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ABSTRACT

Mass transfer enhancement produced by the addition of inert microsphere;s was inves-
tigated on a rotating, cylindrical electrode "(RCE). The effects of rotation speed, rotor radius,
particle size, solids volurhe fraction, and particle density on the rate of mass transfer in the
turbulent flow field created by rotating the inner cylinder were determined by limiting current
measurements for ferricyanide ion reduction. -The suspensions contained polymeric or
ceramic spheres of various sizes (5 - 80 wm), densities, and volume fractions (0 - .40).
Experiments were conducted with inner cylinders of three different diameters at rotation
speeds ranging from 250 to 4000 rpm.

An optimal choice of particle radius (a), density, and volume fraction (®) produced
limiting current densities nearly three times larger than those obtained without solids. With
or without neutrally buoyant particles present, the mass transport rate displayed essentially the
same power dependence on electrode rotation speed. In contrast, the transport enhancement
(relative to @ = 0) achieved with microspheres more dense than the electrolyte decreased
dramatically at high rotation speeds, most likely because of particle movement away from the
electrode surface in the centrifugal force field created by the spinning cylinder. In the size
range studied, the limiting current was found to be only a weak function of ;;anicle radius.

A dimensionless correlation that accounts for all relevant variables is developed based
on a particle rotation model. Transport enhancement is at’tributéd to microconvective eddies

produced by particle rotation in the shear field near the spinning electrode and the increased



shear due-to formation of a particle free wall layer adjacent to the rotor. The correlation has
the following form
Sh = o(®@)RePDsc!?

where Sh and Re are based on a as the characteristic length, and «, B are functions of <I> to
be determined from the data.

Finally, the energy efficiency of an electrochexhical process operating with suspended
particles is considered. Solids addition offers not only increased production rates but,
_depending on the portion of total energy consumption that ohmic losses comprise, also a net
energy savings. Furthermore, the use Qf suspended particles to achie;/e a given increase in

limiting current density requires far less power than simply increasing electrode rotation

speed to enhance mass transport.
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For love was offered me and I shrank from its disillusionment;
Sorrow knocked.at my door, but [ was afraid;
Ambition called to me, but I dreaded the chances.
Yet all the while I hungered for meaning in my life.
And now I know that we must lift the sail
And catch the winds of destiny

- Wherever they drive the boat.

Edgar Lee Masters
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Chapter 1
Introduction
1.1 Thesis Objective and Contents

The transport of reactants'and products to and from an electrode surface often limits
the rate of an electrochemical process. Transport in the bulk solution occurs primarily by
convection in well stirred systems, but migration and diffusion are the dominant modes of
transport in a thin, quasi-stagnant film of liquid adjacept to the electrode surface. This thin
layer of liquid is called the mass transfer boundary layer and the concentration variations
caused by the the electrode reaction§ are confined within this film. Since diffusion and
migration are relatively slow processes, the transport of reactants across this layer is often the
"slow step” which controls the overall speed of the electrochemical process. To increase the
rate of transport to an electrod; surface, the thickness of the boundary layer must be
decreased.

Various methods exist which enhance mass transfer to a surface. This report investi-
gates a particularly promising technique, the addition of inert particles to a flowing electro-
lyte. The effects of suspended microspheres on the rate of mass transport in a concentric-
cylinder electrode geometry are discussed and a quantitative relationship presented which may
be used to predict mass transfer rates in this system. The rate of mass transfer in the tur-
bulent flow field created by rotating the inner C).llinder was determined by limiting currént
measufcmems utilizing the ferrocyanide-ferricyanide redox couple.

In Chapter 1 a brief survey of electroforming practice is presented and different
methods of enhancing deposition rates are reviewed. A discussion of suspension méology is

included in Chapter 2. The effect of volume fraction, particle si'ze, and other parametérs on



the viscosity of a suspension is considered. Particle-wall interactions are discussed since such
phenomena must affect the rate of mass transfer.

Chapter 3 summarizes pre\;ious investigations of mass transport in stationary and
flowing suspensi'_c;f;.si Pertinent studies of heat transport in suspensions are also reviewed, but
suspensions of déformable particles such as blood will-not be considered. Finally, a qualita-

tive explanation of transport enhancement will be proposed.

The experiments performed to quantify the degree of transport enhancement in the tur-

bulent flow field of the rotating.cylinder geometry are ~detaiIe’d in Chapter 4. The expgrimen-
tal apparatus and the limiting current technique used to deiermine the rate of mass transport
in a flowing suspension are described in detail. Limi‘ting currents for ferricyanide ion reduc-
tion were measured in suspensions of ceramic and polymeric spheres of varying densities, 5 -
80 wm in diameter.

Experimental results are presented in Chapter 5 and the effects of rotor (inner
cylinder) radius, rotor speed, particle size, particle volumé fraction, and particle density are
summarized. Experimental data are then correlated in terms of the appropriate dimensionless
groups.

Chapter 6 summarizes the major results of this investigation and these findings afe
compared with previously published work. The energy efficiency of electroforming with
suspended particles is considered and possible applications are discussed. Finally, recommen-

dations for future rescarch will be made.

1.2 Electroforming Practice
Electroforming is a process technology for the production of an entire object by elec-
trodeposition. In contrast, electroplating refers to the deposition of a thin, metallic layer on a

previously shaped substrate for decorative or protective purposes: Id electroforming, the pro-



cess of metal deposition creates a negative replica of the cathode which acts as a mold that
must be separated from the formed object. Conversely, an electroplated layer is intended to
firmly adhere to‘v the substrate cathode.

Electroforming techniques are capable of very accurate surface reproduction and
present an attractive alternative to. mechanical shaping operations for specialty applications.
However, electrodeposition proceeds very slowly, on the order of 100 wn per hour. Thus,
electroforming techniques are employed only when precisg reproduction of minute surface
defailsl are required or there are no other possible methods of manufacture.

Early reviews/ of electroforming p'ractice were phblished by- Safranek in 1964 (1) and
Spiro in 1972 (2). More recently, Kaznachei (3) surveyed the manufacture of small tpois by
electroforming and Johnson (4) presented a summafy of the advantages and disadvantages of
this 'electrochemical process' technology. Barkey has compiled an extensive list of electro-
forming applications for various metals (5).

Nickel, copper, iron, gold, and silver are the most common metals used in electro-
forming operations. One of the earliest applications of this process was the production of
printing and embossing plates used to print money or reproduce art works. Phonograph
record stampers are another product which relies on the high fidelity of electroforming pro-
cedures. Other typical examples include fine mesh screens, rocket nozzles, metal working
dies of hard alloys, microwave waveguides (6, 7, 8), and rotogravure cylinders for ink print-
ing (9).

Electroforming is typically a batch process although some operations such as the
printing of flexible copper circuits operate continuously. A schematic (10) of this innovative
technology is shown in Figure 1-1. The copper circuit paths are formed at rates up to 50

um/mz"n which corresponds to a current density of 2.3 Alem?.
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Figure 1-1. Schematic of flexible copper circuit electroforming operation with thin gap fast-
rate electrodeposition ("FRED") cell (10).
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The following examples illustrate thé versatility of electroforming techniques. A hol-
low gold sphere with a wall thickness of 50 pm and mounted on hollow gold tubes has Been
manufactured for inertial confinement fusion studies (11). Molds for aircraft parts up to 10
meters long have been electroformed from nickel in baths containing 295,000 liters of elec-
trolyte (12). Despite the proven success of these operations, wide-scale application of elec-
troforming techniques has been limited by the low rates of mass transport in practical plating

baths.

1.3 Deposition Rates and Enhancement Strategies

Because of the notoriously slow rate of electrodeposiﬁon caused by low mass transfer
rates, the common electrofonnled product is a low volunme, high unit cost spevcialty item. A
typical nickel electroforming operation might employ a current density of 100 mA_/cm2 witha
correspopding growth rate of 2.1 wm/min. At this rate the manufacture of an article 1 mm
th’ick would require 8 hours of deposition time.

The mass transfer limited rate of deposition is usually lower than the kinetically lim-
ited rate and it thercfore controls the speed of an electroforming process. For instance,
copper has been plated at current densities of 250 A /cm? during short (microsecond) pulses
which do not deplete the mass transfer boundary layer (13). Based on results such as this,
many researchers have attempted to accelerate deposition rates by mass transfer enhancement
techniques.

Roha reported six common strategies. for increasing deposition rates by decreasing the
thickness of the mass transfer boundary layer (14):

1) electromagnetic stirring effects

2) sonic and ultrasonic vibration

" 3) mechanical wiping’



4) use of spray jets

5) high speed channel flow

6) agi;ation by-a dispersed phase.
The first ’t‘vi/'p.j‘:‘ft;é;'qhniques have produced relatively modest limiting current increases although
ultrasonic ‘#iﬁfafion also tends to improve deposit quality by reducing the grain size. Cloth,
brushes, wipers, and abrasive belts have all been used to mechanically rub the cathode sur-
face. Eisner mi)oyted current densities as high as 60 A/cm? for tin plating from
SnSO 4/H»S0O 4 baths, but only 4.6 Alcm? for copper deposition using abrasive belts' moving
th;‘ough the electrode gap (.15). Unfortunately, mechanical wiping entails prohibitively large
ohmic drops and frictional losses. |

Spray jet methods produce high current densities in the region of jet impingement.
Gutfeld and .Viglioiti have plated. éopper with a laser jet technique at- current densities -
approaching 150 A /cm? which corresponds to a growth rate of 50 wm/s (16). According to
the authors, the laser light affects only deposit morphology and '.not deposition rate. Inciden-
tally, this high rate was sustained for less than a second. . High speed channel flow has been -
used to plate metals at high rates for longer periods of time. Safranek investigated the depo-
sition of lead, copper, nickel, zinc, and chromium in high speed flow cells (17, 18). He
reported current densities as high as 8 Alcm? for flow velocities ranéing from 1.2 to 3.6 m/s
and electrode gaps between 2.5 and 6.5 mm.
Effect of Suspended Solids on Deposit Morphology

Increased deposition rates have been reported for various kinds of dispersed phase
agitation such as compressed air, emulsions, and solid-liquid suspensions. The enhanced rate:
of mass transfer in suspensions will be .thoroughly discussed in Chapter 3. In this section we
focus on the effect of suspended solids on deposit morphology.

- In 1902 Reed obtained ‘a patent for a plating. bath consisting of an agitated slurry of



sand particles with a moving cathode (19). He did not report any limiting current increases -
but focused on the brighter and smoother appearance of the deposit. Other early patents by
Bugbee and Consigliere emphasized morphology improvements based on the abrasive nature
of the suspended particles (20, 21).

Brown and Tomaszewski reported in 1964 the use of fine powders less than 5 pum in
diameter at 50-200 g/! to plate nickel with a satin-like.appearance (22, 23). Kaolin or
barium sulfate powders less than 1 pm in diameter produced the best results in air agitated
baths, and the authors claimed the batﬁ throwing pov)er was unaffected by solids addition.
.{Note that these are low solids loadings, the density of kaolin (aluminum silicate) is 3.25
g/cm® so 200 g/! corresponds to a volume fraction, ®, of .062.} The authors also.employed
organic sulfur compounds as levelling agents and revealed that the nickel plate contained

approximately 2.5% nonmetallic solids. The solids content of the deposit is in qualitative

~ agreement with the data of other researchers who have studied the codeposition of inert, col-

loidal sized particles (24, 25, 26). Such dispersion-hardened alloys possess excellent
engineering properties.

For high volume fractions of larger particles, Wisdom found that the throwing power

‘ (ability to plate in recessed areas) of a standard nickel bath improved dramatically (27).

Suspended particles with a polydisperse size distribution and an average diamet;ar of 800 wm
at a volume fraction of 0.80 produced the best deposits in a vibratory bath operated with 1/8"
amplitude oscillations at 25 Hz. However, the author made no claim of transport enhance-
ment in this patent and did not mention the increased ohmic resistance due Ato the high solids
loading.

That same year, Eisner patented an electrodeposiu‘on‘ process which achieved good
ihrowing power and enhanced rates of mass transfer (28). He coated 1/64" diameter copper

wire with alumina and then cut the wire into short segments, 1/32" in length. Next, the



particles were etched in nitric acid to recess the copper and placed in a vibratory bath operat-
ing at 35 Hz with 1/8" amplitude oscillations. These particles produced a deposit of uni-
form thickness unlike 30 mesh non-coﬁductive bauxite particles at £he same volume fraction,
® = 0.37. Note that the cylindrical copper particles were approximately 30 mesh also.
Presumably, the condyl_’xéti\"e solids decreased the ohmic resistance of the bath compared to the
bauxite particles but voltage drops wére not §tated in the patent. The author claimed that the
conductive particles iniproved the qﬁality_ of the-deposit by acting as tiny bi-polar electrodes
in the copper deposition process with copper being deposited on one end and dissolved on
the other. Such a bipolar conduction mechanism of charge transport has been experimentally
verified in fluidized bed electrodes with a dual tip probe technique (29, 30).
In conclusion, high rate electroforming processes must maintain deposit appearance,
uniformity, corrosion protection, ductility, hardness, and wear resistance to be truly useful.
. Electroforming with suspended particles appears capable of sati‘sfyir.lg and perhaps exceeding

these criteria.



Chapter 2
Suspension Rheology

2.1 The Effective Viscosity of a Suspension

Predicting the effective viscosity of a concentrated suspension from first principles
presents an extremely difficult task because of the large number of particles which may
interact. A 20% by volume suspension of spheres 25 pm in diameter contains 3 X 106
microsphereéper milliliter. Such a high number density requires small distances between the
particles and a relaiively ordered structure. Hoffman measured the light diffraction patterns
of suspensions undergoing shear in a cone and plate viscometer and deterrﬁined that the
sphéreé were packed in two dimensic;nal ﬁexagonal arrays for low shear rates (31). The
suspension became more disordered at higher shear rates.

For hexagonal packing, one may calculate the gap width, A, between the spheres in a
homogeneous suspension as

A =24 [(Dp/P)? - 1] , (2-1)

where a is the particle radius and ®,,, = .74, the volume fraction of solids at the closest
possible packing (32). Table 2-1 presents values of A/a calculated from Equation (2-1) and
shows that the microspheres are on the order of 1 radius apart for the volume fractions inves-
tigated in this study. While a flowing suspension may not be hexagonally packed, Table 2-1
provides an estimate of the average gap between spheres.

An expression for the relative viscosity, p'/u, of a dilute susbension of spheres was
first derived by Einstein in 1905 (33). ' -

-

J‘u— =1+25D 2-2)

Here p’° is the effective viscosity of the suspension and p is the viscosity of the pure
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Volume Fraction, ® | Dimensionless Gap Width, A/a

.10 1.90
20 1.09

30 702
40 455

Table 2-1. Dimensionless gap width (A/a) for hexagorial packing of spheres.
suspending - fluid. For @ 2 .05 Equation (2-2) is no longer accurate, and various investigators
have unsuccessfully tried to develop a theoretical expression valid for larger ®. For

!

engineering purposes, the empirical correlation of Thomas (34) is often employed to estimate

*»

m

L ]

Ees1s 2.5 + 10,050 + 00273¢ 69 2-3)
Figure 2-1 contains a plot of Equation (2-3) which correlates the viscosity data of various
investigators for Newtonian suspensions of neutrally buoyant spheres with diameters from .10
um to 435 wm and a wide range of vplume fractions, 0 <P <.70.

The effective viscosity, p”, depends most strongly on ®, but it also depends on parti-
cle size, particle shape, particle size distribution, particle density, and the preéence of electri-
cal charges. A general review of many of these effects is available (35). In particular, the
effect of particle size on the relative viscosity is considered below because it is an important
parameter which affects mass transport in suspensions.

The relative viscosity decrease;s slightly as the particle radius a is decreased for the
same volume fraction. Eveson showed that the relative -viscosity of a neutrally buoyant
suspension of 377 um PMMA spheres was only 7% higher than the relative viscosity of a
suspension of 9.4 um PMMA spheres at 15% solids (36). Provided the spheres are larger

than 1 pm, the effect of size on the relative viscosity is minimal at higher volume fractions

A



oy

11

20

Relative Viscosity ( u*/u )

O A L L L .
+ } + + s + 4

0.0 0.1 02 0.3 0.4 05 0.6

Solids Volume Fraction ( ¢ )

XBL 9011-3790

Figure 2-1. The relative viscosity (1" /i) of a suspension as a function of volume fraction
according to the correlation of Thomas, Equation (2-3).
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as well.

Eveson'g]so showed that bimodal distributions of §phenes with up to a fourfold varia-
tion in diamefe;f':éihibited less than a 6% decrease in relative viscosity compared to a mono-
disperse suspension composed of one of the bimodal constituents at ® = .20. The effect of
bimodal distributions increases above @® = .20 and is very significant at volume fractions
greater than 0.50, in which case the reduction in effective viscosity might be as large as 96%
(37, 38).

Dramatic reductions in relative viscosity for @ less than 0.50 have been obtained in
capillary visbometers only when the diameter of the larger microsphere of t.he bimodal distri-
bution was approximately 25 -% of the tube diameter (39, 40). The small spheres act like ball
bearings decreasing the "friction” between the large spheres and the wall. Such a mechanism.
increases the shear rate near the wall and -should enhance heat or mass transfer in that region....
The small spheres tend to be preferentially concentrated near the wall; this leads to the
viscosity reduction phenomenon.

This disCussion of the effective viscosity has implicitly- assumed that the suspension
behaves as' a Newtonian fluid; however, simple criteria are not available for predicting
Newtonian behavior a priori. Nevertheless, the following rules of thumb are helpful.
Axisymmetrical shapes such as disks, rods, and ellipsoids assume preferred orientations when
undergoing shear and this leads to non-Newtonian behavior. Suspensions of spheres larger
than 1 wm in diameter and less than 20% solids typically exhibit Newtonian behavior. More
concentrated suspensions may be shear thickening, ie. non-Newtonian, depending on the
flocculation tendencies of the particles. g

And_ersen -et. al. measured the torque on a rotating disk electrode in suspensions of
_ glass microspheres with a density (p;) of 2.49 g/cm? for 0 < @ < 40 and diameters ranging

from*S. wm to 57 um- in-2M NaOH. solutions. (41). All of these. suspensions behaved as
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Newtoniah fluids. In contrast, Caprani et. al. reported shear thickening behavior in suspen-
sions of arbitrarily shaped Al,03 particles .3 wm and 1 pm in diameter at 10% solids in a
suspendipg fluid of 60% glycerol and 40% H,0 with 1M KCl (42). Based on Andersen’s
work, all the suspensions studied in this report are assumed to be Newtonian because the par-
ticles used were spherical with diameters ranging from 5 to 80 wm suspended in 2M NaOH

solutions.

2.2 The Migration of Particles in Wall Bounded Shear Flows

~ Even well-mixed suspensions are not enﬁrely homogeneous; particle migration in the
vicinity of the walls resultls in the formation of a particle-depleted liquid layer often called a
particle-free wall layer. Poiseuille noticed such an effect in 1836 in his studies of blood flow
in which he mentioned a corpuscle-free region near the walls of a capillary (43). Segre and
Silberberg conducted an investigation of particle migration in Poiseuille tube flow in 1962
(44). The authors studied dilute suspensions_of neutrally buoyant PMMA spheres ranging
from .32 to 1.71 mm in diameter in an 11.2 mm diameter tube for tube Re < 30. Remark-
ably, the particles migrated across streamlines towards a preferred radial position at .6 R (R
= tube radius) regardless of their initial position in the pipe.

Jeffrey and Pearson performed detailed photographic observations of paﬁicle trajec-
tories and confirmed the results of the previous authors (45). Jeffrey and Pearson also stu-
died spheres more dense than the suspending fluid and observed particle migration toward the
vwall for downward fluid flow and migration toward the tube axis for upward fluid flow. A
summary of the behavior of pon-neutrally buoyant spheres in slow tube flow is shown in Fig-
ure 2-2. For Couette flow (flow between 2 flat plates caused by moving one plate), neutrally
buoyant particles migrate to a position midway between the walls. Excellent reviews of the

early work in this field are available (46, 47).
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XBL 9011-3791
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Figure 2-2. Particle migration in tube flow at low Re.
(@) A sphere more dense than the fluid in a downflow or a sphere less dense in an upflow

migrates toward the wall.
(b) A sphere less dense than the fluid in a downflow or a sphere more dense in an upflow

migrates toward the tube axis.
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Various theoretical investigations have attempted to predict the behavior of rigid
spheres in tube flow with varying degrees of success. Rubinow and Keller considered the
case of a rigid sphere moving slowly in the x direction in a quiescent fluid with a velocity v
and simultaneously spinning in the x-y plax;e with an angular velocity ® (48). The sphere

experiences a lift force (F ) orthogonal to its direction of motion given by:

F, =ma’pw,v( 1+ 6(Re,)) (2-4)
where a is the radius of the sphere, p is the fluid density, and Re, is the particle Reynolds

number, pva/u. According to Equation (2-4), the transverse force is independent of fluid
viscosity fo} small values of Re‘a. |

The existence of a lateral force on a body which is rotating and moVing forward is
known as the Magnus effect after the 'scientist who first conducted expériments on this

phenomenon in 1853 (49). This force causes the curving of a pitched baseball and its direc-

tion can be understood in terms of the Bermoulli equation

-;—pvz +p +pgh=C (2-5)
where C is a constant and 4 is the height above an arbitrarily chosen reference plane. Con-
sider a rigid sphere moving in the positive x direction and rotating counterclockwise in the
cartesian plane; take the origin as the center of the sphere and let it also be the frame of
reference. A high velocity region develops at the top of the sphere and a low velocity region
develops at the bottom of the sphere if the suspending fluid is stagnant or flows slowly in the
negative x direction. Neglecting gravitational effects, one may write Equation (2-5) for this

flow as

Spviep=C 2-6)
To satisfy Equation (2-6), the fluid in the low velocity region below the sphere will
exert a greater pressure on it than the fluid in the region above the sphere where the velocity

is higher. This causes a lift force in the positive y direction. The preceding argument is



16

strictly valid only for 2-D bodies such as a cylinder with a large aspect ratio; boundary layer
separation causes the varying velocity and pressure distributions that make a spinning and
translating sphere rise. However, the Bernoulli analysis allows one to iﬁtuitively grasp the

direction of the lift force.

The individixal spheres in a suspension undergoing simple shear flow rotate near the

'

wall because each 'ébhe‘re experiences a net torque due to the velocity gradiént. This lift
force is partially responsible for the tubular pinch effect described by Segre and Silberberg.
However, the Rubinow and Keller result, Equation (2-4), was not derived for flow ip a tube
and only qualitatively predicts the experimental fesul_ts.

Saffman considered a small rigid sphere spinning with rotation speed ® in the x-y
plane and moving slowly in the x direction relative to a liquid undergoing a uniform shear
flow (50, 51). Using a perturbation expansion for small Re, he derived an expression for the

lift force given by

. v 12
FL = 6460(U; - Upa*(D) Q7

where U; is the translational velocity of the sphere, Uy is the velocity of the fluid, and ¥y is
the shear rate. This force acts perpendicular to the sphere’s major direction_of flow and may
be directed inward or outward. Saffman contended that the lift force due to shear, Equ_ation
(2-7), is an order of magnitude larger than the lift force due to rotation, Equation (2-6), when
the Reynolds number is small. In the derivation of Equation (2-7), Saffman neglected the ®
term based on scaling arguments.

Equation (2-7) agrees qualitatively with the experimental observations of particle
migration in tube flow shown in Figure 2-2 for spherés which are not neutrally buoyant.
Edu‘ation (2-7) fails to account for the migration of neutrally buoyant spheres since the rela-

tive velocity between particle and fluid is zero for a neutrally buoyant sphere and the

predicted lift force is therefore zero. Presumably, the lift force on a neutrally buoyant sphere.

is due to particle rotation and Saffman neglected that term. Furthermore, the Saffman expres-

v
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sion provides a numerical value for the lift force which is too low by a factor of 5 according
to Ho and Leal for spheres which are not neutrally buoyant (52).

In sﬂort, neither Equation (2-6) nor (2-7) adequately describe pérticle migratiop in
wall bounded flows but these results do illustrate the important physics of the particle migra-
tion problem; both shear rate and particle rotation are important. Ho and Leal have done a
more complete analysis 'of the migration of a neutrally buoyant sphere in slow tube flow and
numerically solved for F L. Their solution displays better agreement with the data of various
researchers (53).

The,validity of the Saffman expression for wall bounded turbulent flow has not been
proved experimentally. Nevertheless, Rizk and Elghobashi described the motion of a spheri-
cal particle in turbulent flow near a plane wall by solving the equations of particle motion
which included a linearized form of Equation (2-6) for the lift force (54). The authors did
not predict an equilibrium position for a neutrally buoyant particle in turbulent pipe flow or
compare their results with any experimental data.

- In turbulént flow, an additi;)nal transverse force exists due to the gradient of the direc-
tion of the root-mean square (rms) velocity profile. This force pushes particles toward areas
‘of low normal direction rms fluid fluctuating velocity such as a wall. In the wall region the
average momentum received by the particle from the fluid on the free stream side of the par-
ticle is greater than on the wall side, and this results in net particle movement toward the
wall. Capbraloni derived an expression for this "turbophoretic force" by analogy with

Einstein’s theory of Brownian motion and his result is (55)

d ‘2
9E _ snpar L (2-8)

dy dy

where 7T is the relaxation time of the particle given by (2p; + py Ya? / 9y for a Stokesian par-

ticle, where p, is the particle density. A "Stokesian particle” is one that obeys Stokes law.
The term vf' is the rms fluctuating velocity of the fluid in the normal direction and is deter-

mined from experimental data.
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2.3 Particle-Free Wall Layers
) Whlle all of the forces acting on a particle may not be understood completely, there is
" ample exi)ériﬁlental evidence and some theoretical justification that parﬁcle-ﬁee wall layers
vexisL For a dilute suspension of rigid spheres undergoing plane Couette flow, Vand (56)
related the thickness of the particle-free wall layer, d,, to the particle radius
8, = 1.302a - 29
According to Vand, the thickness of the particle-free wall layer is not a function of shear
rate. This result agrees well with the data of Watkins, Robertson, and Acrivos who examined
wall layers in concentrated ( .05 < @ < .35) suspensions (57). Based on their photographic
data for laminar flow in a pipe of 580 wm neutrally buoyant spheres, these authors estimated
o, to be lbetween 1 and 2 particle radii. The thickness of the particle depleted layer did not
appear to vary with @ or flowrate in the range studied. Kamis et. al. also verified photo-
graphically the existence of particle-free wall layers in Poiseuille flow for low Reynolds
numbers (58). Einav and Lee used Laser-Doppler Anemometry to éxamine thé flow of dilute
(P < .10) suspensions over a flat plate and found that 3, increased as a increased for 30-100
wm diameter qeutrally buoyant polystyrene spheres (59). However, a quantitative com-
parison between Vand’s expression and their data is no't possible.

Based on these studies of particle migration, we may now construct a picture of the
possible flow field near a plate undergoing simple shear flow, shown in Figure 2-3. A slip
layer of thickness &, occurs at ‘the bottom moving'plate which increases. the shear rate near
the wall. The shear field also creates a net torque on the spheres which produces the coun-

terclockwise rotation. In uniform shear flow, a suspended sphere rotates at an angular velocity

(®) equal to one-half the local shear rate, ie. @ = %y (60). However, the particles in a dense

suspension may be unable to rotate freely due to particle-particle interactions. For a ® = 5%
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Figure 2-3. A suspension undergoing simple shear flow and the resulting particlg free wall
layer of thickness 8,. Neglecting particle-particle interactions, each sphere expenences a net
torque which causes it to rotate counterclockwise.
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suspension of red blood cells (2a = 8um ) Goldsmith and Skalak (61) reported that 1/3 of
the particles existed as "collision doublets”. In .addition, the second row of spheres in Figure
2-3 could rotate clockwrse if the force exerted by the bottom row of spin'ning spheres is
-greater than the torque exerted by the bulk shear field. It is therefore 1mportant to realize that
Figure 2-3 is an 1dealxzed picture of the flow field near a wall in a flowing suspension, but it
does contam the essentxal physws of the problem.

The presence of particle-free wall layers in turbulent flow has not yet been experimen-
tally yeriﬁed but it seems reasonable to believe that such a layer exists. Unfortunately, no
one has measured the slip layer thickness on rotating, axisymmetric bodies such as the rotat-
ing disk electrode (RDE) or the rotating cylinder electrode (RCE). The available experimen-
tal evidence comprises laminar flow of suspensions consisting of microspheres larger than 30
wm. Finally, the term “particle free" should not be taken literally because the solid particles
are occasionally forced into the slip layer. The effect of the flow field shown in Figure 2-3

on mass transfer will be considered in the next chapter.
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Chapter 3
Heat and Mass Transfer in Suspensions

* 3.1 Ionic Conductivity of Suspensions
The effective ionic conductivity, k", of a ﬁuid is decreased by the addition of inert,
nonconductive solids. In 1881 Maxwell derived an expression for the relative conductivity,
x"/x., of a rigid composite consisting of conducting spheres dispersed randomly in a con-

tinuous medium (62). His expression, valid for low volume fractions, ®, is given by‘

2K + Kq —2D(x, - Ky)
K. 2K, + Ky + D(X, — Ky

- (3-1)
where X, and x; are the conductivities of the continuous and dispersed phases respectively.

For nonconducting spheres, x; = 0, and Equation (3-1) becomes

K _ .__1_:5_)_ _ (3-2)
K 1+ ®R2

Sides reviewed a number of investigations concerning the effective conductivity in

random two-phase dispersions of dielectric spheres (63). The expressions by Bruggeman (64),
Meredith and Tobias (65), and Prager (66) dispiayed the best agreement with the available

- experimental data for a wide range of volume fractions. Their results are reproduced below:

*

’f( = (1 - ®)*? (3-3)

Bruggeman

®

K 82 -®)1 - D)

Meredith and Tobi = 3

eredith and Tobias ” 41 D) - (34)
' K 3 | )

P =1=-2P+ - 3-5

rager ” 2<I> > (3-5)

These three equations predict similar values for the effective conductivity as illustrated in
Figure 3-1 where the relative conductivity is plotted versus volume fraction of solids.
Prager’s relation, Equation (3-5), was originally derived for the relative diffusivity

(D" ID) in stationary suspensions although it also represents the published experimental
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Figure 3-1. Relative conductivity (x" /%) as a function of volume fraction in suspensions of
dielectric spheres according to various researchers (64, 65, 66). '
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conductivity data in suspensions (moving or quic;scent) quite wéll. However, unlike the
effective conductivity, the effective diffusivity (D") is a function of shear rate and particle
size. This can not be explained in terms of the viscosity because u‘ is indépendent of these
parameters for a Newtonian suspension as described in Chapter 2. The magnitude and possi-
ble cause of shear enhanced diffusive transport in suspensions will be explored in the next

section.

3.2 Heat and Mass Transfer in Flowing Suspensions

A review of recent investigations concermning heat and mass transfer in flowing,
Newtonian suspensions of rigid particlés is presented here. These studies illustrate that the
‘addition of inert particles to a fluid undergoing laminar or turbule;lt flow can produce
significant increases in the rate of heat or mass transport to a wall. Major results of these
studies are summarized in tabular form at the end of this section. Suspensions of deformabie
particles such as blood are not considered in this review.

Bixler and Rappe obtained one of the earliest patents v(1970)/that specifically claimed
suspehded solids improved mass transport rates (67). The authors used glass and polymeric
beads, 10 - 500 wm in diameter, to increase the flux through an ultrafiltration membrane in a
well-agitated cell. A 10% susbension of lOOVum solid glass spheres produced the optimal
results, a 112% .increase in the rate of mass transfer. |

Collingham studied the transport of helium and oxygen in suspensions of neutrally
buoyant polystyrene spheres undergoing laminar flow in slender tubes with diameters less
than 2 mm (68). He examined 50 and 100 wn diameter spheres at volume fractions of .075
and .146. Collingham reported increases in the effective diffusivity as high as 500% while
the pressure drop increased only 25% over the ® = 0 case. He also observed photographi-
cally the existence of a particle-depleted layer near the mbe wall.

Ahuj—a performed similar heat transport experiments in laminar tube flow of suspen-

sions consisting of 50 and 100 pwn neutrally buoyant spheres (69, 70). Considering only low

e
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solids concentrations, 3.1% and 8.8%, this researcher reported heat transfer rates as much as
200% higher than those obtained without suspended microspheres. Ahuja attributed the

enhanced heat transport rates to microconvection caused by particle rotation, rather than parti-

cle impingement, because the rotational Reynolds number was much larger than the transla-
E tional Reynolds number where an empirical equation of Segre and Silberberg (44) was used
to estimate the radial velocity of the particles.

In a subsequent article Ahuja correlated her data and Collingham’s results with the

. assumed rotational velocity () of the particles (71). {Recall that o = .—12—7 for an isolated

sphere in a simple shear flow, see Chapter 2.} Her result was

* »

D k
-] = -1= 3-6
D k ®x -6)

where k is the thermal conductivity and ¥ is giveri by

2 2 2 2
Y o D a 2a

where o is the thermal diffusivity of the pure fluid, R is the tube radius, and Q = y/4 since

x 108 x f 3-7)

¥/2 is the average shear-rate, ie. o is the average rotational 'velocity of a-spher_e in the pipe.
Therefore, the first term in Equation (3-7) is the rotational particle Reynolds num'ber; and the
second term is the rotational particle Peclet (Pe) number. The "doublet collision frequency
ratio”, f, supposedly accounts for the effect of particle collisions on transport processes.
According to Ahuja, a rotating doublet produces less augmentation than two freely spinning
spheres. For the same @, a SUSper‘lsion composed of small particles contains more collision
doublets than a suspension of large particles; therefore, less enhancement due to collisions

occurs in the suspension of smaller spheres. The author defined f as follows:
f = @ylar0? - (38)

where a g is the diameter of an arbitrarily chosen reference sphere, 100 wm.
Leal has published a theorctical analysis of heat transfer in suspensions subjected to

simple shear, valid for small Pe and.low @ (72). Assuming that the velocity field is
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described by the creeping flow solution for the motion around a spherical drop i\n' shear flow,

he derived the following

* 3Dk, ~ k
K14 (k2 1)+

ko~ ko + 2k, 3-9)
1.176 (k, — k¥ 24y + 54, | 2u,+5 ky—ky
Dpe? (k2 21) B N A T ) P 2 Balld'
(kg + 2k,) B+ Hy B+ KW ky + 2k,

where Pe = a*y/D and the subscripts 1 and 2 refer to the fluid and drop respectively. In the
case of a solid particle, i, — <. For diffusion in a suspension of inert solids, Equation (3-9)
simplifies considerably to.yield

»*

D
D

Chung and Leal (73) measured the heat fluxes across the thin gap of a concentric cylinder

=1+ ®(=1.5 + 3.36P¢*?) ~ (3-10)

Couette flow apparatus to test the validity of Equation (3-9). Experiments were performed
with spheres of 3 different diameters, 34.6 wm, 53.4 wn, and 122 pm for 0 < ® < 25 and
.01 < Pe < 1.3. While Leal’s result predicted the approximate dependence of the data on the
Peclet number, the coefficient was off by as much as an order of magnitude.

Nir and Acrivos considered a somewhat more practical case of heat transport in
suspensions undergoing simple shear flow valid for large Pe and small ® (74). Using a reg-
ular perturbation expansion in the closed and open streamline region surrounding a sphere,

they derived tile following expression

"k =1 + adPe ! (3-11)

where Pe = pCpazy/ k and « is an arbitrary constant. Unlike Leal’s result, their expression
for the effective thermal conductivity is independ.em of the dispersed phase thermal conduc-
tivity, ie. k, does not appear anywhere in Equation (3-11). According to the authors, closed
streamlines exist around each particle at high Pe and produce regions of infinite thermal con-
ductivity.»

Postlethwaite and Holdner measured limiting currents for oxygen reduction in horizon-
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tal and vertical slm pipelines undergoing turbulent flow (75, 76). The suspensions con-
tained sand or iron ore particles ranging in diameter from 40 wm to 430 wn at volume frac-
tions up to 23%. A 23% suspension of the 40 wn iron ore particles produced a 250%
increase in the limiting current on the lower half of the horizontal pipe. Smaller enhance-
ments were recorded for the vertically oriented pipes and on the top segments of the horizon-
tally oriented pipes\due to sedimentation effects. Such phenomena could be important for the
| prevention of con9§iqn in slurry pipelines. In the range studied for vertical pipes, the rate of -
mass transport mcreased as @ or vélocity_ (v) increased, but the rate decreased as the particle
diameter increased. These authors attributed the transport enhancemeﬂt to the disruption of
Lhé laminar sub-layer by the penetration of the suspended particles.

Watkins, Robertson, and Acrivos measured the rate of heat transfer in laminar pipe
flow of suspensions containing neutrally buoyant polystyrene spheres 580 wm in diémeter
(7). For 0 £ ® < 46, these authors confirmed photographi;:ally the existence of a particle
depleted layer of fluid at the pipe wall on the order of 1 to 2 particle radii. They proposed ~
that the increased velocity gradient in this region caused the experimentally observed
increases in the rate of heat transfer. To describe these phenomena, they presented a

modified form of the Leveque solution for heat transfer in the thermal entrance region of a

pipe

kA AT KT wat)

where Q is the rate of heat transfer through area A, R is the pipe radius, & is the pure fluid

173 -1/3 .14
Nu=-2R__ 1.10[%&} {(1 - 8)“-&{— +1-(1 - 8)4} {M} (3-12)

thermal conductivity, L is the length of the heated section, AT is the temperature difference
between the pipe wall and fluid core, and 3R is the thickness-of the -particle-free wall layer.
The last term in the above equation is an empirical correction which accounts for the tem-
perature dependence of the viscosity. The authors defined the Peclet number as
Pe =2pC,R<v>/k where <v> is the average fluid velocity.

The term & appears to be an adjustable parameter but Watkins, Robertson, and



27

Acrivos present the following expression without derivation

1 - - 1/4
5=1- [——“j-“—ﬂ] (3-13)
1- P«/u corr

The term p’ ,,, was the experimentally measured viscosity from pressure drop measurements
while p”,.,, was calculated from the Mooney expression for suspension viscosity (78).
Mooney’s equation is known to be less éccurate than the Thomas correlation, Equation (2-3),
| and this casts further doubt on the general validity of Equation (3-13). Unfortunately, the
authors did not report the quantitative results of their photographic investigation concerning
the particle free wall layer.

Hsu et. al. investigated the transport of NaCl to the membrane of a flat-plate dialyzer
operated under laminar flow conditions with very low shear rates, y < 20 s7L(79). A suspen-
sion of 37-74 um neutrally buoyant spheres produced an effective diffusivity 100% greater
than the molecular diffusivity at a 30% solids loading. Surprisingly, the effective diffusivity
displayed little dependence on shear rate in the range studied. The authors also mentioned a
threshold volume fraction of approximately .0S, below which no enhancement occurred.
Preliminary experiments indicated that the rate of mass transfer was doubled when the parti-
cle diameter doubled from 25 wm to 50 um.

Sohn and Chen studied the effective thermal conductivity of suspensions containing
polymer spheres of two sizes (.3 mm and 2.9 mm) and concentrations (15 and 30%) in a thin .
gap cylindrical Couette flow device (80). They reported values of k' /k as high as 6 for the
larger beads which were approximately 10% the size of -the gap. This fact may have caused
the extremely large enhancements; the true viscosity is substantially higher than the observed
viscosity when the bead size is an appreciable fraction of the gap distance present in the 'A
measurement device (see Chapter 2). Nevertheless, the authors correlated the data with the
following expression where Pe = (2a )"y /k and f(®) is a constant for a given volume frac-

tion.
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This expression represented the data well for 300 < Pe < 2000. For Pe < 300 the depen-

= f(D)Pe? (3-14)

dence of k" /k on the Peclet number was much weaker.

Pini and DeAnna measured limiting currents for iodine reduction in a concentric rotat-
ing cylinder electrode (RCE) geometry that contained a slurry of 40-75 um silicon carbide
particles of arbltrary (randorri) shape (81). The limiting current was increased by a factor of
2 at a solids loadmgof 2000 ppm. Transport enhancement at such an extremely low volume
fraction of solids contradicts the; work of various researchers-who found little or no augmen-
tation with beads denser than the electrolyte below ® = .05 in many different geometries. .
The authors did not attempt to explain this discrepancy. Finally, measured limiting current
densities with and without particles showed essentially the same dependence on rotation
speed for the range studied, 480 - 1980 rpm.

Roha studied the effects of glass spheres, 4 to 75 wm in diameter, on the limiting
current for ferricyanide ion reduction in a rét;iting disl:electr.éd; (RDE) cell equipped with
baffles and a magnetic stirrer (82). The presence of baffles and magnetic stirrer did not affect
the limiting cui'rents in the pure suspending fluid and presumably did not affect the ré/sults for
the suspensions studied. The optimal bead size appeared to be just greater than the mass
transfer boundary thickness calculated from the Levich equation with the .properties of the
pure suspending fluid. In a 40% suspension of 8.4 wm spheres (p, = 2.49g/cm3), he
observed a 230% increase in the limiting current at 2870 rpm.

The addition of solids also changed the dependence-of the limiting current on elec-
trode rotation speed from the 1/2 power Levich relation @ a Q% 10 an approximateiy linear -
ohe for large ®. The limiting current first increased and then decreased as particle diameter
_increased at a given rotation speed. Transport enhancement increased with the diameter of
the RDE active area (for a constant insulator diameter) while the limiting éurreht in the pure

electrolyte was independent oanctive area radius in accordance with the Levich result. The
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enhancement dependence on disk radius results from the fact that the shear rate is a function
of r across the disk surface although Roha did not offer this explanation. Finally, Roha tried
to explain the data in terms of a "surface renewal” model and a "particle film" model, but the
large number of adjustable parameters he used casts doubts on his assumed physics of the
problem. He did not attempt to correlate the data in terms of dimensionless groups.

Doh measured the limiting currents for ferricyanide reduction on a rotating disk elec-
trode in suspensions of solid glass spheres, 4 to 98 wm in diameter (83). He used only one
_ electrode with a diameter of 1.13 cm and investigated disk rotation speeds (€2) between 500
and 3000 rpm while varying the solids loading from 8-40%. The maximum rate of transport
enhancement observed in this investigation, 200%, occurred at 3000 rpm in a 32% suspen-
sion of 14 wm spheres. The addition of solids also changed the functional dependence of the
limiting current on electrode rotation speed from the Levich 1/2 power relation to a nearly
linear one as the solids. concentration was increased.

The effect of particle size on the limiting current density in the suspensions studied by
Doh is shown in Figure 3-2 for ® = 24. The data are typical of other volume fractions and
agrees well with other rotating disk studies such as Roha’s work. The optimal particle size
was a function of disk rotation speed and decreased as Q increased. A qualitative explana-
tion for this trend is that the boundary layer thickness decreases as  increases, but the larger
particles can not get close enougﬁ to the surface to interact with the boundary layer at high
rotation speeds (assuming that the particle-free wall layer thickness does not depend on Q as
indicated in Chapter 2). Finally, the limiting current density was not a simple function of the
solids loading, ®@. In general, the limiting current density increased as solids volume fraction

increased for @ < 30 and levelled off for @ > .30, but particle size did affect these trends.
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Figure 3-2. The effect of particle size on the limiting current densnty measured with a rotat-
ing disk electrode at @ = .24 by Doh (83).
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Barkey performed limiting current experiments in an RCE cell equipped with eight
- radial baffles (84). A 40% suspension of 80 wm glass spheres increased the limiting current
only by a facfor of 1.3; however, he did not vary 7m.icrosphere size or electrode diameter to
optimize the rate of mass transfer enhancement.

Caprani et. al. investigated the effects of various types ( Al;03, SiC, B4C ) of arbi-
trarily shaped particles on the rate of mass transfer to an RDE (85, 86). These investigators
used 60% glycerol-40% H,0 mixtures as the suspending medium presumably to raise the
electrolyte viscosity and therefore decrease the settling velocity of the’ particles. At the
highest volume fraction studied, ® = .20, the limiting currer;t was increased by 165% with
9.0 um Al,05 particles. The authors studied the effect of particle size only at @ = .10; the
limiting current increased as particle size increased from 3 to 40 pm. The effect of elec-
trode rotation rate was variable, but the authors discerned three linear i—Q"* segments in a
-log-log plot. Fof low speeds n was less than 1/2 while at high speeds n was approximately
0.55. At intermediate speeds n was typxcally 0.65. Such complicated behavior has not been
reported for other RDE studies in suspenswns it may have been caused by the large glycerol
content of the electrolyte which affected the suspension viscosity.

Andersen et. al. measured limiting currents for ferricyanide reduction in an RDE sys-
tem with baffles Eontaining suspensions of solid glass spheres, 2.55 to 57.3 wm in diameter
(87). In agreement with Roha and Doh, Andersen reported that the addition of solids
changed the functional dependence of the limiting current on electrode rotation speed from
the Levich i, o Q"2 relation to nearly linear one as the solids concentration was increased.
An optimal particle size for transport enhancement was also observed in the size range stu-
died similar to Doh’s results shown in Figure 3-2. The maximum increase in the limiting
current, 200%, reported was observed at 3000 rpm in a 40% suspension of 9.05 wm spheres.

Andersen corrclated the data on RDE’s of various sizes for the small glass spheres
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2.55 t0 9.05 wn in diameter with the following _expressio_n

. - 1.590
= a(Pea)m = e—5.86¢ 2aR Q

(D ZV)'1/3

where x is defined by Prager’s relation for stationary suspensions, Equation (3-5). Equation

D

Sh == | (3-15)

(3-15) is valid for 15 < Peg < 5600. Note that Andersen defined a non-standard Peclet

number (Pe3) that contains two length scales such that

Peg= 8—:‘-Pg

This investigator proposed two’ distinct mechanisms of transport enhancement based
upon the relation of particle size to the mass transfer boundary layer. For particles smaller
than the boundary laye'r; microéonvecu've vortices {Sohn and Cheun, (80)} are created which
lead to er;hanced mass transfer. For particles larger than the boundary layer, t'he enhance-
ment is attributed to the increased shear rate at the wall {Watkins, Robertson, Acrivos, (77)}
caused by the présence of the paﬁicle free wall layer.

Kim et. al. investigated the rate of mass transfer to an RCE in the presence of parti-
cles more or less densé_ than the electrolyte | (88). With vh‘ollow glass Spheres
(ps; = .305 g/cm?), the limiting current density increased rapidly with @ up to about 10%,
and then decreased to values neaf or below those for the particle frec;, electrolyte at higher ®.
Conversely, the limiﬁng currents in suspensions of solid glass spheres (p; = 2.49g /cm?),
increased with increasing particle concentration; but the relative enhancement (i,‘/i,)
decreased as the rotation speed increased‘. These researchers reported a 170% increase in the
- limiting current at 1000 rpm for 30% suspensions of 80 wn solid glass spheres.

- Bashir and Goddard studied the effects of neutrally buoyant polymer spheres on the
rate of mass transport in an RDE geometry at rotation spéeds below 1200 rpm and volume;
fractions up to .30 (89). In this range ﬂ;e limiting current density was proportional to Q2

with and without particle’s;preéent. This rotational speed' dependence.differs:from the results
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of Roha, Doh, Andersen et. al., and Caprani et. al.; the discrepancy may be due to the fact
that Bashir’s particles were neutrally buoyant. Of the two different particle sizes considered,
the 5.6 pm spheres produced higher enhancements tﬁan the 550 wm beads. The' maximum
reported transport increase was 110% at 1200 rpm for a 30% suspension of the smaller

microspheres. These authors correlated their data with the following expression

*

D__ 14 6dpe® (3-16)

where the standard Pe definition for the RDE applies

pe = 12 _ RQ(2a)

D v 12

The weak dependence of the relative diffusivity, D” /D, on particle Pe number indicated in
Equation (3-16) agrees with the theory of Nir and AcriQos for dilute suspensions, see Equa-
tion (3-11).

Sonneveld et. al. measured limiting currents for ferricyanide ion reduction in an RDE
system containing suspensions of arbitrarily shaped SiC particles, 3 go 85 wm in diameter
(90). Volume fractions from 0.0 to 0.28 were investigated. The authors reported a critical
volume fraction, @, and a critical rotation speed, €., below which, no enhancement occurs.
Based on experiments in an upside down cell, they concluded. that the appearance of a critical
volume fraction is caused by gravitational forces. The largest increase in the limiting current,
125%, was recorded at 3820 rpm in a 24% suspension of 12.2 um particles. The depen-
dence of i,” on particle size was similar to Doh’s results shown in Figure 3-2.

These authors also developed an approximate model for the transport enhancement
process based on the diminution of the diffusion layer thickness caused by the rotation of

particles within this layer. They derived the following expression

iy = .62nFAD*v15C, Q172 [1 +(r,/a )3<1>] | (3-17)

where C, is the bulk reactant concentration, r,/a is an adjustable parameter, and 7, — a is



34

the thickness of the tﬁin layer of ﬁ}xn clinging to an individual particle. There are several
problems with this model. First, it was derived for spheres while the experiments were con-
ducted with arbitrarily shaped particles. Secondly, the concept of a particle-free \yall layer
was totally ignored, and a completely homogeneous dispersion was assumed to calculate the
nurhber of particles in the boundary layer. Thirdly, many of the particles used possessed
Qimhetem larger than the ‘boundary layer thickness, but the model considers o.nly particles
within the boundary layer. The final result (Equation 23.in that paper) is obtained by a Taylor
series expansion which is neither physical'ly.nor matt‘lematicauy correct. The authors also
failed to reconciie their results with the fact that Roha, Doh, Caprani et. al., and Anderseﬁ et.
al. found i,” was not pr(:portional to Q2 for an @E with particles more dense than the
electrolyte.

A large number of investigations have been reviewed in this section. Those studie;
which produced dimensionless correlations are summarized in Table 3-1. The electrochemi-
cal studies performed in rotational geometries are summarized in Table 3-2. It is readily

apparent that a judicious choice of particle size, solids volume fraction, shear rate, and parti-

cle density can produce significant increases in the rate of mass transport to an electrode.



Investigator Pe i Correlation | Pe Definition Comments
— : ;
Leal, 1973 Pe -0 ®-0 ’;) =1+ ¢(—% +3.36Pe>?) Pe = “—Dl theoretical, Couette flow
. 2
Nir and Acrivos Pe > oo b0 DD =1+ adpPe'! Pe = QD—I theoretical, Couette flow
1976
k' " pC,(2a)%y L
Sohn and Chen 300 < Pe <2000 .15, .30 p = f (P)Pe Pe = p cylindrical Couette flow
1981
k' B pCp aZ.Y .
Chung and Leal Ol <Pe<l3 0<P< 25 P oPe Pe = P cylindrical Couette flow
1982 a, P are functions of ®
D’ _ _sg60.p, 1590 2aRQ :
Andersen, 1989 15<Pes<5600 | 05<P<.40 5= e (Peg) es D) RDE, heavy microspheres
k=1-30/2+®%2
: 6 D" _ 05 a’y
Bashir and Goddard 100< Pe < 10 04<Pd<.30 D - 1+ 6PPe Pe = D RDE
1990

Table 3-1. Summary of heat and mass transfer correlations for suspensions of rigid spheres in laminar flow.
Unless otherwise specified, microspheres are neutrally buoyant, References (72, 74, 80, 73, 87, 89).

XBL 9011-3797

3%



Investi gato} Geometry | System Type Size Enhancement Q L] iy oqn
(nm) @ 1iy) (rpm)
Pini, DeAnna, 1977 | RCE 11y | sic 40-75 | 2 1980° 002 | n=15
Roha, 1981 RDE Fe (CN )6;3/Fe (CN ) P | glass | 124 3.3 | 2870 | 40 n>.5
|| Doh, 1983 | RDE Fe(CN );'3/Fe (CN)¢™* | glass 14 | 3 | 3000 32 n'> .5. it
Barkey, 1987 | RCE Cu+2)Cu | glass 80 | 13 1800 | 40 | n=.7
Caprani et.al., 1988 | RDE Fe (CN)g¥/Fe (CN .)6“‘ | Al 203 9.0 2 4900 |20 | n variablé
60% glycerol ' .
?;éi;men et. al, | RDE Fe(CN)s /Fe(CN)¢™ | glass | 9.05 | 3 3000 | 40 | n>5
Kim et. al., 1989 RCE N Fe (CN)s /Fe(CN)s* | glass 80 | 27 1000 | .30 | nvariable
?gglsir and Goddard, | RDE Fe (CN )6'3/Fe (CN )6’4 polymer 56 | 2.1 1200 | .30 n=.5 .
;S(g)ggeveld et. al., . RDE Fe (CN )6‘3/Fe (CN )6\“‘ SiC 12.2 2.é5 | 3820 | .24 n=.5

Table 3-2. Literature review summary of suspended particles in rotational electrochemical systems. For a homogeneous, single phase
fluid n = 0.5 for the RDE and n'= 0.7 for the RCE. References ( §1-90). XBL 9011-3796

9¢€
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3.3 Theory of Transport Enhancemeﬁt

Rather than solve the equations of motion for each of the N particles present, one
may ignore the microscopic details of two-phase flow and treat a suspension as a single phase
fluid with an effective viscosify "), effective diffusivity (D~), and effective density (p”).
In the general case, S coupled, nonlinear partial differential equations (4 equations for fluid
motion and 1 convective diffusion equation) must be solved simultaneously. However, the
effective diffusivity depends on-the shear rate, and there is no generally accepted theory to
describe this dependence (91). Thus, even for laminar flow, rigorous solutions for trans{:ort
in suspensions do not exist.

Because of the complexity of solving the convective diffusion equation in the tur-
bulent flow field of the rotating cylinder system, a correlation of the data based on dimen-
siorﬁess groups will be pmpﬁsed instead.‘ Most successful correlations of forced convection
mass transport data in single phase fluids have the following form

Sh = aRePsc® - (3-18)
where a, B, 6 are constants. The Sherwood number (Sh) is the ratio of the total flux to the
diffusive flux; the Reynolds number (Re) is the ratio of inertial to viscous forces, and the
Schmidt number (Sc = v/D;) is the ratio of the momentum flux to the diffusive flux. For
laminar flow the Reynolds and Schmidt numbers are often combined to yield the Peclet
number ( Pe = ReSc ) to decrease the number of adjustable parameters; such a practice was
observed with the correlations presented in Table 3-1. For turbulent flow, however, Re and
Sc are usually kept separate. Selman and Tobias have reviewed mass tranéfer correlations
established by limiﬁhg current measurements and the vast majority of the results for turbulent
flow include a Sc'” dependence (92). This functionality will be assumed here because the
Schmidt number was not varied for a given volume fraction during the experiments described

in this report.
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The Sherwood number for electrode reactions is defined as

gL
" nFD;C,

where ;" is the limiting current measured in suspension, L is a characteristic length, n is the

Sh (3-19)
number of elections transferred, F is Faraday’s constant (96,487 C/equiv), D,~_ is the reactant
diffusion coefficiént, and C, is the bulk reactant concentration. The Reynolds number is

defined as

Al

Re = 2L (320

| where v is a éharacten'stic velocity gnd L is a characteristic length. The effective kinematic
viscosity (v* = p"/p") is calculated from the Thomas correlation for p" , Equation (2-3), and
the following expression for the effective density
p*=p, + '<1 - ®)ps (3-21)
where p; and p, are the densities of the pure solid and fluid phases, respectively.

As illustrated in Table 3-1, the characteristic velocity (v) for transport in suspénsions
is not the bulk fluid velocity, but rather the rotational velocity of the spheres. This rotational
velocity is related to the vlocal shear raté; in fact, ® = y/2 for an isolated sphere in a simple
shear field. Therefore it seems reasonable to write |

V=0ma =Ya
The shear rate ( y = dvg/dr) must be calculated from experimental torque measurements in a
concentric cylinder system because an analytical expression for dv Q/ar is not available for the
turbulent flow ﬁeld of the roiating cylinder system. Both Wendt (93) and Theodorsen and
Regier (94) have performed such éxperimeﬁts, but the latter investigators considered larger
gap widths and their results are more appropriate here. Theodorsen and Regier correlated

their results in terms of the friction factor, f, as follows
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1737 _ 7P ‘
Tra = 2079 + log(Re f12) (3-22)

where Re = ZQriZ/v. Eisenberg, Tobias, and Wilke showed that Equation (3-22) could be
simplified for 1000 < Re < 100,000 as
f12 = .0794Re ™3 (3-23)
The friction factor is defined by the force (F) exerted on the cylinder by the fluid
F =2mrit, = 2nr,-z(%"pv2)f | (3-24)
where 1,, is the wall shear stress and / is the length of the cylinder. Substituting the peri-
pheral velocity of the inner cylinder (Qr;) for v, one may obtain an expression for the shear

rate at the surface of the spinning electrode by combining Equations (3-23) and (3-24)

T, ' 0645r; Q17 -

where G is the torque exerted on the cylinder by the fluid.

There are three possibilities for the chafacteristic length, L, in the rotating cylinder
system: theé particle radius a, the gap width (r, — r;), and the rotor radius (r;). A com-
parison betweer( the data and the correlations based on these dimensions must be made to
choose the proper length. The previous work concemning mass transport in suspensions
reviewed in Section 3.2 suggests that a is the proper length scale. The proposed correlation
of mass transport in suspensions undergoing turbulent flow in a concentric rotating cylinder
geometry then takes the form
B(®) 173

a2r 14Ql7

| i,‘a *
Sh=——"
nFD;C,

vt 17 D, (3-26)

= o(D)ReP@)sc 13 = on((D)[

where o(®) and B(P) are functions of ® to be determined from the data. Note that
coefficients of order unity have been neglected in constructing the dimensionless groups.
The development of Equation (3-26) agrees with the qualitative picture of the wall

region in a flowing suspension presented in Figure 2-3. The microconvection caused by the
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spinning spheres and the increased shear rate due to slip-layer formation enhance mass tran-
sport over the thickness of the particle-free wall layer which has a dimension on the order of
a. Finally, these two transport enhancement mechanisms are proportional to the wall shear

rate, .
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Chapter 4
Experimental Apparatus and Procedures

4.1 The Rotating Cylinder Electrode
Choice of Experimental System

The rotating cylinder electrode (RCE) geometry consists of two concentric cylinders;
the inner ‘rotor is spun by a variable speed motor to produce a convective flow field while the
outer cylinder remains stationary. This system was chosen to study mass transfer in suspen-
sions undergoing turbulent flow for various reasons. quogeneous turbulent flow conditions
are achieved at low rotation speeds, and the current distribution is uniform. Also, high rates
of mass transfer can be obtained in a low volume RCE cell without pumping the solids, an
operation which might damage the microspheres used in these studies.

The shear rate '(y), and hence the angular velocity (®) of a particie at the electrode
surface, is constant for a given rotation speed in the RCE system. For the rotating disk elec-
" trode (RDE), the shear rate is proportional"/to radial position and this causes the surface to no
longer be uniformly accessible; in fact, the Peclet number varies across the disk. This dis-
tinction between the two geometries is important because, as shown in Chapter 3, the
effective diffusivity is a function of the shear rate, and the RCE most easily allows the effect
of shear to be isolated. Although the following attribute is not essential for mass transport
studies, concentric cylinderS bounded by insulators exhibit uniform primary and secondary
current distributions that make the system ideal for smd;/ing electrodeposition in the presence
of suspended particles.
| Rotating Cylinder Hydrodynamics
Despite the geometric simplicity of the RCE, the hydrodynamics of this system are

quite complex. Three distinct flow patterns exist depending on the rotation speed of the inner
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cylinder. The stability of the three flow regimes may be characterized in terms of the Taylor

" number (96)

_ Uity =™

Ta T

@é-1)
vr;

where U; is the peripheral velocity of the inner cylinder. For small values of the gap to rotor
ratio, (r, — r;)/r;, the flow regime criteria are (97)
Ta <413 laminar Couette flow with concentric streamlines

41.3 <Ta <400 laminar flow with Taylor vortices
Ta 2400 turbulent flow '

A schematic of the "Taylpr vortices" is shown‘in Figure 4-1. The above criteria are
strictly valid only for small gap to rotor radius ratios. Donnelly (98) and Chandrasekhar (99)
reported that the Taylor number required for the first transition increases modestly as
(ro = ri)/r; increases; unfortunately, these authors did not consider the effect of largervgap's
" on the transition to fully turbulent flow. Based on visual observations, all experim_ents were
conducted in the turbulent flow regime although Ta was close to 400 for the @ = .40 suspen-
sions at 250 rpm.

Electrochemistry of the Rotating Cylinder System

The first extensive study of mass transfer in a RCE system operating in the turbulent
flow regime was reported by Eisenberg, Tobias, and Wilke (ETW) in 1954 (100). For
835 < Sc < 11,500 and 112 < Re < 241,000, their results were correlated with an average
error of +8.3% by the following expression:
ri 20r2)7( 1%

2
Sh = = .0791Re’Sc 3% = .0791[

4-2
nFDC, 4-2)
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Figure 4-1. Sketch of Taylor vortices. ‘A cellular motion is superimposed on the radial
streamlines, but the flow is still regular, laminar, and steady (96).
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Numerous investigators have confirmed the validity of Equation (4-2). In addition, recent
reviews are available on the development of the RCE as an experimental tool (101, 102).

The ETW correlation is only valid for smooth cylinders in the turbulent regime. For
rough surfaces (protrusions larger than the boundary layer thickness), it has been observed
that the limiting current density is directly prnportional to.the Reynolds number (103, 104,
105). The electrodes used in this investigation were "smooth" with a roughness_ amplitude '
less than 2.5 wm as determined by a profilometer. Furthermore, the suspended solids did not

roughen the electrode surface during the course of an experiment.

- 4.2 Microsphere Characterization

The various types and sizes of microspheres used in this investigation are detailed in
Table 4-1. The first two entries are solid spheres, while the last three products aré hollow,
with either thick or thin walls. Scanning electron micrographs of the various types of spheres
are shown in Figures 4-2 through 4-6. Each group of particles forms an approximately
monodisperse size distribution, and the particles are essentially spherical although each sam-
ple contains some fractured, globular, and irregular shapes. The Kodak and. Anderson
Developmént Company sphéres are used as received from the respective vendors. In con-
trast, the ceramic spheres from Zeelan Industries are subjected to mechanical classification
with standard Tyler sieves. To produce batches of small particle sizes, sieves with 20 and 30
wm mesh openings are constructed w‘ith nylon Spectrum® screens obta?ned from Fisher
Scientific because a 38 um mesh opening is the smallest Tyler sieve readily available.

Particle size is determined from scanning electron micrographs taken of samples
~ which have been prepared by attaching a large number of spheres to a specimen holder with
double-sided adhesive tape. These samples are then gold sputtered to make them electroni-

cally conductive and placed in the Scanning. Electron Microscope (SEM). At least 75
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Volume Weighted | Population Weighted
Manufacturer Material p 2a o 2a, O,
@lem® | @m) |m)|  m) | )
Anderson butyl methacrylate/ 1.20 495 2.14 312 . 1.51
Development methyl methacrylate ’
Company
Eastman Kodak | polystyrene-2%DVB | 1.08 46.3 481 44.6 5.11
Zeelan Industries | Si0 ;—~Al,04 2.14 25.0 3.00 23.1 443
Zeelan Industries | Si0 ,~Al,04 2.14 46.6 3.83 431 . | 1.76
Zeelan Industries | Si0 ,—Al,04 697 799 5.06 78.4 6.19

Table 4-1. Summary of microsphere characterization results.
particles from each micrograph are measured by a caliper. The formulae used to calculate the

—

volume weighted average diameter, 2a, and standard deviation, o, are

Z(%dis)di Zdi4

2a = = (4-3)
a3 a7
2,-:( ¢4 o
Zdia(di - 2a)? "
c= ! 2/1.3 (4-4)

i

where d; is the measured diameter of a sphere from the micrograph. An equivalent diameter,
defined as (6V/m)'> where V is the approximate volume of the misshapen element, was
assigned to non-spherical particles. Population (number) average diameters and standard
deviations are also presented in Table 4-1, but these measures weigh small spheres 100
heavily because small particles may be present in large numbers while only accounting for a

minor portion of the total solids volume fraction. Based on previous work, it appears that
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particle volume frqction is more important than number density. Therefore, the volume
wéighted average is considered to be the best measure of particle size. As a practical matter,
both measures of particle size are nearly identical as can be seen in Table 4-1. This indicates
that 'the samples are nearly monodisperse.

Particle density is determined by measuring the volume displacement of distilled water
by a known weight of particulates.

All microspheres are used more than once, typically thre-e- times. At the end of each
experin;ent, the particles are separated from the electrolyte by vacuum filtration using a
Buchner funnel and Whatman #50 hardened filter papers capable (according to the maﬁufac-
turer) of retaining solids larger than 2.5 um. In practice, even smaller particles are retained.
Finally, the spheres are' washed thoroughly with distilled water and dried at 80°C for 24

hours.
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XBB909-7525

Figure 4-2. Scanning electron micrograph of butyl methacrylate/methyl methacrylate spheres
from Anderson Development Company. Volume weighted average diameter: 4.95 um. The
white bar at the bottom of the photo corresponds to 4.26 pwm.



48

XBB909-7527

Figure 4-3. Scanning electron micrograph of polystyrene-2% divinylbenzene spher(?s from
Eastman Kodak Company. Volume weighted average diameter: 46.3 wm. The white bar at
the bottom of the photo corresponds to 67.6 pum.
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XBB909-7529

Figure 4-4. Scanning electron micrograph of hollow, Si0,—Al,0 3 ceramic spheres from
Zeelan Industries. Volume weighted average diameter: 25.0 wn. The white bar at the bot-
tom of the photo corresponds to 27.5 um.
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XBB909-7528

Figure 4-5. Scanning electron micrograph of hollow, Si0,-Al,0 5 ceramic spheres from
Zeelan Industries. Volume weighted average diameter: 46.6 un. The white bar at the bot-
tom of the photo corresponds to 65.4 pm.
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XBB909-7526

Figure 4-6. Scanning electron micrograph of hollow, Si0,—Al,0 3 ceramic spheres from
Zeclan Industries.  Volume weighted average diameter: 79.9 wm. The white bar at the bot-
tom of the photo corresponds to 91.7 pm.
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4.3 Rotating Cylinder Cell and Experimental Apparatus

Three different Nickel 200 cylinders with diameters of 1.03, 1.91, and 2.53 cm serve
as the inner rotating electrode. Each electrode is 13.90 cm long and the corresponding elec-
trochemically active areas are 45.00, 83.41, and 110.61 cm? A 0.9 ¢cm nub on the end of
each electrode fits into a teflon disk "stabilizer" embedded in the cell bottom to prevent
eccentric motion. The top of each electrode is threaded for attachment to a nickel headpiece
which connects the inner cylinder to the rotator shaft. A photograph of the electrodes
appears in Figure 4-7. An outer cylinder, also composed of Nickel 200, serves as the
counter-electrode; it has an internal diameter of 4.80 cm and a length of 15.5 cm. There is a
0.6 cm gap in the outer electrode which allows one to visually observe the fluid flow in the
cell. Finally, the total cell volumes are 366, 335, and 302 cm? for the small, medium, and
large electrodes, respectively.

A .5 mm diameter Nickel 200 wire (Aesar-Johnson Matthey, Inc.) enclosed in a Lug-
gin capillary acts as the reference eiectrode. The tip of the Luggin capillary is located in the
.6 cm gap of the anode (outer cylinder) and positioned flush with the electrode surface to
minimize possible fluid flow disturbances.

Limiting current measurements are conducted in a three-piece, jacketed Lucite cell
which contains the concentric Nickel electrodes. Ethylene propylene O-rings (Parker Seal
Company) provide leak-proof seals between the various cell components and the moving
shaft. A schematic of the apparatus appears in Figure 4-8 while a photograph is shown in
Figure 4-9. The cell is equipped with a port for maintaining a nitrogen gas blanket during
experiments and two ports for the addition of electrolyte. A 1/2 horsepower variable speed
motor (Minarik Blue Chip II®), monitored by a Minarik Digi—Lok® controller, rotates the
inner cylinder utilizing a V-belt mechanism. Electrode rotation rate is determined with a

digital tachometer (Shimpo Company). The shaft is supported by three ball bearings and
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contains a bellows joint to dampen vibrations. An electrical connection is made to the shaft,
which is insulated from ground, via four sets of brass finger contacts.

Temperature control is provided by circulating an ethylene glycol - water mixture
through the cell jacket from a 7 liter bath equipped with a 300 Watt quartz tube immersion
heater (Sethco TH-300) and a 250 Watt stainless steel "knife" heater (Cenco). Continuous
bath cooling is furnished by a portable bath chiller (Neslabs PBC-4). A proportional con-
troller (Versatherm Model #2156) regulates the dual heaters and employs a stainless steel
thermistor probe (Yellow Springs Instruments #403) to monitor cell temperature, but the Ver-
satherm unit does not produce a temperature readout for the user. Instead, a type K
(Chromel-Alumel) thermocouple connected to a digital meter (Doric Trendicator 410A) pro-
vides a continuous display of cell temperature to within + 0.1°C. A schematic and picture of
the temperature control equipment is shown in Figure 4-10 and Figure 4-11, respectively.

The electrical circuit is diagrammed in Figure 4-12 while Figure 4-13 displays a pho-
tograph of this apparatus. A PAR (Princeton Applied Research) Model 371 potentiostat con-
trolled by a PAR Model 175 universal programmer supplies current to the cell. The current
is measured as a voltage drop across an R = .098 ohm shunt resistor in series with the
counter-electrode. Cell voltage and current are monitored by a digital oscilloscope (Nicolet
Model 4094) and stored via a data aquisition routine on a microcomputer (IBM PS/2, Model
50z). The current and voltage input signals to the oscilloscope are averaged over a time
interval of .25 at a constant sampling rate of 250 pws/pt utilizing the "point average" switch
on the Nicolet unit. This averaging is nccessary because of small current fluctuations in the

presence of suspended solids.
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CBB909-7532

Figure 4-7. Photograph of the three Nickel clectrodes used as the inner, rotating cylinder.
The threaded headpiece on the right attaches the clectrode to the drive shaft while the white

teflon sleeve and O-ring provide the rotating scal. The pretrcatment vesscl is shown in the
background.
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Figure 4-8. Schematic of the three-piece, Lucite rotating cylinder cell, the cooling jacket is
not shown.
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CBB909-7534

Figure 4-9. Photograph of the rotating cylinder cell (with its cooling jacket) shown attached
to the drive shaft housing. The two large tubes running parallel to the cell are connected to
the temperature control bath. The left-most hose in the background supplies pltrogen to the
cell and the tube emanating from the center of the apparatus contains the Nickel reference
electrode.
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Figure 4-10. Schematic of cell temperature control equipment; H1 and H2 refer to heaters 1
and 2.
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CBB909-7536

Figure 4-11. Photograph of rotating cylinder cell and associated hardware. (A) Rotator hous-
ing and cell; (B) proportional temperature controller; (C) rotator speed controller; (D) lcm—
perature control bath; (E) pump. The stainless steel cooler unit is located behind the bath in
this picture.
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XBL 9011-3800

Figure 4-12. Schematic of the electronic equipment used to measure the limiting current den-
sity in electrolyte suspensions. "R", "W", "C", and "E" on the potentiostat refer to the refer-
ence electrode, working electrode, counter-electrode, and electrometer monitor (output signal
equal to the voltage between "R" and "W").
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CBB909-7530

Figure 4-13. Electronic equipment used to measure the limiting current density in electroly!
suspensions: (A) potentiostat; (B) programmer; (C) digital voltmeter; (D) thermocoupl
meter; (E) digital oscilloscope with built-in "point averaging" function for reducing noisc
The computer employed for data acquisition is not shown.



61

4.4 Limiting Current Measurements

The limiﬁng current density is the maximum rate at which a particular electrode reac-
tion can occur with 100% efficiency. By choosing an electrode reaction with fast kinetics
and adding supporting electrolyte to minimize ionic migration, the reaction rate and hence
current will be transport controlled. A simple measurement of the current supplied to the cell
at this condition yields the maximum rate of mass transport. A detailed description of the
principles that embody the limiting current technique has been published by Selman and
Tobias (106). : ’

The ferrocyanide/ferricyanide redox couple is chosen to characterize the rate of mass
transport in this system. Such a choice avoids the problems of roughness development asso-
ciated with electrodeposition techniques for determining the limiting current density. The
kinetics of the redox reaction are quite fast on a Nickel electrode, and a large excess of
sodium hydroxide as the supporting electrolyte eliminates the contribution of ionic migration
to the limiting current. Furthermore, the standard electrode potential, £°, of this redox cou-
ple is sufficiently different from that of hydrogen and oxygen to yield long, well defined pla-
teaus at the transport limited condition.

Specifically, the transport limited current density on the inner rotating cylinder is
measured for the reduction of ferricyanide to ferrocyanide (107)

Fe(CN)s® + e~ > Fe(CN)g* E° = 36V

The procedure for making limiting current measurements is described below

(1) Prepare one liter of electrolyte with the following composition: 2.00 M NaOH, 0.100
M K Fe(CN)s, and 0.0200 M K;Fe(CN)s by dissolving 80.00g NaOH, 42.241g
K4 Fe(CN)g3H,0, and 6.585g K3Fe(CN)g in distilled water (p = 16 x 10%hm -cm) and
dilute in a volumetric flask to a volume of 1000 mi. All chemicals are analytical reagent
grade. The solutions, specifically the ferrocyanide complex, slowly decompose in light;
therefore, the electrolyte is transferred to an amber bottle and stored in the dark. Solutions
more than one week old are discarded. The composition of these solutions is periodically

checked by standard methods of volumetric analysis; see Appendix A for a full description of
these procedures.
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* (2) Polish inner cylinder electrode on lathe at 500 rpm using 800 and 1200 FEPA grit sand-

paper with water as lubricant; finish job with 4-6 pm diamond paste (Kay Industrial Dia-
mond Corp.) using Buehler polishing oil as a lubricant. Electrode is then washed with soap
and water, acetone, methanol, and distilled water.

(3) Sparge electrolyte with N, for 30 minutes in an amber bottle to remove dissolved oxy-
gen. Turn on temperature controller and bring bath temperature to 25°C.

(4) Evolve H, on the inner cylinder in 2 M NaOH at 500 rpm for 5 minutes to obtain a
clean, reproducible surface. This procedure is performed in the pretreatment vessel (see Fig-
ure 4-7); consequently, the counter-electrode used in the limiting current measurements
receives no surface treatment.

(5) Transfer RCE to main cell. Weigh desired quantity of microspheres and add to the

.requisite volume of electrolyte; mix well on a magnetic stir plate and transfer solution to

main cell. Mix suspension well at 2000 rpm .

(6) When cell temperature has stabilized at 25 + 1.0°C, ramp potential (versus Nickel wire
reference electrode) of the rotating cathode from 0.0 V to -1.1 V at S mv/s and record the
limiting current at various rotation speeds from 250 to 4000 rpm.

(7) Transfer data to computer and construct a graph of the i—V polarization curves using
Lotus™ 123 spreadsheet software.
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Chapter 5
Experimental Results

5.1 Int‘roduction

The results of the experiments described in Chapter 4 are presented with particular
emphasis on the effects of micmsphere density, electrode rotation speed, particle volume frac-
tion, rotor radius, and particle size. First, the control experiments conducted with no solids
present (® = 0) are summarized in Section 5.2. Next, the results from the limiting current
investigation of concentrated suspensions are detailéd and compared with the data when
o =0. A dimensionless correlation which attempts to account for all relevant variables is
then described in Section 5.4. Finally, sources of experimental error and reproducibility lim-

its are discussed. The raw data is compiled in Appendix C.

5.2 Limiting Currents in Absence of Suspended Solids

A graph of typical i-V polarization "curves for various electrode rotation speeds is
shown in Figure 5-1. The limiting cunwenf density, i;, is the value of the current correspond-
ing to the long, flat plateau exhibited at each rotation speed. For the curves that are slightly
sloped, i; was defined as the current at 650 mV of polarization; this corresponds to the mid-
dle of the ferricyanide reduction plateau. The limiting currents obtained without s_olid micro-
spheres agreed closely with those predicted from the ETW correlation, Equation (4-2). To
generate limiting current densities from Equation (4-2), values of the ferricyanide diffusivity,
electrolyte density, and viscosity were calculated by the empirical equations described in
Appendix B. The value; of D;, p, and p are 4.88 x 10 cm¥s, 1.104 g/cm?, and

01457 g/(cm-s) respectively for the 2.00 M NaOH, 0.100 M K,;Fe(CN)g, and 0.0200

M K3Fe(CN )g solutions employed in all experiments described in this thesis. The data for



64

the medium and large electrodes fell within +4% of the ETW relation while limiting cﬁrrents
for the small electrode averaged 9% higher than those predicted by this expression.

Limiting currents obtained with each electrode on at least 4 different days using 4
different solutions were correlated separately. Figure 5-2 shows the results of the linear
least-squ'ar.e‘s regression of these data for the medium electrode (D = 1.91 ¢cm). Reproduci-
bility for all electrodes was within +4% and the power dependence of i, on Q was .66, .69,
and .71 for the small, medium, and large electrodes, respectively. Recall that the ETW corre-
lation, Equation (4-2), indicated a 0.70 dependence. The regressed values of i- ehall be

referred to as the @ = 0.0 case in the remaining of this thesis.
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Figure 5-1. Current-voltage curves obtained in the absence of suspended solids for the reduc- -
tion of ferricyanide ion at the inner, rotating electrode.
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Figure 5-2. Linear regression of the limiting current density data, i, obtained with the
D =1.91 cm Ni cathode in the absence of solids. Data taken on four different days with 4
different electrolyte solutions of the same composition are shown.



67

5.3 Limiting Currents in Suspensions of Microspheres
Effect of Microsphere Density

Limiting current densities were measured in suspensions of neutrally buoyant polys-
tyrene spheres (Za =46.3 wm, p, = 1.08 g/cm®) and Si0,-Al,0; ceramic spheres
(a = 46.6um, p, = 2.14g/cm>) more dense than the electrolyte to investigate the effect of
particle density. Typical results are illustrated in Fiéure 5-3. The addition of a cationic sur-
factant, sodium dodecyl sulfate (SDS), was necessary to wet the polystyrene spheres which
tended to agglomerate in the pure electrolyte. Limiting currents with surfactant present, but
in the absence of solids, were on the average 9% lower than those for ferricyanide reduction
without surfactant. Therefore, the polystyrene data were expected to be slightly lower than
the values for the heavy spheres, providing particle density has no effect on the rate of mass
transport in these suspensions. However, as shown in Figure 5-3, the effect of density is quite
dramatic. -

The ceramic spheres were more effective transport promoters at and below 1060
rpm, but produced lower enhancements than the neutrally buoyant particles at high rotation
speeds. Centrifugal forces most likely caused this pﬁenomenon since the dense particles
would be pushed away from the electrode surface in a centrifugal force field, and thereby
produce less mixing. Other experimental observations support this proposition. The data
obtained with the D = 1.03 cm Ni electrode produced a straight line on a log i" versus
log Q plot, consistent with the foregoing hypothesis because the force exerted on a particle in
a centrifugal force field is proportional to r;, €, a’. Fu@emom, the 46.6 wm heavy
ceramic spheres showed more bending in the log i;” versus log Q graphs than the 25.0 pum
spheres of the same density.

If spheres denser than the electrolyte were pushed away from the electrode surface,

spheres less dense than the electrolyte should be pushed toward it. Therefore, light particles
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are expected to be efficient transport bromoters at relatively low volume fractions (compared
to the heavy beads) because the local solids concentration near the spinning electrode s.hould
be much higher than in the bulk as a result of the centrifugal force field. It is also likely that
high bulk volume fractions of solids produce electrode blockage. Indeed, such phenomena
are reflected in Figure 54 where ;" is plotted versus Q for suspensions of _SiOz—A1203
spheres (2a = 79.9 wm and p, = .697 g/cm:‘).Jr At @ = 10% these solids produced substan-
tial increases in the limiting current densities; in fac‘:t, these values were larger than the
O =40% case. Kim et. al. neported’ that §;° - for an RCE increased rapidly with increasing
volume fraction up to ® = 0.10 and then decreased in suspensions of 68 ywn glass "microbal-
loons,” (p, = .305 g/cm>) (88). In contrast, ® = .30 was found to be the optimum volume
fraction for the "light" beads used in this study. A quantitative comparison between the two
investigations cannot be made since the spheres described here were more than twice as
dense as those used by Kim. Nevertheless, in agreement with Kim’s data, the present results
with light spheres also exhibited large increasés at low volume fractions in contrast to the
neutrally buoyant and heavy particles.

In conclusion, particle density is an important parameter affecting the limiting current
in an RCE system; for .examp'le, the centrifugal force field causes the dense spheres 0 pro-
vide less mixing at the inner electrode than the neutrally buoyant beads at high rofati(;n
speeds. At speeds below 1000 rpm, where centrifugal forces are not as important, the heavy
beads are slightly more efficient at enhancing the rate of mass transfer than the neutrally
buoyant .sphcres. Undoubtedly, some of this difference is caused bvy the addition of surfac-
tant to the suspensions of polymeric particles. Since neutrally buoyant spheres produce large

increases in the rate of mass transfer, it appears that particle inertia is not a major factor in

TUnfonunalely, light beads with—ZTJ = 46pm could not be obtained for comparison with the dense and neutrally buoyant
spheres.
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transport enhancement.
Eﬁ‘ect of Electrode Rotation Speed

The effect of electrode rotation speed on the limiting current density depends on parti-
cle density as described earlier. For suspensions of the neutrally buoyant spheres, the current
density was proportional to Q7 essentially the same dependence as the @ = 0.0 line. In
Figure 5-3, a straight line can easily be drawn through these (p, = 1.08 g/cm3) points with a
slightly larger slope than the ® = 0.0 line. Bashir and Goddard observed similar results with
neutrally buoyant spheres in an RbE system; the dependence of the limiting current on Yota-
tion speed with solids present was slightly larger /than without solidé (’89).

For the RDE with glass spheres (p, = 2.49 g/cm?), Roha, Doh, and Andersen
reported that the addition of solids increased the dependence of the limiting‘current on Q
from the 1/2 power Levich mlaﬁon for & = 0.0 to an apbroximately linear one at high ‘solids
loadings. Unlike the results presented here for an RCE geometry with spheres more dense
than\ the electrolyte, log-log plots of their data yielded straight lines for a given volume frac-
tion. The data of Kim et. al. (88) for an RCE in suspensions of dense glass spheres
displayed similar bending in log i, versus log Q plots to that shown in Figure 5-3.

In general, the relative enhancement (i,‘/i,), which is related to D" /D discussed in
Chapter 3, is a function of particle size, volume fraction, electrode rotation speed, and particle
density. For the neutrally buoyant spheres, i, /i, generally increases as 2 increases; this
trend is shown in Figure 5-5. Figure 5-6 illustrates the complex behavior of the enhancement
factor for the heavy microspheres. For @ = .2 and .3, i,"/i, decreases as Q increases. For
® = 40, i," /i, increased up to 2000 rpm and then decreased while i," i, varied very little
with Q at ® = .10. A concise explanation for all of this complex behavior cannot be offered
without further investigations coﬁceming the hydrodynamics of suspensions in the RCE

geometry.
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Effect of Solids Volume Fraction

The limiting current density does not vary monotonically with solids volume fraction;
in fact, a plateau exists in plots of i,” versus ® for all particle diameters and electrode sizes
studied. As illustrated in Figures 5-5 and 5-6, i,” increases with ® up to 20 or 30% solids
and then levels off. With the exception of the light (p, = .697 g/cm?>) spheres, very little
enhancement is produced at ® = .10 for the suspensions investigaied. A plateau (or max-
imum) in the limiting current density versus solids volume fraction probably resulted from
the high solution viscosity and turbulence reduction. Recall Figure 2-1, the effective viscos-
ity of a suspension increased rapidly for ® > .25, andi i;" decreases as increases. Further-
more, Equation (2-1) predicted a gap width between adjacent spheres less than a for @ > .20.
Perhaps the particles were close enough to inhibit by destructive interference the turbulent
eddies responsible for transport enhancement.

Such a plateau in the limiting current density above ® = .30 was reported by Roha
and Doh with the RDE system (82, 83). Other investigators mentioned in Table 3-2 exam-
ined lower volume fractions or simply did not present their data in a way that elucidated the
dependence on solids volume fraction.

Effect of Rotor Radius

The ETW correlation, Equation (4-2), and the ® = 0.0 data prgsented earlier indicated
that the limiting current density is proportional to r;* for the RCE operated in the turbulent
flow regime without solids present. Figure 5-7 displays the effect of rotor radius on the rate
of mass transfer upon the addition of inert spheres. As r; increases the limiting.current
increases as expected, but the power dependence pf i;" on r; increased from 0.4 to 0.55.
The exact power depends slightly on particle size and volume fmédon.

Effect of Particle Size

The effect of particle size was examined with Si0,—Al,0 spheres of two different

diameters from Zeelan Industries (p, = 2.14 g/cm3). Typical results for z;ll electrode sizes

are depicted in Figure 5-8 for the 2.53 cm diameter Ni cathode comparing 25.0 and 46.6 um
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diameter spheres. The larger particles were more efficient transport promoters below 2500
rpm for all volume fractions and electrodes studied. However, the degree of enhancement
above 2500 rpm decreases, and in a few cases, the 25 wm spheres produce higher limiting
currents. As described earlier, such behavior may be caused by the centrifugal forc¢ field
which pushes the larger particles further away from the electrode surface than the smaller
ones. Finally, the dependence of transport rate on particle radius is relatively weak, approxi-
mately a'.

The particle size dependence of the limiting current on an RCE for spheres more
dense than the electrolyte is surprising in view of the RDE studies presented in Chapter 3.
For example, Figure 3-2 shows the data of Doh in which i, is inversely proportional to par-
ticle diameter in the 25 - 100 wm size range (83). Kim measured limiting currents in an
RCE system with two different sizes of light (p, = .305 g/cm?) particles, 30 and 68 um
(88). The larger spheres produced higher limiting current densities than the smaller ones, con-
sistent with our data for spheres mbore dense than the electrolyte. The dependence of the lim-
iting current on particle size will be discussed further in the followirig chapter.

The effect of particle size was also investigated with polymer m{;:rospheres of nearly
the same density (1.08 g/cm> and 1.20 g/cm?), but an order of magnitude difference in size,
46.3 pm versus 4.95 wm. In this case the effect of particle size depended on volume frac-
tion and rotation speed. For @ = .10, the smaller spheres yielded larger enhancements, while
at @ = .30, the larger spheres produced the highest limiting currents. For ® = .20, the 4.95
wm particles produced larger enhancements below 1500 rpm only. Furthermore, the rate of
mass transport displayed a very- weak dependence on a, changing Lhe.particle size-by an

order of magnitude for the same @ and Q changed i,” by 30% or less.
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Figure 5-3. Effect of microsphere density, p,, on i;” for the D = 1.91 cm Ni cathode. The
electrolyte used with neutrally buoyant spheres (p, = 1.08 g/cm’, 2a = 46.3 wm) contained
53 mM SDS surfactant for wetting purposes. Experiments with the Si—Al,04 ceramic
spheres (p, = 2.14 g/cm?, 2a = 46.6 um) were performed without surfactant.
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Figure 5-4. Variation in limiting current density with rotation speed as a function of solids
volume fraction measured on the D = 1.91 cm Ni electrode. The suspended particles are
hollow, Si—Al,0 5 spheres with a volume weighted average diameter, 2a, of 79.9 wm and a

density of .697 g/cm?.
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Figure 5-5. Enhancement factor (i,'/i,) as a function of volume fraction (®) for various
electrode rotation speeds in suspensions of neutrally buoyant spheres. Electrode diameter =
2.53 cm, 2a =463 um, p, = 1.08 g/cm>, .58 mM SDS. : :
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Figure .5-6. Enhancement factor (i,'/i,) as a function of volume fraction (®) for various
electrode rotation speeds in suspensions of dense spheres. Electrode diameter = 2.53 ¢m,
2a =46.6 um, p, = 2.14 g/cm®.
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Figure 5-7. Effect of inner electrode diameter on the limiting current density in a RCE sys-
tem with neutrally buoyant spheres (2a = 46.3 wm, p, = 1.08 g/cm3, 58 mM SDS).
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Figure 5-8. Effect of particle size on the limiting current density in suspensions of dense
spheres, p, = 2.14 g/cm3. The results shown are for a Ni electrode 2.53 cm in diameter.
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5.4 A Correlation of the Data
,A dimensionless correlation that accounts for the effects of electrode rotation speed,
particle volume fraction, rotor radius, and particle size is described in Chapter 3.3. Assuming
that a is the proper length scale, the proposed correlation of mass transport in suspensions
undergoing turbulent flow in a concentric rotating cylinder geometry is
B(®)

173

*

D;

il‘a a2r_1.4Ql.7

~ WFD;C,
where o(®) and B(P) are functions of ® to be determined from the data. The effective

Sh = (@)RePP)$c 13 = () (5-1)

i
v" 1.7

kinematic viscosity (v* = u*/p") was calculated from the Thomas correlation for pu*, Equa-
tion (2-3), and Equation (3-21) for p*. Pure electrolyte physical properties were calculated
from the empix_'ica.l expressions in Appendix B.

For each limiting current measurement, Sh/Sc® was calculated and plotted logarithm-
ically versus the particlé Reynolds number defined above; o and 8 were obtained by a linear
least-sﬁuares regression of the experimental data. These plots are shown in Figures 5-9
~ through 5-12 for the 25.0 and 46.6 wm spheres (p, = 2.14 g/cm3) with the three different
diameter electrodes. Figure 5-13 contains a summary of the regressed lines and Figure 5-14
diéplays o as a function of ®. The values of  and B are summarized in Table 5-1 for the
heavy microspheres and Table 5-2 for the neutrally buoyant polystyrene spheres. Ignoring
the ® = 40 data in Table 5-1, B is found to be essentially independent of ® to a first approx-
imation. An average value o.f B = .43 represents the dense sphere data well for
.140 < @ < .30; a value of B = .45 represents the neutrally buoyant data well for all ®. The
smal} (2a = 4.95um) spheres were not included in that correlation because of the limited
number (only 1 electrode) of experiments performed and the extremely large differenc\e in

particle radius.

The correlation represents the data reasonably well except for the @ = .40 case with

the dense ceramic spheres as illustrated in Figure 5-12. For Re > 10 in that figure, the Sher-
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D Re N o B . Correlation Average
- ’ Coefficient Error

.10 1.62-742 40 .0303 426 948 + 13.5%
20 993-454 39 .0503 414 948 + 12.0%
30 541-247 41 .0652 451 1,950 + 13.6%
40 .686-96.5 38 0781 520 743 + 36.8%

Table 5-1. Summary of correlation results for the rate of mass transport in suspensxons of
Si0 y—~Al,0 5 spheres from Zeelan Industries, (p, = 2.14 g/cm 3.

o) Re N o B Correlation Average
Coefficient Error
.10 2.01-627 26 .0409 417 986 + 6.5%
20 1.06-332 26 .0628 449 970 + 10.9%
.30 .507-158 26 .0846 459 987 + 6.7%
40° 175-54.6 "26 107 453 . .989 + 5.9%

Table 5-2. Summary of correlation results for the rate of mass transport in suspensions of
polystyrene-2%DVB spheres from Eastman Kodak, (p, = 1.08 g/cm3).

wood number displayed almost no dependence on Re. Somehow, the tufbulent mixing was
inhibited. This effect is probably caused by particle inertia because the neutrally buoyant
spheres do not show the same behavior at ® = .40. Unfortunately, the size dependence of
i;" predicted from Equation (5-1) is wrong, given the values of B in Tables 5-1 and 5-2.
Essentially a compromise between the effects of various variables, the correlation masks the
dependence on particle radius a which is weaker than the effects of r; or Q. The correlation
predicts i, « a™! while the data shows i;" a a'>. Because of this discrepancy, extrapolation
of these results is not recommended.

To place the average errors presented in Tables 5-1 and 5-2 in perspective, the aver-

age error in correlating the @ = 0.0 data in terms of Re with r; as the characteristic length
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(as done in the ETW correlation) is iS.S%‘.

As mentioned in Chapter 3.3, there are 3 possibilities for the characteristic length, L,
in this system: a, r, — r;, and r;. A correlation of the transport data for the ceramic spheres
based on r; simply does not work. Although it is slightly better for ® = .40, the correlation
based on the gap dimension produces poorer results for @ = .10, .20, and .30 than the one
based on a. Therefore, the gap width does not appear to be the proper length scale, either.
Furthermore, tl;e gap dimension is unimportant for mass transfer in single phase fluids pro-
vided it is not extremely small. Eisenberg, Tobias, and Wilke varied the gap to rotor radius
ratio, (r, — r;)/r;, by a factor of 34, from 0.2 to 6.8, and found no dependence of the limiting
cumﬁt density on the outer cylinder radius (95). For gap to rotor radius ratios less than 0.1,
Mohr found a weak dependence of i, on r, (108). The experiments described in this report

considered gap to rotor radius ratios of 0.90 to 3.66.

5.5 Experimental Error and Reproducibility

Several sources of experimental error exist, ranging from electrolyte composition and
solids volume fraction to microsphere degradation by mechanical abrasion. Upon completion
of a series of experiments, an SEM micrograph of the Si0,~Al,0 4 spheres revealed that a
small number had been fractured; this may have affected the results by altering the shape and
size distribution of a sample. Preparing the suspensions included volumetric and gravimetric
determinate errors; furthermore, particle volume fraction was a function of rotation speed for
the non-neutrally buoyant particles because of sedimentation an;l centrifugal forces.

Rather than quantify the effects of all these possible error sources, the experimental
reproducibility was examined. Limiting current measurements conducted 6 months apart with
the polystyrene spheres (p, = 1.08 g/cm3, 2a =46.3 wn) and the 2.53 c¢m Ni cathode
agreed within +7%. Without solids present, the réproducibility was better than +4%. The

- precision of all experiments described in this thesis is assumed to be no worse than +10%.



81

10.00
1 o 1.03 cm, 46.6 um
e 191 cm, 46.6 um
a 253 cm, 46.6 um"
a 1.91 cm, 25.0 um
1.00 + o 253 cm, 25.0 mm
sho 4
[e] ®
ch3 ¢ 5
0 10_% . @ ‘. 2 a 3
i 3
4 ¢ =.10
p =214 g/cm3
0.01 ettt ettt} ———t—t—t—tt—+ A1+
- 0.1 1.0 . 10.0 100.0 1000.0

Re
XBL 9011-3809

Figure 5-9. Correlation of mass transfer data in 10% (by volume) suspensions of dense
microspheres, p, = 2.14 g/cm3 The dimensionless quantities Sk, Re, and Sc are defined in
Equation (5-1); the line represents a least-squares fit to the data.
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Figure 5-10. Correlation of mass transfer data in 20% (by volume) suspensions of den;e
microspheres, p;, = 2.14 g/cm>. The dimensionless quantities Sk, Re, and Sc are defined in

Equation (5-1); the line represents a least-squares fit to the data.
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Figure 5-11. Correlation of mass transfer data in 30% (by volume) suspensions of den§e
microspheres, p, = 2.14 g/cm3. The dimensionless quantities Sk, Re, and Sc are defined in
Equation (5-1); the line represents a least-squares fit to the data.
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Figure 5-12. Correlation of mass transfer data in 40% (by volume) suspensions of dense
microspheres, p; = 2.14 g/cm3. The dimensionless quantities Sk, Re, and Sc are defined in
Equation (5-1); the line represents a least-squares fit to the data.
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Figure 5-13. Summary of mass transfer correlation results as a function of @ for variogs
sizes of electrodes and microspheres (p, = 2.14 glcm®). Sh,Re, and Sc are defined in
Equation (5-1); the lines represent a least-squares fit to the data at each respective volume
fraction. -
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Figure 5-14. Coefficient o defined in Equation (5-1) as a function of solids volume fraction
for suspensions of dense, Si—Al/,03 microspheres.



87
Chapter 6
Discussion and Conclusions

6.1 Major Results Summary

As detailed in Chapter 5, the limiting current density on an RCE increases upon the
addition of inert microspheres. The magnitude of the transport rate increases as electrode
rotation speed, rotor radius, volume fraction, and particle radius increase. Howeyer, the lim-
iting current is relatively insensitive to the solids volume fraction for @ = .30. Furthermore,
particle denéity is important because of the nonuniform solids distribution produced by centri-
fugal and buoyancy forces. For example, the transport enhancement (relative to no solids
present) achieved with beads more dense than the electrolyte decreases dramatically at high
rotation speeds as a result of particle movement away from the electrode surface in the centri-
fugal force field created by the spinning cylinder.

The addition of solids decreases the Bulk concentration of reactant, increases the
effective viscosity, and decreases the cross-sectional area available for mass flux. As shown
in Figure 6-1, these factors alone should decrease the rate of mass transfer in suspensions.
For @ = 0.0 the limiting current data in the absence of solids is represented to within +5.5%
by:

671

: Y173
= .128(Re, )*"'Sc!? = .128 Y

D.

[

i,r‘- 2"[29

Sh = ——1
nFD;C,

(6-1)

The other lines are constructed with Equation (6-1) by substituting effective values for
concentration, diffusivity, and viscosity. The effective concentration, Cj, is defined as

Cy = Cp(1 - D) (6-2)

The effective kinematic viscosity (v" = pu"/p") is calculated from the Thomas correlation for

", Equation (2-3), and Equation (3-21) for p*. The effective diffusivity, D", is calculated
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Figure 6-1. Hypothetical values for the limiting current density on a rotating cylinde{ elgc-
trode in suspensions of dense (p, =2.14 g/cm*) microspheres obtained by substituting

effective values of concentration, diffusivity, and viscosity into Equation (6-1).
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from Equation (3-5) which was originally derived by Prager for D" /D in creeping flow. As
expected, the addition of solids decreases these hypothetical values of the limiting current
dramatically; this anticipated behavior is independent of particle radius because, as described
in Chapter 2, p* is independent of a. However, the experimentally measured limiting
current does not decrease as predicted in Figure 6-1; rather, the addition of solids increases
the rate of mass transport significantly.

Such an increase may be caused by the microconvective eddies created by particle
rotation in the shear field adjacent to the spinning electrode. This microconvection does not
affect the bulk rheological properties, but does influence the transport of a solute to a wall in
a flowing suspension. A dimensionless correlation based on a particle rotation model, Equa-
tion (3-26), agrees reasonably well with the data presented in Chapter 5. However, the size
dependence of i,' predicted from the correlation, given the values of § (power of Re) in
Tables 5-1 and 5-2, does not agree with the experimental data. Upon rearranging Equation
(5-1) for i;", the correlation reveals a limiting current density ptoportional to a™! while the
data displays a proportionality to a'®. Because of this discrepancy, the general validity of
Equation (5-1) appears to be suspect, but it does repr;sent our data adequately. In any event,
more experimentation is necessary to fully determine the effect of microsphere radius on
mass transport in this system. |

As a result of linear least-squares regression of dimensionless groups, the correlation
is a "compromise” between various variables, the a dependence is the weakest and is there-
fore masked by the Q and r; functionalities. Physically, the discrepancy between the model
and experiment may be the result of particle collisions and subsequent direct interaction with
the boundary layer, two phenomena not considered in the formulation of the correlation.
Goldsmith and Karino reported enhanced diffusivity in flowing suspensions of red blood cells
(109). They showed photographically that the cells deform rather than rotate and attributed
the transport enhancement to the erratic radial displacements in the paths of the cells. The

authors claimed this migration mechanism was proportional to shear rate also. Thus, it



90

appears that particle rotation is not necessary for transport enhancement.

In conclusion, electrode rotation speed, particle volume fraction, and rotor radius‘
affect significantly the rate of mass transport in suspensions. Particle size in the 5 - 50 wm
range exhibits a weak effect, but particle density can alter substantially the limiting current in
systems where centrifugal or buoyancy forces cause a nonuniform distribution of solids. To
be truly successful, a theory of mass transport in suspensions must account for the local mix-

ing created by particle rotation, translation, collisions, and particle-free wall layers.

6.2 Comparisons with other Investigations

The largest value of the enhancément factor, i;" /i;, obtained in this work is 2.7 at
4000 rpm with the 46.3 wn diameter neutrally buoyant spheres for a volume fraction of .30
and an electrode diameter of 1.91 cm. The magnitude of this increase agrees well with the
other entries in Table 3-2. Earlier investigations with the rotating disk electrode reported
slightly larger increases in i,‘ , but examined a wider range of particle sizes and thus optim-
ized the transport augmentation. Such an optimiz;m'on was not performed in this study. It is
perhaps sufpn’sing that the addjtion of inert particles produces such large increases in the rate
of mass transport in bulk turbulen; flow since turbulence, unlike laminar flow, already pro-
duces efficient mixing. Fischl et. al. have reported that the relative enhancement of mass
transport to a wall produced by stationary flow obstacles is greatly decreased as bulk tur-
bulence is produced in channel flow (110). Apparently, suspended solids c/reate micro-scale
turbulence that is more efficient than the bulk turbulent mechanism or the local mixing
caused by flow obstacles.

There are no published correlations for mass transport in suspensions employing an
RCE geometry to compare with the one presented in this report. Of the published experi-
mental results reviewed in Chapter 3 and summarized in Table 3-2, only Kim examined
different sizes and densities of microspheres with the rotating cylinder electrode (88). Our

data agrees qualitatively with his results although a quantitative comparison is not possible
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because of the widely different microsphere densities employed in the respective investiga-
tions. For 30 and 68 pm spﬁeres less dense than the electrolyte, he found that the larger
spheres produced the highest limiting currents. Also, Kim reported decreased relative
enhancement with beads denser than the electrolyte, ie. ;" /i, decreased with increasing €
this is consistent with our results for the heavy spheres, p, =2.14 g/cm?.

As shown in Figure 3-2 for spheres denser than the electrolyte, the limiting currer‘it
decreases as particle size increases in the 25-100 wn size range for a rotating disk electrode
system, but it increases with a for the RCE in the same size range. Roha reported an optimal
particle siie for the RDE system between 1.5 and 2 times the pure solution mass transfer
boundary layer thickness (82). The relationship between particle size and boundary layer
thickness can be examined for the RCE geometry as well. Assuming a ferricyanide transfer-
ence number of zero for a well supported electrolyte, Fick’s law reduces to the fqllowing

equation at the limiting current

b pSe 6-3)

nF Sy ,
Rearranging Equation (6-3) for 3, and substituting Equation (6-1) for i;, a plot such
as Figure 6-2 can be constructed. The pure solution boundary layer thickness is displayed as
a function of Q for the electrodes used in this study, and a 46 pm diameter sphere drawn to
scale is also shown. Note that the boundary layer in suspension is not clearly defined
because of the microconvection in the vicinity of the wall caused by the particles, but it is
probably smaller than the single phase case. Considering that only a small fraction of the 46
wm sphere could interact with the boundary layer, one might suppose that the 25 pwm sphere
could disrupt it more effectively. However, this reasoning does not agree with the experi-
mental data for the RCE since the larger spheres are more efficient transport promoters.

Perhaps the smaller spheres, which are closer together for a given @ than the larger particles,

dampen the otherwise effective turbulent eddies.
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Figure 6-2. Pure solution mass transfer boundary layer thickness (8,,) as a function of elec-
trode rotation speed. The ordinate is calculated from Equation (6-3) and the regressed
expression for the ® = 0.0 data, Equation (6-1). An accurate scale size 46 wm diameter
sphere is shown for perspective.



6.3 Power Requirements and Energy Efficiency |

The addition-of suspended particles to a fluid increases both the rate of mass transfer
and viscous dissipation. The energy efficiency of an ;lectrochemical process operating with
suspended particles reflects a balance between the benefits of faster production, versus
increased agitation/pumping costs and ohmic losses. Suppose one desires to plate a metal on
an RCE, adding solids shortens deposition time by increasing the rate of transport, but
requires hore energy to spin the cylinder. The power required to drive a rotating cylihder
equals the product of the torque, G, and the rotation rate. |

P=GQ | (6-4)

Substituting Equation (3-25) for G written for a single phase ﬂuiq, Equation (6-4) can be
written

= 06457l p'u3r;34Q%7 (6-5)

where [ is the electrode length. Thus, the ratio P/P" may be expressed as
3 ‘
i‘.—} (6-6)

‘P (o i
P‘ . p‘ u

The quantity i, " /i, is obtained by dividing Equation (5-1) by (6-1) to yield

b« a @ = Dy (148 = 3417 = 671, 338y, (173 = LTB) (6-7)

i .102
where o and [ are given by Tables 5-1 and 5-2.

Combining (6-6) and (6-7) yields the agitation energy efficiency, i,  P/i;P", plotted in
Figure 6-3 as a function éf electrode speed for the peutrally buoyant polystyrene micro-
spheres (p; = 1.08 g/cm3, 2a = 46.3 um). The values of this ratio are greater than one,
suggesting that the use of suspended solids to enhance mass transfer sav;:s agitation energy

compared to the process without solids. For the Si0,—Al,0 3 spheres that are almost twice as

dense as the electrolyte, the agitation energy efficiency is slightly greater than one only for
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rotation speeds greater than 1000 rpm. Not onlyv do neutrally buoyant spheres produce tran-
sport enhancements equal to or better than derlsér particles of the same size, less agitation
energy is consumed also.

The effective conductivity of a suspension may be estimated by Equation (3-3); the
additional ohmic loss depends on the actual distance between electrodes. The portion of total
enefgy consumption that ohmic losses comprise ultimately determines whether operating with
suspended sqlids requires a smaller or greater energy expenditure.

One can also compare the energy required for achieving a higher limiting current den-
sity by rotating the cylinder faster without particles present, given by Equation (6-1), with
that for adding the 46.3 wn polystyrene spheres and keeping the speed constant. Such an
analysis is presented in Figure 6-4; adding solids at 3000 rpm is compared with rotating the
cylinder faster without particulates. Clearly, the addition of inert microspheres provides a
method of achieving a given increase in the limiti‘ng current density that consumes much less
power than simply increa;ing electrode rotation speed to enhance mass transport. The "knee”
in the solids addition éurve, ie. two different values of P at a given percentage increase in
transport rate, results from the plateau in the i,' versus @ graph. Increasing solids concentra-
tion above .30 increases viscous dissipation, yet produces smaller limiting current augmenta-

tion.
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Figure 6-3. Agitation energy efficiency, (i;" P/iiP"), as a function of electrode rotation
speed. The quantity plotted along the ordinate is given by combining Equations (6-6) and
(6-7); a value greater than one reveals that the increase in limiting current density is propor-
tionally larger than the increased power consumption. Hence, the proposed process would
save agitation energy.
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Figure 6-4. Agitation power, P, per unit electrode area required to achieve a given increase
in limiting current density. The dotted line represents the power consumed by adding micro-
spheres at 3000 rpm to increase the transport rate while the solid line represents rotating the
cylinder faster without solids present. Calculation performed for D = 2.53 c¢m inner, cylindr-
ical electrode and 46.3 wm polystyrene spheres.
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6.4 Benefits Derived from the Addition of Suspended Solids

The addition of inert solids to la flowing elei:trolyte has produced significant increases
in the rate of mass transfer that may expand the utility of electroforming techniques. By
decreasing deposition times by a factor of two or three, the rate of electrolytic production
could be improved dramatically and capital charges would be correspondingly reduced. Furth-
ermore, use of suspended solids could result in a net reduction in energy costs as shown in
the previous section. Finally, deposit uniformity and surface texture can be improved by
plating in electmlyte‘ suspensions. As discussed in Ch&pter 1, Wisdom (27) and Eisner 28)
reported that the addition of suspended solids improved the throwing power of plating baths
and thereby produced more uniform deposits. Brown and Tomaszewski (22, 23) claimed that
fine powders improved deposit quality and produced satin-like electrodeposits. Such results
can eliminate expensive post deposition polishing steps.

The major disadvantage of solid-liq’uid dispersions is their abrasive nature which
necessitates specially designed vessels, piping, and pumps. This l'eads_/to increased capital
costs compared to more con\;entional plating operations. Nevertheless, suspensions are han-
dled economically in the chemical processing industries; examples include coal slurry tran

sport, paper and pulp processing, paint production, and polymer composite manufacture.

6.5 Recommendations

A number of future research topics arose during the course of this investigation. First
and foremost, the effect of particle size should be investigated more fully in the rétating
cylinder system. Additional experiments should also examine the effect of drag-reducing
agents such as polyethylene oxide which might enable the parﬁcles to spin more freely and
thus create more microconvection. Polydispersg size distributions of solids are known to

significantly alter the effective viscosity for @ > .20, but their effeci on mass transport has
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not been studied. In addition, the effects of suspended solids on deposit morphology and
bath throwing power deserves more atfention. Unfortunately, the presently available informa-
tion concerning ;hese phenomena are restricted to claims made in ;fle patent literature.

‘Botlyl theoretical and experimental work detailing the formation and thickness of the
particle-free wall layer, including the motion of particles near the wall, should be undertaken.
A channel flow device appears to be mdst appropriate for application of the photographic
and/or Laser-Doppler techniques needed to study the wall slip layer and particle motion in
concentrated dispersions. Such a channel flow apparatus is characterized by a constant shear
rate at the wall like the RCE, but a vertically oriented flow cell, with flow in the upward
direction, would not suffer from the buoyancy and centrifugal forces that hampered interpre-
tation of the results obtained in the experiments described in this report. Information gained
from such flow cell experiments should facilitate a more detailed understanding of mass tran-

sport phenomena in suspensions.
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Nomenclature

Roman Letters

particle radius (cm)

area (cm?)

concentration (moles/!)

concentration in the bulk (moles/l)
heat capacity (ergs/g°C)

particle diameter (cm)

diffusion coefficient (cm 2/s)
equilibrium electrode potential (volts)
equilibrium electrode potential at standard conditions (volts)
friction factor

Faraday’s constant (96,487 C/eq)
torque (dyne-cm)

current density (mA /cm?)

limiting current density (mA /cm?)
total current (Amps )

* thermal conductivity (ergs/m s -K)

cylinder length (cm)
characteristic length (cm)
number of electrons transferred
Power (Watts)

Peclet number

rate of heat transfer (ergs/s)
inner cylinder radius (cm)
outer cylinder radius (cm)

tube radius (cm)

Reynolds number

Schmidt number (v/D )
Sherwood number (i, L/nFDC,)
peripheral velocity of rotating cylinder (cm/s) —
temperature (°C)

velocity (cm/s)

‘Greek Letters

thermal diffusivity in Equation (3-7) (cm¥s), otherwise an arbitrary constant
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particle free wall layer thickness (cm)
mass transfer boundary layer thickness (cm)
ionic conductivity (ohm~lcm™)
gap width between suspended solids (cm)
viscosity (g/cm—s)
kinematic viscosity (cm 2/s)
angular rotation speed of particles (s 1)
angular rotation speed of cylindrical or disk electrode (s ')
volume fraction of solids
shear rate (s™))
ionic strength (moles/l)
' 3.14159....
density (g/cm?3)
volume weighted standard deviation
wall shear stress (dyne/cm?)

£ a0 AR /gOE<TE »r oo

Superscripts
* suspension property

Subscripts
continuous phase
dispersed phase
fluid phase
population (number) weighted quantity
solid phase

o3 YN Aan
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APPENDIX A
Volumetric Analysis of Electrolyte Composition

The composition of the electrolyte solutions was periodically analyzed to ensure that
the ferricyanide concentration did not change during a series of experiments. The nominal
composition of the pure electrolyte wés 2.00-M NaOH, 0.100 M K Fe(CN )g, and 0.0200
M K;3Fe(CN ). Titrations were performed on aliquots of pure electrolyte before and after
the addition of solids according to the procedure described below.

Ferricyanide Determination (111, 112)

All ferricyanide is converted into zinc ferrocyanide and an equivalent amount of iodine is set
free which is titrated with thiosulfate solution using starch as an indicator.

(1) Pipet S0 m! of electrolyte into an Erlenmeyer flask.

(@) Add 20 ml of 1 N-KI and 75 ml of 0.1 N ZnSO, in4 N H,§04 An insoluble zinc
ferrocyanide complex is formed in this step.

(3) Titrate-with 0.1 N thiosulphate solution stopping just before the equivalence point, and
then add 5 m! of starch indicator solution. The solution color changes from blue to clear at
the endpoint with a milky white precipitate. ’
Ferrocyanide Determination (113)

(1) Pipet 20 ml of electrolyte into an Erlenmeyer flask.

(2) Acidify with 5 ml of concentrated H ;S0 4.

(3) Add 5 drops of 1% diphenylamine indicator solution and titrate with 0.1 N potassium
permanganate until color changes sharply from green to a deep brownish-green.

(4) 1 ml 1.000 N KMnO 4 = 0.3683 g K4Fe(CN ).
Sodium Hydroxide Determination
(1) Add 50 ml distilled water to 10 ml of electrolyte and 4‘drops of phenolphthalein.

(2) Titrate with 1.000 N HC! until the disappearance of the red indicator color.
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APPENDIX B
Calculation of Electrolyte Physical Prbperties

The alkaline ferricyanide solutions employed in these experiments had the following
compositioh: 2.00 M NaOH, 0.100 M K Fe(CN)g, and 0.0200 M K3Fe(CN)s Electrolyte
density and viscosity were determined by the empirical équations of Boeffard who measured
the density in 25 c¢cm3 pycnometer‘s and viscosity with an Ubbelohde viscometer calibrated

. with distilled water (114).

p (g/em® = 099702 + 0.04423Cnon + 0.17118Cp, cyys + 023119C,, (oyys
- 0.00133Cpon -~ 0.00787CN,,0HCF6(CN)€3 - 0.00978CM,0HCF2(CN)€¢ (B-1)
n(cP) = 096714 + 0.09622Cn oy — 0.20528C,,-e(c~)€3 + 0.090255Ck, oy
+ 0.05404C0n + 0.53303CF, cyy2 + 043505C7 yys + 0.23586Cnaon Cry oy
+ 0.30258.5vCNao,,CFe(CN)g4 + 0.99923C,, cny¢Creenys® ~ (B-2)
For the composition stated above, these equations yielded a density and viscosity of 1.104
g/cm® and .01457 g/(cm-s), respectively.
The diffusivity of the ferricyanide ion, Fe(CN)g>, was detenﬁined from the empirical
correlation of rotating disk integral diffusivities determined by Gordon, Newman, and Tobias

(115):

D; .
ZiE o (0234 +0.00141) x 1070 &2 (B-3)
T s2K
In this expression T is the absolute temperature in degrees Kelvin, and the ionic strength, T',

is defined by

n .
r = %ZC; 2 (B4)
¢
where C; is the concentration of species i, z; is the ionic charge, and the summation is taken
over all species n. For these experiments, T = 298K and I' = 3.12, Equation (B-3) pro-

vided the following value for the ferricyanide diffusivity, D; = 4.88 x 107 cm¥s.
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APPENDIX C

Tabulation of Experimental Data
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Limiting Current and Enhancement Factor Data with Neutrally Buoyant Microspheres

Electrode: Nickel 200 Cathode, D = 1.03 cm, L = 13.90 cm, A = 45.00 cm?,
gap to rotor diameter ratio = 1.83 -
Electrolyte: 2.00 M NaOH, .100 M K ,Fe(CN)g " 3H,0, .0200 M K3Fe(CN )¢
Surfactant Slurry Concentration: .575 mM SDS
Microspheres: Kodak polystyrene/2% DVB, volume weighted average diameter = 46.3 um,
p, = 1.08 g/cm?

Table C.1: Limiting Currents

* % ,* L *

Q i( il i[ iy ] 1y :
ETW o =00 $=.10 6 =.20 o =.30 & = 40

(rpm) (mAlcm?)  (mAlcm®  (mAlcm® (mAlcm®)  (mAicm®)  (mA/cm?)
250 1.56 1.84 1.91 2.56 2.58 2.24
500 2.54 2.90 3.11 4.16 476 4.49

1000 4,12 4.58 476 °  17.60 7.87 7.91

1500 5.47 5.97 6.33 9.78 112 11.0

2000 6.70 7.21 7.71 11.3 13.3 13.6

2500 7.83 8.35 9.53 13.6 154 15.8

3000 8.89 9.41 11.2 14.8 16.7 16.4

3500 9.91 10.4 11.9 15.8 18.7 18.6

4000 109 11.4 12.5 174 203 20.4

Reference 02-090 02-147 03-062 03-067 03-071 03-073

Table C.2: Enhancement Factors

Q il i il iili illiy
(rpm) o =.10 o =.20 ¢ =.30 o = .40

250 1.04 1.39 1.40 1.22

500 1.07 1.43 - 1.64 1.55
1000 1.04 1.66 1.72 1.73
1500 1.06 1.64 1.88 1.84
2000 1.07 1.57 '1.84 1.89
2500 - 1.14 . 1.63 1.84 1.89
3000 1.19 1.57 1.77 1.74
3500 1.14 1.52 1.80 1.79
4000 1.10 1.53 1.78 _ 1.79
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Limiting Current and Enhancement Factor Data with Neutrally Buoyant Microspheres

Electrode: Nickel 200 Cathode, D = 1.91 cm, L = 13.90 cm, A = 83.41 cm?,
gap to rotor diameter ratio = .757
Electrolyte: 2.00 M NaOH, .100 M K Fe(CN)g " 3H,0, 0200 M K3Fe(CN )¢
Surfactant Sturry Concentration: .524 mM SDS
Microspheres: Kodak polystyreneﬂ% DVB, volume weighted average diameter = 46.3 wm,

ps = 1.08 g/cm?
Table C.3: Limiting Currents
Q i i i i i -0
ETW 6 =00 6=.10 6 =.20 6 =.30 o = 40

(rpm) mAlcm® (mAlcm® (mAilcm® (mAicm® (mAlem®  (mAicm?)

250 201 . 1.95 2.34 3.01 3.13 3.33

500 3.26 3.15 3.60 5.25 6.69 5.73
1000 530 5.08 6.11 8.64 11.8 . 10.8
1500 7.04 6.72 8.27 11.6 17.1 15.7
2000 8.61 8.20 10.6 14.4 21.5 18.7
2500 10.1 9.57 12.5 171 253 21.9
3000 11.4 10.8 14.7 19.9 27.9 25.7
3500 12.7 12.1 16.9 22,5 31.1 24.6
4000 14.0 13.2 18.5 23.6 35.7 25.2

Reference 02-090 02-103 03-047 03-040 03-045 03-058

Table C.4: Enhancement Factors

Q iili iiliy il il li
(rpm) ®=.10 o= .20 o =.30 o= .40

250 1.20 1.54 1.61 1.71

500 1.15 1.67 2.12 1.82
1000 1.20 1.70 ‘ 2.18 2.13
1500 123 1.73 2.54 2.34
2000 1.29 1.76 2.62 2.28
2500 1.31 1.79 2.64 - 2.29
3000 1.36 1.84 2.58 2.38
3500 1.40 1.86 2.57 : 2.03
4000 1.40 1.79 2.70 1.91
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Limiting Current and Enhancement Factor Data with Neutrally Buoyant Microspheres

Electrode: Nickel 200 Cathode, D = 2.53 cm, L = 13.90 cm, A = 110.61 cm ,
gap to rotor diameter ratio = .449
Electrolyte: 2.00 M NaOH, .100 M K ,Fe(CN)g " 3H,0, .0200 M K 3Fe(CN )g
Surfactant Slurry Concentration: .581 mM SDS
Microspheres: Kodak polystyrene/2% DVB, volume weighted average diameter = 46.3 um
p, = 1.08 g/cm?®

Table C.5: Limiting Currents

* * L * Lk L *

Q i[ il il il ] i ]
ETW ¢=00 ¢=.10 ¢=.15 ¢=20 ¢6=30 ¢=.40
(rpm) (mAlcm?) (mAlcm?) (mAlcm® (mAlcm® (mAicm® (mAlcm® (mAlcm?)

250 2.25 2.30 2.98 3.05 3.72 4.20 4.23

500 3.65 3.75 4.20 5.46 7.12 7.64 7.00
1000 5.93 6.11 6.34 9.71 11.5 134 - 13.2
1500 7.87 8.14 8.99 13.7 19.2 18.1 18.3
2000 9.63 9.97 11.8 15.7 250 22.1 21.7
2500 11.3 11.7 154 18.4 28.3 25.7 26.1
3000 12.8 13.3 16.9 20.6 319 31.1 29.6
3500 14.2 148 . 189 216 — 348 285 326

Reference 02-090  02-143  03-021 03-031 03-012  03-025  03-028

Table C.6: Enhancement Factors

Q iiliy il liy il liy i'li; i liy
(rpm) ®=.10 6 =.15 0=20 o =.30 o =.40
250 1.30 1.33 '1.62 1.83 1.84
500 1.12 1.46 1.90 2.04 1.87 A
1000 1.04 1.59 1.88 2.19 2.16
1500 1.10 1.68 2.36 222 2.25
" 2000 1.08 1.57 2.51 222 2.18
2500 1.32 1.57 2.42 2.20 223
3000 1.27 1.55 2.40 2.34 2.23
3500 1.28 1.46 - 2.35 1.93 2.20
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Limiting Current and Enhancement Factor Data for Heavy Microspheres

Electrode: Nickel 200 Cathode, D = 1.03 ¢m, L = 13.90 cm, A = 45.00 cm?,
gap to rotor diameter ratio = 1.83
Electrolyte: 2.00 M NaOH, .100 M K Fe(CN)g " 3H,0, .0200 M K3Fe(CN )¢
Microspheres: Zeelan "Zeospheres" silica-alumina ceramic, p; = 2.14 g/cm
volume weighted average diameter = 46.6 um

" Table C.7: Limiting Currents _

3

Q i i ii i i ii
ETW 6 =00 ¢ =.10 o =.20 o =.30 o = 40
(rpm) (mAicm®  (mAlcm® (mAlcm®)  (mAlem?  (mAlcm?)  (mAicm?®)
250 1.56 1.84 - - - -
500 2.54 2.90 2.76 3.47 3.38 1.73
1000 4.12 4.58 3.84 4.96 7.47 3.29
1500 5.47 5.97 5.09 6.76 10.8 5.64
2000 6.70 7.21 6.93 8.42 12.6 7.22
2500 7.83 8.35 8.60 9.96 13.7 9.61
3000 8.89 9.41 9.96 12.0 15.0 11.6
3500 9.91 10.4 11.4 13.4 17.6 14.7
3950 10.8 11.3 11.9 14.3 19.4 16.2
Reference | 02-090 02-147 03-130 03-133 03-114 03-083
Table C.8: Enhancement Factors
Q illi irliy illi illi
(rpm) o =.10 =20 ¢ =.30 o = 40
500 952 1.20 1.17 .60
1000 840 1.08 1.63 72
1500 850 1.13 1.81 94
2000 96 1.17 1.75 1.00
2500 1.03 1.19 1.64 1.15
3000 1.06 1.28 1.59 1.23
3500 1.10 1.29 1.69 1.41
3950 1.05 1.27 1.70 1.42
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Limiting Current and Enhancement Factor Data for Heavy Microspheres

Electrode: Nickel 200 Cathode, D = 1.91 ¢cm, L = 13.90 cm, A = 83.41 cm?,
gap to rotor diameter ratio = .757

Electrolyte: 2.00 M NaOH, .100 M K 4Fe(CN)¢ * 3H,0, .0200 M K;Fe(CN )

Microspheres: Zeelan "Zeospheres" silica-alumina ceramic, p, = 2.14g/cm3,

volume weighted average diameter = 46.6 wm

Table C.9: Limiting Currents

* L® L ’ L *

Q iI i[ i i 1] 1]

. ETW ¢ =00 ¢=.10 ¢=.20 ¢=.30 ¢ =40
(rpm) (mA/cm 2) (mAicm 2) (mAlcm 2) (mA/cm 2) (mA/cm 2) (mA/cm 2)
250 2.01 1.95 2.47 3.31 3.57 1.80
500 3.26 3.15 3.80 6.10 7.31 4.59
1000 5.30 5.08 5.92 10.1 12.1 11.4
1500 7.04 6.72 8.18 12.6 15.3 17.7
2000 8.61 8.20 9.18 14.6 16.9 20.1
2500 10.1 9.57 10.5 159 194 20.1
3000 114 10.8 11.1 15.7 21.2 19.9
3500 127 12.1 11.5 15.2 21.0 19.7
4000 14.0 - 132 - - 20.7 -

Reference 02-090 02-103 03-109 03-099 03-094 03-103

Table C.10: Enhancement Factors

Q i iy iliy ili ‘ iliy
(rpm) ¢=.10 ¢=.20 ¢ =.30 ¢ = 40

250 1.27 1.70 1.83 92

500 1.21 1.94 2.32 1.46
1000 1.17 1.99 2.38 224
1500 1.22 1.89 2.28 2.63
2000 1.12 1.78 2.06 2.45
2500 - 1.10 1.66 2.03 2.10
3000 1.03 1.45 1.96 1.84
3500 95 1.26 , 1.74 1.63
4000 - - 1.57 -
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Limiting Current and Enhancement Factor Data for Heavy Microspheres

Electrode: Nickel 200 Cathode, D = 2.53 cm, L = 13.90 cm, A = 110.61 cm?,
gap to rotor diameter ratio = .449

Electrolyte: 2.00 M NaOH, .100 M K,Fe(CN)g ' 3H,0, .0200 M K3Fe(CN )g

Microspheres: Zeelan "Zeospheres" silica-alumina ceramic, p,; = 2.14 g/cm?®,

volume weighted average diameter = 46.6 wn

Table C.11: Limiting Currents

» . % o *

Q i[ i[ i[ 171 i 1]

ETW 6 =00 ¢ =.10 o=.20 o =.30 o = .40
(rpm) (mAlcm®  (mAlcm® (mA/cm® (mAlcm®  (mAlcm®)  (mAlcm?)
250 225 2.30 2.74 4.14 4.89 2.58
500 3.65 3.75 4.01 6.39 8.92 6.52
1000 5.93 6.11 6.54 9.67 12.9 13.2
1500 7.87 8.14 9.31 13.7 17.0 22.1
2000 9.63 9.97 10.8 14.7 214 23.8
2500 11.3 11.7 12.0 16.1 25.9 24.0
3000 12.8 13.3 13.1 17.5 24.3 24.7
3500 142 14.8 14.3 192 - 25.7 26.6

Reference 02-090 02-143 03-120 03-117 03-090 03-106

Table C.12: Enhancement Factors

Q i i i fiy ily i i
(rpm) ¢=.10 ¢ =.20 ¢=.30 ¢ = 40

250 1.19 1.80 2.13 1.12

500 1.07 1.71 2.38 1.74
1000 1.07 1.58 2.11 2.16
1500 1.14 1.68 2.09 2.71
2000 1.08 147 2.15 2.39
2500 1.03 - 1.38 2.21 2.05
3000 .99 1.32 1.83 1.86
3500 97 ' 1.30 1.73 1.80
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Limiting Current and Enhancement Factor Data for Heavy Microspheres

Electrode: Nickel 200 Cathode, D = 1.91 ¢m, L = 13.90 cm, A = 83.41 cm?,
gap to rotor diameter ratio = .757 -

Electrolyte: 2.00 M NaOH, .100 M K Fe(CN)¢ " 3H,0, .0200 M K;Fe(CN )g

Microspheres: Zeelan "Zeospheres" silica-alumina ceramic, p, = 2.14g/cm?,
volume weighted average diameter = 25.0 um

Table C.13: Limiting Currents

* * X L *

Q i[ i[ i[ i[ 4 7]

ETW 6 =00 ¢ =.10 o =.20 ®=.30 o = .40
(rpm) (mAicm® (mAiecm?) (mAicm® (mAiem® (mAlcm®)  (m&l/cm?)
250 2.01 1.95 1.79 229 2.46 -
500 3.26 3.15 3.05 493 5.56 2.59
1000 530 . 5.08 5.08 8.50 10.9 6.47
1500 7.04 6.72 6.38 11.2 14.5 13.4
2000 8.61 8.20 7.52 13.3 16.8 14.9
2500 10.1 9.57 8.81 14.9 18.6 21.5
3000 11.4 10.8 10.6 15.5 19.7 23.0
3500 12.7 BRVA 12.7 16.2 204 23.6 .
Reference | 02-090 02-103 04-061 04-041 04-050 04-038

Table C.14: Enhancement Factors

Q il liy il i/l i iy
(rpm) o =.10 o =.20 o =.30 ¢ =40

250 K7) © 117 1.26 -

500 97 1.57 177 .82
1000 1.00 1.67 2.15 1.27
1500 95 1.67 2.16 1.99
2000 92 1.62 2.05 1.82
2500 Ks7) : 1.56 1.94 225
3000 98 1.44 1.82 2.13
3500 1.05 1.34 1.69 1.95
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Limiting Current and Enhancement Factor Data for Heavy Microspheres

Electrode: Nickel 200 Cathode, D = 2.53 cm, L = 13.90 cm, A = 110.61 cm?,
gap to rotor diameter ratio = .449 '

Electrolyte: 2.00 M NaOH, .100 M K Fe(CN)¢ * 3H,0, .0200 M K3Fe(CN )g

Microspheres: Zeelan "Zeospheres" silica-alumina ceramic, p, = 2.14 g/cm3,

volume weighted average diameter = 25.0 um

Table C.15: Limiting Currents

- . . ¥ L L *

Q i[ i[ il ] ] .

' ETW ¢ =00 6 =.10 o =.20 o =.30 o = 40
(rpm) (mAicm® (mA/cm® (mAlcm® (mAlecm® (mAlcm®)  (mAlcm?)
250 2.25 2.30 2.40 3.02 3.18 -
500 3.65 3.75 3.66 5.53 5.93 4.48
1000 5.93 6.11 5.68 8.77 11.0 14.0
1500 7.87 8.14 7.50 11.3 151 19.3
2000 9.63 9.97 9.13 133 18.3 23.1
2500 11.3 11.7 11.7 15.6 21.3 24.2
3000 128 13.3 13.0 16.4 24.0 24.4

3500 14.2 14.8 14.2 - 25.9 25.3

Reference 02-090 02-143 04-067 04-047 " 04-064 04-044

Table C.16: Enhancement Factors

Q i liy illiy iiliy i iy
(rpm) 6=.10 o =.20 ¢ =.30 ¢ = .40

250 - 1.04 . 1.31 1.38 -

500 98 1.42 1.58 1.19
1000 93 1.44 1.80 2.29
1500 92 1.39 1.86 2.37
2000 K7) 1.33 1.84 2.32
2500 1.00 1.33 1.82 2.07
3000 98 1.23 1.80 1.83
3500 96 - 1.75 1.71
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Limiting Current and Enhancement Factor Data for
Approximately Neutrally Buoyant Microspheres

Electrode: Nickel 200 Cathode, D = 1.91 ¢m, L = 13.90 cm, A = 83.41 cm?,
gap to rotor diameter ratio = .757
Electrolyte: 2.00 M NaOH, .100 M K Fe(CN)g ' 3H,0, .0200 M K3Fe(CN )g
Surfactant Slurry Concentration: .628 mM SDS
Microspheres: Anderson Development Co. butyl methacrylate / methyl methacrylate,
ps = 1.20g/cm3, volume weighted average diameter = 4.95 pum

Table C.17: Limitiﬁg Currents

* * L% LK

Q il il iI i[ Yy i

ETW =00 ¢ =.10 o =.20 ¢ =.30 o = 40

(rpm) - (mAiecm?  (mAicm® (mAicm?) (mAicm?) (mAicm®)  (mA/cm?)

250 2.01 1.95 3.00 3.67 1.34 -

500 3.26 3.15° 5.14 5.84 422 -
1000 5.30 5.08 8.44 9.11 8.52 -
1500 7.04 672 10.2 114 11.9 -
2000 8.61 8.20 11.4 12.7 15.5 -
2500 10.1 9.57 12.8 14.5 18.9 -
3000 114 10.8 132 17.1 2.1 - -
3500 12.7 12.1 14.5 18.5 24.1 -

Reference 02-090 02-103 03-147 03-144 03-150 -

Table C.18: Enhancement Factors

Q i fiy i fiy ip iy : if'fiy
(pm) ¢ =.10 o = 20 0 =30 =40

250 1.54 1.88 687 -

500 1.63 1.85 1.34 -
1000 1.66 1.79 1.68 -
1500 1.52 1.70 1.77 -
2000 1.39 1.55 1.89 -
2500 1.34 1.52 1.97 -
3000 1.22 1.58 2.05 -
3500 1.20 1.53 1.99 -
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Limiting Current and Enhancement Factor Data for Light Microspheres

Electrode: Nickel 200 Cathode, D =191 cm, L = 13.90 cm, A = 83.41 cmz,

gap to rotor diameter ratio = .757

Electrolyte: 2.00 M NaOH, .100 M K Fe(CN)g " 3H,0, .0200 M K3Fe (CN )¢
Microspheres: Zeelan "Z-Light" silica-alumina ceramic microspheres, p, = .697g /cm?>,

volume weighted average diameter = 79.9 um

Table C.19; Limiting Currents

Q i i i i i i
ETW $=00 . ¢=.10 o =.20 o =.30 o = 40
(rpm) (mATem®)  (mAlem?  (mAlem® (mAlcm®  (mAicm?)  (mAl/cm?)
250 2.01 1.95 2.63 3.24 3.34 2.59
500 3.26 3.15 403 5.78 6.29 423
1000 5.30 5.08 7.43 9.57 10.2 6.29
1500 7.04 6.72 9.99 11.7 13.1 7.78
2000 8.61 8.20 11.9 '13.4 15.2 8.81
2500 10.1 9.57 14.0 15.2 17.9 9.35
3000 11.4 10.8 15.5 17.3 18.3 10.0
3500 12.7 12.1 17.1 18.6 18.2 10.1
Reference | 02-090 02-103 04-025 04-016 04-013 04-010
Table C.20: Enhancement Factors
Q l.;/l.l i;/l.l : i;/l.l l.;/l'[
(rpm) ¢=.10 $=.20 ¢ = .30 ¢ = .40
250 1.35 1.66 1.71 1.33
500 | 1.28 1.83 _ 2.00 1.34
1000 1.46 1.88 2.01 1.24
1500 1.49 1.74 1.95 1.16
2000 1.45 1.63 1.85 1.07
2500 1.46 1.59 1.87 98
3000 1.44 1.60 1.69 \ 93
3500 1.41 1.54 1.50 , 83
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