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Abstract - Measurements are described of the circumferential distribution of local Sherwood number in a 
semi-cylindrical hollow oriented transverse to the main flow in the base of a narrow rectangular channel. 
This geometry, among other reasons, is of interest because of its application to blood oxygenation 
equipment. The experimental arrangement was such that hydro-dynamically fully-developed laminar flow 
existed at entry to the hollow, and measurements covered a Reynolds number range of about 20-500 
based on the hollow diameter and channel mean velocity. An electro-chemical technique, in which a 
redox couple comprised the electrolyte and thin nickel wires formed the test electrodes, was utilized. 
Current measurements, made under conditions of diffusion-controlled electrolytic reaction, led to the 
evaluation of the Sherwood number. The circumferential distribution of Sherwood number within the 
hollow as a function of the Reynolds number of flow and the hollow size are presented in graphical form. 
Sherwood number increased with both the Reynolds number and the hollow diameter, but it usually 
exhibited a minimum somewhere in the upstream quadrant of the hollow. The Sherwood number, 
averaged over the hollow circumference, was computed and yielded a correlation identical to the one in 
the absence of the hollow, except for a smaller value of the constant. The results were compared with a 
numerical calculation by Snuggs and Aggarwal of the Sherwood number distribution in the hollow and 

were found to be in excellent agreement 
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NOMENCLATURE 

exponent in equation (16); 
channel half-height ; 
concentration of the reacting species; 
local wall skin friction coefficient 

(=27/pui); 
average wall skin friction coefficient ; 
bulk concentration ; 
surface concentration ; 
molecular diffusivity of the reacting 
species ; 
diameter of the hollow; 
diameter of electrode ; 
Faraday’s constant (= 96 494 C) ; 
current density; 
limiting current density ; 
function of d in equation (12); 
local mass-transfer coefficient for 
isolated electrode ; 
average of local mass-transfer coefficients; 
electrode length ; 
mass flux normal to electrode surface; 
valence charge of an ion ; 
gas constant ; 
Reynolds number ; 
Schmidt number (= v/D); 

Sherwood number in the hollow (= kd/D); 

Sherwood number in the absence of hollow 
(= kb/D); 

Sh, spatial-averaged Sherwood number; 

*Department of Engineering Science. Oxford University, 
England. 

t Mechanical Engineering Department, University of 
California, Berkeley, U.S.A. 

time-averaged velocity gradient ; 
absolute temperature; 
time (also dummy variable); 
velocity component in the x-direction; 
mean velocity of flow in channel ; 
velocity component in the y-direction; 
width of electrode; 
co-ordinate in the flow direction; 
co-ordinate perpendicular to the 
electrode surface; 
co-ordinate in the direction of electrode 
width. 

Greek symbols 

6 rn, diffusion-layer thickness; 

elII eddy-diffusivity of mass; 

s*9 eddy-diffusivity of electrostatic 
potential; 

6, angular position within the hollow, 
measured from its upstream lip; 

A dynamic viscosity of fluid; 
v, kinematic viscosity of fluid; 

P. fluid density ; 
7, wail shear stress in the hollow ; 

701 wall shear stress in the absence of hollow ; 
*t electrostatic potential. 

Subscripts 

b, quantity based on channel height; 

d, quantity based on the hollow diameter. 

1. INTRODUCTION 

THERE exists a continuing search for more compact 
and more efficient blood oxygenators or artificial 
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lungs capable of prolonged extra-corporeal assist- 
ance with minimum amount of blood trauma. In 

one of their simplest forms, oxygen is bubbled 
through a column of blood. Although bubble 
oxygenators have been widely used in open heart 
surgery, they cause significant haemolytic changes 
and thereby seriously limit perfusion times. A 
membrane lung device, in which a silicone mem- 
brane is interposed between blood and oxygen, is less 
traumatic and consequently more suited to pro- 

longed perfusion without decreased function [l-3]. 
Its effectiveness is controlled by the mechanism of 
the transport of oxygen (similar considerations apply 
to the transport of CO, but in the opposite 
direction) from the membrane surface to the blood 
stream and by the membrane properties, the latter 
not being the concern of this study. The transfer of 
oxygen across a lung device membrane and its 
associated boundary layer is mainly limited by the 
concentration gradient driving the diffusional trans- 

port of oxygen. Owing to the poor solubility of 
oxygen in plasma, an oxygenator employing dif- 
fusional transport requires a large membrane surface 
area to achieve adequate respiratory oxygen ex- 
change, making difficult the achievement of compact- 
ness of the device. 

considerably. If the flow is made turbulent, good 
convective mixing occurs but at the expense of high 
intensity shear regions unfavourable to blood and to 
the arterial wall [lo]. Convective mixing in laminar 
flows can be induced simply by using irregular 
membrane surfaces. Weissman and Mockros [4] 
have claimed that if the blood flows through a 
helically-coiled tube, gas-transfer rates up to a 
hundred times greater than that for a comparable 
straight tube can be achieved, provided the flow 
parameters are optimized. This phenomenal im- 

provement in gas transfer is ascribed to the second- 
ary mixing of the fluid in the cross-sectional plane 
of the tube due to the twin contra-rotating helical 
vortices generated by the centrifugal forces. Other 
studies of flow in curved tubes have reported much 
more modest increases in heat and mass transfer. 
Kolobow et al. [1] found that by exposing the blood 
to a rough membrane surface, it was possible to 
increase the efficiency of their spiral membrane 
oxygenator by lOO’% or more. In fact, the use of 
roughened surfaces to augment convective heat and 
mass transfer such as in advanced gas-cooled 
reactors, has long been exploited as a powerful tool 

Pll. 

An extremely effective method of enhancing oxy- 
gen transport is the utilization of convective mixing; 
thus red cells saturated with oxygen are transported 
to oxygen-poor regions of the flow while unsaturated 
red cells are carried to oxygen-rich areas. That 
convective mixing by secondary motion can effec- 
tively augment mass-transfer processes in heat 
exchangers and chemical reactors has long been 
known but its application in the design of membrane 
oxygenators is only recent [4,5]. Secondary flow can 
be induced by oscillating either the channel carrying 

the blood or the blood itself. An example of the 
former arrangement is a fluid-filled torus driven in 
torsional oscillation about its axis of curvature [7] in 
which blood was forced sequentially through a series 
of toroidal membrane passages and good oxygen 
transfer was achieved. It was claimed that the 
oxygenator performance was not limited by gas 
diffusion in the blood phase, i.e. the blood mixing 
was complete. However, the oxygenator was fairly 
large in size and complex machinery was required to 
oscillate the device. Bellhouse et al. [8,9] used a 
furrowed membrane (with furrows oriented trans- 
verse to the flow direction) and oscillated the blood 
flow. In forward flow, strong vortices formed 
convectively (i.e. due to fluid flowing in and out of 
furrows). During flow reversal, these vortices were 
ejected from the furrows and replaced by sets of 
contra-rotating vortices. This produced good mixing. 

The present study is concerned with the use of 
vortex-type flows, created by furrowed passages, to 
enhance mass transfer at the walls of a channel, 
under laminar flow conditions. The overall perfor- 
mance of a membrane oxygenator utilizing furrowed 
channels to enhance oxygen transfer has already 
been evaluated by Bellhouse [8], when the blood 
flow was oscillated at a frequency of lOO/min. The 
parameters governing the oxygenator performance 
were chosen on the basis of dye visualization 
experiments. Therefore, detailed information on the 
distribution of mass transfer within a single hollow is 
thus far lacking, not only for the case of pulsatile 
flow, but even for the simpler case of steady flow, the 
understanding of which would seem to be a pre- 
requisite for the study of the pulsatile flow case. 

In this paper, experimental measurements are 

reported of local isolated mass-transfer coefficients 
within a single transverse semi-cylindrical hollow 
located in the lower wall of a narrow channel, when 
the flow in the channel at entry to the hollow is 
steady, laminar and fully-developed. The channel 
cross-section was 80 x 1Omm and the hollow dia- 
meter ranged from 4 to 12mm. The Reynolds 
number of flow, based on the channel mean velocity 
and the hollow diameter, varied from about 20 to 
500. The measurements were made at nine test 
electrodes (only six electrodes in the case of 4 mm dia 
hollow) equispaced around the periphery at centre 
span. 

Good mixing can also be achieved by using very The electro-chemical technique was employed for 
narrow channels, for instance, in the form of these measurements. In this method, a cathode is 
capillary tubes; this has the desired effect of mounted flush with the surface at the desired 

increasing the surface to volume ratio, thereby location and a larger anode is mounted downstream. 
reducing the prime volume of the device. However, The rig is perfused with an electrolyte which 
the power required to drive the blood increases comprises a redox couple containing a large excess of 
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a supporting electrolyte. The magnitude of DC 
potential applied between the electrodes is such that 
a diffusion-controlling electrolytic reaction takes 
place. Under these conditions, the resulting DC 
current is readily related to the mass-transfer 
coefficient at the surface. 

The distribution of Sherwood number around the 
hollow circumference is presented over an extensive 
range of flow rates and for five different hollow sizes. 
Local as well as average Sherwood numbers have 
been computed. An empirical correlation for the 
average Sherwood number over the hollow per- 
iphery is proposed and it is found that this 
relationship is independent of the hollow diameter. 
The local Sherwood number has also been calculated 
numerically and found to be in very good agreement 
with the experimental data. 

2. PRINCIPLE OF THE ELECTRO-CHEMICAL 
MEASUREMENT OF MASS TRANSFER 

An electrolytic reaction is caused to occur between 
two nickel electrodes-a small test cathode mounted 
flush with the channel wall at the point of measure- 
ment and a large anode mounted downstream. The 
test rig is filled with an electrolytic solution which, in 
the present work, consisted of equimolar con- 
centrations (0.01 M) of potassium ferro- and ferri- 
cyanides mixed with an excess of a carrier electrolyte 
(1.0 M of sodium hydroxide). The following reactions 
occur under the influence of a DC potential applied 
between the electrodes : 

At the cathode Fe(CN)z- +e + Fe(CN)z- 

At the anode Fe(CN)z- --* Fe(CN)z- +e. 

This redox reaction at nickel electrodes is chosen 
[12] in preference to solid dissolution or deposition 
reactions because: (a) the surface remains smooth 
and physically unaltered, (b) the reaction occurs with 
negligible chemical polarization and (c) the fre- 
quency response is higher. 

As ions of a reacting species are transferred from 
the bulk of the solution to the electrode surface, a 
concentration gradient is set up. In the steady state, 
the rate of mass transfer per unit area, ti, per- 
pendicular to the electrode surface (i.e. in the y- 
direction) is given by 

ti = (D +eJc(n/RT)a$/ay 

-(D+&,)dc/ay+uc. (1) 

The three terms on the RHS of equation (1) 
represent respectively migration due to the potential 
field, diffusion due to the concentration gradient and 
convection due to the flow. Owing to the high 
electrical conductance of the unreactive electrolyte 
(sodium hydroxide), the migration term can be 
neglected. Further, there is no net bulk flow 
transverse to the electrode surface; so the convective 
term disappears. Equation (1) thus reduced to 

ti = -(D +.2,)aC/ay 
the negative sign accounting for the fact that the 

mass transfer to the wall is in the negative y- 
direction. On integration, one obtains 

ti = -k(c,-c,) (2) 

where the subscripts 0 and s refer to the bulk and 
surface conditions respectively, and k is the mass- 
transfer coefficient defined as 

D+E, 
k=- 

4n 

where 6, is the diffusion-layer thickness according to 
the concept of Nernst [13]. In all the studies 
reported here, the flow was laminar, so E, was taken 
to be zero. 

Faraday’s first law relates the mass flux at the 
electrode to the resulting current density, i, viz. 

ti = -i/nF. (3) 

For the reduction of ferricyanide considered here, n 
= 1. Combining equations (2) and (3), one obtains 

k = i/F(c, -c,). (4) 

Thus, the mass-transfer coefficient, k, can be 
calculated from experimental measurements, pro- 
vided c, is known. Two assumptions will now be 
made: (a) the process is reversible, i.e. the reaction is 
so rapid that electro-chemical equilibrium is 
achieved at the electrode surface and kinetics of 
electron transfer can be ignored; (b) the ferricyanide 
concentration is independent of current and time in 
the steady-state implying that the rate of mass 
transfer is much larger than the rate of electrochemi- 
cal reaction. These assumptions are plausible for the 
redox couple chosen. 

As the negative potential applied to the cathode is 
jncreased, the current increases until a state is 
reached when the ferricyanide ions react at the 
surface at a rate equal to their maximum rate of 
transport to the surface, i.e. c, -+ 0. The current then 
asymptotes to a value (the limiting current) which 
remains constant despite further increase in the 
applied potential, until a second regime is reached 
when hydrogen liberation from the cathode causes a 
further increase in current. All experiments described 
in this paper were performed under limiting current 
conditions in the absence of hydrogen liberation; k is 
thus obtained from the simplified version of equation 
(4), namely 

k = i,lFc,. (5) 

The non-dimensional mass-transfer coefficient, the 
Sherwood number Sh, can be expressed as 

Sh = z = i,dfFcoD 

where d is a characteristic dimension. 
Further details of this technique are given by Reiss 

and Hanratty [14,15] who made measurements of 
fluctuating mass transfer in the vicinity of a pipe wall 
in order to study the unsteady nature of the viscous 
sublayer. 
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3. EXPERIMENTAL EQUIPMENT AND TECHNIQUE completely encased by a wooden enclosure which 
A schematic representation of the recirculating was covered with black polythene with provision for 

tunnel used in the present study appears in Fig. 1. access through the front. The test solution was thus 
The electrolytic solution entered from a constant- shielded from light for the most part of an operating 
head header tank via a bell-mouth into the test- day. Measurements made on the reference electrode 
section which was rectangular in cross-section indicated that the same solution could be used for a 
- 80mm wide and 1Omm high. The velocity profile full working week with little degradation in the 
at entry to the test-section was laminar and fully ferricyanide concentration. 
developed throughout the range of Reynolds number 
encountered in the tests 1161, since a length equal to 3.1. The ~~~etr~~~s 
70 channel heights was provided upstream of the test- All electrodes were made of nickel and were 
section. The top and bottom piates of the test-section mounted gush with the local surface. The top plate 
could be removed readily for ease of inspection and of the test-section incorporated a circular reference 

N2 

Temperature measuring 

20 pm Filter 

Chemical pump 
ccntmlled by o 
vclriac 
loo-ZLOV 50H7. 

FIG. 1. Schematic arrangement of the rig. 

interch~geability. Test sections containing semi- 
cylindrical hollows transverse to the flow of dia- 
meters ranging from 4 to 12 mm were installed in the 
bottom plate. The bottom plate was chosen in order 
to provide for easy escape of any gas bubbles 
entrained in the solution and trapped in the test 
section. 

The flow rate was measured by a float-type flow 
meter (Model 1OA 3565, Fischer and Porter, 
Workington, Cumberland). This was previously cali- 
brated using a bucket and stop-watch. The solution 
was collected, via a control valve, by a constant-head 
dump tank and was then pumped back into the 
header tank. The flow rate through the pump was 
varied by controlling its speed through a Variac. An 
“Intersept” transfusion blood filter (made by 
Johnson and Johnson, New Jersey, U.S.A.) was in- 
troduced in the pump circuit to remove all undesir- 
able debris over 20um in size and to exclude gas 
bubbles in suspension. The filter element is woven 
from polyester monofilaments and is enclosed in a 
cylindrical polypropylene housing. 

The test-section and the tanks were fabricated 
from perspex, and polythene tubing was used 
throughout. Tests were carried out to ensure that all 
components of the rig were constructed from 
materials inert to the electrolyte. The test rig was 

electrode of 0.52mm dia mounted upstre~ and a 
larger rectangular anode 12mm long and 80mm 
wide mounted at the most downstream location. The 
anode was made much larger than any of the 
cathodes so that under normal operating condition 
the circuit current was not limited by the anode but 
was controlled by diffusion at the cathode. All the 
test electrodes (i.e. cathodes) were circular and of 
OSmm nominal diameter. Figure 2 depicts the 
positions of the axes of such electrodes mounted in 

d. 1,6,8,10 8 12 mm 

8,. 10' l15' for d=tmml 

e2= 20bl~ for d=L mml 

Electrode diameter I 03 mm lnom;nall 

FIG. 2. Positions of test electrodes. 
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and around the hollow at mid-span. A number of 
electrodes were equispaced round the periphery and 
a few were mounted on the flat portion of the 
channel. In addition four electrodes were mounted 
along the bottom generator of the hollow and spaced 
to cover the entire span. 

As it is imperative that the electrodes be implanted 
absolutely flush with the wall, it is perhaps appro- 
priate to mention the difficulties encountered in the 
mounting procedure. Initially, the following tech- 
nique was employed. A circular hole of diameter 
equal to that of the electrode was drilled in the 
plastic plate and the electrode was passed through 
the hole (thus giving an “interference” fit) until it just 
protruded from the wall. The electrode end was then 
ground, by hand, flush with the wall. However, 
stresses developed in the region around the electrode 
surface gave rise to tiny cracks in the plastic, which 
eventually resulted in the formation of small pockets 
and craters around the electrodes, presumably due to 
attack by the solution which seeped into the stress 
cracks. To eliminate this problem, the following 
method was employed for electrodes mounted on the 
flat surface. A hole of slightly larger diameter than 
that of the electrode was drilled, the electrode was 
accurately aligned centrally within the hole and the 
gap was carefully filled with an acrylic cement 
(Tensole No. 7, ICI.) as shown in Fig. 3. After the 
cement was fully cured, the electrode surface was 
buffed with progressively finer grades of emery and 
was finally lapped with wetted 3pm powder of 
aluminium oxide. 

0~9mm dia Counter Bore 

0.58 mm dia hale fulled 
with Tensol No 7 cement 

Ni Electrode 

= 053 mm dia 

FIG. 3. Mounting of an electrode. 

A slightly different procedure was adopt4 f?r the 
electrodes mounted inside the hollo\l(., !n$@lly, the 
size of the hollow cut was slightly smaller than the 
required size. After all the electrodes were mounted 
flush, the hollow was finally machined to the correct 
size and polished with wetted aluminium oxide 
powder. This technique proved to be quite satisfac- 
tory, although after many months of constant usage, 
slight etching of the cementing material around 
several electrodes was observed. 

Prior to any runs, the electrode surface was buffed 
with soft tissue and cleaned with distilled water to 
ensure that no oxide film was present on the surface. 
It was found that the normally recommended 
cathodic treatment [17] at a current density of 
20 mA cm-’ for lo-20 min in a 5% NaOH solution 
did not alter the results. 

The projected diameter of each electrode was 
measured to an accuracy of 0.001 mm using a 
travelling microscope, the axis of viewing being 
coincident with the electrode axis. This diameter was 
used to calculate the surface area of the electrode; 
the error introduced by the curvature of the hollow 
was less than 0.3% in the worst case of the smallest 
hollow of 4mm dia. Also, the surface roughness in 
the immediate vicinity of each mounted electrode 
was measured using a “Taylor-Hobson” profilo- 
meter and it was found to be an order of magnitude 
smaller than the estimated thickness of the con- 
centration boundary layer. 

3.2. The electrolytic solution 
The electrolyte used in the present experiments 

consisted of the following mixture: 

0.01 M of potassium ferrocyanide, K,Fe(CN),, 
0.01 M of potassium ferricyanide, K,Fe(CN),, and 
1.0 M of sodium hydroxide, NaOH. 

The prime volume of the test rig was under 91; 
appropriate quantities of the chemicals were weighed 
by an electronic balance accurate to 0.1 mg and 
dissolved in distilled water. As the limiting current 
measured is directly proportional to the bulk 
concentration of ferricyanide ions, it is important to 
know this concentration accurately. The slow photo- 
chemical decomposition of K,Fe(CN), to hydrogen 
cyanide contaminates the solution in addition to 
poisoning the electrode surface: 

light 

Fe(CN);f- + H,O ti Fe(CN):- +CN- 
dark 

CN-+H,OtiHCN+OH-. 

In view of this, volumetric analysis using an 
idometric method was performed daily to monitor 
the ferricyanide concentration in the solution. The 
procedureusedissimilartothatdescribed bySwift [18]. 

As the property values, and in particular the 
diffusivity of the electrolyte, are dependent upon the 
temperature, it was decided to maintain the tempera- 
ture of the fluid constant at 25°C. This was achieved 
to within +0.2”C by immersing in the solution two 
200 W glass-enca,psulated cylindrical heaters in the 
dump tank and using a “Nobel” proportional 
controller. In order to release any dissolved air from 
the solution prior to any runs, nitrogen was bubbled 
through the electrolyte until the solution was 
saturated with nitrogen. Bubbling of nitrogen was 
continued throughout all the runs. This achieved a 
two-fold objective of avoiding the possible oxidation 
of ferrocyanide and of eliminating the side reaction 
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involving the reduction of dissolved oxygen at the 
cathode, namely 0, + 2H,O +4e + 40H-, which 
would otherwise contribute to the measured current. 
Further, if the alkaline solution is exposed to air, it 
may absorb hydrogen sulphide with consequent 
introduction of chemical polarisation. 

The property values for the electrolyte were 
calculated using semi-empirical equations well sum- 
marized by Gordon et al. 11191. When the density of a 
sample solution was measured using a 10cm3 
pycnometer calibrated to British Standard, it was 
found to be within 0.25% of the calculated value 
using the polynomial equations given in [ 191. 

3.3. Current measurement 

It was found from experimental polarization 
curves, depicted in Fig. 4 at two extreme and two 
intermediate rates of flow, that saturation current 

Flow rote 

1 Electrode dio i 0.517 mm 

01 I , I II 
0 -100 -209 -300 -400 

Apphed 0 C. potential lmVl - 

FIG. 4. Polarization curves for the reduction of 
ferricyanide. 

plateau always occurred at anode potentials above 

200mV. As all the experiments were performed 
under limiting current conditions, it was essential to 
keep the voltage across the electrodes at a fixed 
value; this was chosen to be 250mV. Since the total 
supply voltage was also constant, an electronic 
circuit was developed to maintain the electrode 

voltage constant independent of the current. The 
basic element of the circuit is the control operational 
amplifier, which maintains the voltage across the 
“electrochemical probe” equal to the selected re- 
ference voltage, independent of the current passing 
through the probe. The current is determined by 
measurement of the potential drop across the 
selected feedback resistor, using a voltage follower 
amplifier and differential (subtractor) amplifier to- 
gether with the two voltage dividers. Current could be 
measured over the range of 10 pA to 10 mA full scale. 
Figure 5 shows a simplified version of the circuit. 

It is worth noting that a large signal containing 
harmonics of the mains frequency as well as some 
white noise was superimposed on the output signal. 
Further, this stray signal was extremely sensitive to 
external electrical disturbances such as turning on or 
off of electrical equipment or lights. It was concluded 
that the large anode in conjunction with the 
conducting electrolyte acted as an antenna for this 
signal. When the anode was run at zero (i.e. earth) 
potential and the cathode was operated at negative 
250 mV potential, this signal disappeared 
completely ! 

4. MEASUREMENTS IN THE ABSENCE OF HOLLOW 

The first series of experiments was performed to 
establish that the flow at entry to the channel was 
fully-developed and to determine the accuracy of the 
technique and prove the rig generally. A total of six 
different electrodes, all of the same nominal diameter 
d, = 0.52mm and spaced at various distances from 
the entry section, were installed in the bottom flat 
plate and measurements of current under the limiting 
current conditions were made with Reynolds number 
Re, = 2u,b/v based on channel height 2b and the 
mean velocity U, varying in the range 7-1000. The 
current density values (measured current divided by 
the surface area of the particular electrode) were 
plotted against Reynolds number for all the elec- 
trodes. This variation is depicted in Fig. 6 for a 
typical electrode but in fact there was virtually no 
scatter (less than 1%) between the electrodes. The 
experimental points exhibit a linear variation except 
at very low Reynolds number where the measured 
values are slightly higher because of contribution 

Measured 
output 

Mains 

Z&O v 

FIG. 5. Simplified electronic circuit diagram. 
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I I I I I I I I I I I , I I 

7 10 100 1000 

Reynolds number, Reb - 

FIG. 6. Current density in fully-developed channel flow. 

from: (a) diffusion in the direction of flow, and (b) 
natural convection due to density differences in the 
concentration boundary layer. 

This confirmed that the flow was fully-developed 
at entry to the test section. Further, tests carried out 
earlier with dye injection showed that the flow was 
laminar, and two-dimensional over at least the 
middle-half span. 

A rectangular strip electrode of length L = 3mm 
in the flow direction and spanning the full width of 
the channel (80mm) was mounted flush in the 
bottom plate and current measurements were made 
over the full range of Reynolds number. The 
Sherwood number, Sh,, was calculated from the 
following relationship, 

Sh, = kb/D (7) 

and the mass-transfer coefficient, k, was computed 
with the aid of equation (5) in which the bulk 
ferricyanide concentration, co, was determined by 
titration. Experimental values of Sherwood number 
are plotted against Reynolds number and these are 
depicted as circles in Fig. 7. Also plotted on this 
figure is a theoretical equation which is described in 
the following sub-section. 

4.1. Mass transfer in fully-developed channeljow 
Consider a rectangular electrode of length L K w, 

its width, embedded flush with the channel wall. The 
concentration boundary layer will therefore be very 
thin and two-dimensional. It will thus be reasonable 
to assume that the velocity gradient in the con- 
centration boundary layer is linear. Define x and y as 

the co-ordinate axes in the flow direction and 
perpendicular to the electrode surface respectively 
and u and v as the corresponding velocity com- 
ponents. The flow will be assumed uniform over the 
electrode surface so that u and v are not dependent 
upon x or z (z being in the direction of the electrode 
width). For the redox system of ferro-ferricyanide 
used, mass balance for the ferricyanide ion gives 

a~ a~ ac d2c 
yz+v-=D- 

dy ay2' 
The axial diffusion term has been neglected because, 
in the present experiments sL2/D > 5000 and Ling 
[20] has shown this to be valid. The appropriate 
boundary conditions along with the solution of 
equation (8) can be found in [17]. It is shown that if 
k represents the average mass-transfer coefficient 
over the electrode surface, then the time-averaged 
velocity gradient at the wall, s, assumed constant 
over the length L of the electrode, is given by 

s = l.8989k3L/D2. (9) 

The wall shear stress in fully-developed channel flow 
is given by the equation 

r. = 3u,pjb = sp. (10) 

Equations (9) and (10) can be combined and 
arranged to give the fully-developed channel flow 
Sherwood number, 

Sh, = kb/D = 0.9244(Re,Scb/L)“3 (11) 

in which SC = v/D is the Schmidt number. 

e 

n 
f 50- 

z - Theoretical 

iFI 0 Experimental 

Strip electrode 8 cm x0.3 cm 

20 I I I I I11111 I I I I11111 
7 10 100 1000 

Reynolds number, Reb - 

FIG. 7. Sherwood number for a strip electrode. 
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This equation, which is the same as Leveque‘s 
equation when modified for mass transfer, is seen 
plotted in Fig. 7 as the theoretical line and it is in 300- 

excellent agreement with the experiment. It is 
estimated that the overall accuracy of any measure- zao- 

ment is well within 3%. Since both the circular 
electrode mounted at the midspan of the channel 260- 

(Fig. 6) and the strip electrode which spanned the 
entire width of the channel (Fig. 7) gave results in 2&O- 

excellent agreement with the two-dimensional 
LkGque theory, it may be concluded that three- t 

zzo- 

dimensional effects due to the channel side walls had .z 
a negligible influence on the measurements. (For the 

* 
* 200- 

circular electrode, it can be shown [I173 that in 
2 
s 

equation (11) L = 0.8136& where d, is the electrode t’ iao- 
diameter.) 

5. RESULTS 

T) 
8 
? 160- 
e 
In 

Following establishment of the accuracy of the 
method, tests were carried out in the hollow with the 
electrodes equi-spaced around the circumference at 
centre span. Five hollow sizes were studied-4, 6, 8, 
10 and 12 mm dia - and current measurements under 
mass-transfer-controlled conditions were made with 
a fully-developed velocity profile at entry: the 
Reynolds number of flow, Re,, was varied from 
about 40 to 400 in ten nearly equal steps. Measure- 
ments made on the four additional electrodes 
installed along the bottom generator of the hollow at 
locations intermediate between the side walls and the 
centre of the channel showed that there was little 
variation between their outputs, thus confirming the 
conclusions of the dye observations and the com- 
parison between the strip and circular electrodes in 
the absence of a hollow that the flow was two- 
dimensional over at least the middle half-span. All of 
the local Sherwood number measurements within the 
hollow were made at the midspan location, and thus 
can be considered reliably to represent two- 
dimensional flow values. 
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FIG. S. Circumferential variation of Sherwood number, 
d = 4mm. 
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FIG. 9. Circumferential variation of Sherwood number, 
d=8mm. 
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FIG. 10. Circumferential variation of Sherwood number, 
d = 12mm. 

5.1. Local Sherwood number 

The distribution of Sherwood number around the 
hollow circumference (0 measured from the upstream 
lip of hollow) over a range of Reynolds number (Sh 
and Re are both based on the hollow diameter, d; 
viz. Sh, = kdjD and Re, = u, d/v) is depicted in Figs. 
8-10 for hollow diameters 4, 8 and 12mm re- 
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FIG. 11. Steady flow pattern in hollow, Re, = 100. 

FIG. 13. Steady flow pattern in hollow, Re, = 400. 

spectively. The local Sherwood number first de- which is to be expected from experimental particle 
creases with 0 and then increases, the minimum photographs taken at low Reynolds number (i.e. at 
value being generally achieved at around 60”; this low flow rates for smaller size hollows). Figure 11 
variation is more pronounced at larger Reynolds shows one such photograph at Red = 100 (d = 
number. For the 4mm hollow, little variation in Sh, 8mm) taken with polystyrene particles of about 
is recorded except near the hollow lips where the 125pm diameter suspended in the flow. Clearly, the 
Sherwood number rises sharply in all cases. This vortex centre is almost coincident with the hollow 
variation is more or less symmetrical about the axis centre-line. 
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As the Reynolds number increases, the vortex 
centre shifts downstream as depicted in Fig. 12 at 
Re, = 400; this results in streamlines lying closer to 
each other in the downstream quadrant than in the 
upstream one. One would therefore expect higher 
shear stresses in the downstream quadrant and hence 
higher Sherwood number as confirmed by Figs. 9 
and 10. In the absence of any other experimental 
data, the qualitative agreement between the electro- 
chemical mass-transfer measurements and the par- 
ticle photographs is good. 

The distribution of Sherwood number with Rey- 
nolds number is exhibited in Figs. 13 and 14 for all 
hollows tested at two typical angular positions, 0 
= 90” and 150”. For the 4 mm hollow, at 13 = 90”, the 

300, 
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FIG. 13. Sherwood number vs Reynolds number, 0 = 90”. 

500 

,/12mm 

7 10 m Lo 70 lw 203 LOO7ca 
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FIG. 14. Sherwood number vs Reynolds number, 0 = 150”. 

variation is linear with a slope close to l/3, as is the 
case in the absence of the hollow. For larger hollow 
sizes, one does not expect proportionate increase 
in Sherwood number at the hollow bottom (0 = 90”) 
with increasing Reynolds number. At 6 = 150”, 
however, because the vortex centre shifts down- 
stream with increasing Re,, the rate of rise of Sh, 
is greater and in fact, the variation is linear for all 
hollow sixes as depicted in Fig. 14. 

A cross-plot of Figs. 13 and 14 appears in Fig. 15, 
which depicts the variation of Sherwood number 
with hollow diameter. At Re, = 30, points for 
different &values cluster around one straight line 
having a slope of 213. At Red = 130, points for a 
given e-value still fall on a straight line but its slope 
increases from about 0.56 at 0 = 30” to about 0.78 at 
0 = 150”, the average slope being still about 2/3. 
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FIG. 15. Sherwood number vs hollow diameter. 

5.2. Average Sherwood number 
The average value E of the local values of mass- 

transfer coefficient over the hollow circumference 
was determined by integration of the measured local 
distribution. The variation of the average Sherwood 

number sh, = &d/D with Re, is plotted in Fig. 16 for 

all hollow sizes. Excellent straight line correlations 
are obtained with very little scatter and all lines have 
a slope of l/3. It is therefore proposed that 

sh, = K(d)(Re,Scb/L)‘/3 (12) 

ml 1 I I I I I 

7 lo 20 Lo 70 100 2w LOO * 

Reynolds n"mkr,R.d - 

FIG. 16. Distribution of average Sherwood number. 

where K(d) is dependent only on the hollow 
diameter. In fact, the straight line plots of Fig. 16 
yielded 

K(d) = 1.40(d/2b)z’3 

again with very little scatter. Hence the following 
correlation has been obtained 

Sh, = 1.40(Re,Scb/L)“3(d/2b)z’3. (13) 

In view of equation (13), it was decided to base the 
Sherwood number and the Reynolds number on the 
channel height as opposed to the hollow diameter 

and a plot of sh, vs Re, appears in Fig. 17. All the 
points lie on a single straight line which is 
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represented by the following equation. 

Sh,, = 0.70(Re,Scb/L)“3 (14) 

in which Shb = iib/D and Re, = Zu,blv. As the 
maximum deviation of any experimental point from 
this line is less than 2%. the data points have been 
omitted from the graph for clarity. It is most 
interesting to note that the hollow diameter does not 
appear in equation (14) and therefore, comparing 
with equation (1 1 ), 

Sh,/Sh, = 0.76. (15) 

Clearly, on spatial-average basis, the local Sherwood 
number at the wall in steady flow is reduced by 
about a fourth due to the presence of the hollow. 

expressed in terms of the local Sherwood number Sh, 

by 

(16) 

Similarly the mean skin friction coeacient Cr for the 
hollow can be related to the channel wall skin 
friction coefficient cfO by 

(17) 

Here the average skin friction coefficient i;s within 
the hollow does in fact represent the same average as 
would be obtained, for instance, from a floating 
element skin friction gauge which extended the full 

Rhynalds number, Reb + 

FIG. 17. Average Sherwood number in the presence of a hollow. 

It is important to emphasize what these mass- 
transfer coefficients, as expressed in terms of Sher- 
wood numbers, actually represent. In the case of the 
focal Sherwood number, the mass-transfer coefficient 
is that which pertains to an isolated element of 
length L in the streamwise direction (in the case of a 
circular electrode, L = 0X136&) imbedded in the 
wall of a channel or hollow which, except for the 
element, is impervious to mass transfer (assuming no 
interaction between adjacent electrodes). The aver- 
age Sherwood number, given by equation (14) 
hence represents the mean of these Iocaf values, 
distributed around the hohow. This is not the same 
average as would have been obtained from a-singte 
mass-transfer electrode which extended the full 
circumference of the hollow (~5 = 7rd/2). In the case 
of the local measurements the concentration bound- 
ary layer begins afresh at each electrode, whereas 
for a single electrode of length rtd/2 the con- 
centration boundary layer would grow continuously 
from 0 = n to 0 = 0. (Remember that the flow within 
the hollow is a recirculating flow.) 

The most useful interpretation of the local Sher- 
wood number is in terms of the local wall shear 
~trw T. It follows from equation (9) that the local 
skin friction coefficient c$ within the hollow can be 

circumference of the hollow. From equations (1s) 
and (17) it can be seen that the average wall shear 
stress within the hollow is about 44% that of the 
channel wall. It is interesting to note that according 
to equations (14) and (17), the average skin friction 
coefficient within the hollow is proportional to Re; 1 
rather than RE; liz as is the case with boundary-layer 
flows. Since cfo on the channel wall is likewise 

proportional to Re[ l, (Sh,/Sh,) is independent of 
Reynolds number. 

To obtain the average overall mass-transfer coef- 
ficient for the hollow, we must return to the basic 
expression for the wall concentration gradient in the 
LCvZque approximation for the more general case 
where s(x), the laminar flow velocity gradient at the 
wall, varies with streamwise distance x. It can be 
shown [21] that when the wall velocity gradient s(x) 
is variable, and the wall concentration is zero, the 
local concentration gradient at the wall can be 
expressed as 

where cc is the bulk or free stream concentration, 
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and l-(4/3) = 0.8930. The co~~ntratio~ boundary 
layer is assumed to begin at x = 0. If the local wall 
concentration gradient within the hollow is nor- 
malized by the value of channel wall concentration 
gradient (a~&),,, we obtain 

where se is the channel wall velocity gradient. In 
terms of the Sherwood number, the local wall 
concentration gradient within the hollow is given by 

where 8’ = 7t -B is the angular position within the 
hollow measured from its do~str~am lip where the 
concentration boundary layer is assumed to 
originate. 

The application of equation (20) can be illustrated 
by means of the data plotted in Fig. 18, which 
presents the variation of Sk,(B)/Sk, within a 12mm 
dia hollow for Re, = 290. A curve was faired through 
the data points of Fig. 18, and the local values of 
(aci~~)~/(~c~~~~~ obtained from equation (20) were 
averaged over the hollow circumference to obtain 

Since the surface area exposed to the flow by the 
hollow is 7t/2 times the channel wall area which it 

I---- _______--. -_____I- 1 
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Fit. 18. Comparison with numerically-calculated Sher- 
wood number. 

replaced, the overall increase in mass transfer due to 
the presence of the hollow is only about 8% in this 
particular example. The data for other hollow 
diameters and Reynolds numbers given in Figs. 8, 9 
and 10 could be similarly employed to obtain overall 
average mass-transfer coefEcients for the cases 
presented in these figures. Since it was found that 

Sit&%, was essentially constant, it may be antici- 

pated that the values of (~c/~~~~/{~c/~~)~ for these 
other cases will not differ significantly from the value 
obtained in the example just presented. One may 
conclude that, at least for a single hollow, the 
presence of a hollow in a channel wall increases only 
modestly the mass transfer under conditions of 
steady laminar flow in the range Re ,< 400. It is 
anticipated however that this increase would be 
considerably larger in the more interesting case of 
pulsatile flow. It is hoped that the present in- 
vestigation can be extended to the pulsatile flow case. 

6. UISCUSSION 

It is perhaps appropriate to mention sources of 
probabie errors which may have affected the results 
described in the preceding section. The largest source 
of error may be associated with the surface con- 
ditions in the vicinity of the electrode. Although 
great care was exercised in ensuring that the 
electrodes were mounted flush with the local surface 
curvature, after prolonged usage very small pockets 
were observed around some of the electrodes, where 
the electrolyte etched out the cement filler. On 
subsequent evaporation of the electrolyte from these 
tiny cavities, a white powder, presumably sodium 
hydroxide, was left behind. These cavities, if present 
may distort the flow locally. If a cavity com- 
municates with the side of an electrode which 
thereby becomes exposed to the solution, the 
measured current will be higher. The test electrodes 
were inspected under a microscope before each run 
to ensure that they were in satisfactory condition. 

As the electrode surface forms a part of the 
cylindrical hollow wall, it is not flat and its area is 
slightly (less than l/3% in the worst case of a 4mm 
dia hollowf larger than the calculated area based on 
the measured electrode diameter. In the derivation of 
equation (1 l), the curvature of the electrode surface 
was neglected to enable the ‘~sumption of linear 
velocity gradient in the concentration bollndary 
layer to be made. However, the error introduced by 
this curvature must be small. In fact, a larger error 
may be expected due to the neglect of the axial 
diffusion term in the derivation of equation (11). For 
the very small electrodes used (typical diameter 
_ 0.5 mm), this error may be significant in regions of 
very low shear stress, e.g. in the upstream quadrant 
of larger hollows at very low flow rates. According to 
Mizushina [f7], if this e&e& is accounted for, 
equation (9) will be modified as follows: 

kL 
- = O.~O~(S~~/D)‘~~ ~0.19~~~/~)-“~. 
D 

(21) 
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It can readily be shown that for sL’/D = 1000, the 

error introduced by neglecting axial diffusion is less 
than 1% and even for sL’/D as low as 100, this error 

is only just over 2%. It should be noted that all the 
sources of error mentioned above will result in an 
increase in the current measured. A source of error 
which usually results in a reduction of the measured 
current is the contamination of the electrode surface. 
This contamination is caused by the contamination 
of the solution (caused by exposure to light or 
absorption of atmospheric gases, etc.) and can be in 
the form of either an oxide film or a corrosion 
deposit. Although great care was taken, these effects 
could not be completely eliminated. 

It is estimated that the overall uncertainty of any 
data point was less than 3%. 

To the best of the authors’ knowledge, no other 
data on shear stress or Sherwood number distri- 
bution around the circumference of a hollow are 
available. However, Snuggs and Aggarwal [22] have 
recently carried out a numerical study of flow in 
hollows. They integrated the Navier-Stokes equa- 
tions using a fourth-order finite-difference method. 
Their calculations were extended to the present flow 
situation, and the wall vorticity (and hence shear 
stress) variation was computed for a 12.5mm dia 
hollow, over a range of Reynolds number. Using the 
relationship Sh,/Sh, = (7/~~)‘/~, according to the 
LCv&que theory, the variation of Sh,/Sh, with 0 was 
calculated and this is shown in Fig. 18 for the 
particular case of Re, = 290. The agreement with the 
experimental data is excellent. 

7. CONCLUSIONS 

An electro-chemical technique was utilized to 

measure local Sherwood numbers in semi-cylindrical 
hollows mounted in the base of a narrow channel. 
The flow in the channel at entry to the test section 
was steady, laminar and fully-developed and the 
Reynolds number varied from about 20 to 500. The 
electrolytic solution used was a redox couple 
consisting of equal quantities of potassium ferro- and 
ferricyanides dissolved in an excess of caustic 
solution. Nickel wires of nominal 0.5mm dia, 
mounted flush with the surface at the points of 
measurement, were used as cathodes and a large 
strip anode was mounted in the furthermost 
downstream position. Current measurements were 
made under diffusion-controlled conditions. 
Measurements made in the absence of a hollow were 
in good agreement with well-known results. Current 
measurements in hollows led to the evaluation of 
local and average Sherwood numbers as functions of 
the Reynolds number and the hollow diameter. 
These are directly related to the local and average 
wall shear stress, and can be used to obtain local and 
average mass-transfer coefficients. 

1. For a given hollow size, Sh, usually exhibits a 
minimum value at around f3 = 60”. At very low Re, 

values, the variation is almost symmetrical about the 
hollow axis because the vortex centre is almost 

coincident with the line of fore and aft symmetry. As 
Re, increases, the vortex centre shifts slowly down- 

stream and so the variation of Shd with 0 is much 

more pronounced, especially in the downstream 

quadrant. 
2. The variation of Sh, with Re, is almost linear 

on a log-log scale. This is particularly so for smaller 
hollows and at larger values of 0 (say, f3 > 120”) for 
larger hollows. For 0 < 120” and d > 6mm, al- 
though the variation is linear at low Reynolds 
number, the increase becomes less rapid as Re, is 

increased. 
3. The variation of Sh, with the hollow diameter 

appears to follow the relation, 

Sh, u d” (16) 

where the exponent, a, is a function of the Reynolds 
number and the angular position, 0, within the 
hollow. 

4. The average Sherwood number, taken over the 
hollow circumference, is correlated to the hollow 

diameter by equation (12). When the Sherwood 
number and Reynolds number are based on the 
channel height (rather than the hollow diameter), all 
the data points lie on a unique straight line defined 
by equation (14) in which the hollow diameter “d” 
does not appear at all, and it is found that the ratio 

of Shb to Sh, is constant (independent of Re, or d) 

with a value of about 0.75, for the entire range of test 
conditions investigated. 

5. The experimental variation of Sh, with 0 is 
compared with a numerical calculation for a 12.5 mm 
dia hollow over a range of Reynolds number. The 
agreement is found to be excellent. 
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MESURES ELECTROCHIMIQUES DE TRANSFERT MASSIQUE 
DANS DES CAVITES SEMI-CYLINDRIQUES 

R&urn&On dkcrit des mesures des distribution circonftrentielle du nombre de Sherwood local dans une 
cavite semi-cylindrique orient&e perpandiculairement g l’&coulement principal, B la base d’un canal 
rectangulaire et t’troit. Cette giomitrie entre autres raisons, est inttressante par son application a 
1’8quipement d’oxygination du sang. Les conditions exptrimentales sont telles que I’kcoulement laminaire 
est dynamiquement ktabli g I’entr8e de la caviti: et les mesures couvrent un domaine de nombre de 
Reynolds de 20 B 500, bask sur le diamBtre de la cavitt: et sur la vitesse moyenne du canal. On utilise une 
technique Clectrochimique avec un couple d’oxydo-rkduction et des fils fins de nickel pour tlectrodes des 
mesures de courant, faites dans des conditions de rbaction tlectroytique contrblt-e par la diffusion, 
conduisent a 1’8valuation du nombre de Sherwood. On prtsente graphiquement la distribution 
circonfkrentielle du nombre de Sherwood dans la caviti. en fonction du nombre de Reynolds de 
I’boulement et de la taille de la caviti. Le nombre de Sherwood croit aussi bien avec le nombre de 
Reynolds qu’avec le diamitre de la cavitC, mais il prksente usuellement un minimum dans le quadrant 
amont. Le nombre de Sherwood, pris en moyenne sur la circonfkrence est dkterminii et il conduit B une 
formule semblable g celle en I’absence de la cavitt, i la difft-rence prts d’une constante plus faible. Les 
rbultats sont compar&s g des calculs numeriques de Snuggs et Aggarwal pour la distribution du nombre 

de Sherwood dans la caviti. et on trouve un excellent accord. 

ELEKTROCHEMISCHE MESSUNGEN DES STOFFTRANSPORTS 
IN HALBKREISFORMIGEN RINNEN 

Zusammenfassung-Es werden Messungen der iiber den Umfang verteilten ortlichen Sherwood-Zahlen 
in einer halbkreisfijrmigen Rinne beschrieben. Die Rinne verlluft quer zur Hauptstramungsrichtung in 
der Grundfllche eines engen, rechteckigen Kanals. Diese Geometrie ist u. a. deshalb interessant, weil sie 
in Apparaten zur Sauerstoffanreicherung von Blut Verwendung findet. Die Versuchsanordnung war so 
gewlhlt, d& am Eintritt in die Rinne eine hydrodynamisch voll ausgebildete, laminare StrGmung vorlag. 
Die Messungen umfa0ten einen Bereich der Reynolds-Zahl von ungeftihr 50 bis 500, wobei die 
Reynolds-Zahl mit dem i)ffnungsdurchmesser und der mittlern Striimungsgeschwindigkeit im Kanal 
gebildet wird. Es kam eine elektrochemische Technik zur Anwendung, bei der ein Redox-Paar den 
Elektrolyten enthielt und diinne Nickeldrlhte die Versuchselektroden bildeten. Strommessungen, die 
unter den Bedingungen der durch Diffusion bestimmten elektrolytischen Reaktion gemacht wurden, 
fiihrten zur Bestimmung der Sherwood-Zahl. Die Verteilung der Sherwood-Zahl iiber den inneren 
Umfang der Rinne wird als Funktion der Reynoldszahl der StrGmung und der OffnungsgrGDe grafisch 
dargestellt. Die Sherwood-Zahl nimmt sowohl mit der Reynolds-Zahl als such mit dem &Tnungs- 
durchmesser zu, aber sie weist im allgemeinen irgendwo im stromaufwarts gelegenen Quadranten der 
Rinne ein Minimum auf. Die iiber den Umfang der Rinne gemittelte Sherwood-Zahl wurde berechnet 
undfiihrtezueiner Korrelation. diebisaufeinen kleineren Wert der Konstantederjenigen in Abwesenheit der 
Rinne entspricht. Die Ergebnisse wurden mit einer numerischen Berechnung der Verteilung der 
Sherwood-Zahl in der Rinne nach Snuggs und Aggarwal verglichen, wobei eine ausgezeichnete 

ijbereinstimmung festgestellt werden konnte. 
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3JlEKTPOXMMMYECKME M3MEPEHMII flEPEHOCA MACCbI 
B IlOJlY~MJlMHflPl4’4ECKMX llOJlOCT~X 

AHHOTWHR- npoBeneHb1 RsMepeHiin TaHreHuHanbHoro pacnpeneneHBn noKanbHor0 rwcna Ulep- 

Byna BllOnyUHflHHLlpWSeCKO~ IlOnOCTR,OpHeHTilpOBaHHOti nOnepeKOCHOBHOr0 IlOTOKa y OCHOaaHHR 
y3Koro npflMoyronbHor0 KaHana. ll0M~4~0 npyr~4x npwfwH, 3Ta reoMeTpnn HHTepecHa TeM, 'ITO 

0Ha wznonb3yeTcr B annapaTe no o6orameHnw KpoeH KwnoponoM. 3KcnepHMeHTanbHan 9acTb 

CMOHTHpOBaHa TaKHM o6pa3oM, YTO Ha BXOne B nOnOCTb WMeeT MeCTO rWnpOnWHaMH'ieCKH IIOn- 

HocTbto pa3BnToenaMnHapHoeTeseHne.n H3MepeHHfl npoaonKTcs B nWana30He wcna PeAHonbnca 

OT 20~0 500,oTHeceHHoro ~jli4aMeTpy nonOCTH ~CpenHefi CKOPOCTB Te'leHHR BKaHane. Mcnonb3o- 

aancn 3neKTpoxaMsrecKnR MeTon H3MepeHnn, npn ~0T0p0M 3neKTponar.w cnymaT HHKeneBble 

IlpOBOnOYKH, o6pasytOmHe BMeCTe C 3neKTpOnHTOM OKWCflHTenbHO-BOCCTaHOBHTenbHyKl CWCTeMy. 

%icno Ulepeyna onpenenmocb no 3aMepaM ToKa npe 3neKTponwTwvecKoR pearuwn, KotiTponw 

pyeMoii ne@@y3neR. nplleeneHrpa~~KTaHreHuClanbHoropacnpeneneHwR3HareHHtisHcnalllepByna 

B nonocTH B 3aawwocTH o~wcna PeAHonbnca nm noToKa H pa3MepanonocTH. qwcno lllepeyna 

Bo3pacTanoc yBennsetibieh4 wcna PeZiHonbnca w neaMeTpa nonocT~,~o BcernaocTaaanocb MWHH- 

ManbHblM Ha HasanbHoMyracTKe. npOBeneH pacsi-r wcna lllepByna,ocpenHeHHoro noorpyrn~0c~R 

nonocTw, B pe3ynbTaTe zero nonyqeHa 3aBwHMocTb, HneHTwiHa8 3aawwocTW npA OTCyTCTBHH 

IlOnOCTH, 3a HCKnlO'leHHeM 6onee Hi43KOrO 3Ha'leHWII nOCTOSlHHOk. Pe3ynbTaTbl CpaBHL,BanHCb 

C wcneHHblMH naHHbIbiii CHarrca ii ArrapBana no pacnpenenesnto wcna UIepByna B nonocTW H 

nOJIy%HO OWHb XOPOU.leeCOOTBeTCTBHe. 


