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transmissivity and reflectivity, when the average value of
albedo is used instead of the actual variation of albedo within
the medium. To investigate this matter, we consider several
different spacial variations of albedo within the medium such
that for each case the average value of w(x) over the medium is
equalto w,,, = 0.5. Table 1 lists the results obtained from such
calculations for both linear and quadratic variations of albedo
for an optical thickness of a = 1.1t appears that the reflectivity
of the slab varies significantly with the variation in the
distribution of w(x), whereas the change in transmissivity is
very small. For example, for the case of w(x) = x and isotropic
incidence, the use of arithmetic average for w overestimates
reflectivity about 1079, but the transmissivity is under-
estimated only by about 2%;. In the case of normal incidence,
these errors are 68 and 49, respectively.

This same trend continues for all optical thicknesses as
shown in Fig. 1. The transmissivity curves are very close to
each other indicating a weak dependence of transmissivity on
the spacial variation of albedo. As expected, the transmissivity
approaches zero as the optical thickness becomes larger. On
the other hand the reflectivity curves for w(x) = x/a and
w(x) = 1 —x/a are far apart from each other, especially at
larger optical thicknesses, indicating strong dependence of
reflectivity on the spacial distribution of the albedo. A similar
trend is apparent for the case of normal incidence as shown in
Fig. 1(b).

The present approach is also applicable for the exponential
variation of albedo in the form w(x)= w, e **, if the
exponential function is represented by its polynomial
expansion. This is demonstrated by comparing our results
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with those obtained inref. { 1] using the F y method, for the case
of s = 100. We used the first ten terms of the polynomial
expansion of the exponential function, which involves an error
less than 107 '€ in albedo for a < 10. The agreement between
the two results was excellent.

In Table 2, we present the angular distribution of radiation
intensity for w(x) = x/a at three different locations in the
medium (i.e. at x =0, ¢/2 and qa) for different optical
thicknesses for the cases of both isotropic and normal
incidence. Here we list in the last column the number of terms,
NT, used in the expansion to achieve convergence for a
specified degree of accuracy. The functional form of the
albedo, w(x),did not seem to have mucheffect on the number of
terms required to achieve a specified accuracy.
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NOMENCLATURE

concentration

diffusion coefficient

height of the channel

grid size, x-direction

grid size, y-direction

length of the nonconducting segment
Peclet number, (Re Sc¢) = Hu,,/D
length of conducting region/length of
nonconducting region

Schmidt number, u/pD

velocity

RIoFIZOS

= W
~

+To whom all correspondence should be addressed.

u,, average velocity
X,y  x-, y-coordinate.

Superscript
* dimensionless quantity represented by equation
(5).

1. INTRODUCTION

MosT widely used in recent years for fluid—solid mass transfer
studies is the limiting current technique, which measures a
current density at a cathode where reduction of ferricyanide
takes place. The details of the limiting current technique may
be found elsewhere [ 1-3].

In order to understand local characteristics of mass transfer
around the solid surface it becomes necessary to measure local
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mass transfer rates. This can be accomplished with segmented
electrodes using the limiting current technique. This technique
has been successfully employed for exploring axial local wall
mass transfer distribution downstream of a nozzle wall [4, 5]
in measuring the circumferential distribution of local
Sherwood number in a semi-cylindrical hollow oriented
transverse 1o the main flow [6], and in studying the effect of
turbulence promoters on local mass transfer [ 7, 8]. The use of
this method requires that the electrodes be electrically isolated
from one another. Accordingly, the regions between electrodes
become electrically inert. Since electrochemical reaction is
absent in these inert regions, the concentration of ions at the
inert surface increases and thus the distribution of local mass
transfer coefficients at the next electrodes are measured larger
than those with the continuous electrodes. In order to analyze
this effect mathematically a system of parallel plates is chosen
and the local Sherwood number in each segment is
numerically calculated and compared. The results of this study
reveal the errors introduced due to the segmentation of
electrodes.

2. MASS TRANSFER ON THE
SEGMENTED ELECTRODES

For simplicity of the problem we have chosen the two-
dimensional geometry with plane parallel plates shown in Fig.
1. The strip electrodes are embedded on the upper and lower
walls and spaced at regular intervals. For the velocity profile
fully developed Poiseuille flow is assumed. The ratio of
channel length to channel height (H) is assumed to be large, as
is usually the case in practice. The Peclet number is very large,
which assumes that the thickness of the concentration
boundary layer is much thinner than the channel height.
Under the above assumptions the mass transfer equation can
be written as

éc 3¢

u—=D—— (1)

and the boundary conditions are given as

x=0, c¢=¢,
y=0, ¢=0 forconducting region
ce . .
o= 0 for nonconducting region
ay
H déc
=—, —=0. 3
y=5 PN (3)

Also we define the ratio of the conducting region to the

FiG. 1. Distributions of concentration and velocity in the
conducting—nonconducting parallel plates.

1923

nonconducting region as

length of conducting region

4

- length of nonconducting region’

The following dimensionless variables and parameters are
defined

u X y c
u* = * * = L ¥ =

= » - »

s XU = -
u,, (H Pe) H Co

5
Pe = Re Sc = Hu,,/D.

In terms of these dimensionless variables equations (1)}+3)
become

oc*  d%c*
* —

e T aye ©
u* = 6y*(1—y¥) U]
x*=0, ¢*=0 for conducting region
oc* . .
=0 for nonconducting region
oy*
1 dc*
V¥ =, e =0. ®)
27 oy*

3. METHOD OF THE SOLUTION

Using the Crank—Nicolson formula equation (6) is written
in finite-difference form

u*'c;kﬂ.j_c?.‘j _ L

i h k2

X {%(C?.‘j+l _chj+cfj—1)+%(c?‘+l,j+1_25?+1.j+c?(+1.j71)}
uf; = 6k%j(1—j) 9

where i, j refer to the ith and jth nodes at the x and y axes,
respectively. If welet the length of the nonconducting region be
L, the same boundary conditions at y = 0 are given for the
conducting and nonconducting regions alternately. The
dimensionless interval P is given by

o (RHIL

H Pe (10)
and the boundary conditions are
at x* =0, cgi=1
at y* =0, ¢t =0
for (n—1)P < x* < (n— 1+ L)P
R+1
(conducting region)
1
at y* = 5 o=l
for (n—l+ j—)P < x* < nP.
R+1
{nonconducting region) (11)

The numerical solutions for equations (9)(11) are easily
obtained by the Thomas algorithm [9]. The local Sherwood
number is calculated as

ac*

Sh=—
oy*

(cfy —cfo)- (12)

1
po B
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4. RESULTS AND DISCUSSION

Here we considered the case for Pe » 1 which is very often
encountered in most mass transfer studies. The solution was
obtained up to x* = 60 x 1075

Figure 2 shows the comparison of the local mass transfer
rates between the nonsegmented electrode (R = w), and the
segmented electrodes with R = 10 and 2. The local mass
transfer rate on the nonsegmented electrode is infinite at the
beginning but decreases rapidly due to the depletion of
electrolyte at the electrode surface. In other termsit is said that
the mass transfer rate drops due to the growth of the
concentration boundary layer. This is the typical solution of
the Graetz-type problem in mass transfer. In the case of R = 2
the drop is not continuous. The local mass transfer rate is
denoted by the Sherwood number. Initially Sh is the same as
that for the nonsegmented case, but at the second electrode a
distance L from the first the peak Sh is lower than at the first
electrode, but it is higher than the Sh at the end of the first
electrode. This means that the electrolyte moved towards the
surface while it passed over the inert region, which resulted in
the buildup of nonzero concentration at the inert region
surface (Fig. 4). However, the elevated peak Sh at each
electrode decreased depending on the distance from the
entrance region. Inthe case of R = 10the profileis veryclose to
that of R = oo as expected.

Figure 3 shows the mass transfer boundary layer thickness
defined as ¢*(8) = 0.99in this study. Despite the discrepancy in
mass transfer rates on segmented electrodes, the variation in
boundary layer thickness is rather small. This reflects the fact
that ions near the electrode surface move in to increase the
electrolyte concentration near the electrode surface since the
electrolytes are not depleted while they pass over the inert
regions.

Figure 4 shows the concentration profile over the
segmented electrode (R = 5). The concentration at y* = 0 on
the inert region is not zero, which gives elevated mass transfer
rates at the next electrode.

Finally Table 1 summarizes the discrepancies in mean
Sherwood number using the segmented electrodes. As R
increases, the discrepancy between the nonsegmented and
segmented electrodes decreases. For instance, in the case of
R =5, the discrepancy is about 15% and R = 10 gives a
discrepancy of less than 8%. These errors seem quite
insensitive to thelocation of the electrodes. As aconclusionitis

80 i ~— Rz o
~— R=2
--— R=10

{ Sh)
o
=
f

Sherwood Number

x*(x10°)
F1G. 2. Sherwood number distributions in the conducting—
nonconducting parallel plates (H Pe/L = 50 000).
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0.2

Fi6. 3. Concentration boundary layer thickness (H Pe/L
= 50000).

0.50

012

004

1.2 26 228 239
x*(x10%)
F1G. 4. Distributions of concentration (R =5, H Pe/L
= 50000).

Table 1. Percentage error of mean Sherwood number across
one conducting region, compared to that at R = oo

Region No. R=1 R=2 R=5 R=10
1 0 0 0 0
3 479 29.1 14.0 7.7
5 56.1 327 15.1 8.0
7 60.4 35.7 15.5 —
9 63.1 36.5 15.8 —

11 65.1 371 — —
13 66.7 37.6 — —
15 67.9 38.0 — —
17 68.8 384 — —
19 69.7 — — —
21 70.5 — — —
25 71.8 — — —
29 72.7 — — —

1 Note: the percentage error was calculated according to
the following equation

(% error) = 100 x (Sh,,(R) — Sh,,,(00))/Sh,(c0).
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important to estimate the errors introduced using segmented
electrodes in measuring local mass transfer rates.
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NOMENCLATURE
f(r) dimensionless generation rate function
g gravitational acceleration [m s~ %]
Gr Grashof number, g8R30/kv?
k thermal conductivity of the fluid
(Wm 1K 1]
Pr Prandtl number, v/u
q.{0) local wall heat flux, g*/(R,Q) = (T/or),
[Wm~?]
4(r) prescribed energy generation rate function,
M Wm?]
1] maximum value of §(r) [W m 3]
0 volume averaged rate of energy released,
30 J TN i
— ryr? dr [Wm™3
Gy ) S0 drTWm™]
r radial coordinate [m]
Ry, R, inner and outer sphere radii [m]
T(r,0) temperature field [K]
T, outer sphere temperature.

Greek symbols

o thermal diffusivity of the fluid [m? s~ 1]

p coefficient of volume expansion of the fluid
K]

n radius ratio, R,/R,

tPresent address: Sandia National Laboratories,

Albuquerque, NM 87185, US.A.

[ latitudinal coordinate
v kinematic viscosity of the fluid [m? s~ 1]
Y(r,0) stream function {m3s™!].
Subscripts
0O), partial derivative with respect to r
Superscripts
() dimensional quantity.

INTRODUCTION

IN A RECENT paper Nelsen et al. [1] discussed natural
convection in a spherical annulus driven by uniformly
distributed energy generation within the annulus fluid. The
purpose of this note is to extend those results to include
radially non-uniform generation rate distributions in the
annulus and to investigate their effect on the flow field. Under
study is the steady buoyancy driven flow of a Boussinesq fluid
within a concentric spherical annulus enclosure. The inner
wall is insulated while the outer sphere is an isotherm (T3).
Such a configuration is of practical interest as discussed in ref.
[1]. Of interest here, however, are the generic attributes of the
apparatus as determined by an approximate numerical
method, the method of partial spectral expansions.

MATHEMATICAL MODEL AND SOLUTION

A Boussinesq fluid fills a concentric spherical annulus
enclosure whose inner radius is R, and outer radiusis R,. The
fluid is generating energy at a prescribed rate, ¢ = 4(r).



