammenfassung—Das Einsetzen der freien Konvektion tber einer horizontalen Oberfliche in einem
ruhenden Fluid wurde mit Hilfe eines elektrochemischen Verfahrens, das auf der galvanischen Ablagerung
von Cu™ *-Ionen beruht, untersucht. Eine instationdre Potential-Schritt-Technik wurde angewandt, und
es wurden Fotos der sich ausbildenden konvektiven Strukturen den Aufzeichnungen der Strom-Zeit-
Ubergangsverldufe zugeordnet. So konnte der Zusammenhang zwischen augenblicklichem Stoffiiber-
gangsstrom und konvektiver Strémungsform aufgezeigt werden. Eine Anzahl unterschiedlicher
Strémungsformen wurde im instationdren und stationdren Fall beobachtet und den Korrelationsbereichen
fiir den Gesamtmassenstrom zugeordnet. Bei Rayleigh-Zahlen des Ubergangsbereichs wurden interessante
Phanomene entdeckt. Dort treten periodische Instabilitdten auf, die zu Pulsationen in der Konvektions-
stromung und entsprechenden regelmaBigen Schwankungen in der stationdren Stoffiibergangsmenge
fiihren.

In Langzeitversuchen wurde der EinfluB der Aufrauhung der Oberflichen auf Stoffiibergang und
Stromungsform untersucht. Die Autoren schlagen e¢ine Methode vor, mit der die durch die Ober-
fidchenaufraubung bei der Anwendung elektrochemischer Techniken bedingten Schwierigkeiten bewaltigt



Studies of transient free convection mass transfer 1407

werden konnen. Die Ubergangszeit der Diffusion ist mit der Platten-Rayleigh-Zahl verkniipft durch
die Gleichungen

Dt
7 =325(Gr,. 80777

im Bereich 107 < Ra, < 10! und

Dt

yiin 1,80(Gr,Sc)~ 31

im Bereich 10* < Ra,; < 107. Fir die periodischen Schwankungsfrequenzen gilt

Dt

yehe 12,8(GrySc)~ %3

WUCCJIEAOBAHUE HECTALIMOHAPHOI'O MACCOIIEPEHOCA [MPU CBOBOJHOM
KOHBEKLIMA HA IT'OPU3OHTAJIbHBIX [TOBEPXHOCTAX C UCIIOJIbB30OBAHUEM
ONTUYECKHUX U JJIEKTPOXUMHUYECKUX METOJ0OB

Amnotauns — B paboTe 37eXTPOXHMHYECKMM cnocoGOoM (3MEKTPOIUTHYECKOE OCAXAEHHE HOHOB
Cu?*) u3yuaercs BO3HMKHOBEHWE CBOOONHON KOHBEKLMH HA TIOPM3OHTAIBHBIX TIOBEPXHOCTIX,
obpalieHHLIX BBEPX M rpaHHYalUMX ¢ XMOKO# cpemoit. Mcnonp3oBaHa METOAMKA NEPEMEHHOTO
noTeHuMana, a pororpaduposanne HabnonaeMO KAPTHHBI Pa3BUBAIOLIEACH KOHBEKTHBHON CTPYK-
Typsl 6bLI0 CHHXPOHM3MPOBAHO C 3aMACBIO M3MEHEHHA TOKA B 3aBUCHMOCTH OT BpEMEHHM. JTO
TO3BOJIMIO ONpPEACIUTL B3aUMOCBA3b MEXAY MTHOBEHHON CKOPOCTBIO MacooOMeHa M CTPYKTYpPOM
KOHBEKTHBHOTO MOTOKA. VM3yuyeHo GoOMbIIOE KOMHYECTBO XapaKTePHBIX KOHBEKTHBHBIX CTPYKTYD
B HECTALMOHAPHBIX M CTALIMOHAPHBIX YCJIOBHSX, KOTOPbiE OLUIH CBS3aHbl C 3aBUCHMOCTAMM IJIs
CYMMapHO# CKOpOCTH MaccoobMena. Bbinmu o6HapyXeHbl HHTEPECHBbIE SBICHHSA, BKIIIOYAIOLIME
KosteGaTenbHY HEYCTONYMBOCTD NIPH NEPEXOHHBIX YHCTax Pesies, KoTOpbie MPUBOMAT K MY/bCALMAM
B KOHBEKTHBHBIX CTPYHKax M K COOTBETCTBYIOIUMM KO/IeGaHMAM CKOPOCTH MacCorepeHoca NpH
CTallHOHAPHBLIX YCIOBHAX.

B nponecce 3kcnepHMEHTa ONpeAeeHo BINsSHHE HIEPOXOBATOCTH MOBEPXHOCTH HA MaccoobMeH
M THAPOANHAMUKY.

Ipeanaraercs crnocod ycTpaHeHHs TPYAHOCTEH B NPHMEHEHMH JJIEKTPOXHMHYECKOTO MeEToa,
00YCIOBNEHHBIX LIEPOXOBATOCTHIO IIOBEPXHOCTH,

Bpems ymenbuwieHHs AMGQY3MH B HECTALUMOHAPHBIX YCIOBHUAX ONMCHIBAETCS YPABHEHHSAMH C
HCTIONK30OBaHHEM YHMCna Peres 1Uis MIaCTHHBI

Dt
7z 32,5(Gr,Sc)=2/3

B Auana3one 107 < Re, < 101!

Dt
=7 = 1.80(GrySc)=0:%

B nIuanasode 10* < Ra, < 107,
YacToTa NEPUOAHYECKHX KoebaHuli ONUChIBAETCA NOIOOGHBIM ke 06pa30M ypaBHEHUEM

Dt
7= 12,8(Gr,Sc)=2/3.



