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ABSTRACT

A traveling, dual-beam laser interferometer has been
used to investigate mass~-transfer boundary layers on planar
electrodes in turbulent channel flow. The effect of secon-
dary flows iﬁduced near the electrode/electrolyte 1nterface
by small flow obstacles in laminar bulk flow is compared to
the effect of turbulent bulk flow produced by high electro-
lyte flow rates in an obstacle~free flow channel. It |is
shown that mass-transfer enhancement can be attained more
efficiently by the use of small flow obstacles than by the

use of high flow velocities.

Key words: electrodeposition; mass transfer; convection;
interferometry; cathode.
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INTRODUCTION

Turbulent fluid flow can often be successfully employed to increase
iﬁterfacial transport rates in a variety of industrial unit operations.
Many electrochemical processes, such as electrowinning, electrochemical
synthesis, and electrodialysis, tend ¢to be rate-limited by slow mass
transfer. The application of turbulent in place of laminar electrolyte
flow in these processes permits higher operating current densities and
thereby improves the space-time yield of the electrochemical system.
The most direct method to induce turbulent flow in an electrochemical
cell is to raise the electrolyte velocity(1i), but this technique may
result in an unacceptable increase in electrolyte pumping power(2).
Other viable methods include insertion of flow obstacles into the elec-
trolyte flow s;ream(3), moving nets across the electrodé surface(y),
applying magnetic fields(5) or ultrasonic waves(G), and use of suspended

particles(7).

The limiting-current technique(8) is a powerful tool that has been
used by many investigators(9) to characterize the local distribution of
mass transfer rates at electrode surfaces under conditions of turbulent
flow, Of particular relevance to the present study are applications of
the limiting-current technique(3,10-18) to evaluate the enhancement of
mass-transfer rates by placing flow obstacles in the electrolyte flow
stream. These investigations have provided valuable data to guide the
optimal selection of fluid flow rates, cell geometry, and promoter

shape, size, and spacing.

The purpose of the present work is to employ interferometry(19,20)

to characterize mass-transfer enhancement by turbulent flow, thereby
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providing data complementary to those obtained by the limiting-current
technique., 1In this method, local variations in the phase of transmitted»
light are measured, and the corresponding variations in refractive index
(linearly related to concentration under the conditions of this study)
are subsequenﬁly derived. The technique provides direct, continuous
visualization of.the local concentration boundary layer at any level of
current density on continuous (unsectioned) electrodes.. The inter-
ferometric method has been previously applied to study electrochemical
mass transfer under conditions of pure diffusion(21-24), natural
convection(25-29), forced convection(30-32), combined forced and natural

convection(33), and turbulent flow(32,34).
EXPERIMENTAL

Flow channel. - Mass-transfer experiments were carried out in a 3-m long

rectangular-duct flow channel(35-37), the heart of which is depicted in
Fig. 1. Gravity feed from a storagé tank provides a steadf flow of
electrolyte. The duct is w = 1.00 em wide and h = 2.54 cm high. The L
= 100 cm long electrodes fully occupy the space between the two paral-
lel, optically-flat glass sidewalls downstream of a 200-cm long (140
hydraulic diameters) entry region. All experiments were performed with
the cathode facing down and the anode facing up. This configuration
will produce less-dense electrolyte regions above more-dense regions,
eliminating the possibility of electrolyte flow induced by natural con-
vection. The primary current density distribution in this cell was cal-
culated(31) to be nearly uniform; local current densities deviate from

the average current density by no more than 1% for 97% of the electrode



surface. The deviations from uniform primary current density occur only
within a few centimeters of the coplanar junctions between conductor and
insulator, i.e. at the leading and trailing edges of the electrode.
When current is passing, the electric field effect (and the associated
small nonuniformity of the primary current density distribution) is
moderated by the presence of charge-transfer and mass-transfer overpo-
tentials. The resulting tertiary current distribution is even more uni-
form than the primary distribution. Near the limiting current density,
the current distribution reflects 1local variations in mass-transfer

boundary layer thickness.

Flow Obstacles. - Experiments were performed with five different obsta-

cles placed in the flow channel. Figure 2 schematically illustrates the
shapes énd sizes of the obstacles relative to the local masé-transfer
boundary layer thickness. The larges; obstacle is a 12.7-ﬁm diameter,
10.0-mm long glass circular cylinder sandwiched between the two glass
sidewalls, midway between the two electrodes. This object occupies 50%
of the channel cross-section, and it can create turbulence by increasing
the local electrolyte flow velocity. The other four obstacles shown in
Fig. 2 are a rectangular parallelepiped, a ¢triangular parallelepiped,
and two semi-circular cylinders. All fdur of these obstacles, extending
across the entire 10.0-mm channel width, were machined from acr}lic, and
were glued to the cathode surface. The three larger obstacles extend
0.76 mm from the cathode surface and occupy 3% of the channel cross-
section. The smallest obstacle extends 0.28 mm from the cathode surface

and occupies only 1% of the channel cross-section. The dashed curves in



*
Fig. 2 indicate the edge of the 99% mass~transfer boundary layer

predicted(38,2,9) for laminar flow conditions (Re = 500 and Re = 1500).
Figure 2 shows that the dimensions of the smaller obstacles are compar-
able to those of the mass-transfer boundary layers expected under lam-

inar flow conditions.

Electrolyte and electrode preparation. - The 99.999%-pure copper elec-

trodes were designed with two éoals in mind: (i) the horizontal elec-
trode surfaces should be flat and smooth, and (ii) the test beam should
traverse the cell parallel to.the surface. These requirements were met
by first polishing a vertical side of each electrode flat and optically
smooth. Then, a right-angle polishing jig was used to prepare the e;ec—
trodé working surfaces perpendicular to the reflecting sides. The cell
would then bé. aligned so that the test beam waS parallei (to within
0.1°) to the electrode working surface by reflecting the beam from the
side wunder exactly normal incidence (the reflected beam retraced its
path back to its source). The working surface profile was flat to with
1 um over 80% of its width. However, the edges were very slightly

* %
rounded (to about 10 um) below the level of the center of the surface.

The aqueous CuSOu electrolyte was prepared by dissolving reagent-
grade CuSOu'SHZO crystals into twice-distilled water in a 25 gal

polyethylene container. The dependence of electrolyte refractive index

* The distance from the electrode surface where the local concentration
reaches the sum of the surface concentration plus 99% of the total con-
centration difference (bulk less surface).

**This small deviation from planarity has been shown(39) to result in
reflection of the test beam from the rounded electrode edge, which can
cause anomalous curvature of the interference fringes in the immediate
vicinity of the electrode surface.



on CuSOu concentration was determined with an Abbe” critical angle
refractometer. Sample concentrations were determined by gravimetric
analysis. Least-squares analysis provided a linear correlation for the
reffactive index at A =632.8 nm (He-Ne laser), 0 < C < 0.1M Cuso,,, 20°C.
All electrolyéis experiments employed 0.1M.Cusou electrolyte and were
conducted at 20°C in 0.1M Cusou.

Interferometer. - A cross section of the duct and dual-emission laser

interferometer i3 shown in Fig. 3. A He-Ne laser was modified to emit
light from each end of the laser cavity, and the interferometer was
mountedv on the carriage of a lathe bed to permit travel of the instru-
ment along the length of the electrodes(35-37). The plane of focus
(optically c§njugate to the film plane of the camera) was located at the
inside of the glass sidewall farthest from the camera, x = 0 (Fig. 1).
This 1is the recommended plane of focus for the observation of cathodic
boundary layers in which the refractive index decreases toward the elec-

trode surface(40).

Electrochemical experiments. - Steady-state, constant-current electro-

deposition of Cu onto a downward-facing cathode was studied at Re = 500,
1500, 5,000 and 10,000 (vavg = 3.5, 10.5, 35 and 70 cm/sec, respec-
tively). Average curfent densities ranged from 2.0 to 25.0 mA/cmz.
Local limiting current densities under laminar flow conditions at the
trailing edge of the cathode surface ranged from 3.8 mA/cm2 at Re = 500
to 5.5 mA/cm2 at Re = 1500. Average limiting current densities under
turbulent flow conditions ranged from 34 mA/cm” at Re = 5,000 to 56

mA/cm2 at Re = 1500. Average applied current densities are 1listed 1in



Table 1. Note that 1imiting current densities are not approached,
except near the trailing edge of the cathode for the single experiment
at Re = 500 and 1avg = 5,0 mA/cmZ, which was performed for qualitative

comparison purposes only.

The five obstacles were placed in the flow channel for some of the
laminar flow experiments (Re = 500 and 1500); no flow obstacles were

employed for the turbulent-flow experiments (Re = 5,000 and 10,000).



Table 1

Experimental Matrix

vavg(cm/sec) Re iavg (mA/cmz) Flow Obstacles Present
3.5 500 2.0 yes
3.5 500 5.0 no
, 10.5 1500 2.5 yes
10.5 1500 5.0 no
35 5,000 15.0 no
35 5,000 25.0 no
70 10,000 25.0 no
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RESULTS AND DISCUSSION

The effect of electrolyte flow velocity on the steady-state mass-
transfer boundary layer, formed by constant-current electrodeposition of

Cu from 0.1M CuSO, without obstacles in the flow channel, is illustrated

y
in Fig. 4. The curvature of the interference fringes seen near the
electrode surface indicates reduced Cusou concentration in the mass-
transfer boundary layer, In this region, the electrolyte refractive
index is lower than that in the bulk electrolyte, where the interference
fringes are straight and perpendicular to the plane of the electrode
surface. To a first approximation, the shape of an interference fringe
represents the CuSOu concentration profile, with a displacement of one

fringe spacing corresponding to a concentration change of 0.0022M CuSOu.

Inspection of Fig. 4 leads to the following observations:

1. Increasing the electrolyte flow velocity from Re = 500
to Re = 10,000 reduces the mass-transfer boundary layer

thickness from (approximately) 1 mm to 0.1 mm.

2. The interfacial concentration gradient appears to be
similar in all four experiments, even though the current

density varies by a factor of five.

3. The épparent location of the électrode/electrolyte
interface shows considerable deviation from its actual
location, marked by the "0" ordinate designation,
observed in the absence of refractive-index gradients.
In the absence of mass-transfer boundary layers, the

interference fringes are arranged to be straight and



perpendicular to the plane of the electrode surface.
There |is, however. a very slight curvature of the
fringes within 0.02 mm of the electrode surface, caused
by reflection from the very slightly rounded edgé of the

electrode surface(39).

4. The decrease of electrolyte concentration at the inter-
face (relative to the bulk solution) appears to be much
larger for the laminar-flow experiments than that for

the turbulent~-flow experiments.

Of the four observations 1listed above, only the first correctly
describes the CuSOu concentration profiles. _Observations 2-4 are
aftifacts of_light-ray deflection (refraction) in the mass-transfer
boundary layer. Simple methods of interpretation of interferograms,
that neglect light-curvature effects, can lead to large errors(40,41) in
derived current densities, concentration changes and boundary layer
thicknesses. Quantitative.reduction of experimental interferograms to
concentration profiles requires extensive computations to account for
light-ray curvature effects. Correction procedures of varying degrees
of complexity have been developed(26-30, 40-48). 1In general, larger
inteffacial refractive-index gradients result in greater ‘1ight-ray
deflection, which in turn requires more complex computational pro-
cedures. The present study employed a complex iterative proéedure(uz),
which was shown to be accurate for the steep refractive-index (concen-

tration) gradients expected.

-10-



Pre?ious studies of the mass-transfer boundary layer formed by
constant-current electrodeposition under laminar channel flow conditions
have been reported elsewhere(31). Local steady-state concentration pro-
files were found to be consistent with well-established heat and mass
transfer correlations(38,2,9) and the appropriate solution to the
convective-diffusion equation(31), provided that the experimental inter-
ferograms were interpreted by the above-mentioned procedure(42) to prop-

erly account for light-ray deflection.

Quantitative interpretation of interferograms measured under tur-
bulent flow conditions proved to be very difficult. The interference
fringes and the associated derived current densities showed rapid and
random fluctuations. Current densities (interfacial concentfation gra-
dients) varied between 10$.and 1009 of the expected values over time
iﬁtervals of ca. 0.03 sec, as revealed by analysis of high-speed (up to
64 frames/sec) motion-pictures of the interferograms. Concentration
differences (between bulk and interface) showed similar fluctuations,
while boundary layer thicknesses showed somewhat smaller fluctuations.
This observation is an 1indication that the smoothly-varying, one-
dimensional concentration profiles employed in the computational pro-
cedure(42) to interpret the interferograms cannot account for the
(expected) random perturbations of local concentrations within the
mass-transfer boundary layer, caused by turbulent eddy motion. This
result could be expected, because the interferometric measurements pro-
duce a two-dimensional representétion of a three-dimensional concentra-
tion field. Local refractive-index information is  averaged along the
optical path of the test beam, but the stirring action of the turbulent

fluid motion can lead to substantial and random variations along the

-11-



same optical path, an effect not easily accounted for in the computa-

tional procedure to interpret interferograms.

*
In Fig. 5 the measured Nernst boundary 1layer thicknesses in the
obstacle-free channel are compared with those predicted by the Chilton-

Colburn analogy(49):

d

sh. =<2 2% Resc!3
Y

iy

avg

(1)

where £ is the Fanning friction factor(50), and the other terms are
defined in the List of Symbols. The error bars reflect the uncertainty
due to the above-mentioned fluctuations in the experimental interfero-
grams. The measured Nernst boundary layer thicknesses show fair agree-
ment with those predicted by the Chilton-Colburn -analogy, with the
greatest deviations occurring near the leading edge of the cathode, as
expected, because the mass-transfer boundary 1layer is not fully
developed in that region. Note that the Nernst boundary-layer thickness
at Re = 10,000 is only about 0.03 mm, whereas the precise 1location of
the electrode/electrolyte interface can only be determined (on the
interferogram) with an accuracy of :$0.005 mm. It is therefore beyond
the practical resolution limit of double-beam interferometry to measure

boundary layer thicknesses for Reynolds numbers much larger than 10,000.

Figures 6-9 display interferograms of the concentration field in the

immediate vicinity of the four flow obstacles attached to the cathode

% .
The Nernst boundary layer thickness is defined by the ordinate location
where the extrapolated interfacial concentration gradient intersects
with the extrapolated bulk concentration.

-12=-



surface. The foilowing conclusions can be made by inspecting Figs. 6-9:

1. Significant secondary flows are induced by the three
larger obstacles 'at Re = 1500, and all four obstacles
have a relatively small effect on the mass-transfer

boundary layer at Re = 500.

2. The smaller semi-circular cylinder has little effect at

either Re = 500 or Re = 1500.

Consideration of the above observations in light of the sizes of the
flow obstacles relative to those of the local mass-transfer boundary
layer thicknesses (see Fig. 2) leads one to the following generaliza-
tion: the secondary flow induced by small flow obstacles significantly
thins the local mass-transfer boundéry layer only when the characteris-
tie dimensioh (i.e. the disﬁance that the obstacle protrudes from the
electrode surface into the electrolyte) of the obstacle is comparable

to, or exceeds the local mass-transfer boundary layer ihickness.

Figures 10 and 11 illustrate interferograms of the mass-transfer
boundary layers just upstream of, and up to 12.5 cm downstream from, the
triangular parallelepiped obstacle attached to the cathode surface. It
is seen that the secondary flow induced by the triangular parallelepiped
effectively thins the local mass-transfer boundary layer for more -than
2.5 cm (33 times the obstacle height) downstream of the obstacle for Re
= 1500, and only for about one centimeter downstream from the obstacle

at Re = 500.

Conversion of the experimental interferograms of the mass-transfer

boundary layers in the presence of flow obstacles at Re = 500 and Re =

.-13_.



1500 was performed exactly as deécribed above for Re = 5,000 and Re =
10,000. Difficulties similar to those encountered for interpretation of
interferograms under turbulent flow conditions were experienced when
interferograms of the wake regions just downstream of the flow obstacles
were analyzed. In Figs. 12 and 13 the Nernst boundary layer'thicknesses
measured at Re = 500 and Re = 1500 are compared with those predicted by

the well-known Norris-Streid correlation(38,2,9)

d
Sh(z) = 1.23 (Re Sc?e)VB

(2)

for heat and mass transfer under laminar.floﬁ conditions. The measured
Nernst boundary layer thickneases show the expected agreement(31) with
the Norris-Streid correlation at locations remote from the viecinity of
the flow obstacles._. Significant thinning of the local mass-transfer
boundari layer is obs;rved only at Re = 1500 for the flow obstacles
attached to the cathode surface, which is consistent with the pfevious
qualitative observations of the interferograms. The 1large cylinder
sandwiched midway between the cathode and anode shows the expected
reduction of local mass-transfer boundary layer thickness caused by res-

triction of the flow channel cross sectional area.

It is instructive to compare the effective reduction in local mass-
transfer boundary layer thickness caused by placing a flow obstacle on
the electrode surface with that obtained by increasing the electrolyte
flow rate. For example, Figs. 8, 11 and 13 show that the otherwise lam-
inar mass-transfer boundary layer at Re = 1500 is substantially thinned
for at ieast 2.5 cm downstream from the triangular parallelepiped flow

obstacle. The Nernst boundary layer thickness 1s reduced from about

-14=



.0.25 mm just upstream from the obstacle to about 0.08 mm 1.5 cm down-
stream from the obstacle. The electrolyte flow velocity required to
produce a Nernst thickness of 0.08 mm can be computed from Eq.(1) to
correspond to Re = 2790. The pressure drop (directly related to pumping

power and cost) required to maintain a given average flow velocity is

given by:
@ _ 5, 2 L
dz p avg de

(3)

Since the friction factor f varies only slightly(50) from 1500 < Re <
2790, and the flow velocity v is proportional to the Reynolds Number Re,
the ratio of the pressure drop for the two flow velocities considered is

approximately

279012
1500

(dP/dz)R@_.2790 i
(dp/dz)

Re=1500

= 3.5.

Therefore, reduction of the Nernst thickness from 0.25 mm to 0.08 mm by
increasing the electrolyte flow rate requires a 3.5-fold increase in

pressure drop.

The éorresponding increase in pressure drop caused by attachment of

triangular parallelepiped flow obstacles to the electrode surface can be

computed from the correlation presented by Leitz et al (3):

2
a 1 -8
f = +0.175 n de >

Re P
B (4),
where a is a specific channel dimension parameter, np is the number of

-15-



promoters per centimeter along the length of the channel, and B is the
ratio of the open area perpendicular to the flow at the obstacle to the
cross-sectional area of the channel without the obstacle. For the tri-
angular obstacle and the given flow-channel dimensions (Fig. 1), the
parameters are a=16.6 and 8=0.97. If triangular-parallelepiped flow
obstacles were spaced two centimeters apart along the length of the
cathode (np = 0.5 cm-1), the friction factor £ computed from Eq.(U4)
would increase by a factor of only 1.7 over that for a smooth electrode.
Therefore, 1insertion of triangular-parallelepiped flow obstacles in
place of increased flow velocity results in a 70% decrease 1in pressure

drop for the same mass-transfer rate.

The electrolyte pumping costs associated with various means to
enhance mass-transport rates at the electrode' surface are directly
related to the power dissipation, which is ﬁhe pressure gradient multi-
plied by the average electrolyte velocity. The power dissipation there-
fore varies in direct proportion to the friction factor and as the cube
of the average electrolyte velocity. Reduction of the Nernst thickness
from 0.25 mm to 0.08 mm by increasing the electrolyte flow rate there-
fore requires a 6.4-fold increase in power dissipation, which may be
compared to a 1.7;fold increase in power dissipation caused by insertion

of triangular-parallelepiped flow obstacles.

-16-



CONCLUSIONS -

Double-beam interferometry has been shown to provide qualitative and
quantitative information about mass-transfer processes under turbulent
-flow conditions. Derived mass-transfer boundary layer thicknesses under
turbulent flow conditions show the expected agreement with well-

established heat transfer correlations.

It is shown that the insertion of certain flow obstacles in an oth-
erwise laminar flow stream can result in increased mass-transfer rates.
The increased pressure drop and associated pumping power caused by the
presence of the flow obstacle is shown to be substantially less than’
that required to produce the same increase in mass-transfer rates by an

increase in flow velocity.
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LIST OF SYMBOLS

specific channel dimension parameter, see ref. (3)
Cuso,, concentration (mol)liter)

glass sidewall thickness (cm)

hydraulic diameter of flow channel (cm)

Fanning friction factor (see Ref. 50)

electrode separation (em) |

average current density (mA/cmz)

electrode length (cm)

obstacle spacing frequency (cm-1)

Reynolds number

Schmidt number

local Sherwood number

average Sherwood number

average flow velocity (cm/sec)

electrode width (cm)

coordinate parallel to electrolyte flow, measured
from electrode leading edge (cm)

flow channel cross-sectional area contraction coefficient
Nernst boundary layer thickness (cm)

light wavelength (cm)

kinematic viscosity (cmZ/sec)

density (gm/cm3)
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FIGURE CAPTIONS

Figure 1. Semiscale drawing of the flow channel: channel width w =
10.0 mm, channel height h = 25.4 mm, and electrode length L

= 100.0 cm.

Figure 2. Placement and sizes of obstacles in the flow channel.
Ordinate: distance from cathode surface (mm).

Abscissa: distance from cathode leading edge (cm).

The 0.28-mm semi-circular cylinder is attached to the
cathode sﬁrface at z = 22 cm, the 0.76-mm semi-circular
,cylinder.at 32 cm, the 0.76-mm triangular parallelepiped at

47 ocm, the 0.76~mm rectangular parallelepiped at 62 cm, and

the 12.7-mm diameter 1large circular cylinder is wedged
between thé two glass sidewalls aﬁ z = 82 cm.

= = - = ; Mass transfer boundary edge (Eq.2), calculated as twice

‘the Nernst boundary layer thickness(33).
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Figure 3. Schematic diagram of interferometer and electrochemical
cell: —, 1light path; -——, off-axis rays demonstrating
point-to~point relationship between plane of focus and film
plane; A, copper anode; C, copper cathode; E, O0.1M CuSOu
electrolyte; F, film plane; G, glass sidewalls; L, lens (The
test lens, focal length = 87 mm, is 115 mm from the center
of the cell. The focal length of the reference lens is 81
mm); M, mirror; S, 1light source (HeNe 1laser); U, beam
uniter; d, thickness of glass wall (12.7 mm); h, eleétrode

separation (2.54 mm); w, electrode width (10.0 mm).

Figure 4. Experimental interferograms showing the effect of electro-
lyte flow velocity on steady-state mass-transfer boundary
layer thickness.

"Ordinate: distance from the cathode surface (mm) .

Figure 5. Turbulent boundary-layer thicknesses.
Ordinate: Nernst boundary layer thickness &y (mm).
Abscissa: Distance z from cathode leading edge.(cm).
: Thickness computed from Eq.(1).
- = - - : Represents uncertainty of computed values due to a 10%

uncertainty in diffusion coefficient data.

o : Derived from experimental interferograms, Re = 5000,
2
1avg = 15.0 mA/cm .
2
A : Re = 5,000, iavg = 25.0 mA/cm”,
2
a : Re = 10.090, iavg = 25.0 mA/cm .
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Figure 6.

Figure 7.

Figure 8.

Figure 9.

Figure 10.

Figure 11,

Experimental interferograms of the 0.28-mm semi-circular
cylinder. The electrolyte flow is from left to right.
left: i = 0.
2
center: Re = 500, 1avg = 2.0 mA/cm .
2
right: Re = 1500, 1avg = 2.5 mA/cm .

Experimental interferograms of the 0.76-mm semi-circular

cylinder. Designations as in Fig. 6.

Experimental interferograms of the 0.76~-mm triangular- paral-

lelepiped. Designations as in Fig. 6.

Experimental interferograms of the 0.76-mm rectangular

parallelepiped. Designations as in Fig. 6.

Experiméntal interferograms of the region near the 0.?6-mm
triangular parallelepiped. Re = 500, 1avg = 2.0 mA/cmz.
The electrolyte flow is from left to right.

a: z = 46.5 cm

b: z = 47,0 cm

e: z = 47.5 cm

d: 2z = 49,5 cem

e: z =59.5cm

Experimental interferograms of the region near the 0.76-mm

' 2
triangular parallelepiped. Re = 1500, iavg = 2,5 mA/cm .
Designations as in Fig. 10.
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Figure 12. Nernst boundary-layer thicknesses at Re = 500,
Ordinate: Nernst-boundary layer thickness (mm).
Abscissa: reduced distance z/L from cathode leading edge.
] : derived from experimental interferograms.

Norris and Streid correlation(38).

..

= = = = : Dboundary layer—~thicknesses near obstacles,
a: z = 22 cm, location of smaller semi-circular cylinder.
b: 2z = 32 cm, larger semi~-circular cylinder.
c: z = 47 cm, triangular parallelepiped.
d: 2z = 62 cm, rectangular parallelepiped.

e: z = 82 cm, large circular cylinder.

Figure 13. Nernst boundary layer thicknesses at Re = - 1500. Designa~

tions as in Fig. 12.
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