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THE ROTATING DISC ELECTRCDE, HYDRODYNAMIC BOUNDARY
AND DIFFUSION LAYERS BY LASER INTERFEROMETRY

' *
R. N. O'Brien

| Inorganic Materials Research Division, Lawrence Radiation Laboratory;
: : Department of Chemical Engineering
- University of California, Berkeley, California
| MARCH 1967
Itvhas recently become possible to build long path interferometers

to’study concentration contdufs in electrochemical cells whére the path
.difference between intgrféring beaﬁs in a wedge-type interference cell 1s
‘2;ceﬁ£imetefs or greaﬁer. Such a céll haé been described recentlyl and
Athertheory presenfed_.2 vTheipresen£ cell has been modified from those
"‘bréviously{described,only inlthat a disc electrode of the parabolic shape
_fééom@ended‘by Riddiford® to glve stable flow pattérns 1s admitted from
‘the top and a counter eléctrode from the bottom. The cell as before con-
n.siéts'of a teflon cylindervwhése axis is at 9Q° to the axis of the elec-
-trodé{ with partially reflecting glass flats in the end aﬁd a cylinder |
insert whése axis coinéideé with the axis of rotation of the electrode
’with itsvsides sliced off;to allbw the‘laser beam to pass'through.
_ From the expression for the locatlon of wedge fringes on the inter-
ferometer wedge Eut Cos¢ oA\ (u is the refractive index, t is the thickness
:_of the cell, Cos¢ is about one . for ¢, the angle of incidence close enough
' vto zero to give good_fringes, n is the order of interference and A is the
 wdfé;length of the‘liéhf used), if N is 6328 Z, the common gas laser fre-
- quency, and the liquid has a refraétive index of 1.3540 and t is 1 cm, n is

Presently with Chemisbry Department, University of Victoria, Victorila,
B, C., Canada..
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calculated to be 42,810, This means that one fringe shift, that is when

the displacement of the fringe brings it opposite where the next friﬁée

would have been if it had remained straight, represents one part in 42,810

change in refractive index. If, however, 1t is a solution, oniy the ?art @/
of the refractive index due to the solute willl vary and in this case one

fringe shift is one part in 240, For the present experimental set-up

this means one part in 240 change from the bulk concentration of all

solutes present. ‘ ‘

When a disc is rotated in a liquid the applicaﬁion of the shearing
force to the layers of liguid near the disc should result in dilation and
the thermodynamic PAV tgrm that describes the dilation should be propor-
tional to the shearing'f;rce applled and hence-useful in evaluating liquid

viscoéities.LL The change in density i1s related to the change in refractive

index by the Lorentz~Lorenz expression RM = % <ﬁ2 ; ; ‘where RM is the
molar refraction, M the molecular weight; p the denslty and p the refrac-
tive index. Siﬁce it is difficult to see how, in the solution considered,
the dilation can occur in anything but the solvent, we will consider only
~the change in density of water. The molar refréction of H)0 is 1.6L624
and detection of one fringe shift due to change in denslty represents a
change in refractive index from 1.33315 at 24°C to 1.33312 and, conse-
guently, a diiation of one part in 14,875, Since l/lO of é fringe shift
can be detected, the limits of measurément are one part in 148,750 or
this is a Qery sensitive dilatometer, |

Figure llcontains four frames taken from a 16 mm motion picture
film taken at 12 fps of & 3.50 mm diamater Ni disc in.a 2N NaOH solution
vhich is also 0.1 M in K Fe(CN)g and 0.1M in K,Fe(CN)g et 24°C. In the

first frame a current of 20u amperes or 2.5 mﬁ/cm? 1s passing and the
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disc is not rotating and the apex of the wedge is to the left. The nickel
disc is coated with catalysed polyufethane so that no current passes ex-

cept on the bottom of the disc. The disc is the cathode and the KhFe(CN)6

being génerated is more dense than the bulk solution so natural convection

is causing a reversal of the concentration gradient outside the simple

diffusion layer, analogous to effects noted in other systems.5 Since the

véurrent density is far from the limiting current density in this system,
it is assumed (as found to be essentially true in acidified'CuSOh solution6

- ﬁhat only the electroactive species change concentration.

In the second frame, taken one second later,.the disc 1s rotating at

~about 250 rpm or the rin speed is about 5 cm/sec and most of the concentra=-

: K CN KzFe(CN
tion gradient (8[ thi )6] - o 2 gi )6 ) previously established has

already been swept away as & much thinner diffusional layer 1s set up,

undetectable by this apparatus. Some convective effects are still evident

" at the same location in this frame as in the previous one, indicating that

the effect of rotation progresses, as expected, through the layers at a

finite rate. That is, the-previously set up processes relax at a meas-

. urable rate. The direction of rotation is such that the rim of the disc.

' néarest the camera 1s moving'from right to lefﬁ.

The third frame shows a deflection of the fringes in the oppositg
direction (to the left), except for the solution very close to the elec-
trode. In the last frame, one second later, é hydrodynaﬁic shear zone
has been established to the exclusion of any recognisable diffusion layer.

The total fringe shift at the center of the disec is again about 3/4 of a

fringe as in the diffusion layer, but the layer is about twice as thick

50 the refractive inmlex gradient is only half as steep. A diffusion layer

-~ must still exist, but it can be confidently stated that since it cannot be
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detected by this’apparatus (and hence its extent and the concentration
gradient in it cannot be determined), its thickness must be less than
0.02 mm since measurements have been made in other systems at this dls- .
ta.nce.,7 ) ,
Figure 2 was produced by traéing the center of fringes in a system
in which the disc 1s the anode and no natural convection occurs, all other
‘conditions the same except as noted. The ffames were taken at 1/W second
intervals. Frame (a) shows a well developed diffusion gradient at twice
the current density in Fig. 1 (5 ma/cmz) and the apex of the wedge is to
the right. Frame (b) shows the diffusion layer set up under non-rotating
conditions being swept tangentially outward in accord with Riddiford’s
) theory.3 Frame (c) shows an intermediate regime.) In Frame.(d) the diffu-
sion layer has been estéblished.at a thickness undetectable by this appara-
tus. The hydrodynamic dilatlon shear gradient 1s, as expected, In the same
direction as the concentration gradient previously established.
Since the effects being viewed in this work are independent of the
thickness of the cell (as attested by unperturbed fringes appearing in the
edges of the frames),‘and are the result of viewing a disc of perturbation,
the usual formula 2ut = n\ must have a variable t. Now t = 24 Sin % g,
where d is the distance from the center of the perturbed disc of fluild
and r is the radius of this disc. Scales in concentration and density
- units have been calculated for specific marked points, and are, of course,
only applicable to that point. They can only be used as a rough guide to {
judge as to whether the fringe shift follows the iﬁdicated sine funct;on. ﬁf
IExperimenfs were also performed in which a nickel rod was encased

in a téflon tube, The outside dilameter of the teflon was twice that of

the nickel rod, ahd the teflon tube outside diameter was 3.5 mm. The
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surface of the teflon and nickel were gently'polished flat while assembled .

'together and just prior to mounting in the interferometer. The nickel

céuld be rotated while the teflon remained stationary, or both could be
rotated at the same‘speed. When current was passed~in the same électro-;
l&te as above without rotation, then rotation began after an appreciable;
diffﬁsion layer was present, the patterns of perturbations to the fringeé
were similar in both cases to the bell-shaped disc recommended by Riddiford.

The configuration in which only the electrode moved showed a slightly

- better (i.e., more closely horizontal, that is tangential, motion of the

eléctrolyte away from the electrode) flow pdttern. It is'thought that

both the flow patterns and the dilation in the shear zone will have an
effect on current distribution which has recently been the subject of
thebrefical.calculatiéné.

FurtherAexparimeﬂts are planned to firmly establish flow patterns.

around the rotating disc and to explore the system's usefulness as a

- dilatometer.

The work reported waS§ performed in aséociation with the Inorganic
Materials Resea?ch Division of the Lawrence Radiation Laboratory while
the author was a Visiting‘Scholar in the College of Chemistry, the Unl-
versity of California,”Berkeley. The author is grateful for their support
and for valuable conversations with C. W; Tobias.

This work was'perférmed under thg auspices of the United States

Atomic Energy Commission,
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Fig. 1. Four interferograms taken 1 second apart. Frame (a)
shows a concentration gradient affected by natural con-
vection. Frame (b) shows the result of rotating the disc
at about 300 rpm, accelerating from 0 one second from
the start of rotation. Frame (c) was taken one second
later and frame (d) one second after (c). Frame (d)
shows the diffusion layer is now too thin to observe;
the effects of convection are erased and a hydrodynamic
shear layer has formed.
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Fig. 2. Interference fringes traced from 16 mm motion picture frames.
The current density is 5 rna/crnz in the same solution but the
disc is now the anode, no convection is occurring, there is
only 1/4 second between frames and the dilation in the hydro- ¢
dynamic shear zone gives a fringe shift in the same direction
as the oxidation of K4Fe(CN)6 in the diffusion layer. {
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