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I. INTRODUCTION

In electrochemical processes such as electroforming and '"high speed'
plating one would like to operate at the highest possible rates which
still yield a satisfactory product. To achieve the surface finishes
required, it has been necessary to employ addition agents and to operate
at 1evels.far below the limiting current. The selection of the optimal
operating conditions and electrolyte compositions in present day
electroplating has developed into a high art akin to alchemy with
little exchange of information among the interested parties.
While proceeding in this search for the 'ultimate' plating bath, the
importance of mass transfer énd hydrodynamics have often been neglected.
These topics become dominant factors in the plating process as
thé rate approaches the maximum attainable level, the limiting current.
Surface defects and blemishes in the deposit resulting from particulate
matter, bubbles, or imperfections in the original substrate increase
as the stirring level rises and the limiting current is approached.
The published literature contains no reports of the micro-hydrodynamics
and accompanying morphological changes associated with these isolated rough-
ness elements in either laminar or turbulent flow. The overall mass
transfer coefficients reported for homogeneously roughened surfaces do
not provide any insight into the phenomena occurring on the scale of
the roughness.l’2

This study was initiated to obtain a comprehensive view of these
phenomena and to fill the void existing in the literature. Uziel Landau,

3,4

as a subtopic to his doctoral research,”’  has made exploratory

experiments on the effect of small wire protrusions on the surrounding
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deposit. .It is proposed in this project to study the morphological
changes induced by the presence of a protrusion as a function of the
interrelated parameters current density, overpotential, and flow rate
by means of scanning electron microscopy, optical microscopy, and
surf-analysis.

The complexity of the hydrodynamics in turbulent flow around a
.protrusion preclude ananalytical solution of the velocity profile and the
corresponding mass transfer problem. Levich5 discusses qualitatively the
flow around a protrusion in a laminar stream. White6 after Johnston7 shows
the three dimensional boundary layer arising from the sécondary flow against
a cylindrical obstacle as illustrated in Fig. 1. Experimental studies
have dealt with the formation of eddy trains, and their onset and
stébility behind such shapes as cylinders, cones, wedges and spheres
in unbounded turbulent flow. The symmetry and unboundedness of the flow
in these experiments prohibit the direct application of their results
here.

Morphological studies of the deposition of zinc,g_lo gold,11 and
-14

Copper12 have been made on highly polished single crystals and grains.

Ibl has performed experiments on the formation of powder deposits at
and near the limiting c:urrent.ll_13 These experiments provide intuitional
aids to understanding the deposits obtained under the hydrodynamic and
substrate conditions utilized in this study.

In addition to observations of the deposit around protrusions it
was possible to record surface morphology trends in the undisturbed

regions of the electrode on both mechanically and electrochemically

polished substrates as current, overpotential, and flow rate were varied.
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Fig. 1.

Surface of
separation

XBL 74101873

Three-dimensional separation in flat plate flow against
a cylindrical obstacle (from F. M. White?).



II. EXPERIMENTAL

2.1. Flow System and Peripheral Equipment

The flow system, electronic equipment, and electrode assembly
used in these experiments were those designed and built by Jan Selman
and Uziel Landau3 in this laboratory. The electrolysis channel with
2.3 cm electrode separation (hydraulic diameter 4 cm) was made up of a
7 cm wide and 40 cm long segmented cathode with two 4 cm wide coplanar
side segments, faced by a 40x15 cm anode. A entrance region was provided
so the hydrodynamic boundary layer would be fully developed in the
electrode region. Laminar to highly turbulent flow (up to Reynolds
number 120,000 for Schmidt number of 1000) was obtainable. Both
galvanostatic and potentiostatic experiments were possible with a
maximum current of 100 amperes. A Vidar data acquition system and Ampex
tape drive wereused to monitor the flow rate from magnetic flow meters,
total current, total IR drop and the segmental currents and overpotentials.
X-Y and X-t recorders were used to visually monitor one segment during
the experiment. Figures 2 and 3 show the general layout of the system.
3

Further details are provided in the doctoral dissertation of U. Landau.

2.2. Electrode Modifications

The electrodes, made of ORIC copper, had to satisfy the following
criteria: (1) fit in the existing cathode holder; (2) have a reusable
and reproducible surface; (3) be compatible with the analytical equipment
used, and (4) yield the maximum amount of useful data per experiment.

The electrode shown in Fig. 4a and 4b was used for the observationr
of wakes behind wires and spheres on the surface. A‘compression fitting

made up of a teflon cone and separate tightening screw, as shown in Fig. 4b,
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ELECTRODEPOSITION AROUND PROTRUDING SURFACE IMPERFECTIONS IN
TURBULENT FLOW

Eric John Carlson

Inorganic Materials Research Division, Lawrence Berkeley Léboratory and
Department of Chemistry; University of California,
Berkeley, California 94720
ABSTRACT

Cathodic deposition of copper around small cylindrical and spherical
protrusions located on the cathode surface in a channel with rectangular
cross-section (Dh = 4 cm) at Reynolds numbers up to 50,000 was studied
as a function of the protrusion height and diameter and of the related
parameters of flow rate, overpotential and fraction of the limiting
current. The distinctive wake region, caused by perturbations in the
flow induced by the protrusion, was characterized using scanning electron
microscope, optical microscopes and macrophotography. These techniques
and quantitative measurement of the amount of deposit in- and outside
the wake revealed:

1) The current density inside the wake was approximately twice as
high and the porosity four times larger than those outside.

2) The wake was not reflected in the deposit when the height of
the protrusion was below 0.1 mm and when i/iL < 0.9.

3) At the limiting current large powder clusters formed in the wake
in contrast to the uniform powdery growth outside the wake.

The above observations are explained in terms of mass transfer control
of the deposition process. The hydrodynamic changes,induced by the

protrusion, thin the boundary layer causing an increase of limiting
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current density (iL) and of total current (I). _A5~the mass transfer
boundary laYer thickness (6Np decreases, it approaches the order of the
amplitude of the roughness (h) and deposition occurs over the entire

profile ("3-dimensional growth'). Outside the wakeiwhere GM > h preferential
deposition occurs at peaks and growth proceeds verticélly ("l-dimensibnal
growth'). Below the limiting current surface overpotential dominates

and a more even current distribution results.
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enabled the'height of the wire protrusigns'to bervaried. Six'of:these
fittings were‘machined in the eieetrode.in two.rows,vusiﬁgrtwo different
diameters (0;65 and 0.30 mm), with the centerlines aligned so that the wakes
of the’downstream wires would not interfere:withlthe)remaining ones.

In this manner both the effect of dlameter and he1ght could be examlned
\51multaneously. Spheres made by weldlng technlques on the end

of a copper'wire were.placed onvthe surface of thevelectrode~by drawing :
the wire‘through the’hole from above the'electrode until the sphere o
rested on the surface. The best Vsphericellshape,ie obtained for |
sphere.diameters twice that of the wire. Both inert spheree and Qires-
(non-conducting protrusions) were made by dipping the objects in aerylic
diluted with acetone' | -
Electrode 1nserts 1. 5 1n by 1 in. and 1 in. by 1 in. ,.Qith a

correspondlng slot in the channel electrode as shown in F1g 5a were
made for use in the scanning electron m1croscope.i After the ent1re
electrode Was_mechanically polished one of the segmehts was removed and
further polfshed electrOchemically.”-Heving both segments with different
surface preparation adjacent to each other during the‘séme experiment
made poseible the simultaneous postfmortem observatidh of deposition on
a eleetropolished and mechanieaily polished edrfaee. -Thesevsegments were
a150’modified for use with the.eylindricai and spherical protrusiohs.
A s{hplified'COmpreSSion fitting conSisting of a Teflon plug”with threads
was used to hold and p051t10n the wire. The fine structure of the wake
could then be observed by plac1ng these electrodes in the SEM. As w111
be described later, these segments were embedded in "Bakelite"‘and

sectioned to obtain side views of the deposit in the wake. In a repetitous .
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study of this kind, time and money were saved by using a small removable

segment of the electrode

The electrodes described in the preceeding two paragraphs could be

positioned at or near the trailing edge of the channel where the

\

undisturbed mass transfer boundary layer reaches it's asymptotic thlckness.

The current and overpotent1a1 in this region for unperturbed flow are
uniform, consequently variations in the deposit can, therefore, be 3551gned
entlrely to the presence of the protru51on.
2.3. Electrolyte | |
The two'solutions used contained AYR' grade copper eulfate, sulfuric
acid and glycerol. The acid concentration was determined by titrating
with sodium hydroxide and the copper sulfate concentration by‘electro—
gravimetery using platinum gauze electrodes. The glycerol concentration
bwas not determined directly‘but characterized by'the.Schmidt (v/D) number.
Integral diffu51on coefficients were determined u51ng a rotating
disk electrode. The kinematic V15c051ty (v) was found with Ubbelohde type
viscometers.
The pbySiCaldparametersifor solution A and B are summarized in
Table I. . | | | |

2.4. Electrode Preparation

The set of electrodes.were handpoliéhed-in a'"jig".to maintain a
flat surface. The entire eurface waS’POIiShed‘USiné éucceSsively finer -
grades of Siiicon—carbide and emery paper down to 4/0 grit.. Fnrther-

more, before electropolishing, segments were mechanically-polished
with i_u dianond paste on a polisbing'wheel,‘then.electropoliShed‘with
a phosphoric acid, ethanol, propanol, butanol andidextrin»solution’as
16 _ .

described by Ibl. Oxide films were’removed in a bath consisting of

P T T T
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¥

Téble I. Physical parametersjof the electrolyte.

.'(moles/liter) (moles/}L) (cmz/seC) '(cmz/sec)

. Sc(v/D)
. . 6
Solution _.CCuSO CH.S0 - Dx10 : \Y
- e 274
A 0.029 1.32 2.07° 0.022 10390
B 0021 1.04 3.82 . 0.018 4620
' i
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40 ml conc. HC1 (p = 1.19 g/en>), 1 L CH, CH, OH, and 40 g SnCLZ-zﬂzo;l8

The experiments with protrusions were prepared in a similar manner
except the wires were'initially positioned with their topé slightly
above the eurface so that polishing4wouldiproduce a’fiat 1eve1 surface.
When the p0115h1ng was completed the wire was agaln extended above the
surface to clean off any burrs on the edées Then using a microscope
Qith a micremeter dial on the‘fine focusing knob the heights were adjusted.
Ina numbet of experiments small strips which were pbsitioned parallel
and transverse to the wake-werevcoated with acryiic to provide a reference
line cofresponding'to the substrate so the depesit thickness'conld be

determined with the surfanalyzer.

2.5. Mode of Operation

In a galvanostatic experiment the total current remains constant. iAS
the surface area increases there is a decrease in the local current density,
i, which under the simplest conditions will be inversely proportional to

the area. This corresponds to the case in which the mass transfer boundary

layer conforms to the surface topology. If this is not the case, dep051t10n‘:

ﬁw111 occur preferentlally on the peaks because of the shorter d1ffu31on
length and spherical diffusion. For this case no accurate statement can
be made deseribing the change in i except that on the average it will-
decrease. The picture is further cqmplicated by no longer having a
uniform 1imiting current over the entire surface as the surface
roughens. \ |

In potentiestatie experiments the total curreﬁt is allowed to vary
in order to_méintain the total overpotential,‘theléum of surface (ns)'

and concentration (nc) overpotential, constent. If the hydrodynamic.
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conditions ranain constant, as in the césg of a_smobth_deposit, and the
total current (1) ihcreases proportionally to the‘surfaée area inéreése,
so as to maintain the local current density (1) ¢oﬁstant, then i/iL
will not chaﬁgé. -

In both potentiostatic and éalvanostatic,experimenté the sﬁrfacev‘
conditions can not be maintained éohstanf becausé’ashdeposition takes
place the “substrate" changes. (As soon ‘as a monolayer is deposited the
solution no lénger "sees'" the polishedxsubStrateaand the kinetic para-
ﬁeters wili,itherefore, éhange;) _The eXperiments-Were operatéd"in the
potentiostétic mode because this offered the best.means of maintaining the
local current density (i) constant and as a consequence, nc'and Ng- |

The 6verpqtential on the ideal limiting'currentvplateau increaseé-
“until a successive reaction occurs and the current capfincréasé.' While
operating at the limiting current, the overpotential must be specified so
as to unambiguously locate the point of operatiop on the T vs Ny curve.
In ‘actual eXperiments the '‘plateau" is slopéd théréb}_obséuring the exact
value of the limiting currentr‘ The experiment wés bfought to the initial
operating point in a potentiostatic ramp. (For different flow rates Qpefa-
tion at the same_tdtaleverpbtential.doés not imply that né and ng are
the same for each experiment.) | i

The number of coulombs, the total amount.of(cqpper deposited was
kepf approximate1y constant for each experiment. As a'consequence,:fbr 
a giVen oVérpotential the léw flow rate experiménté were of longer
- duration. Vefy_long deposition times are undesi%able because of the
possible initiafion of dendrites as déscribed by Bockris}lg To avoid

unstéady-state effects the current was brought to its final value

&
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by a ramp of approximately 3 min duration. The 1ength of the high flow
rate experiments at the limiting current was approximately 20 min, therefore,
the ramp time did not comprise a significant portion of the experiment.

2.6. Analysis of the Results

. In ordef to present a qualitative picture of.fhe morphological changes
correspondihg to different'deposifion conditions extensive use was made
of photographs from a scanning electron microséope‘(SEND, metallographic
microscopes, and macrophotography. o

" The SEM used was a model JSM-U3 (Jeol ‘Japan Electron Optics
Laboratory Co., Ltd) and as set up had a upper useful magnification of
y 10,000x. As_previously explainéd,therelectrodes were designed to fit
~in an existing'sample holder of theHSEM so that the magnifications indicated
on the instrument dial would remain valid. Photographs were made using
Polaroid Tyﬁe.SS P/N at anaperture of £8 and at two angles of inclination;
0° andv30°.>‘It was neceésary to tilt the gmoothéf samples to increase
contrast and iﬁprove the resolution. Often entirely new and reﬁealing
features were observed when ‘the sample Stage'WHs-tilted as iiiustrated
in Fig.;22b and 22d. For the rougher samples the large depth of field
-of the SEM offered a trémendous‘improvement'in resolﬁtion and magnification
compared toﬁdpticél-microscopes. | |

.In addition to the SEM the Unitron Métalloéraphic (Model U-ll)_and'
Zeiss Ultraphot iI'microscbpeS were used. The Ultréphbf was used'with
oil imﬁefsion lenses to obtain micrograbhs (1000x) of cross-sectional
views of the wake. The Unitron which was located in the laborafory
was used fof low magnificatidn (50x) views. The roughness of‘the"'
éurfaces-involvéd and the limited depth-of—field of these microscopes

/

restricted their use.
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To record the general characteristics.of theywake the MP-S Polaroid
Land Camera with a macrolens ~and belloWs was .uéed}to take 10x photbs
of the protrusions on 4x5 Polaroid Type'47 and Koéak Tri-X Professional
Sheet Film. | - |

A Clevite Gould surfanaleef‘Model 150 with a probe of the following -
specificationsz _ | ; -

: 50 mg stylus force P
'_Linear stYluS displacehent't0;0b4'in:’
‘R =0.0001 in. |
-Diamond |

was the 1eSt method used to characterizé'the depqsit. By removing the -
protrusions frem the sufface'thecprobe cOuld'be‘rUh.through the centerline
‘of the Wakecfaf’into the tail and normal to the centerline in the region
* around the protrusion. Making parallel and transVerse scans through
different portions of the wake yielded a quantitative'picture of the
relatlve changes'of_height1in the wake. The absolute thickness 6£‘the
'deposit was determined by masking portions of the electrbde with acrylic_
parallel to the ‘wake and then Tunning the surfanalyzer probe through
these two strlps after the acry11c had been removed w1th acetone

The SEM electrodes were sectloned by encasing them in Bakelite.
The Bakelite in powder form was poured around the electrede in the chamber
ef the press, then melted and allowed.to set at 2 tons breesure-for
Svmin After coollng, the electrode now in a cyllndr1cal plug of
‘Bakelite, was placed in a mill and machined to within 0. 010 in. of the .
de51red cross-section. This surface was then pol1shed down to 1y, In '

this way mater1al from mach1n1ng was removed and a flat surface obtalned

3
t
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The limited depth of field of the microscope at lOOOx necessitated
‘'obtaining a flat surface.

2.7. Quantitative Comparlson of the Amount of Deposit Inside and
Outs1de the Wake ;

A. Electrode

A stainless steel (304) SEM electrode was made with removablf'discé
located in the positions indicated in Fig. 5b. The lerge discs are well
outside the wake and provide a sample of the deposit in the undisturbed

region of the electrode. The small disc is located directly behind

the protrUSion in the far-wake. Stainless steel was used so that the copper

deposit could be stripped withrHN03 for the‘analytical tests and then -
reusedf_ |
B. Pregaration‘ -

- The set of electrodes were polished in fhe manner previously described
with.the SEM electrode receiving additional polishing with 1 u diamond
' peste. Polishing removed any differences in height between the dlscs'
and the main electrode. The copper wire protrusion-ﬁas then pushed
above the surface. Immediately_prior to placing the electrode
holder in the channel the stainless steel electrode_ﬁas'cleahed with. a
30% HC1 solutien to remove the passive layer.

C.. Analfsisf
After removal of the discs from the electrode and r1n51ng with -

1;7’
distilled water the discs were sent to the analyt1cal laboratory* where

lom Morrison, Research A55001ate 111, UCB College of Chemlstry Analytical
quoratory
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the cdpper'Was removed with 8N HNO3 The weight of copper per disc, was
determined by complex1ng the copper with excess ammonia and then by o
performing an analysis of the concentration by 11ght absorptlon with a

Beckman spectrophotometer at 360 mu.

~
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| ITT. RESULTS

In the‘following éections, observations of the wake resultihg fme
cylindrical and spherical protrusibns and the sufrdunding morphologiéal
changes are presented in the form of macropﬁotographs, surf-analyéis
profiles;_ahd SEM and optical micrographs. As 6ften és possible all of
these techhiques were applied to the same sémple so as to provide an
increasingly refined view,raﬁging from the macro(lQ;)- to the |
microscale(10,000x). It is hoped that a presentatibn'of this form
will allow the reader to keep all‘parts of the composite picture in

perspective.

3.1. DepositiOnvAroﬁnd Protrusions
A. Phofogragﬁs ' | _
" The mécfophotographs in Figs. 6 and‘7'iilustrafe the generalv
‘.characterisfics of the wake formed around cylindrical and épherical '
protrusions.i The microstructure (~2u) obéerﬁed inside and outside the
wake with.the’SEM will be presented in Section 3.2 (surfate morphology) .
Table I11ists the conditions of deposition for éach serie§ of photographs.
Surf- analysis- proflles Sectlon 3.1- C of the wakes shown or of 51m11ar -
" experiments provide quantltatlve values of the relatlve helght dlfferences_
.between the wake and surroundlng dep051t A comparison of the amount .»'
of dep051t per unit area in these reglons is glven in Section 3. 1 D.
Figures 6 and 7 show Low overpotentlal (or fraction of the 11m1t1ng
current), and the height and diameter of the cylindér affect the waké, |
For high overpotentials (~-400 mV) a powdery deposit in the Wake'region,

as shown in Figures 6a and 7a, clearly differentiate the wake from the rest of
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Table II. Experimental Parameters for Figures 6-9.

mA/(:m2 (min)
Figure Re # i/ iL -n(mV) (i) Duration Solution
6a, 7a 23,000 1 450 ~7.0 15.0 A
6b, 7b 23,000 0.9 190 6.5 16.6 A
8 28,000 1 350 1.0 20.0 B
9 23,000 1 450 ~7.0 15.0 A
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the electrode. As the overpotential decreases the wake became less
distinguishable from the surrounding deposit as shown in Figs. 6b and 7b,
and at -150 mV was non-existent. The exact point of disappearance was
not determined because experiments were performed at only three over-
potentials (-400, -300 and -150 mV).

Figure 8 shows the wake formed at Reynolds number of 28,000,

n = -350 mV, and 10.8 coulombs/cmz. The SEM blowup of the top of the
cylinder illustrates the effect of the flow and higher current density
at the edge héd on the deposit. The deposit was increased around the
edge with the front half receiving still more deposit than the rear.

The wakes formed around spheres, as shown in Fig. 9, did not differ
in over-all appearance from those of the cylinders. An additional area §
of powdery deposit does appear immediately behind the sphere. The surf- 3
analyzer results, presented later, revealed significant differences
on a micro-scale which occurred around the sphere. No difference could
be detected in the wake from conducting spheres when inert spheres coated
with acrylic were used in the same experiments.

B. Dimensions of the Wake

The dimensions of all the wakes shown are summarized in Tables III
and IV. As the height and diameter of the protrusion decreased so did i
the dimensions of the wake. The size of the wake did not change noticeably
as i/iL was decreased to 0.9.

At a Reynolds number of 30,000 for solution B the mass transfer
boundary layer (qw) is approximately 15 p and the laminar sublayer and
turbulent core are 100 p and 600 p respectively. (Equations and the

assumptions used to obtain the above values are given in the Appendix.)
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n =-450mV
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Fig. 8. a. Composite photograph showing more of the far-wake.
(Vertical bands across the wake are from insulating strip
of acrylic.)

b. SEM micrograph, top of wire, showing preferential deposition
around edge and front of the wire.
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Re = 23,000; /i, =1.0 BRI

Fig. 9. Conducting and nonconducting spheres compared to wire protrusions. The acrylic coating
did not completely cover the nonconducting spheres resulting in the spotty deposit
on the surface of the protrusion.
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Fig. 10. Surface proflles through the centerline of the wake of protrusions similar to those shown
in Figs. 6 and 7. Profile a was made normal to the centerline in the far-wake. (Note that the
~ vertical scale of profiles e and f is 10x that of the others ) .
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Table III. Dimensions of the wakes in Figs. 6 and 7.

a. Width of the wake through the diameter of the
wire.

b. Distance between inside edges of the pincer-

- like tails.

c. Length of the wake surrounding the wire
measured through centerline from front of the
wake to the tip of the tails.

d. Maximum width of the far-wake.

~e. Distance from center of the wire to the
leading edge of the wake. :

(All dimensions in mm.)

| Large Wire (D = 0.65 mm) | Small Wire. (D = 0.30 mm)"
i/i, [H= 1.0 0.5 0.1 1.0 0.5 - 0.1
2 21 1.3 04 | 1.5 1.5 0.6
b 0.6 0.75 - 0.35 0.5 -
1.0 |c 265 1.35 - 175 1.5 -
d 1.7 1.3 - 1.3 1.7 0.2
e 1.0 1.35 - 0.65 0.45 -
a2z 16 - 1.6  1.25 -
b 0.6 0.75 - 0.4 0.5 -
0.9 |c 27 18 - 1.9 125 -
d 2.0 1.4 0.8-0.9 1.5 0.95 -
e 0.5 0.8 0.5 06 0.5 -
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Table IV. Dimensions of. the wakes in,Fig§'9; '(Datavstarts
with figure on the left and proceeds to the right.
~ Code letters for the dimensions same as Table 3.)

"Inert"

Inert

Inert
Protrusion , Sphere Sphere Wire = Sphere . Wire  Wire
H 1.0 0.5 1.0
D 1.3 1.30  0.65 0.62  0.31 0.3
ca 3.5 3.3 21 2.6 . 1.2 1.5
b 15 1.5 0.6 0.9 0.5 0.4
¢ 4.4 4.3 2.65 2.8 1.5 1.8
a4 3.3 2.5 1.7 1.8 ¢+ 0.5 1.1
e 19 1.8 1.0 1.0 . 0.6 08

- (A1l dimensions in mm)
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'C. Surf-Analysis

‘ Figﬁre 10 contains profiles made parallel td the flow thrbugh the
centerline of the cylindrical protrusions shown‘in.Figs. 6 and 7. 
Profile a was made across the far wake. Profilés a, b, cand d ‘are of
the wakes fbrmed at low overpotential. The vertical scale of_fheée are
1/10 of that used in profiles e and f, wakes formed at high overpotential.
b(Note: Profile e is inverted because the surf-anaiyzer was started in

- the tail region and moved in a direction oppositéjof'the others. The
exfremely high peaks adjacent to the.holes result when the_wifes are
removed and haterial is pulled up. Profiles g_and f_appear-compreésed

in thé horizontal diréctionzdue to the smaller scale used,_.The diameter
of the hole varies from profile to profile because of the difficulty

in aligning‘thé probe with the centerline.) The_thickness of the

' depoéit in front of the Cylinder, for the same height and diaﬁeter'_A
wire (profile b and f), but different overpotential is approximately

3u as compared to 55u. Profiles b, g_and f show the smooth region -
.6ccurring beﬁind the Cylinder and the initial region of the far wake.

‘The other profiles are off center and go through the pincer like tails
exfending‘afound-the rear cylinder.' 1 o
| Figure 1i shows the deposit around a 1.3 mm diameter sphere sitting"
. ‘on the surface.  Profiles 1, 2, 3 and 4 were made hormal to the diréction.
vinvthe immediate viéinity of the sphere. The approximate position of
these are shbwn on the lower profile made parallel to the flow. The
black line through 1, 2, 3 and 4 corresponds to the positions of the

lower trace. The wake is larger than those shown in Fig. 10 as a |




NORMAL TO THE WAKE

PARALLEL TO THE WAKE
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Profiles made normal to the wake starting in the front of thé_sphére XBL 74101876

| (D=1.3mm) and moving back in the direction of the far-wake. The lower.
te

profile made through the centerline of the wake shows the approxima
positions of the profiles above as indicated by the numbers. -
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consequenceeof'the size differences in the prOtrosions but, in éddition,
there are changes in the structure. Around the outer perimeter of the
“wake a low "plateau'" region (~10u) occurs which then changes to
approximately 40 p closer to the sphere. Profile 3 illuetrates how -the
deposit decreéees abruptly under the projected area of the sphere.‘ The
diameter of thié region eouals that of'the‘sphere;' In'fhe reaf'of,the
sphere between the two pincers of the tail an additional reglon of powdery
deposit occurs. This is shown clearly in profile 4_ These features |
.do not appeaf around the oylinders’shown in Fig. 10.‘ Note- the symmetry
of the profiles about the centerline: wh1ch indicate that the thermocouple
- beads approximated a sphere fa1r1y accurately

Flgures 12- 15 are surfanalysis proflles of the actlve and inert
spheres shown in Flg 9. These are shown as further examples and as.
>.evidence of the reproducibility of the wakes. Flgures 12a and 12b are
' profiles parailel to the flow and through the hole. These show the -
'beginning of the far wake which was excluded in Fig. 11. Figure 13
'shows,the felative positions of the'traverees contained in Figs. 14 and»ls
as.indicated by the number adjaceht to each profile.' No substantial
differences occur in the wakes of the,active and inert sphefes, The
profiles could oot be mede ekectly in the same_poeition for differentﬂ_
experimenté so direct compafisons of the heigﬁts are difficult.

Figures_Ioa and 16b are profiles across the far wake showing the :

}vdeposit thickness in relation to the substrate. Two strips of acrylic
adjacent to the wake provided the reference corresponding tovthe éfeps _
at both sides of each profile. Outside the wéke-the deposit thickneésv

is approximately 3 uvand inside 30 p. This does not give any indication
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Fig.-lz. Profiles made through the centerline of conducting and nonconducting sphefes.

The beginning of the far wake, not
shown here. ,

shown in the lower profile of Fig. 11, is
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Fig. 13. Schematic representing the form of the wake around the
spheres. The numbers and corresponding lines indicate
the approximate locations of the profiles presented in

“the next two figures.
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CONDUCTING SPHERE (D = 1.3 mm)
NORMAL TO THE WAKE

|
i
N

XBL 7410-1877

Fig. 14. Profiles made normal to the cehterline of the wake
around a conducting sphere. The respective position of
each profile is given in Fig. 13. 3
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NONCONDUCTING SPHERE (D=1.3 mm)
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XBL 74101878

Fig.lls. Profiles made ncrmal to the centerline of the wake around a
nonconducting sphere. The respective positions of each profile:
is given in Fig. 13. : '
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’F'ig. 16.

XBL 7410-1874

Proflles made normal to the wake show1ng the absolute thickness of the dep051t
The or1g1na1 substrate was made nonconductmg in two strips parallel to the wake

w1th acryl ic.

-Sg_




- -36-

of the porosity of the deposit. The profiles présénted previously only
showed relative changes in the deposit. \ |

D. Quantitative Comparison of the Amount of Dep051t
Inside and Outside the Wake

The values of the amounts of deposit’obtained'éré summarized in 1
Table V along with the amoﬁnt of deposit calculated’from the currenf Vs
time curve. These measurements indicate the average current den51ty in
this portion of the far-wake is approx1mate1y twice that of the current

density outside.

The ratio of the pbrosity inside to that outside the wake was estimated

using the above values as representative of. the weight of deposit per .
unit area and‘the'surface pfofiles of Fig. 16 to cglculate the ratio of

the volumes.

Eﬂ.: YE.. Yé_ w = inside the wake
Pe Wy V, e = electrode surface outside the wake

The ratio (Vé/Vw) was determined from.Figs 16a and 16h by cqmparing»the
area under the outline of the.wake (the limits of thé waké were defined
as the beginhing of thé level deposit) usihg the substrate line as a
reference ‘to the area‘hnder a corresponding width of deposit‘with a
thicknéss equal to that of the level iegion. The values of (Vé/Vw):
obtained for a and b were 1/7.3 and 1/9.0. Taking 1/8 as a méén Valué

for the volume ratio and 2 for the weight ratio (Ww/We)

O
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o |=
1l
D
00 |
"
FT




Table V. Quantitative comparison of deposit inside and outside

the wake. (Re=27,900) Disc 3 inside wake.
{ - ‘ - ** -
Disc 1 Disc 2 Avg Disc 3 Calc Ratio
| | -
Expt mg mg/cm2 mg | mg/cm2 m.g/cm2 mg mg/cm2 | mg/cm2 Dli;gs
|
| 5.58 3.55 3.65 . 3.83 3.69 0.36 7 .35 3.63 1.99
2 6.05% 6.35 7.35 j Ted 2 7.04 0.62 | 12.65 9.5 1.80

|
|

'
i

*
Loss of deposit occurred during removal of disc at the end of the experiment.

%
Calculated from I vs t curve for segment 7.

_Lg..
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L (
NT OF WIRE

OUTSIDE WAKE IN FRO

DEPOSIT

A ——
" SUBSTRATE

WAKE IN FRONT OF WIRE

DEPOSIT
SUBSTRATE

XBB 7410-6945

FAR WAKE

Fig. 17. a. Micrographs of the cross-sectioned electrode showing the
powdery deposit in front of the wire and in the far wake.
(Re=28,000, n=-480mV, (i)=9.2 mA/am?, 6.2 coul/cm2.)
b. Micrographs of a similar cross-section showing the boundary
between the substrate and the powdery deposit. (Re=28,000,
n=-450mV, ¢i)= 10.8 mA/cm2, 13.0 coul/cm?).
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E. Wake Cross-Section

The micrographs in Fig. 17 were obtained from the sectioned SEM
electrodes using the Zeiss Ultraphot. The photos in Fig. 17a correspond
to the following regions of the wake:

1. outside the wake in front of the cylinder

2. deposit in front of the cylinder

3. smooth region behind the cylinder

4. far wake
and Fig. 17b shows the boundary between the substrate and the porous
copper of the deposit. The process of embedding the electrode in the
Bakelite distorts the surface features, however the regions of powdery
deposit remain distinguishable.

3.2. Surface Morphology

A. SEM Micrographs of the Deposit

The differences in porosity between the deposit inside and outside
:he wake are shown in Figs. 18c and 18d. The powder particle sizes
in both regions (Figs. 18c and 18d) remains constant, ~1-3 u. Inside
the wake the particles grow in clusters with large volumes of
interstitial space between these groupings as contrasted to the deposit
outside the wake where on the average the particles are more uniformly
distributed. (Micrograph c was not photographed at 10,000x because of
the large void volume.) Clusters of particles or‘"dendrites" do appear
outside the wake but they comprise a small percentage of the surface
area. Figure 18a clearly shows the abrupt change in deposit morphology

at the edge of the wake. (This is a view at the tip of one of the pincers.)



XBB 7410-6946

Fig. 18. Porosity of the deposit inside_and outside the wake.
(Re = 28,000, (i) = 10.8 mA/cm%, f(coul/cm?) = 13.0,
n = =350 mV).
a. Deposit in the tip of the tail.
b. Deposit outside the wake.
c. Deposit in the center of the far-wake.
d. Deposit outside the wake.
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16.7

XBB 7410-694

Fig. 19. a. Boulder type growth at n = -150 mV and Re = 3700.
b. Boulder type growth at n = -200 mV and Re = 3700.
c. Powdery type growth on a electrochemically polished
surface at n = -350 mV.
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Table VI. Experimental parameters for surface
morphology results. (Figs. 19-22)

Re n(-mv) (i) Eéi' coul/cm2 Figure
cm

3,700 150 1.0 6.4 19a
200 1.4 6.9 19b

28,000 150 5.2 12.4 20
300 8.6 10.2 2la,b
350 30.0 18.0% 18d
400 9.2 6.2 21c,d

52,000 115 3.1 5.5 22a
200 9.0 Tal 22b
350 30.0% 18.0% 22c

%
H, evolution resulted

2

in high current densities.
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B. The Effect of Overpotential and Substrate on the Deposit
Morphology

The SEM micrographs in Figs. 19-22 show how the surface morphology

changes with overpotential and substrate. The conditions under which
each experiment was performed are listed in Table VI. For each flow

rate (Re) the deposit was of an amorphous boulder type7 at low over-
potentials and developed into a powdery growth at the higher over-
potentials. A comparison of the -115 and -150 mV (Figs. 19a, 20 and 22)
and -200 mV (Figs. 19b and 22b) overpotential experiments at different
flow rates shows that the type of deposit remains constant with increasing
overpotential.

The mechanically and electrochemically polished surfaces produced
radically different deposits at -150 mV as shown in Fig. 20. The
mechanically polished surfaces have a more uniform boulder type roughness.
The electropolished surface contained features of larger size with
smooth continuous surfaces. To the eye the-deposit.on the electropolished
surface appeared shiny. The mechanically polished surface appeared
powdery with a dull finish. Contrary to what one would expect, surf-
analysis profiles showed the deposit on the mechanically polished surfaces
to have lower peak-to-recess dimensions. At -350 mV the deposit obtained
on both types of substrate was of powdery nature as shown in Figs. 19c
and 18d.

(Note: The dark area of Fig. 2la corresponds to an area which had
been masked with acrylic. The large dendritic growth in the center was

not typical of the deposit on the remainder of the electrode.)



il =

SEM STAGE TILTED AT 30°

XBB 7410-6949

Fig. 20. Comparison of electrochemically and mechanically polished
surfaces deposited on simultaneously. (n = -150 mV,
Re = 28,000.)
a and c. Mechanically polished substrate.
b and d. Electrochemically polished substrate.
(c and d same deposit as a and b but with higher magnification.)
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XBB 7410-6948

Fig. 21. Deposition at high overpotentials at Re = 28,000.
a and b. Powdery deposit at n = -300 mV.
c and d. Powdery deposit at n = -400 mV.

&
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i

XBB 7410-6954

Deposition at high Reynolds Number (Re = 52,000).

a. n = -115mV

b. n = -200 mV

c. Electropolished substrate at n = -350 mV.

d. Micrograph of the same area shown in b with SEM stage
at 0° inclination. This illustrates the necessity
of inclining the stage for fairly 'smooth' surfaces.




Fig. 23.
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a and b.

c and d.

d

i @

XBB 7410-6950

Wake formation around air bubbles adhering to
the electrode surface at low Reynolds number
(Re = 13,000), n = -425 mV.

Orderly deposit _obtained at n = -200 mV,

(i) = 1.4 mA/cm?, and t = 45 min. The parallel
boundaries are normal to the direction of flow
and the polishing striations. Micrograph c

is a higher magnification view of d.
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Figures 22b and 22d were included to show the improvement in
resolution which can be obtained by tilting the SEM stage which holds the
sample being observed.

3.3. Additional Results

In a number of experiments at low Reynolds number, (Re=13,000) bubbles
adhered to the surface when the solution had not been completely
deaerated. The wakes resulting from these bubbles (Figs. 23a and 23b) were

opposite in nature to those obtained from the copper spheres. The

buildup in powdery deposit occurred behind the disturbance with a ''smooth'
region in front. The deposit free areas where the bubbles rested were
apﬁroximately 10 p in diameter.

Figure 23c shows a deposit unique among those obtained in this series
of experiments. The 0.25 p strips were normal to the direction of flow
and the polishing striations. Note the growths which appear to extend
across the boundaries of several strips and the frequent breaks in the

deposit. This experiment was run at Re = 13,000, n = -200 mV for 45 min.
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IV. DISCUSSION

4.1. The Wake

The wake developes from local variations in the hydrodynamic,
electrochemical, and mass transfer conditions induced by the presence
of the protrusion. The effect of these variations are observed on two
scales differing by three orders of magnitude: (1) On the macro-scale
we see the overall shape of the wake (mm) and (2) on the microscale
(microns) differences in the type of powder deposit appear. The discussion
of the wake in the following paragraphs will follow the above organization.

A. The Macro-Scale

The secondary flow patterns caused by the presence of the protrusion
initiate the chain of events which result in the formation of the wake.
The outline of the wake delineated by the rough deposit shows us that
these effects extend approximately 20 diameters downstream and 2 diameters
upstream. The shape of the wakes in front of the wires and spheres
agree with the flow patterns presented by White6 in Fig. 1. As the flow
impinges against the protrusion a roll cell develops around the base
and separation of the boundary layer occurs. The wake perimeter indicates
that this role cell extends past the protrusion forming the pincer like
tails. The far-wake develops from the confluence of the eddies formed
as the fluid flows off the trailing edge of the top of the protrusion
and the roll cells formed around the base. (These details are not shown
in Fig. 1.) Measurement of the amount of deposition shows these regions
to be areas of more deposit (weight/unit area) than the rest of the

electrode, consequently of higher agitation. The smooth region immediately
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behind the protrusion and in between the tails must be a region of low
agitation to be consistent with these results.

The top of the cylinder in Fig. 8 shows the effect of both the
high current density at the edge and the turbulence caused by the flow
impinging on the cylinder. The down-stream half of the top edge receives
noticeably less deposit than the front. This may result from the
separation of the boundary layer from the cylinder surface. The deposit
around the entire perimeter of the edge is higher than the interior as
a result of the increased current density there.

As the height of the cylinders in Figs. 6 and 7 decreased the extent
of the wake did likewise until it almost disappeared at H = 0.1 mm.
At a height of 0.1 cm the cylinder protrudes into the turbulent core
causing the wake to develop. At a height of 0.01 cm the protrusion lies
within the laminar sublayer. The values for the turbulent core and
laminar sublayer are those given previously for Re = 30,000 (where the
hydraulic diameter is the characteristic length), 0.01 cm and 0.06 cm.
The Reynolds number for the cylinder of height 0.01 cm is approximately
10 (calculations are given in the Appendix). At this value of the Reynolds ?
number the vortices behind the cylinder remain attached and the far-wake
(or Ka'rma'm vortex-street) does not develop. The flow is in the transition
region between laminar and turbulent flow. Goldstein21 shows the effect
of increasing the cylinder Reynolds number on vortex formation. For the
1.0 and 0.5 mm high cylinders downstream effects extended a minimum of
15 diameters. Around the protrusion, upstream and lateral changes in the

deposit occurred within one or two diameters. The surface morphology of
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the far wake_gradually blends in with the rest of the electrode as the
flow returns to a uniform state in contrast with'ciearly delineated

boundary near the protrusion.

B. The Micro-Scale

a. Baokground. Any discussion of‘thevwake Shouid explain'why a
powdery deposit arises and Continues to grow under'these_conditions.f The
picture is further complicated by the transient nature_of the deposition
~ surface. The relatively smooth, mechanically:polished.surface changes to
a rough porous deposit as time progresses. CorreSpondingly,
the microhydrodynamics near this surface undergoes a drastic transformation.
As the height of the powderyvdeposit increases the mass transfer boundary
. layer is disturbed. The 3-dimensional charaeter of the probiemvand
turbul ence ofhthe flow penhits only qualitative generalizations to be
made of the 1nteract10n between surface and boundary

15,16,20 have developed a theory to explaln the

Ibl and co-workers
formation'offpowder deposits at the limiting current.- A brlef over-view
of the main ideas will shed some light on the relevant parameters |
involved in the formation of the‘wake. First, mostisurfaces haye some
fOrm of micro;roughness which for reasons_of Simplieity and analysis;
wili be assumed to be.in the form of a saw—tdoth.-rThe thickness of the
| mass transfer boundary layer above the roughness(&M)and the peak to
recess helght (h) are the 1mportant size parameters - The dlstrlbutlon
of current on the roughness profile depends on the relatlve magnitudes

of the resistance in the solution, the surfacevand*concentratlon

overpotentials and the ratio of S/ b
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The simpleSt case, the primary'current'distribﬁtion, occurs when
overpotential ie neglected and the resistance in the solution determines
the distribution. Here peaks receive preferential deposition due to the
lower resistance in the solution. |

The secondary current distribution'occurs'when,the surface over-
potential detefmines the current distribution. Neglecting concentration
overpotentiai_a'unifbrm cufrent distribution willlfesult if the |

resistance at the surface is greater than the resistance in the

solution. This corresponds to an electrolyte with good "throwing power.

When the'conCentration-overpotential dominates (i/iL +> 1), 8y > h, the
current at the peaks will be higher than in the recesSes due to the

shorter dlffu51on 1ength The increased current den51ty at the peaks

tendS‘Ualncrease the surface overpotential there so the effect of the
shorter diffusion path is reduced slightly. The above case occurs
when the boundary layer is larger than the characteriStic dimension
of the roughness (6 > h). When the boundary 1ayer conforms to the
roughness profile (6 < h) surface overpotential agaln controls and a
~uniform current distribution results.

Addltlonal geometrlc factors also tend to favor dep051t at the

peaks fbr'6M> h. The cross-section for mass transfer increases as the

- distance into the recess increases causing the flux to decrease. Peaks -

will ‘also receive preferential deposition due to spherical diffusion.
Powder formation results from the high currents at the peaks. The

" mechanism of how the powder particle forms and what limits its size

has not been clearly formulated to this authors knowledge. The role

of mass transfer overpotential as described by Ibl was consistent with



-53-

the results of their experiments on the 1eveling'acti0n_of addition agents

at the limiting current.

b. Summary efhthe Results. (1)‘A'thick powder deposit differentiated

the wake from the rest of the electrode. On closer examination the
deposit in-the‘undiSturbed region is also powdery in nature but of
different structure (Fig. 18c and 18d). 'In experiments where'dendritic*
growth occurred'0utside the wake (such as in Fig. 8) a transition regien
of smooth deposit separated the wake from the rest of the electrode.

In cases éuch'as these, the amount of powdery deposit was much higher

in the_wake. |

(2) Quantitative results show that the total current (I) per unit

area inside the far-wake is approximately twice that outside. This
test_does not yield the true current density (i)'Beeause the area
.specified is the superfacial erea not the surface area of the deposit
 This will compllcate the predlctlon of surface overpotentlal behav1or .
Wthh is expressed in terms of the true current den51ty The ratio

of amount of dep051t in the wake to thatzout51de can be expected.to'_
increase aronnd the protrusion where agitatibn is at its maximum.

(3) The increased amount of depdsit in the wake ‘indicates increased‘
agitation or thinning of the boundary layer. ThlS has been recently
confirmed independently by Frank Mclarnon in this laboratory u51ng
1nterferometr1c technlques to observe the boundary layer behind two-

dimensional obstructions.

— . | , o
The term dendritic is used loosely above since the features occurring
here are clusters of powder particles not single crystals Wthh have
grown more rap1d1y when the surroundlng deposit.-
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c. Discussion. The powdery nature of the deposit in-and‘SUtside
the wake does not become evident until magnifications above 300x
(Fig. 18b) aré:used. The appearance of powdery deposit (in both regions) |
should not be surprising since deposition occurréd'at_the limiting '
current. The differences arise in the "fine" structure of the deposit
as shown inFigs. 18c and 18d. The'debosit in thévwake;occurs in dense
clusters.of powder particles with large interstitial volume between thém
(pw/pe ~'1/4). Outside the wake the powder particies afe more uniforﬁly
distributed with growth taking place in a vertical direction. (in’some
places the pbwder particles grow on top of one anOther to form columns.) -
 The large outgrdwths (or "dendrites') in the "smboth“-region resemble thé
powder clusters in the wake. |
For the'experiments presented here the mass trénsfer boundary layer
assuming a flaf surface varied from 15 u at Re =-28,000 to 9 u at. |
Re = 52,000. The surface after polishing has roughness elements of
h <1 u. The powder particles were 2-5 u aﬁd the height of the deposit
in the wake above that outside varied from 25-50 u. Initiaily GM/h is
approximately .1 in the wake and 3 outside the wake for.the poﬁder particles
~at Re ='28,0Q0. As soon as dendritic growth occurskin.the waké_the above
value will.decrease. These numbers provide some idea of the dimensions

involved in the following discussion.
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The large outgrowths (or ”dendrites”)_in“fhe "smoéth“ region resemble
the powdér clusters in the wake. | |

The differeﬁées can be explained using fhe‘éOnéépts-presented By
Ibl. Initially the solution é?es the same ﬁubstrafe.with differénées
existing only in the solution. In the waké fegidnwtﬁe’boundary layer
has thinnéd tdvapproximately 50% of that outsidevanafthe total current (D
and current density (ij have ihcreaSed proportidﬁatéif. The structure |
. of the deposifs indicate that two reghnes'exist{. N

(1) inside the wake § <h N
’ Y(Z) outside the wake & > h .

In éase (2), assuming a uniform roughness, the peaks initially act as '
growth' sites for powder formation. As the depgsiy_’t.v_ngWS. 8 ré;xlains' |
: constaﬁt énd,fhe peaks (now powder particles) iemaih preferred for
deposition ;ontinuing the vertical growth. |

‘In contrast the reduced boundary laYer in the wéke ihitially causes
rapid growth of any surface iﬁperfections. As thesé_features disturb
the mass transfér bouhdafy layer,(%ddecreases fo“the order of:h‘and
deposition occurs over the entire profile. This three-dimensiOnai
growth.resulfé in the formation of the powdef ciuSters. The lafge :
interstitial volume arises as the isolafed grthh éifes increase in
height occluding the areas in between from the flow. These stagnant
regions are nbw ihaccessible»to current. (Thi$ process occurs.oufsidéf
'the wake at a’élower rate where large dendritic powder clusters can
be seen forming.) Once the surface has been roﬁgﬁened.in this manner

the process is selprropagating.
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Due to /‘the roughness of the deposit in the wake, the fluctuating
nature of highly turbulent flow, and the transient nature of the surface
the quantities 6 and h are not well defined. It is assumed in the above
anélysis that"th'and "h'' remain constant with'thﬁé. Howeﬁer,'as,fhe
experiment proceeds the surface roughens and’both_these values change.

In the'wake'the increased roughness causes the surface to disturb‘thé
boundary 1ayef_to a larger extent. In the régionvbﬁtside theswake Sy must
remain largervthan.}lfol‘the verticallyvorientatedvgrQWth to continue
since the ﬁéaks must be in a faVorable position-fo} mass transfer. As
shown in Fig.'18b this fequirement will not be satisfied aftef long times
due to the increased 'dendritic' growth.

The preceeding analysis only considers the effect of mass transfer
" because at the limiting current surface overpotentialland the iR dfop '
in the soiution are negligible compared to the éoncénfration overpotential.
Initially,vthé increased current'dénsity may causé_anvincrease in the -
Asurface overpotential which can reSultvin hydrogeh evblutionv335uming
"i/iL remaihs'éonstant tequal to that outside thefwaké); ' Ib1.16 has
shown that hydiogen’evolution does not cause powder formation but the
generatidﬁ of bubb1es will effect the stirring and current distribution
at the surface. This does not require altération'bfvthe overall analysis-

presented above.

The transition region between the wake and undisturbed deposit and   :'

the smooth region behind the protrusion remain to‘Be explained; The
outside perimeter of the wake corresponds to the separation line shown
in Whites schematic (Fig. 1). Outside this boundary the agitatibn ‘

decreases in‘maghitude finally reaching that of thé_undisturbed region.
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The wake, due to the thinner boundary layer, acts as a current collector
causing a deorease in current in regions immediétely.adjacent to it.
This decrease results in deposition below the limiting'current here. As .
observed earlier reducing i/ '1 to 0.9 has a pronounced smoothing effect.
Behind the protru51on a stagnant region developes and dep051t10n aga1n
occurs below the limiting current resultlng in the smooth depos1t

| In . summary the dep051t morphology in the wake forms as a.result of:

(1) the increaSed amount of'deposit per unit of superfacial area caused

| by the th1nner boundary layer and (2) the three- d1men51onal growth of the

surface roughness elements.

"~ C. Wakes Around Gas Bubbles

The wakes. formed around gas bubbles attached to the surface, differ

" in appearance from those obtained in the experimentS'With copper spheres.

In making a comparison of the two cases the following differences must
be alloWed‘for' | ‘ ‘, ”

(l) Bubble diameters equal approximately 0.1 mn vs 0.65 mm for the
copper spheres -

(2) The bubbles deform into a oblong shape with the major axis in
the d1rect1on of the flow. '

(3) In some 1nstances the bubbles are densely’packed és contrasted
to the isolated spheree. | | A
As noted previously, the tendency for the boundary layer to form a roll
cell decreasee as the height of the protrusion decreases. This.may -
explain the laek of rough‘deposit in front of thelbubble wakes As-
the bubbles are deformed the rear will increase 1n he1ght resultlng

in a shape s1m1lar to a inclined plane. The boundary layer may separate
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at this rear edge causing the wake to form behind the bubble as seen in

Figs. 19a and 19b.

4.2. Surface Morphology !
Observation of the surface morphology on flat surfaces was made
concurrently with those of the wake.  As expected the deposit changed

from compact to powdery as the overpotential increased. The role surface

and mass transfer overpotential play in determining the surface morphology

is clearly shoWn in the comparison of deposition on‘mechanically and
electropolished surfaces. . At 1OW'overpotentiél, where surface ovef?
potential dbminateé, the deposit obtained changedvndticeably Qith the
type of substrate (Fig. 20). At higher overpotentials, n = -350 mVv,
diffusion is controlling and‘powdery deposit is obtained on both types
of surface (Figs. 21 and 22c). The‘differenceé in the powdéry\depoéit
in these figures arise from the higher fiow rate ﬁsed in Fig. 22.

The orderly deposit shown in Fig. 23 is considered anomalous. After
this experiment the solution was changed for other WOrk preventing
duplication of the conditions.

| The fesultévof these experiments provide a feferénce to compare the
'morphology of the wake to. Literature reports of surface morphology’
cannot be re11ed upon because of the unavo1dab1e d1fferences in solution
| properties, espec1a11y when working with a large system (80 gal of

electrolyte) as in these experlments
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V. FUTURE WORK
- The foreééing qualitative description dérivedlffom SEM micrographs,

macro-photographs,: and surface profiles'shows how iﬁ the cathodic
depositioﬁ bf’;opper the wake varies afouﬁd cylindrica] and spherical
protruéion$>asﬁa function of height, diameter,-aﬁd the ihterrelated
parametersvbf overpotential, current density and'fiowrate. 'The'height
of the ﬁrotrusion and the overpotential, i/iL,'are fhe critical parameters
which detemmine whether a wake will appear. | |

The rédhbed_boundary 1ayér'thickneSs_and incfeésed'current denisity
arising frOm.thevturbulence_induced by the protruSion results in the -
fofmatibn of the wake. This analysis, based dniy\on'mass'transfer
consideratibns'uSing the available data;'expléiﬁglthe reéults in the
simplést mannér posSibIe.; |

Further study of>the wéke,should.include:

oy Acéurétéldetermination of the current density distribution around
 the protrusion by a seétioned»elécfrode.'jFonnatioﬁ of the porous‘deposit E
in the CuéO4'SyStem dictates that a redox»sYstem,SuCh_as Fe(CN)g‘ --
Fe(CN)é- (Ferri-Ferro cyanide system) be used tb'pfevent shorting of
the’ségments.  » | |

(2) Experiments of the kind described in (1) w‘m indicate
variations in the turbulence intensity bnvthe surfacé¢ Verification
of.these-measuremeﬂts by visualization of the_flqw aboVe the‘electrode
surféce will‘add to the uﬁderstanding of Why the.ﬁaké_aésumés the" 
shape it has. | |

(3) Observation of deposition on isolated'roughhess‘elements

—

(h = 5 microns) as a function of thé boundary 1ayer'tﬁicknesé will
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confirm or disprove the hypothesises proposed above concerning
3-dimensional growth.
(4) Experiments of shorter duration to determine when the morphology

of the deposit inside and out the wake begin to differ.
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NOMENCLATURE
. - NOME

concentration (moles/liter)
_total current
- current density (current/unit area)

' llvi'miting current density

Schmidt number (v/D), dimensionless L

height of proti‘USion

..density of solution (g/ml) .

weight copper per unit volume

mass transfer b‘oundéry layer'thic]qleéé; )

| diffusivity (cmz/_sec)'

kinematic Visco'sity ,,(cinz/ sec)
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APPENDIX
1. Mass transfer boundary layer thickness fron;liniting currents.
A. Assumptions: _ . | |
a) Large excess of supportlng electrolyte (HZSO ) redUces
~ transference number of Cu to zero,

‘B. . Fick's Law then reduces to the following'equation at the limiting

current.

bulk conclusion of Cu

Osi .

6 =.equivalent film thickness
n = equivalents/mole
©D = diffusivity

i = limiting current
C. Sample calculation.
Solution B ,
o o ='0.02l M, n=2, D>='3{8x10-61cm2/sec
et iva'OtOI Acn® g
then § = 16 u
2. Locatlon of laminar sublayer ‘and turbulent core.
The hydrodynam1c boundary 1ayer is fully developed at the beg1nn1ng
.>of the electrode. The correlat1on of R. G. Delssler_(Flg.:S.S-l) © given
by'Bird, Stewart and Lightfbot will be used to éetimatevthe 1ahinar
sublayer and turbulent-core. The correlationvwhieh:wes_obtained for
smooth pipes can be epplied to rectangular crdss-Sections'if the hydraulic
' diameter.is‘ueed. (The hydraulic diameter as'deflnedbin Birdzz is one-

half that used in'this;report.)
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wn
|

= SVup/u

1/2

v, - <vz>(f/z)1/z

(t,/e)
s ='distance from wall
S =’dimensioniéss distance from wall
T_ = shear stress at wall
f é'friction factor _ , ‘
The Blasiuévformula for f’apﬁlies for the range_éf Reynolds mmber used -
here. - | | |

¢ - 0.0791
,Re1;4

For a Reynolds mumber of 30,000 (15,000 as defined in Ref. 22)
| | f = 0.007 and v, = 7.8 cm/sec -

The physicai properties of solution B will be used ' 

Vv

(W/p) = 0.018 cm?/sec e

" Laminar Sublayer @~ 0<S <5

5 = L0U8G) - o115 e~ 0.1 m

Turbulent Core ST =26
5= (0-018) 26 90599 cm ~ 0.6 mm
3. Reyndlds number of the 0.1 mm high cylinder.

(v )h
Re = <
C A\

h = height of cylinder

(VC) = average velocity over the height of the.cyiinder
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s = 0,1 mm S =4.31

-

The cylinder'lies within the laminar éublayer and the;velocity reduces to

: + + Vv
v =8§ where v = —%
o - Vy

+. oy 4.31 _ '
v, = Xj._— =5 = 2.15
<v¢> = 7.8x2.15 = 17 cm/sec
(v )h -
Ve _17(0.01) 40 -
Ree = v o8 -0

Re. ~ 10 ‘at a channel Reynolds number»éf 30,000.
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