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A~~aet-Ex~riments on natural convection mass transfer adjacent to vertical and upward-facing 
inclined plates were performed by employil~g an electrochemical techmque. Local nleasurements were 
made, yielding both streamwise and spanwise mass transfer distributions. Time-dependent mass transfer 
rates were measured in the transition and turbulent regimes. 

The measured local laminar mass transfer coefficients agreed very well with analytical predictions, 
both for vertical and inclined surfaces. The Rayleigh number marking the onset of laminar-turbulent 
transition varied markedly with the angle of inclination, decreasing with increasing departures from the 
vertical. In the transition regime, for surfaces inclined at angles greater than 15 degrees to the vertical, 
significant spanwise variations in both the instantaneous and time-averaged mass transfer rates were in 
evidence. The timewise fluctuations of the turbulent mass transfer rates were of substantially greater 
amplitude and period for inclined surfaces than for the vertical plate. The time-averaged, local turbulent 
mass transfer coefficients were correlated with the one-third power of the Rayleigh number and, in addition, 

exhibited an appreciable dependence on the inclination angle. 

NOMENCLATURE 

angle-dependent coefficient, 
equation (!5); 
concentration of transferred ion 
at the test surface ; 
concentration of transferred ion 
in the fluid bulk ; 
diffusion coefficient ; 
Faraday constant ; 
acceleration of gravity ; 
Iocd Grashof number, ps co& 

(P, - PW)~3/P”; 
current density; 
local mass transfer coefficient, 
equation (8); 

* Present address: Department of Aerospace and Mech- 
anical Engineering, University of Notre Dame, Notre Dame, 
Indiana, U.S.A. 

local rate of mass transfer per 
unit area ; 
mass transfer rates due to convec- 
tion, diffusion and migration ; 
valence of transferred ions; 
local Rayleigh number, Grg,,Sc ; 
Schmidt number, p/pD ; 
local Sherwood number, K,x/D: 
transference number ; 
mobility ; 
transverse velocity at the test 
surface; 
streamwise coordinate ; 
transverse coordinate ; 
angle of inclination, Fig. 1; 
viscosity ; 
density ; 
density at the test surface; 
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density in the fluid bulk; 
voltage. 

INTRODUCTION 

NATURAL convection adjacent to vertical and 
horizontal surfaces has been extensively investi- 
gated, both analytically and experimentally. On 
the other hand, there has been relatively little 
study of natural convection adjacent to inclined 
surfaces. The present paper describes a broad- 
ranging experimental investigation of natural 
convection adjacent to inclined, upward-facing 
plane surfaces, including the vertical plate. The 
experiment encompass~ the Iaminar, transi- 
tion, and turbulent flow regimes. 

An electrochemical technique was employed 
which facilitates highly accurate, local measure- 
ments of natural convection mass transfer. 
Furthermore, since the mass flux sensors are 
free of inertia, they were able to detect the time 
variations which occur in the transition and 
turbulent regimes. The electrolyte was an 
aqueous solution of cupric sulphate and sul- 
phuric acid. 

The boundary condition for the experiments 
was uniform concentration at the plate surface, 
which is the counterpart of uniform surface 
temperature in the corresponding heat transfer 
problem. The Schmidt numbers were on the 
order of 2000, so that the results found here 
should also be relevant to high Prandtl number. 
natural convection heat transfer. In this connec- 
tion, it may be noted that the present mass 
transfer experiments were performed under 
nearly constant property conditions, whereas 
large property variations generally intrude in 
high Prandtl number heat transfer experiments. 

Local measurements were made in the laminar 
regime and compared with the vertical plate 
prediction and with its generalization for in- 
clined surfaces. The conditions marking the 
breakdown of the laminar regime were detected 
both from data point deviations and from the 
observed time variation of the measured mass 
transfer rates. With respect to laminar break- 

down. it has been shown [l] that the nature of 
the flow instability is different depending on the 
angle of inclination of the surface. In particuiar, 
for inclination angles relative to the vertical 
greater than about 15 deg, the onset of transition 
was found to be characterized by the presence of 
longitudinal vortices which are distributed in a 
fairly regular pattern across the horizontal 
span of the plate surface. The presence of such 
vortices would be expected to cause spanwise 
variations of the mass transfer (or heat transfer). 
The measurement of spanwise mass transfer 
variations in the transition regime was one of 
the major objectives of this research. Such 
measurements were made instantaneously to 
accommodate a timewise shifting of the vortex 
lines, with both instantaneous and time- 
averaged results being presented. In the turbu- 
lent regime, where spanwise uniformity is 
restored, instantaneous mass transfer rates were 
measured and subsequently time averaged. 

Background literature relevant to the present 
mvestigation will now be briefly discussed. Heat 
transfer measurements on inclined, upward- 
facing surfaces appear to have been reported 
only by Rich [Z], Kierkus [3] and Vliet [4]. 
The experiments of Rich and Kierkus were made 
in air and were concerned mainly with the 
laminar range. Rich’s data exhibit a substantial 
amount of scatter and have been questioned by 
other authors, while Kierkus’ work was con- 
lined to a single angle of inclination and is, 
therefore, insufficient to permit definite con- 
clusions as to the effect of inclination. Vliet 
employed water as his primary working fluid* 
in conjunction with a constant heat flux surface 
oriented at several angles of inclination: the 
results cover the iaminar. transition. and turbu- 
lent regimes. Natural convection mass transfer 
on inclined surfaces was discussed in a qualita- 
tive manner by Wagner [5], but actual data were 
not presented. 

Results for turbulent natural convection 
adjacent to iso~ermal or iso~oncentration 
inclined surfaces are essentially non-existent in 

--- 
* Two data runs were made with air. 
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the literature, and laminar results are only 
sparsely available. Local transfer coefficients, 
unaffected by large fluid property variations, 
are also lacking for high Prandtl or Schmidt 
number natural convection adjacent to vertical 
surfaces. Spanwise variations of natural convec- 
tion, transition-regime heat or mass transfer 
have not been heretofore explored, nor has the 
time-dependence of the mass transfer in the 
transition and turbulent regimes.* No local 
mass transfer measurements appear to have 
been reported for either vertical or inclined 
surfaces, regardless of the flow regime. 

EXPERIMENTAL APPARATUS AND 
MEASUREMENT TECHNIQUE 

Inasmuch as the local mass transfer measure- 
ments performed during the course of this 
research were of a type not previously reported 
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FIG. 1. Schematic diagrams of the experimental apparatus. 

overall schematic of the experimental set-up 
which, to simplify the discussion, shows a pre- 
liminary test surface and its elementary electric 
circuit rather than the test surface and circuitry 
used for local data acquisition. The latter will 
be described shortly. As illustrated in this 
diagram the test chamber was a rectangular 
tank (30-gallon capacity), made of polyethylene 
and having dimensions of 61 x 45.6 x 45.6 cm 
(length x width x depth). The tank contained 
an electrolyte consisting of aqueous solutions 
of reagent grade cupric sulphate (0.03-0.08 M) 

and sulphuric acid (1.5 M). The copper ions of the 
cupric sulphate served as the transferred species. 
whereas the sulphuric acid was the supporting 
electrolyte. 

The cathode served as the test surface, 
whereas the anode was a 40 cm square copper 
sheet, 0.08 cm thick. Preliminary experiments 

Potentiometer 
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in the literature, a substantial amount of 
apparatus development was necessary. An 
account of the developmental work is given 
elsewhere [7], as are the tine details of the 
apparatus and instrumentation. The present 
description will be limited to the more important 
features of the apparatus and its use. 

The right-hand diagram of Fig. 1 is an 

* Timewise variations of the wall temperature of an 
electrically heated vertical cylinder in water were measured 
by Fujii and co-workers [6], but the thermal inertia of the 

wall might well have affected the results. 

indicated that the mass transfer at the cathode 
was insensitive to the placement of the anode. 
The tinal positioning of the cathode and anode 
is shown in the diagram. Electric power was 
supplied by a 12V automotive storage battery, 
and the voltage between the fluid bulk and the 
cathode, measured with a referenoe electrode 
consisting of a tine copper wire housed in an 
open-ended tetlon tube, was controlled by a 
rheostat. The current flow from the anode to the 
cathode, which as will be demonstrated later, 
is proportional to the rate of mass transfer at the 
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cathode, was measured in terms of the voltage 
drop across a calibrated precision resistor 
(hereafter designated as a current shunt). 

Attention may now be turned to the test 
surface and corresponding instrumentation em- 
ployed during the investigational phase of this 
work. A front-face schematic diagram of the 
test surface is given in the left-hand portion of 
Fig. 1, where a segmented construction is 
clearly in evidence. The locations of the eleven 
individual segments could be varied at will, and 
the arrangement shown in the diagram is 
illustrative of the many that were used. All 
segments were of nickel 200,152 cm in spanwise 
width and 0,635 cm thick. Seven of the seg- 

ments, those instrumented for mass transfer 
measurements, were 2.54 cm high, whereas the 
four remaining segments, which served to vary 
the streamwise locations of the mass transfer 
probes, were 0.635 cm in height. Each segment 
was fitted on its rear surface with an electrical 
binding post by means of which electrical 
connection was made to the power supply. 
Under operating conditions, all segments of 
the test surface were at the same uniform voltage, 
and the plate temperature was identical to that 
of the fluid environment. 

The active test surface had overall dimensions 
of 15.2 x 20.3 cm (spanwise width x height), 
and, as depicted in the diagram, it is set into a 
2.54 cm wide teflon frame. In turn, the teflon 

frame was supported by a stand that could be 
positioned so as to orient the test surface at any 
one of several angles of inclination with respect 
to the vertical. The stand rested on the test 
chamber floor. which was carefully aligned to 
the horizontal. 

As may be seen in the diagram six of the 
segments were instrumented with small circular 
electrodes which served as mass transfer probes. 
Each probe was approximately 0.343 cm dia. 
and was electrically insulated from its host bar by 
a 0.0127 cm annular gap tilled with epoxy. The 

probes were fabricated from nickel 200. The 
seventh instrumented segment housed an en- 
semble of 55*grobes designed for the measure- 

ment of spanwise mass transfer distributions. 
Each probe, fabricated from nickel 200 shim 
stock, had a spanwise extent of 0.0254 cm and 
insulation between probes was provided by 
00051 cm polyethylene sheeting. The ensemble of 
probes encompassed a spanwise length of 1.68 
cm and a streamwise length of 0.318 cm. Elec- 
trical isolation of the probe ensemble from the 
host bar was accomplished by Glyptal insulating 
paint and by epoxy. In actuality the probe 
ensemble unit was a complex piece of instrumen- 
tation, requiring precise fabrication and assem- 
bly. A detailed description of this instrument, as 
well as more information about the test surface 
in general, is available elsewhere [7]. 

Each one of the probes was incorporated into 
an electric circuit similar to that already dis- 
cussed in connection with the right-hand dia- 
gram of Fig. 1, with a separate current shunt 
being used for each probe. The current shunts 
for the eight circular probes were 15Q cali- 
brated precision resistors. whereas those for 
the ensemble of 55 probes were one per cent 
174R precision resistors. The current shunt 
readings for laminar flow conditions were 
measured with a Leeds and Northrop K-3 
potentiometer. Current flow data for all other 
operating conditions were taken with a 24- 
channel Dymec digital voltmeter, which could 
be programmed to read the probe outputs at 

preselected time intervals. A detailed circuit 
diagram is given in [7]. 

One of the conditions essential to the acqui- 
sition of accurate mass transfer data was that 
spurious current flows be eliminated. In order 
to fulfill this requirement, all exposed metallic 
surfaces, other than the test surface itself, were 
painstakingly insulated, and the regions of 
contact between the probes and the host bars 
were examined before and after each data run 
(see [7] for details). Another important aspect 
of the experimental procedure was the renewing 
and refinishing of the surfaces of the test 
section after each data run, such resurfacing 
being required owing to the deposition of copper 

ions by the electrochemical reaction. 
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All data were taken for the limiting current 
operating condition, which is characterized by 
a zero concentration of the transferred ion 
(i.e. copper} at the cathode, thereby obviating 
the need to measure surface concentrations. 
Limiting current conditions were identified by 
varying the voltage between the fluid bulk and 
the test surface and measuring the correspond- 
ing variations in shunt current for one or several 
probes. For su~ciently high copper ion con- 
centrations in the fluid bulk, a graph of current 
versus voltage displayed a more or less horizon- 
tal plateau in the range between 0.35 and 055 V. 
Such a plateau is indicative of the limiting 
current condition. A substantial amount of 
voltage-current data were taken in order to 
define the range of bulk concentrations that 
permitted limiting current conditions to be 
attained. 

The composition of the bulk solution was 
obtained by sampling. The concentrations of 
the copper ions and suiphuric acid were respec- 
tively measured by spectrometric and titration 
methods, respectively described in [S] and [9]. 
No change in bulk fluid composition was 
detected during the course of a data run. 
Vertical gradients were also monitored and 
found to be very small. 

DATA ANALYSIS 

Consideration is now given to the relationship 
between the measured electric current flow and 
the mass transfer rate at the surface of a probe. 
The mass transfer coefficient and dimensionless 
moduli used to represent the results will also 
be discussed. 

The principle mechanisms for the transfer of 
copper ions to an element of cathode surface 
(e.g. a probe) are diffusion, convection, and 
migration. If fi represents the local mass rate 
of copper ion transfer per unit area due to all 
mechanisms, and fi* &, and &,,, are the corre- 
sponding fluxes due to diffusion, convection, 
and migration, then 

In turn, the component fluxes are representable 

as El01 

in which I) and U respectively denote the diffu- 
sion coefficient and the mobility; in addition, 
C, dc/ay, &$/ay and v are, respectively, the 
copper ion concentration, the concentration 
gradient, the voltage gradient, and the trans- 
verse velocity, all taken at the surface. 

Equation (1) is to be applied to measurements 
made under limiting current conditions so 
that c is vanishingly small. Correspondingly, 
major simplifications can be made in equation 
(I). Consider first the convection term &, = UC. 
To estimate the magnitude of the transverse 
velocity u, the electrolyte solution may be 
assumed to be a binary mixture with the copper 
ions as one component and the remaining con- 
stituents as the other. Then. since only the copper 
ions are absorbed by the wall. it can be shown 
(e.g. 1111) that ti = -[D/(1 - c/p)]a(c/p)iay 
With this, one can group the convection and 
diffusion terms by taking their sum, and upon 
specializing to limiting current conditions, there 
is obtained 

Next, considering the migration term 
Uca+/ay, it may be noted that although c is 
very small under limiting current conditions, 
the gradient @lay is very large owing to the 
presence of the supporting electrolyte (sulphuric 
acid). Thus. the product u@/?J may be finite. 
A representation of the migration term for 
limiting current conditions is given in [to] as 

&,,, = ti/nF (4) 

where t is the transference number for the copper 
ions* at the average copper ion and sulphuric 
acid concentrations, i is the current density, II 
is the valence of the copper ions, and F is the 

* f is a measure of the portion of the current carried by 
the copper ions. 
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Faraday number. In the presence of a sufficiently 
strong supporting electrolyte, essentially all of 
the current passing through the solution is 
carried by the supporting electrolyte and almost 
none by the copper ions: consequently. t < 1. 

The rate of ion transfer by all mechanisms is 
given in [lo] as 

fi = i/nF. (5) 

Since n and F are known constants, it follows 
that the mass transfer rate fi is directly propor- 
tional to the current density. Furthermore, 
from equations (4) and (5) 

fi - &,,, = (1 - t) i/nF = (1 - t)&. (6) 

Then, upon bringing together equations (1). 
(3) and (6). and then noting that fid = - D &/dy. 
there results 

fi = ( -D &@y)/( 1 - t) = &/( 1 - t). (7) 

Inasmuch as (1 - t) z 1, it may be omitted. 
Equation (7) indicates that the surface mass 
transfer is virtually equal to the diffusive flux, 
thereby fulfilling a necessary condition for the 
validity of the analogy between heat and mass 
transfer. 

The local mass transfer coefficient K, may 
now be defined as 

K, = I?&, - c) (8) 

where c, and c respectively denote the con- 
centrations of the transferred ion in the fluid 
bulk and at the surface. fid can be conveniently 
expressed via equations (7) and (5) and c is 
essentially zero for the limiting current condition, 
so that 

K, = i(1 - t)/nFc, (9) 

from which it is seen that numerical values of 
K, are determined directly from the measured 
current densities and bulk copper ion concen- 
trations.* 

The Sherwood number serves as a dimension- 
less representation of the mass transfer coefh- 

* The transference number t, although veIy small 
(_ 0402), was retained and evaluated as described in [7]. 

cient and plays a role analogous to the Nusselt 
number for heat transfer. The local Sherwood 
number Sh, may be defined as 

Sh, = K,x/D. (10) 

Another relevant dimensionless group is the 
Rayleigh number, which, for mass transfer 
problems, is equal to the product of the Grashof 
and Schmidt numbers. In constructing the 
Grashof number, the component of the body 
force parallel to the test surface will be used, 
that is, g cos 0, and the designation Gr, is 
adopted to indicate the presence of cos 0. 
Furthermore, the density difference between 
the bulk fluid and the surface, pm - pW, will 
appear directly in the Grashof number (in 
contrast to heat transfer problems, where it is 
traditional to use an approximate representa- 
tion for the density difference). Thus, the local 
Grashof number Grg,, is 

Grg,, = ps cos 0 (P, - P,) x3/p2. (11) 

In addition, the Schmidt number is defined as 

SC = p/pD (12) 

and, finally, the Rayleigh number Rae,, is given 

by 
Rae,, = GI”~,~ SC. (13) 

As was mentioned earlier, the bulk-to-wall 
fluid property variations were very small, 
typically on the order of one per cent. The 
quantities D, p and p appearing in equations 
(lOH12) were evaluated at the average of the 
concentrations at the wall and in the fluid bulk. 
Detailed information about the evaluation of 
the fluid properties is given in [7]. 

RESULTS AND DISCUSSION 

Before proceeding with the presentation of the 
main results, it is relevant to discuss briefly 
certain preliminary results which provide inter- 
esting insights into the quality of the experi- 
mental apparatus. The experiments in question 
were performed for laminar flow conditions 
and with the plate surface vertical. However, 
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instead of the orientation shown in the left-hand vertical plate, the local Nusselt or Sherwood 
diagram of Fig. 1, the plate assembly was numbers are proportional to the fourth root of 
turned through 90 deg so that the main line the Rayleigh number. The proportionali~ “con- 
of six circular probes was situated along a stant” is a slowly varying function of the 
horizontal, each probe being at the same Prandtl or Schmidt numbers in the range of 
distance from the leading edge. Furthermore, high Pr or SC. For SC = 2000, which is appro- 
various placements of the anode were employed priate to the present experiments, interpolation 
and, in some tests, one or more of the nickel in a compilation [12] of available analytical 
bars were replaced by non-conducting plexi- solutions for isothermal or iso-concentration 
glas spacers, the objective being to determine vertical plates leads to 

FIG. 2. Local laminar mass transfer results. 

the influence of electrode orientation and of 
edge effects. Probes were situated as close as 
1.7 cm from the side edges. The measured mass 
transfer results showed no systematic variation 
with spanwise location and with proximity to 
the side edges, regardless of the position of the 
anode or of the absence or presence of the non- 
conducting segments. Furthermore, the average 
deviation of the data from laminar theory was 
only 1% per cent. These findings lend confidence 
to the quality of the experimental apparatus. 

The main results will now be presented For 
all of these experiments, the orientation of the 
test surface was that pictured in the left-hand 
diagram of Fig. 1. 

L~~~n~r begin and onset o~trunsition 
It is well known that for laminar, natural 

convection heat or mass transfer adjacent to a 

Sh, = 0499 Ra$ (14) 

To accommodate inclined plates, equation (14) 
will be generalized by replacing g with g cos 0, 
so that 

Sh, = 0499 Raj,. 04af 

Although usual practice suggests a presenta- 
tion of results where Sh, is plotted vs. Raes on 
logarithmic coordinates, an alternate represen- 
tation is used here which is much more sensitive 
to small departures of data from the S/i, N Rue,2 
relationship. Such increased sensitivity is 
attained when Sh,/0499Ra& is platted against 

Rae,,. For laminar flow conditions, data repre- 
sented in this way should fall along a horizontal 
line. When a suitable linear scale is used for the 
ordinate, data point displacements of one per 
cent are clearly visible. 
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Figure 2 shows local mass transfer data 
plotted in the manner just described. Results 
are presented for four angles of inclination, 0, 
10, 15 and 20 deg. The left- and right-hand 
ordinates are used alternately for the successive 
angles, as indicated by the arrows. The horizon- 
tal lines corresponding to ordinate values of 
unity indicate the prediction of laminar theory, 
equation (14) and its generalization, equation 
(14a). Results for inclination angles greater than 
20 deg are not shown in the figure, since, for 
larger angles, the flow at the lowermost measure- 
ment station was not laminar. 

Attention is first turned to the results for the 
vertical plate. It is seen that, aside from the 
highest Rayleigh numbers (where the onset of 
transition occurs) there is remarkable agreement 
between the local Sherwood numbers of experi- 
ment and those of analysis. Indeed. except for 
a single data point, the experimental results are 
within three per cent of the analytical prediction 
in the entire laminar range. It is believed that this 
level of agreement provides the strongest avail- 
able confirmation of the predictions of laminar 
boundary layer theory. 

The agreement between the data for 10 deg 
inclination and the generalized analytical pre- 
diction, equation (14a), is as good as that for the 
vertical plate. For the 15 and 20 deg inclinations, 
there is agreement to within four per cent. It 
appears, therefore, that within the limited 
range of angles dealt with in Fig. 2, the Sherwood 
number results are well represented by equation 
(14a). Previous work by Vliet [4] on natural 
convection adjacent to a uniformly heated 
inclined plate in water has also indicated that 
the use of g cos 0 in place of g is an adequate 
generalization of the vertical plate predictions 
in the laminar regime. 

The results of Fig. 2 can be employed to 
deduce information about the onset of laminar- 
turbulent transition. One indication of the 
onset of transition is the systematic upward 
departure of the data points from the horizontal 
line which corresponds to laminar flow condi- 
tions. A second indication may be obtained 

from the nature of the current flow measure- 
ments. At the smaller Rayleigh numbers, the 
readings were very steady. However, at Rayleigh 
numbers just below those at which the data 
lifted elf the laminar line, small fluctuations in 
the readings were observed. The Rayleigh 
number at which these fluctuations were first 
noted is indicated in Fig. 2 by a short vertical 
line for each angle of inclination. The difference 
between the Rayleigh numbers at which fluc- 
tuations appeared and at which data ‘point 
deviations occurred is not large. However, it is 
clear that data point deviations are a somewhat 
tardy indicator of laminar breakdown. 

For the vertical plate, the onset of transition 
is seen to occur at a Rayleigh number of approxi- 
mately 2 x 10”. Prior investigations [lo, 13,141 
of electrochemical mass transfer for vertical 
plates have reported instability Rayleigh num- 
bers in the range 4-5 x 10”. Since the prior 
results were deduced from overall mass transfer 
data and from the traditional logarithmic plot, 
they are, presumably, somewhat less accurate 
than that found here; nevertheless, there is 
generally good agreement. In contrast, for 
thermal natural convection adjacent to a vertical 
plate in air or in water, a recent compilation [1] 
of available information suggests an instability 
Rayleigh number of approximately 8 x lo*. 

Two tentative explanations may be offered to 
illuminate the aforementioned large difference 
between the instability Rayleigh numbers for 
thermally induced natural convection in air or 
water and for .concentration induced natural 
convection at high Schmidt numbers. First, as 
already suggested in [14], the Rayleigh number 
may not be a unique criterion for instability ; 
rather, there may be a separate dependence on 
the Prandtl or Schmidt numbers. The results of 
recent heat transfer experiments by Fujii and 
co-workers [6] lend some support to this 
hypothesis. These experiments, performed with 
a vertical cylinder situated in various liquids, 
covered a Prandtl number range from 2 to 2600. 
Although there is some uncertainty owing to 
large variable property effects, a trend can be 
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discerned showing higher instability Rayleigh 
numbers at higher Prandtl numbers. 

A second explanation of the Rayleigh number 
difference relates to the natural disturbances 
that may be present in the fluid environment. 
It is quite likely- that the environmental dis- 
turbances in the mass transfer studies were 
smaller than those of the heat transfer studies, 
and the frequencies were probably different. 
There is no direct evidence as to the role that 
might have been played by these factors. 

The instability results for inclined surfaces 
will now be discussed. From Fig. .2, it is seen 
that the instability Rayleigh number decreases 
as the angle of inclination becomes greater. A 
similar trend, but with a more gradual decrease, 
is in evidence among the available results for 
thermally induced natural convection [l]. Fig- 
ure 2 shows a very sharp change in the insta- 
bility Rayleigh number between 10 and 15 deg. 
This might well be due to a change in the nature 
of the instability which occurs in this range [l], 
that is, from plane wave disturbances to longi- 
tudinal vortices. 

Transition and turbulent regimes 
The local mass transfer rptes vary with time 

in the transition and turbulent regimes. Since 
the mass transfer probes are free of inertia, they 
are able to follow the timewise variations. The 
time history of the instantaneous mass transfer 
rate at any one of the circular probes was 
obtained by programming the digital voltmeter 
to repetitively read the shunt voltage at pre- 
selected intervals of time. Portions of represen- 
tative time histories are shown in Fig. 3 for 
inclination angles between 0 and 45 deg with 
the shunt signal in mV on the ordinate and the 
time in seconds on the abscissa. Different 
ordinate scales are used for various inclination 
angles. The Rayleigh numbers for the time 
histories are noted on the figure and are indica- 
tive of the turbulent regime. 

From the figure, it is seen that both the 
frequency and amplitude of the local mass 
transfer fluctuations experienced by the vertical 
plate were markedly different from those for 
inclined plates. For the latter, the fluctuation 
period is on the order of 30s whereas the 
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FIG 3. Representative timewise variations of the local mass transfer in 
the turbulent regime. 
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typical fluctuation period for the former is were to follow the one-third power dependence, 
about two seconds. There is also an order of then they would fall on a horizontal line in such 
magnitude difference in the amplitudes. For a graph. 
the inclined plates, peak-to-valley variations A presentation of the time-averaged local mass 
which are about 30 per cent of the mean signal transfer results is made in Fig. 4 for inclination 
are in evidence. angles of 0, 10, 1520, 30 and 45 deg. The results 

In connection with the aforementioned fluc- for each inclination angle are referred to a 
tuation frequencies, it is relevant to mention the specific ordinate scale, either at the left or at the 
boundary layer temperature measurements of right as indicated by the arrows. The lowest 
Lock and Trotter [15] for turbulent natural Rayleigh number for each set of data is that 
convection adjacent to a vertical plate in water. which corresponds to the onset of instability. 
These experiments showed that the frequency Aside from the vertical plate, for which the 
of the temperature fluctuations was substan- Rayleigh number range is too small to permit 

108 109 1010 , 011 IO 2 

RO8.X 

FIG. 4. Time-averaged local mass transfer results in the turbulent and transition regimes. 

tially smaller in the neighborhood of the wall 
than in the boundary layer proper. 

By averaging the instantaneous signals from 
the circular probes, time-averaged local mass 
transfer coefficients and Sherwood numbers 
were deduced. Typically, the averaging was 
extended over a 3 min interval which in light of 
the preceding discussion, should be sufficient to 
provide meaningful results. To facilitate the 
examination of the Rayleigh number dependence 
and to achieve a compact presentation, the 
results are plotted with Sh,/Ra$,, on the 
ordinate and Rae., on the abscissa If the data 

conclusions to be drawn, the results for the 
other cases clearly indicate an approach to a 
one-third power dependence at the higher 
Rayleigh numbers as characterized by the 
horizontal dashed lines. At inclination angles 
of 20, 30 and 45 deg, the pattern of the data at 
lower Rayleigh numbers is an initial rise and 
then a fall, and this is believed to correspond to 
the transition regime. 

Further inspection of Fig. 4 indicates that 
Sh,/Ra$,, varies appreciably with the inclination 
angle. Therefore, the use of g cos 0 in lieu of g is 
not sufficient to account for the influence of 
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plate inclination in the transition and turbulent 
regimes. The effect of inclination angle in the 
turbulent regime may be characterized by a 
parameter C(@) defined by 

Sh, = C(0) Raj,,. (15) 
Numerical values of C(0) were determined by 
using equation (15) in conjunction with the 
turbulent data appearing in Fig. 4, resulting in 
a fit given by the horizontal dashed lines. These 
C values are plotted in Fig. 5 as a function of the 

Inclination angle, deg 

FIG. 5. Angle dependence of the coefficient C = Sh,/Rai,,. 

inclination angle. The figure shows that C 
varies appreciably over the range of angles 
investigated and that substantial errors can be 
made by neglecting this variation. It might also 
be noted that the C value for the vertical plate 
is tentative owing to the paucity of data. 

The only prior work on turbulent, natural 
convection mass transfer appears to be that of 
Fouad and Ibl [14], who measured overall 
results for the vertical plate in the Rayleigh 
number range from 2 x 10” to 1015. Their 
overall mass transfer measurements included 
contributions from the laminar, transition, and 
turbulent regimes, thereby precluding a direct 
comparison with the local turbulent mass 
transfer results obtained here. 

There is a substantial body of information on 
turbulent, natural convection heat transfer, 
most of which is concerned with the vertical 
plate. A study of the available literature reveals 
the absence of a consensus. For instance, the 

analyses of Eckert and Jackson [16] and of 
Bayley [17] respectively yield 3 and 3 power 
Grashof number dependences, whereas the more 
recent analysis of Kato and co-workers [18] 
gives a power ranging from @3 1 to @ 36, depend- 
ing on the Prandtl number. Among recent 
experimental investigations, carried out either 
in air or water, the power of the Grashof 
number dependence was $0365,041, @28 and 
$3 respectively reported in [19-23].* The ex- 
perimental results of Fujii and co-workers 161, 
encompassing both water and oils, were corre- 
lated with either a 3 power representation or a 
L 5 power representation, depending on the 
fluid. The just-mentions disparities emphasize 
the dificulties inherent in performing natural 
convection heat transfer experiments and, in 
this way, call attention to the advantages of the 
electrochemical mass transfer method. 

For inclined surfaces, turbulent heat transfer 
results are reported by Vliet [4] for the uniform 
heat flux boundary condition, with water as the 
primary working fluid (two runs were also made 
in air). A correlation involving the 0.32 power 
of the Grashof number was obtained.* Further- 
more, the correlation, based on g rather than 
on g cos 0, is purported to be independent of 
the inclination angle. The data were plotted on 
conventional logarithmic scales with a high 
density of points, so that it is difficult to discern 
whether the scatter (- 25 per cent) is related 
to variations of the in‘clination angle. 

In any event, the effect of inclination on 
turbulent transfer appears to be substantially 
smaller in Vliet’s work than in the present 
experiments. These different behaviors might 
be due, at least in part, to the different boundary 
conditions at the plate surface (uniform heat 
flux versus uniform concentration). Indeed, in 
connection with turbulent heat transfer studies 
for the vertical plate, Vliet and Liu [22] cautioned 

* Results reported in [22] and [4] were based on a 
mod&d Grashof number appropriate to uniform wall heat 
flux. For present purposes, the correlations of [22] and [4] 
were recast in a form involving the conventional Grashof 
number. 
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against the expectation of similar behavior for 
the uniform heating and uniform temperature 
boundary conditions. Another factor which 
may be relevant is that the Schmidt number of 
the present experiments is about 500 times larger 
than the Prandtl number of Vliet’s tests, thereby 
altering the relative sizes of the participating 
boundary layers. 

Spanwise variations in the transition regime 
The flow visualization studies reported in [l] 

indicated that for inclination angles greater 
than 17 deg, the breakdown of the laminar 
flow regime for thermal natural convection in 
water is characterized by longitudinal vortices 
distributed across the span of the plate. On the 
other hand, for angles less than 14 deg the onset 
of transition was found to be characterized by 
plane waves which are more or less uniform 
across the span. The two modes of instability 
co-existed in the range between 14 and 17 deg. 

With the foregoing as background, attention is 
now turned to the measurements of spanwise 
mass transfer distributions. 

As was described in the Apparatus section, an 
ensemble of 55 probes was fabricated to facilitate 
the spanwise measurements. However, during 
the course of the experiments, the insulation 
between the probes was attacked by the sul- 
phuric acid in the electrochemical solution, 
thereby causing short circuits. As a consequence, 
the number of active probes decreased with 
time. Fortunately, a substantial amount of 
data was collected before a large portion of the 
ensemble became inactive. 

The digital voltmeter employed to measure 
the instantaneous shunt currents was able to 
sequentially read 24 inputs, with a 0.3 s interval 
between each reading (i.e. all 24 probes were 
read in about 7 s). Typically, a set of 24 probes 
was scanned for a period of lf min and then. 
following an interval of about 45 s required 

Spanwise location, mm 
FIG. 6. Instantaneous spanwise mass transkr distributions in the transition region, 

inclination angle = 45 deg. 
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Spanwise location, mm 

FIG. 7. Instantaneous spanwise mass transfer distributions in the transition region, 
inclination angle = 30 deg. 

for changing connections, a second set of 24 Spanwise averages of the data appearing in 
probes was scanned for li min : and so forth. Figs. 6-9, when averaged over time, agree well 
The data thus obtained were cross plotted to with the values plotted in Fig. 4. 
obtain spanwise distributions corresponding to The Rayleigh number characterizing each 
a given instant of time. figure was chosen to be indicative of the transi- 

Instantaneous spanwise mass transfer distri- tion regime for that angle of inclination. The 
butions for inclination angles of 45, 30, 20 and range of the transition regime was gauged from 
15 deg are presented in Figs. 6-9 respectively. Figs. 2 and 4 and from the presence or absence 
The ordinate variable is the current density, of streaks on the plate surface indicating span- 
which is directly proportional to the mass wise preferential deposition of copper ions. 
transfer rate [equation (511. The abscissa vari- Figures 6-9 have a common structure. In 
able is the spanwise location, measured relative each figure, data from probes l-24 are plotted 
to the first probe in the 55-probe ensemble. in the left half, while data from probes 25-48 

3 4 5 6 7 a 9 IO Ii 14 

Spanwise location, mm 

Frt;. 8. Instanfaneous spanwise mass transfer djstr~b~~io~s in the transition region, 
inclination angle = 20 deg. 
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are shown in the right half To provide a clearer 
picture, dashed curves have been faired to 
interconnect the points for a given instant of 
time. The time lapses between the successive 
instantaneous distributions are indicated on the 
figures, as are the Rayleigh numbers. Owing to 
the data acquisition procedure, adjacent distri- 
butions plotted in the left and right portions of 
the figures do not correspond to the same instant 
of time. 

Turning first to Fig. 6 (inclination angle = 45 
de& it is seen that the instantaneous mass 
transfer varies in an oscillatory manner across 
the span, with the peak-to-valley variations 
being approximately equal to the spanwise 

“E 

especially interesting. In this case, only an 
occasional peak or valley is visible, separated 
by regions of nearly unifo~ mass transfer. 
Thus, the present mass transfer measurements 
support the visual observations of {i] with 
respect to the disappearance of the longitudinal 
vortices at inclination angles less than about 
15 deg. 

There are clear indications that, although they 
shift with time, the longitudi~~ vortices have 
preferred locations. In this connection, time- 
averaged spanwise distributions are plotted in 
Fig. 10, each point being an average over 14 min. 
Results are given for inclination angIes of 45, 
30, 20 and 15 deg, for the Rayleigh numbers 

t; “$” I 2 3 4 5 6 7 8 9 10 iI 12 13 t4 

z! Sponwise location, mm 

Frc;. 9. Instantaneo~ spanwise mass transfer distributions in the tl’ansition region, 
inclination angle = 15 deg. 

average. The distance between adjacent peaks 
or valleys is about one mm. It is also seen that 
the spanwise distributions shift with time. 
indicating a corresponding shifting of the 
longitudinal vortices. However, as will be 
demonstrate shortly, there are preferred Ioea- 
tions for the vortices. 

As the angle of inclination decreases (Figs. 
7-9) the relative amplitudes of the spanwise 
variations become smaller, and the shifting of 
the distributions with time diminishes. These 
trends are believed to hold although there is a 
possibility that the flow conditions of Figs. 6-9 
correspond to earlier or later stages of trans- 
ition. The spanwise distance between peaks and 
valleys continues to be about one mm. The 
results for the inclination angle of 15 deg are 

which are respectively indicated in Figs. 6-9. 
If the positions of the vortices had been random, 
then the time-averaged distributions would be 
uniform. The fact that there is a pattern of 
maxima and minima in the time-averaged 
distributions testifies to the existence of preferred 
locations. From a comparison among the 
relevant figures, it is seen that the amplitudes of 
the spanwise variations are somewhat smaller 
in the time-averaged distributions than in the 
instantaneous distributions. 

Another indication of the existence of pre- 
ferred locations was the presence of streaks on 
the plate surface, corresponding to a greater 
deposition of copper ions. 

As a linal experimental objective, it was 
planned to examine the restoration of spanwise 
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Spanwise location, mm 

FIG. 10. Time-averaged spanwise mass transfer distributions in the transition regime 

uniformity as the Rayleigh number is increased 
and fully turbulent conditions are attained. 
Unfortunately, the 55 probe ensemble became 
inoperative before this objective was fully 
realized, but sufficient data were collected to 
establish a clear trend. Figure 11 shows in- 
stantaneous spanwise. mass transfer distributions 
for two Rayleigh numbers at an inclination 
angle of 30 deg. It is seen that with increasing 
Rayleigh number, the relative amplitude of the 
spanwise variations decreases markedly, point- 

ing to an eventual restoration of spanwise 
uniformity. 

CONCLUDING REMARKS 

Electrochemical mass transfer measurements 
have been shown to be a highly effective means 
for obtaining local information on both the 
streamwise and spanwise distributions of nat- 
ural convection transfer coefficients. In addition, 
since the mass transfer probes are inertia free. 

G 
f 

1 I I I, I 

'0 I E 2 3 4 5 6 7 6 9 IO II I2 13 14 

Spanwise location, mm 

FIG. 11. Effect of Rayleigh number on the instantaneous spanwise mass transfer 
distribution, inclination angle = 30 deg. 
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timewise variations can be measured. Other 
advantages of the electrochemical method are 
(a) well defined boundary conditions, (b) small 
fluid property variations, (c) high precision of 
measurement, and (d) small ambient distur- 
bances. 

Excellent agreement was found to exist be- 
tween laminar theory and the experimentally 
determined local mass transfer coefficients, both 
for vertical and inclined surfaces. The .onset of 
transition occurred at a Rayleigh number 
slightly greater than 10” for the vertical plate 
and, with increasing surface inclination, the 
instability Rayleigh number decreased markedly. 
In the transition and turbulent regimes, the 
local mass transfer rates varied with time. Both 
the period and the amplitude of the timewise 
turbulent fluctuations were’ appreciably larger 
for inclined surfaces than for the vertical 
plate. The time-averaged turbulent mass transfer 
coefficients exhibited a one-third power depen- 
dence on the Rayleigh number and, in addition, 
a strong dependence on inclination angle. In 
the transition regime, for surfaces inclined at 
angles greater than 15 deg, significant spanwise 
variations in both the instantaneous and time- 
averaged mass transfer rates were measured. 
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CONVECTION NATURALLY LAM~NA~RE OU DE TRANSITION OU TURBUL~~TE 
ADJACENTE A DES SURFACES INCLINEES ET VERTICALES 

Resum&-~n a etudit exp~r~mentakm~nt a l’aide dune technique ~lectr~him~que le transfert massique 
en convection naturelle adjacente a des plaques verticales et B des piaques inch&es a face active tournee 
vers le ham. Des mesures locales sont faites pour determiner les distributions de transfert massique a la 
fois dans l’tcoulement et sur la surface. Des flux massiques dependants du temps ont CtC mesures dans les 
regimes de transition on turbulents. 

Les coefficients locaux de tcansfert massique laminaire s’accordent tres bien avcc les estimations theoriques 
pour des surfaces verticales ou inclinees. Le nombre de Rayleigh marquant la transition laminaire-turbulent 
varie nettement avec l’angle d’iaclinaison et dtcroit quand on augmente l&art ii la position verticale. 
Dam le regime de transition, pour des surfaces inclint% avec des angles sup&ieurs & 15” par rapport a la 
verticale, on a mis en evidence des neftes variations le long de la surface pour les flux massiques instantan& 
comme pour les flux moyens. Les tluctuations en fonction du temps des flux massiques turbuients sent 
d’amplitude et de periode nettement plus grandes pour des surfaces inclinees que pour la plaque vet&ale. 
La valeur moyenne des coefficients locaux de transfert massique turbulent est reliee ri la puissance $ du 

nombre de Rayleigh et elle depend fortement de l’angle d’inclinaison. 

FREIE KONV~KTIDN AN GENEIGTEN UND SENKRECHTEN D3ERFL~C~EN 
BEI LAMINARER, TURBULENTER UND GEMISCHTER STRiSMUNG 

Zlsammenfassung-Es wurden Versuche iiber den Stoffiibergang bei natiirlicher Konvektion llngs 
senkrechter und geneigter. nach oben zeigender Fliichen durchgeftihrt unter Verwendung eines elektro- 
chemischen Verfahrens. ortliche Messungen lieferten Stoffiibergangsverteilungen in und quer zur 
Striimungsrichtung. Die Zeitabhlngigkeit des Stoffiibergangs wurde im turbulenten und im Ubergangs- 
gebiet gemessen. 

Die gemessenen Stoff~~rgangsk~~zjenten stimmten sowoh fur senkrechte als such ftir geneigte 
F&hen sehr gut mit analytischen Voraussagen i&rein. Die RayleigbZahl, die den Umschlagpunkt 
laminar-turbulent angibt, lnderte sich spurbar mit dem Ne~gungs~nkel in der Weise, dass sie mit 
zunehmender Abwei~hung von der Senkrechten abnahm. Im ~~rgan~g~b~et zeigten sich ftir F&hen 
mit Nei~ngswinkeln gr&ser als 15” zur Senkrechten deutliche ~hwankung~~ sow&l der momentanen 
als such der zeitlich gemittelten St~ffd~rgangsdichte senkrecht zur Str~I~ungsr~~htung. Die zeitlichen 
Fluktuationen der turbulenten Stoff~~rgangsdi~hte hatten an gene&ten Flacben eine wesentlich gr&sere 
Amplitude und Per&de als an der senk~chten Platte. Die zeitlich gemittelten, &&hen turbulenten 
Stoff~~rgan~skoe~~ienten wurden mit der d&ten Wurzel der Rayl~i~h~~hl korreliert. Ausserdem 

weisen sie eine merkliche Abhlngigkeit vom Neigungswinkel auf. 

JIAMMHAPHAH, IIEPEXOAHAFI I4 TYPBYfiEHTHAR ECTECTBEHHAH 
IEOHBEKHMR: BEJIH3M HAHnOHHbIX I4 BEPTMKAJIbHbIX HOBEPXHOCTEH 

~E~~~~~-~~c~~FMM~~T~ no nepetroey mccbi npss eCTeCTBe~i~0~ Ko~3eK~~~ BSJIE~E 

3epT~~a~bH~X II HafijIOHHhIX EJIaCTCIH BbIlloLlHRJIIICh C IlOMOE&Io 3~eKT~OX~~~~eCK~~ 

~eTo~~K~. EmIH RpoBe~e~r~ jIoKanbme ~3~~p~H~~, 3 pe3yxbTaTe KOTO~MX nonysem 

pac~pe~e~e~~~ nepesoca MaCCEd no ~O~OXy EI B npOCTp3HCTBe. ~3~ep~~~cb 3aB~cff~~e OT 

3peMeHn GR~~OCTH nepeHoca Yaccid B nepexommx z8 Typby~eHT~~x pewmax. 

~3~epeHH~e JIoKazbKbIe ~~~~~apK~e Ko3~~~~~eHT~ neperioca mCcbf XOpOUIO comacu- 

BEIBaJiBCb C aH3~~T~~eC~~M~ &N.WieTah%H Kaft @IFI BePTIIKWIbliUX, TaK H ,@I53 fIafi.WlEfHhIX 

~~3~pXH~CTe~. %CJlO hIWE, l?p3% KOTOpOFa BO3H~~aeT IiepeXOR OT ~aM~H~pHOr0 pew&ma K 

~yp6y~eHT~~y, ~o~~epra~~p 3~aY~~Te~b~~~ ~3MeHeH~~~ c ~3~eHeH~eM yrna wazmoaa, 

yMeHE.lUa5lCt C yBeJIW%eHHeH OTKJIOHeHHti OT BepTHKajlbHOlW IlOJlO~eHEIFI. B nepeXOAHOM 

PelKHMe JJSlU IlOBepXHOCTefi, HSUUlOHeHHblX IIOJJ ylYlOM 6onee 15a H BepTPiKaJIH, OYeBIIAHbl, 
3HaYHTeJIbHbIO IIpOCTpaHCTBeHHbre YI3MeHBHEIR INK B Ml'HOBeHHbIX, 'I'aR II B yCpeAHeHHb[X II0 

upenreuu CKO~~CTHX nepewoca macCbr. 

BpeMeHHbIdKOJIe6aHIlR CKOpOCTe& TypbyJleHTHOFO IEepeHOCa MW.YZI IlMeJIM 3Ha4m'enbHO 

6OJIbIHylO aM~~~~Ty~y II IZepeXOp, ,IWi HaXJIOHHblX ROBepXHOCTeft WelKeJIitt~JIR BepT~~a~bHO~ 

~~aCT~H~. 


