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EFFECTS OF SMALL FLOW OBSTACLES ON THE LIMITING
CURRENT AND PRESSURE DROP IN A SQUARE DUCT

Daniel Seth Fischl
Materials and Molecular Research Division
Lawrence Berkeley Laboratory
and Department of Chemical Engineering
University of California
Berkeley, CA 94720
ABSTRACT

The effectiveness of mass transfer enhancement by small obstacles
attached to the cathode in a 0.5 by 0.5 cm square cross section 50.8
cm long electrochemical flow cell was investigated. Pressure drops,
and limiting currents for the reduction of ferricyanide were measured
in the range of 80 < Re < 3200. Using rectangular obstacles extending
0.0254 to 0.160 cm from the surface, the spacing to height ratio
ranged from 9 to 170. Flow patterns around obstacles were visualized
using suspensions of inert materials and recorded by means of dark
field photography.

Depending on the flow rate, addition of the obstacles can increase
mass transfer rates by as much as five times over those in the un-
obstructed system. The degree of enhancement increases with decreas-
ing obstacle spacing until an optimal spacing is reached. The maximum
enhancement occurs when the spacing is approximately 15 times the
‘obstacle size corresponding to the largest elongation of the recircu-
lation zohe observed downstream from an obstacle.

At Re = 100, the mass transfer rate is approximately doubled upon

AN

addition of the optimal number of obstacles without appreciably
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affecting the pressure drop. The largest enhancement (5-fold) occurs
at the upper laminar flow regime with a 2.7-f01d-increase in the pres-
sure drop. These comparisons are made at the same flow rate.

In the unobstructed system, improved mass transfer rates (limiting
currents) are achieved by increasing the flow rate to producé turbu-
lent flow. This approach involves large pressure drops and conse-
quently large pumping power requirements. An increase in the limiting
current by the addition of obstacles, on the other hand, requires only
a very small fraction (2-5 percent) of the pumping power required to
obtain the same lTimiting current achieved by increasing the flow rate
in the unobstructed system. Obstacles therefore produce efficient
mixing near the electrode surface and correspondingly high mass
transfer rates without causing large energy dissipation in the bulk

fluid.
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| SYMBOLS
Width of channel (cm) -
Active electrode area (cm2)
Height of channel (cm)
Concentration of species i, (mo]e/cm3)
Concentration at electrode surface (mo]e/cm3)
Bulk concentration (mo]e/cm3)
Equivalent hydraulic diameter (cm)
Diffusion coefficient of species i (cmzlsec)
Faraday's constant 96487 (coulomb/equiv)
Acceleration due to gravity 976.77 (cm/secz)
Parallel plate channel gap (cm)
Manometer height difference (cm)
Current density (Amps/cmz)
Average current density (A/cmz)
Limiting current density (A/cmz)
Total limiting current (Amps)
"Steady state" current (Amps)
Mass transfer coefficient (cm/sec)
Active electrode length (cm)
Number of electrons transferred in electrode reaction
Flux of species i (mo]e/cmz—sec)
Pressure (N/m2) |
Pressure drop (N/m2)

Pressure drop per length (N/mzfm)

Pumping power (w/mz)



viii

Volumetric flow rate (cm3/sec)
Radial coordinate parameter (r = 0 at tube center)
Tube radius (cm)

3—sec)

Bulk chemical reaction rate (mole/cm
Stoichiometric coefficient of species i

Time (sec)

Cation transference number

Temperature (°K)

Mobility of species i (cmz—mole/J—sec)

Mass average velocity (cm/sec)

Average velocity (cm/sec)

Bulk velocity (cm/sec)

Velocity in z direction (cm/sec)

Potential ramp sweep rate (volts/sec)

Rectangular coordinate parameters (x = y = 0 at duct center)
Charge number of species i

Boundary layer thickness (cm)

Nernst boundary layer thickness (cm)

Ninety-nine percent boundary layer thickness (cm)
Viscosity (cp)

Kinematic viscosity (cm2/sec)

Density (g/cm3)

Electric potential (vo]ts)

Parameter for maxima analysis [162]

Ionic strength (moles/liter)
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Dimensionless Numbers

. 1 DeAP
f - Friction factor f = T 7
1o VbL
?
Nu ~ Nusselt number for heat transfer
Pr - Prandtl number for heat transfer
_ Vb De
Re - Reynolds number Re = S
Sc - Schmidt number Sc = %—
;
k De S; De i
Sh —~ Sherwood number (average value) Sh = Di = DiAcinF
St - Stanton number St = Sh
: = TRe Sc)



INTRODUCTION

Mass and heat transfer in fdrced convection systems are important
in many engineering disciplines. In a flow channel containing elec-
trodes embedded in opposite walls, reacting substances (mass) must
travel from the bulk electrolyte to the electrode and then undergo an
electrochemical transformation. If the rate of the overall reaction
is determined only by the rate at which material arrives at the react-
ing surface, the process is "mass transfer limited." The concentration
of the reacting species varies in the channel creating a concentration
profile. Away from the walls, where the convective motion is high,
the concentration is at its bulk value. However, the fluid near the
wall moves relatively slowly, convection is reduced, and consequently
mass transfer is due mainiy to diffusion and migration. This thin
region next to the wall, which produces the major resistance to trans-
fer, is called the "diffusion" or "mass transfer" boundary layer. The
mass transfer boundary layer thickness (s) can be decreased (producing
higher rates of mass transfer) by pumping the electrolyte fluid faster.
However, increased flow rates require a large input of pumping energy.

Previous studies using optical interferometry [1,2] have shown
that small obstacles placed in the flow path near the electrode sig-
nificantly decreased the mass transfer boundary layer thickness dver
extended distances in the flow direction. It was expected that the
resulting increase in mass transfer rates was associated with only a
small increase to the required pumping power because the obstacles

disturbed the flow only in the small region close to the electrode

surface.



The goal of the present work was to quantify the observed effects
of these small obstacles (.762 mm) under laminar flow conditions in
the square cross section (5 mm x 5 mm) flow cell used for the inter-
ferometric study [2]. Mass transfer rates were determined by measur-
ing the limiting currents for the electrochemical reduction of ferri-
cyanide ion to ferrocyanide ion. The required electrolyte pumping
energy input was determined by measuring the additional pressure'drop
caused by the presence of the small obstacles.

Furthermore, because of similarities between mass, momentum, and
heat transfer, the results of this study may be extended to evaluate
the effects of small flow obstacles in many analogous heat or mass-

transfer systems.



SYSTEM FUNDAMENTALS

Hydrodynamics

Viscous fluid flow through a tube, duct, or channel is character-
ized by two distinct regimes. These\were described quantitatively by
Osborne Reynolds in 1883 and are termed laminar and turbulent.
Laminar flow 15 well ordered with fluid layers sliding smoothly over
one another and mixing betweenvlayers occurring on a molecular level.
Conversely, turbulent flow is chaotic with macroscopic packets of
fluid transferring between layers creating random fluctuating
phenomena. v

The dimensionless quantity commonly used to describe flow regimes
is the Reynolds number (Re). It is a ratio of inertial forces td

viscous forces; for flow through a duct it is defined as:

Re

The bulk fluid velocity (Vb) is non-dimensionalized by the duct
equivalent diameter (De) and the fluid kinematic viscosity (v). For

a constant pfoperty system the Reynolds number is proportional to
velocity. Ordinarily, a tube, duct, or channel flow system with a
Reynolds number below 2100 usually is operating in the laminar regime;
above 2100 the flow becomes turbulent. The kinematic viscosity is a
physical property of the fluid whereas the hydraulic or equivalent

diameter (De) is a characteristic length of the system geometry, and

it is given by:



p . A4 (cross section area to flow) (1)
e wetted perimeter

The specific flow system under investigation formed a square cross
section duct. Fluid flow through a square duct (shown.in Fig. 1) will
be affected by the four walls. As one might expect, the velocity
profile is symmetric in both the x and y-direction, with the velocity
maximum in the center. Unlike flow through a circular pipe or between
two infinite plates (channel flow), the equations describing fully
developed laminar hydrodynamics in a square duct are not a function of
only one spatial variable. For the simpler (one dimensional) case of
channel flow, the side walls are assumed to be far apart when compared
to the gap separation and the velocity distribution profile is only a
function of vertical distance between the plates. However, in the
square duct.the motion of the fluid near the side walls is reduced and
this has a pronounced effect on the velocity profile. The effect of
the side walls on the velocity profile is shown in Fig. 2, (from Beach
[3]). This figure shows the small effect of the side walls in a
channel (curve A) as compared to the large effect in the square duct
(curve B).

The exact anaTytic solution to laminar flow of a Newtonian fluid
(Navier-Stokes equation) through a rectangular channel with width (a)
and height (b) in the x-direction and y-direction respectively is

given by Happel and Brenner [4] as:



Cathode

XBL 838-513

Fig. 1. Square duct geometry.
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Fig. 2. Normalized velocity profile across the electrode at
various aspect ratios (from Beach [3]).
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m=1
where
dp _a°
Am =2 i — 33 [cos (mn) - 1.0]
pm

and

g _ —Am [cosh (mm b/a) - 1]

m - sinh (mx b/a)

The pressure (p), fluid viscosity (u)}and length of the side walls (a
and b) are variables. For the case of a square duct a = b. This
solution is well known and js described in a number of texts [5].
Evaluating the series for the square duct geometry gives the following
expression for the volumetric flow rate (Q) in terms of the pressure

drop (aP) and duct length (L):

4
- 0.035144aPa (3)

Q oL

Purday [6] also gives the pressure drop equation as:

v
gg - -28.6 —2—51-“( avg) (4)

a

This problem of laminar flow by a Newtonian fluid through a square
duct has also been solved by R. S. Schechter using the Ritz method [7].
Here the velocity distribution is given by the following very accurate

).

approximation in terms of the average velocity (Vavg



2.09825 + 0.29180 [@)Z

s e OB [ORS

+ (%)2] + 0.87545 (%)2 ‘ (5)

(?)

In this case 2c is the length of one side of the square duct. Using a

collocation technique Bird, Steward, Lightfoot, and Chapman have also

solved this problem numerically [8].

For completeness, the one dimensional laminar channel flow velocity

profile is given below.

-2 (1 ) ©)

Here (y) is the vertical direction between the two infinite parallel
plates and (h) is the plate separation (gap width).
" The velocity profile for laminar flow through a circular tube

(Poiseuille flow) is:

V_(r) 2
2 —-2(1-5 (7)
Vavg < R2>

where the radius of the tube is given by (R).

Electrochemical Mass Transfer

In the specific system under investigation electrolyte flows
through a flow channel of square cross section that has electrodes
forming the top and bottom walls (Fig. 1). The electrochemical

reduction of the ferricyanide ion occurs on the upper electrode



(cathode) énd the férrocyahide jon is oxidized on the anode. According
to Newman [9] in this redox system, using dilute-solution theory, the
flux (Ni) of a solute épécies can be expressed as:

N, = -ziutiivfI’- D;Ve, + ve, (8)

where ¢ is the electric field potential and Di is diffusivity of the
jon. The terms on the right are the contribution to flux by migration
in.an electric field, diffusion in a concentration gradient, and
convection by fluid motion respectively. A material balance for the
electrolyte yie]dsf

aC.

i .

In this case the bulk reaction term (Ri) is zero because the reaction

occurs only on the electrode surface.

For an electrically neutral solution,

3z, =0 : - (10)

1

Finally, the current density (i) is due to the motion of the charged

species:
i= FZziNi (11)

In the system under investigation, ions that do not participate in a

reaction are added to the solution (NaOH). These ions are the
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"supporting electrolyte" and have the effect of reducing the migration
of the reacting species (in this case the ferricyanide ion). The

addition of supporting electrolyte allows the migration term in Eq. (8)
to be neglected. when Eq. (8) is substituted into Eq. (9) the equation

of convective diffusion is obtained:

(excess supporting electrolyte)

It is important to note that this equation also applies to convective
mass transfer and convective heat transfer in non-electrochemical
systems. This allows the results of this experimental study to be
applied to analogous heat and mass transfer situations.

In rectangular coordinates and under steady state conditions the
convective diffusion equation for the reacting species becomes:

3,y 2,y 3 _p.

X 3x y 3y 2 3z i

3 C _93¢Cc_ 3acC
for flow in a rectangular channel velocity occurs only in the

z-direction so we obtain:

VaC=D 8C+3C+3C (14)

Z 3 i 2 2 2

At this point an equation for the velocity (VZ) must be used to

solve for the concentration profiles. For flow in a square duct the
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velocity (VZ) was previously shown to be a function of both x and y
(Eq. (2) or (5)). Due to the complicated nature of the equations, the
convective diffusion equation was not solved in this investigation.
The simpler case of channel flow between two infinite parallel
plates has already been solved [10]. Here the side wall effects on
the hydrodynamics are eliminated (Eq. (6))‘and the velocity (Vz)
depends only on one variable (y). Furthermore, concentration varia-
tions in the x-direction‘(be£Ween the sidé walls) are eliminated
(azc/ax2 in Eq. (14) is zero). The geometry for this problem is
shown on Fig. 3. Thé‘solution yields concentration profiles similar
to ‘the one shown on Fig. 4. The concentration of the reacting species
decreases from its bulk value (Cb) away from the electrode to the
value on the electrode surface (Co). The concept of the mass transfer
diffusion layer is also shown. This diffusion layer is the thin
region near the e]eétrode surface where the major concentration vari-
ations occur. As stated earlier, fluid convection is slow close to
the wall and the movement of material is mainly due to molecular dif-
fusioﬁ (especially with supporting electrolyte). In forced convection
systems, it is this thin diffusion layer that provides the major
resistance to mass transfer (i.e., diffusion controlled). The thick-
ness of the diffusion layer can be represented in a number of ways and
these are shown on Fig. 4. The Nernst boundary layer thickness (sN)
is a simp1e linear approximation. However, the ninety-nine percent
diffusion layer thickness (699) is the distance from the electrode

surface to a point where the concentration is equal to ninety-nine
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L'x L ‘{‘/Cathode

\-—\ _ t
v =~ h
' | $

m . ]
Anode
\
Plane electrodes in the walls of ¢

flow channel

XBL673-2382A

Fig. 3. Plane electrodes in the walls of a parallel plate
flow channel. The diffusion layer on the cathode

is indicated schematically. [10]
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Fig. 4.

‘Distance from electrode
' XBL 793-929

The definition of the ninety-nine percent boundary layer
thickness (6 ), the ninety percent boundary layer th1ck—
ness (s g%d the Nernst boundary layer thickness (

and refer to bulk concentration and surface concgn-
tPat1on, respectively. [2]
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percent of the bulk value. The flux of mass is related to the thick-
ness of the diffusion boundary layer. A larger flux (greater mass
transfer) is obtained with a thinner diffusion layer. One can see by
Eq. (11) that the current is related to the flux of charged species.

At the wall, where the fluid velocity is zero, and with excess support-
ing electrolyte, Eq. (8) relates ¢he flux of species to the concentra-
tion gradient. Therefore, the current passed in an electrochemical
reaction is related to the concentration gradient of the reacting

species concentration profile evaluated at the wall and is given by:

nF Di 3c .
D 3c 1
1 (I - t+; ay y=0 ( 5)

With a large excess of supporting electrolyte the transference number
(t,) becomes negligibly small. Through the use of the Nernst
boundary layer thickness (aN) shown on Fig. 4, the current in the
steady state can be related to the bulk concentrationv(Cb) and
surface concentration (Co) of reacting species:

. nF Di Cb - Co
“l-t,

(16)
SN

From this expression it is apparent that the current can be increased
by decreasing the mass transfer boundary layer thickness. During a
1imiting current sweep, which will be discussed in a later section,

the surface concentration (CO) of the reacting species decreases with

increasing applied potential and the current passed is increased.
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However, when the surface concentration drops to zero (C0 = 0), the
current can no longer be increased. The reaction is now mass transfer

limited and the "limiting current® (iL) is:

nF D; nF D, Cb
Cd =0

With constant electrolyte pkoperties, the limiting current can only be
changed by changing the nature of the flow. Solving for the concen-
tration profiles, and evaluating the concentration gradients along the
surface of a reacting electrode yields (by Eq. (17)) the distribution
of current to that electrode. The limiting currént distribution is-
shown on Fig. 5 for the infinitely wide parallel plane cathode shown

in Fig. 3 and is described by the following equations:

| DLy Voyg 1/3
i = 09783 — 2 R (18)
i -1/3
L 2 /X
L2 (19)
1avg ?(L)

where (Si) is the stoichiometric coefficient of species in the elec-
trode reaction and (x) is the distance in the flow direction measured
from the leading edge of the electrode. The distribution is highly
nonuniform and the majority of the reaction occurs at the upstream
portion of the e1ectrode. Under limiting conditiong, these local

values of current are proportional to mass transfer rates. One
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2.5 | i — T
20 Mass transfer limiting m
current distribution
o |I.5 —
>
O
>
1.0 —
0.5 —
0 | 1 | |
0 0.2 0.4 0.6 0.8 1.0

x/L

XBL 693-2183A

Fig. 5. Mass transfer limiting current distribution to an electrode
of length (L) in a parallel plate flow channel. Note
infinite current at leading edge. (From [10])
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observes an extremely high rate of mass transfer at.the leading edge
where fresh solution is brought in contact with the electrode. This’
rate decreases in the f]ow direction because the $o1ution in the dif-
fusion layer is being depleted by the reaction upstream. The thick-
ness of the diffusion layer (shown in Fig. 3) grows along the length
of "the electrode. Mass transfer rates éan be conveniently correlated

by the dimensionless Sherwood number (Sh).

- Nioe SiDe i

Sh = = (20)
Di§c1 D,ac, nF
A; =C, - C0
In terms of a mass transfer coefficient the Sherwood number is:
k D _
Sh = —— | (21)

1

where k is defined by the flux (N) and concentration difference

(Cb - Co):

N=k (Cb - CO)

The hydraulic or equivalent diameter (De) was previously defined by
Eq. (1). Using dimensionless quantities, the average mass transfer to
a parallel plane electrode of length (L) under laminar channel flow

hydrodynamics is given by the following correlation:

Rescp_ | 173

Sh = 1.8488 r £ (22)
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The dimensionless Reynolds number (Re) and Schmidt number (Sc) are

given by:
) D
Re = 29 € (23)
\Y
\Y
Sc =T)__ | | (24)

where the kinematic viscosity (v =-§) is used. Equation 22 was
developed using the laminar channel flow hydrodynamics given by Eq.
(6). The side walls do not enter into the equations and Eq. (22) can
be used for a channel whose walls are sufficiently far apart so they
do not affect the flow significantly. Excel]ent experimental valida-
tion of Eq. (22) has been achieved [11-13].

Figure 2 has shown that the fluid velocity is decreased near side
walls. The two dimensional velocity profi]e in a channel which shows
side wall effects (i.e., the square duct) gives rise to a three dimen-
sional concentration profile. Therefore a square duct electrochemical
flow cell produces a current distribution that varies both in the flow
direction, and across the channel. Figure 6 shows the effect of the
side wall on the velotity and concentration profiles. Near the wall
these profiles become steeper and thebassociated-diffusion layers
become thicker. It can be concluded that the highest mass transfer

rates to the electrode under investigation occur along the centerline

of the electrode. Specifically, the rate is highest at the center of

A
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XBL 7012-7376

Fig. 6. Velocity and concentration profiles. The approximately linear velocity profile (near the

electrode) is shown to have a zero velocity gradient at the side wall and it increases
away from the wall. The concentration boundary layer is diffusion controlled and decreases
in thickness as the velocity increases away from the wall. [3]

61
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the leading edge and decreases not only in the flow direction but also
as the side walls are approached. The overall effect of the square
duct geometry is to decrease the overall rate of mass transfer to the
electrode as compared to an electrode of the same length which is
embedded in a channel with no side wall effects. This decrease to
mass transfer has been calculated for a number of geometries by I.
Rousar, J. Hostomsky, and V. Cezner [14]. Their results are presented

in terms of a correction factor (¢) to the channel flow equation:
Sh = 1.85¢ (RescD,/L)}/3 (25)

This equation is valid for the laminar flow regime. For the case of
this study, where the electrodes form the top and bottom surfaces of a

square duct, the laminar flow mass transfer equation becomes:

p |1/3

Sh = 1.56 ReSc -Lﬁ (26)

6 = .842

The side walls reduce the overall mass transfer by approximately
16 percent. This solution shows very good agreement with the data

obtained in this study as will be shown in the Results section (Fig.

36).
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LITERATURE REVIEW
The problem of ihcreasing transférvrates through the use of flow
obstructions has received.considerable attentioh in the bast. Most of
the previous work involved investigations of forced convection systems
in the turbulent flow regime.

Heat Transfer

Early studie§ were concerned with increasing heat transfer by flow
through roughehed tubes. D. F; Dipprey and R. H. Sabersky in 1963 [15]
were among the firSt to study this effect using a liquid as the flowing
fluid. Before them the only work they feference was Cope in 1941 [16],
J. W. Smith and N. Epstein in 1957 [17], Nunner in 1958 [18] who used
air, Grass in 1958 f191], Gambifl in 1960 [20] who induced swirl f]ow by
twisted tapes paésing tﬁrough the pipes, and J. Nikuradse in 1933 [21]
who set the stage by measuring the effect of tube roughness on the
velocity and overall pressure drop in a tube. Dipprey and Sabersky
used distilled water in.roughened tubes (nominal diameter 0.4 inch)
manufactured by electroplating nickel over mandrels coated with sand
grains (roughness ratio 0.0024-0.049). Results were obtained for
Prandt] numbers (Pr) from 1.20 to 5.94 and Reynolds numbers (Re) from
approximately 104 to 105. Heat transfer coefficients (CH) and friction
coefficients (CF) were obtained. They observed an increase in CH by as
much as 270 percent. However, CF increased even more. An exception
occurred at the highest Prandtl number (5.94) and when the tubes were
not fully rough. Under these conditions ZCH/CF exceeded that of a

smooth tube. st s RN,
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In 1967, W. A. Sutherland [22] of the General Electric Company,
conducted an experimental inVestigation on the effect of roughness
elements on the performance of an array of heat exchanger rods (1 inch
diameter). This heat exchanger geometry had possible use in nuclear
reactors. Sutherland called these roughness elements "boundary-layer
turbuience promoters" and produced them by winding fine wire around
“the rods (the thermal resistance of the wire was 500 times that of the
rods). The heat transfer and friction measurements were made with air
(Pr = .7) flowing past the electrically heated rods. When the spacing
to promoter height ratio (s/e) was varied from 7.15 to 14.82 using
0.010 inch wire, the results were similar. However, when the effect
of promoter heights was varied (e/DH) from 0.00692 to 0.0349 with a
constant s/e of 10.0, the largest promoter gave the largest increase
in Nusselt number. The fact that these were turbulence promoters is
inferred from the results that show the heat transfer rates of the
smaller promoters eventually obtaining the heat transfer rates
achieved by the largest promoters with increasing Reynolds number
(5000 to 150,000). This suggests that the boundary layer is "tripped"
and turbulent flow is eventually produced (fully rough condition) at
lower Reynolds number. A larger rib or roughness element will promote
turbulence at a lower Reynolds number; but once the fully rough
condition is established, the performance is the same with respect to
increased heat transfer. The maximum increase in heat transfer was
2.23 times the unpromoted case. Conversely, the friction factor was a

function of promoter size, spacing (increasing with larger size and
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closer spacing) and Reynolds number. However, once fully rough
behavior was achieved, the friction factor (f) was independent of the
Reynolds number. No experiments were done below Re = 5000,

The results of Sutherland were plotted using the transformation
method proposed by Hall in 1962 [23]. These were then compared to the
previous results for the turbulence promoted annular geometries of
V. Walker and A. C. Rapier in 1963 [24], 0. Wilkie in 1966 [25],

N. Sheriff and P. Gumley in 1966 [26], J. Gargaud and G. Paumard in
1964 [27]; the promoted tubular'geometry of E. W. Sams in 1952 [28]
and in 1965 [29]; and the promofed rectangular geometry of F. J. |
Edwards and N. Sheriff in 1961 [30]. R. L. Webb in 1972 [31] also
used the same dimensionless roughness parameter. Sutherland's paper
describes the utility of transformation techniques when analyzing
complex problems such as these. .

The concept of promotion into turbulence was further studied by
R. E. Hicks and W. G. B. Mandersloot in 1968 [32]. Their goal was to
develop a correlation between transfer rates and viscous forces that
would be general for any type of flow obstruction and process. They
performed experiments studying both heat and mass transfer between
liquids and a channel formed by placing turbulence promoters between
narrowly spaced parallel plates. The heat transfer was promoted by
using expanded aluminum and the mass transfer wa§ promoted by using
corrugated perforated hard PVC. Measurements of heat transfer rates
were performed in a plate heat exchanger using countercurrent flow and

a plate spacing of .187 cm. The void fraction was 0.746. The results
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of McConnachie and Thodos in 1963 [33] for transfer in packed beds
were also used. The heat and mass transfer data were correlated in
terms of a j-factor and modified Reynolds number Re* (which contains
the viscdus energy constant). O

The correlation valid for only non-laminar flow is:

j = .121(Re*)™0-49

Hicks and Manders]oot's‘goal, as with earlier work, was to operate
in turbulent flow, but obtain this turbulence at lower flow rates
(Reynolds numbers). The effect of obstac]es on the laminar regime was
not investigated apart from finding the transition to turbulence. They
reference the work of Thomas [34] who in 1965 used small promoters
(thin wires) to increase the transfer rates. However, they conclude
large surface area promoters are unavoidable due to their function as
membrane supports.

The advantages of increasing heat transfer by the use of turbu-
lence promoters is utilized in plate heat exchangers. As described by
J. Marriott in 1971 [35], plate heat exchangers consist of closely
spaced plates (2 to 5 mm) with a hydraulic diameter of 4 to 10 mm. The
plates are corrugated and produce a high degree of turbulence. From

experiments, Marriott correlates heat transfer through the following

equation:

.15
Nu = .374 Re-568pp+333 <lL-)
Mm
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Plate heat exchangers are shown to have an advantage over shell and
tube exchangers from a pumping cost consideration. Compared to tubular
exchangers, plate exchangers have the additional advantages of being
small, having less hold up, effective cleaning, and lower fouling
factors due to the high turbulence and minimal dead spaces.

In 1978 J. C. Han, L. R. Glicksman and W. M. Rohsenow [36j studied
the effect of repeating small rectangular roughness elements (ribs) in
a parallel plate channel. Additional work referenced by them on rough-
ness elements not yet mentioned in this review include: Brouillette
in 1957 [37]; Koch in 1960 [38]; Molloy in 1967 [39]; Kalinin in 1963
[40]; Webb, Eckert and Goldstein in 1971 [41]; and Dalle, Donne and
Meyer in 1977 [42]. Dalle, Donne, and Meyer proposed modifications to
the transformation method used by earlier workers with annular
geometry.

Han, Glocksman, and Rohsenow attempted to eliminate the need for
Hall type transformations and to present a general correlation for
heat transfer coefficients and friction factors by using experimental
results from a simple channel flow geometry with repeating rib

roughness elements. Previous investigators looked at higher flow

5 to 106) and smaller ribs (the ratio of

2 3)

rates (Re ranging from 10

rib height to hydraulic diameter varying from 10™° to 10 ~) than
Hans et al. They used air blown through the chahne] at Reynolds
numbers from 3000 to 30,000. The rib height to channel hydraulic
diameter was varied from .076 to .102 and the rib spacing to rib

height varied from 5 to 20. Different angles of attack and shapes
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were also investigated. These larger ribs were used to promote turbu-
lence at lower flow rates. Ribs were placed on both surfaces of the
channel. The staggered rib position produced results similar to those
obtained with ribs placed symmetrically on both plates. The Nusselt
number was increased from 1 to 3 times over that in a smooth channel.
Larger ribs produced a continuing increase to the friction factor but
yielded only a slight additional increase in heat transfer over the
smaller ribs. Both the Stanton number and friction factor showed a
maximum when the ratio of the rib spacing to rib height was approxi-
mately 10. Ribs witﬁ a 45° flow attack angle produced larger heat
transfer rates for the same friction power fhan either a 90° flow
attack angle or roughness by sand grains.

Additional work studying the idea of small ribs or roughness
elements with high Reynolds number (turbulent) flow was done by
J. A. C. Humphrey and J. H. Whitelaw in 1979 [43]. Here the emphasis
was to measure the velocity and_turbu]ent characteristics of water
flowing through a rib roughened duct of square cross section 4.0 cm on
each side and 190.5 cm long. The ribs were .395 cm x .395 cm x 4.0 cm
and attached to the lower surface. They were spaced 3.95 cm apart to
give a spacing to height ratio of 10. The flow properties were
measured using a laser-Doppler velocimeter. The water flowed through
the duct at a Reynolds number of 2.6 x 104. They showed a large in-
crease in turbulent kinetic energy at the roughened wall and observed
wall effects due to the square cross section of the flow channel.

Finally in 1980 S. E. Faas and D. M. McEligot [44] developed a

preliminary computer model to analyze the effect or ribs on heat
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transfer and momentum transfer at lower Reynolds numbers. As with
previous simple geometries, channel flow is used to reduce side wall
effects that cause variations 1q the flow pattern. In the development
of the computer code, it was assumed that the fluid properties are
independent of temperature and that a constant heat flux is applied to
the outer edge of the plate. The program is designed to calculate
local and average Nusselt numbers and friction factors. Unfortunately
only one run was completed with this program which is called RUFF.
This solution was for Re = 100, Pr = .7 (air), stainless steel plate
and ribs, spacing to height ratio of rib = 6.25, width of rib in flow
direction to height of rib = 3, and rib height to channel hydraulic
diameter = 0.4, The results from the run show the presence of two
flow recirculation zones. One upstream and one downstream from the
rib with the leeward recirculation zone being larger. The calculated
average Nusselt number and average friction factor were respectively
2.9 and 16.7 percent greater than that for laminar flow between two
parallel plates without ribs or obstacles. They conclude that the
large increase in friction factor might be due to a not fully
converged solution.

Mass Transfer

One of the earliest studies using obstructions to fluid flow to
increase mass transport was already described in the heat transfer
section (Hicks and Mandersloot in 1968 [32]). Hicks et al. used
corrugated perforated hard PVC p]acedvbetween narrowly spaced (.085

cm) parallel plates to promote turbulence during the mass transfer
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study. The void fraction was .870 and the mass transfer rates were
measured using the limiting current technique. The electrolyte used
was 0.1 N ferricyanide and 0.1 N ferrocyanide in 2.0 N sodium hydrox-
ide. The average Schmidf number (Sc) was 2500. As stated earlier,
the transfer data were correlated utilizing a parameter called the
viscous energy constant. The correlation, which was also valid for
packed bed data, relates transfer j-factors to a modified Reynolds
number. It is important to note that this equation was limited to
non-laminar flow; the promoters were used to produce bulk turbulence
(at lower Reynolds numbers).

In 1971 Solan, Winograd, and Katz [45] proposed a "mesh step"
model to represent the beneficial effects of using spacer nets (turbu-
lizers) for electrodialysis operating in the laminar regime. Previous
models by Sonin and Probstein [46] and Pneuli and Grossman [47]
attacked the problem from only a hydrodynamic standpoint. Gregor [48]
in 1965 made use of a verx_simp]ified mode1 that assumed a decreased,
but constant boundary layer thickness. No promoter or flow variables
could be described. The model of Solan, Winograd, and Katz used fully
developed channel flow hydrodynamics and two parameters: the mesh
size and the mixing efficiency to describe a non-constant boundary
layer thickness. The laminar mass transfer boundary layer thickness
was assumed to grow until a distance of one mesh size was reached. At
this point the concentration profile is decreased by a fraction related
to the mixing efficiency. After this "partial mixing" the boundary

layer again grows according to laminar behavior from its new value for
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a distance of again one mesh Size. The pfocess and model is repre-
sented by a saw-tooth laminar concentration boundary layer.

Then in 1973 the model waé reVised and experimentally va1idated
- [49]. The model still utilized fully developed laminar channel flow
hydrodynamics énd the two velocity 1ndepeﬁdent parameters: the mesh
step and the mfxing efficiency. However, in the.revised model not
only is the concentrétion boundary 1ayer'partia1]y "mixed" after one
mesh step, but so is the Velocity bouﬁdary layer. The new thicknesses
are a fraction'of thezValues before "ﬁixing" and they then grow
according td 1am1narh5ehavior until the next mesh step. Experimental
studies of various mixfng nets used for electrodialysis are described
in a 1972 reference by Be]forf aﬁd Guter [50]. The attempt by Solan,
Winograd et al. wa§ fo'model these mixing nets Unfortunate1y referred
to as "turbulence promoters." This revised mesh step model was experi-
ménta]]y validated using the electrochemical technique (the limiting
current of the cathodic reduction of ferricyanide was measured). The
electrolyte used was 0.01 M potassium ferrocyanide and 0.01 M potassium
ferricyanide in 1.5 M sodium hydroxide. The channel produced a 2.3 x
100 mm cross section to f1ow. The “"turbulence promoters" used were
commercial plastic nets 1.3 to 1.7 mm thick and a meéh step of 2.5 to
5 mm. Also .9 mm diameter plastic wires at various mesh steps were
used. Mass transfer results were‘presented as a'function of Peclet
number (Pe = ReSc). The Schmidt number (Sc) was approximately 2000
for the electrolyte used, though the Schmidt number for salt water is

about 600. The investigation covered a range of Reyno]ds‘numbers from
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approximately 4 to 250 (based on an unobstructed channel). Comparison
with the mass transfer "mesh step" model was quite good. The predited
1/2 power dependence on Peclet number was observed. The model did not
compare well with the experiments when the mesh step was less than
9 mm. Though the promoters were large and created an unmeasufed
increased resistance to flow, the importance of flow obstacles used to
increase mass transfer was shown with a system operating far below
bulk turbulence (laminar Reynolds numbers).

In 1975 E. Schlach and N. Ibl [51] presented a technique for
increasing mass transfer in a stagnant bath-type electrochemical
cell. The idea was to wipe the electrode surface with moving nets
which produced local motion near the electrode without stirring the
bulk. The mass transfer was measured using the limiting current of
the cathodic reduction of ferricyanide on nickel. The electroiyte
used was 0.05 M ferricyanide and .10 M ferrocyanide iﬁ 2.0 M sodium
hydroxide operating at 23°C. The wiping velocity ranged from 0.3 to
50 cm/sec over an electrode length that was varied from 0.2 to 20 cm.
The two nets used to wipe the electrode were composed of threads of
thickness 80 and 250 um and with an inter-thread distance of .5 and
2.5 mm respectively. These nets of synthetic tissues were run contin-
uously over the two electrodes which were separated by 5 cm. The mass
transfer results were summarized in terms of two dimensionless cor-
relations of Sherwood number (ShL) as a function of Reynolds number

(Re, based on electrode length), electrode length (L) and tissue

L
thread thickness (d") or spacing (d) given below:
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).369

nets moving upward

Sh, = 29.45 (ReLL/d

-377 nets moving downward

Sh, = 25.07 (ReLL/d)

~
|

Re, L
10 < dL < 3 x 107

The equivalent thicknesses of the diffusion layer ranged from 4.4
to 95 um and wés compared with the 1 um thickness obtained from bulk
turSu]ent flow in a thin gap (0.5 mm) e]ectfochemica] flow channel
[52] (which requifes a large power input). From a practical stand-
point, wiping accelerated mass transfer as much as laminar channel
flow operating at a flow velocity equal to the wiping velocity and
~having the plate distance approximately that of the thread thickness
(laminar flow gives 1/3 dependence on Re).

-The‘concept of promoting turbulence in electrochemical flow
channels was further studied by F. B. Leitz and L. Marincic for lIonics
Inc. in 1974 [53]. This work was later published in 1977 [54]. Again
the aim of théir work was to use large obstacles (half the channel
gap) of well defined shape to promote turbulence at lower flow rates.
Since their goal was optimization, they evaluated the increased pump-
ing costs associated with the obstacles through pressure drop measure-
ments. The hydrodynamics were fully developed channel flow between
the two electrodes that formed a cross section 1.0 x 10"3 mx 6.35 x
10_3 m. The obstacles were triangular, circular and rectangular in

shape and placed in either the attached, detached, or opposed
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positibn. They blocked half of the cross sectional area to flow and
extended fully across the channel between the side walls. The fluid
velocity was varied between .25 and 1.00 m/sec, corresponding to lam-
inar flow in the unobstructed}channe]. The mass transfer was measured
using the limiting current method with a specially constructed elec-
trode divided into 1000 unique microelectrodes. The segmenting of the
electrode allows local mass transfer rates to be measured as a func-
tion of position. The potassium ferricyanide/ferrocyanide electrb]yte
was used in 0.1 N potassium hydroxide. Because they used a segmented
electrode, local current densities (mass transfer rates) were obtained
at different positions upstream and downstream from the promoter for
different flow rates. Consistently, a dramatic rise in mass transfer
was observed at the obstacle, and a slow decrease to pre-obstacle
values was observed further downstream. Integrating the local values
gave average mass transfer data which were correlated in dimensionless
form for each type of promoter. The general form of the correlation

was:

D_\b
sh = constant (5c)!/3 (Re)? <;%>

The 1/3 dependence on Schmidt number was assumed; not established
experimentally. The Reynolds number dependence (a) varied from .343
to 1.09 and the parameter b varied from .153 to .531. The channel
length does not appear; however, the channel equivalent diameter

(De) and promoter spacing (al) are parameters in the correlation.
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Pressure drop measurements were used for a cost optimization. It was
observed that the optimum spacing (De/Al) was 0.12 for the promoters.
Using pumping power and cost considerations, the use of turbulence
promoters gave a significant improvement over purely laminar flow in
the channel. The detached cylindrical promoters gave the lowest costs
over the broadest range of Reynolds numbers, approximately a doubling
of the mass transfer over the unpromoted channel. This study showed
the utility of flow obstéc]es for not only increased mass transfer,
but also as overall energy savers when considering the very large
fluid pumping cost of producing turbulence by high fluid flow rates.
It should be remembered that Leitz and Marincic used obstacles that
were large in size when compared to the cross section to flow of the
channel (promoters occupied one ha]f_the channel gap).

The development of a new type of electrochemical cell utilizing
the concept of increased mass transfer in a smaller reactor came in
1975 with the introduction of the "Swiss Rol1" cell by P. Robertson,
F. Schwager and N. Ibl [55]. This cell consisted of alternating lay-
ers of thin electrodes separated by a thin cloth net. This sandwich
was then rolled creating a very dense reactor with electrodes closely
spaced but separated by a cloth net. The reactant was pumped through
the rolled cell in the axial direction; mass transfer was enhanced by
the turbulence promoting cloth net separator. Dﬁé to the geometry and
cloth, this early cell provided a nearly uniform current distribution.
Limiting current studies (5 mM ferricyanide/10 mM ferrocyanide in

0.5 M KOH) and pressure drop measurements were performed with the cloth
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separators in a parallel plate channel. The flow regime was in the
transition between laminar and turbulent flow; mass transfer rates
were proportional to the velocity raised to the 0.5 to 0.8 power. The
cloth separators (teflon or bo]ypropylene) gave higher mass transfer
rates when compared with an empty channel utilizing the same pumping
power., |

Application of this "Swiss Ro11" cell was shown by Robertson and
Ibl in 1977 [56]. Here the cell was used to remove copper from dilute
synthetic waste waters. For this cell, two different separator cloths
and one ion-exchange membrane were used in the electrode sandwich.
The cloths had mesh openings 1680 and 250 um, thread thickness 800 and

1 respectively. In earlier

200 um, and mesh count 4.03 and 22.2 cm_
work Schwager [57] showed that all the cloth separators could be repre-
sented by the following mass transfer correlations:

Sh = 0.15 (Re)0+82 (5¢)0-33 5 < (Re) < 80

Sh = 1.25 (Re)0+34 (5¢)0-33 80 < (Re) < 1000.

The copper concentration was lowered to a minimum of 1 ppm in batch
experiments. Through an extensive operating and pumping cost analysis,
it was concluded that a 1afge Swiss Roll cell plant would be competi-
tive with other waste water treatment technologies. In the introduc-
tion of their paper Robertson and Ibl reference other electrochemical
processes that employ various methods for increasing mass transfer
rates. These include use of packed beds for copper [58,59] and antim-
ony [60] recovery or for oxidation of ferrous ions to ferric ions

[61]. Also referenced was the use of fluidized beds for copper
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reéovery [62] and a U.S. patent by E. I. du Pont de Nemours in 1975
issued for a cell similar to the Swiss Roll cell [63].

In March of 1983, an industrial application of the "Swiss Roll1"
cell was reported [64] for the production of an intermediate* in the
synthesis of vitamin C by Hoffmann-LaRoche. - The report describes a
large scale ro]]gd electrode sandwich with mass transfer separator
cloths. Currently, a 30 m2 cell is used; eventually an anode of
several hundred square meter area is to be employed. |

In 1974 A. A. Sonin and M. S. Isaacson [65] suggested a method for
evaluating the performance of electrochemical flow systems. The method
rates the process on the basis of product yield and energy input. The
terms are in dimensionless form so as to be independent of system
scale. The cost equation is given below:

AP

K = kA * koA + kp T VhA  ($/sec)

The first term on the right repfesents capital costs; the second
represents costs associated with electrical resistive losses; and the
‘third term represents pumping cost. The cost coefficients (kc’

e kp)'are assumed td be independently known and independent of
current density and flow rate. Also the pressure drop is assumed to

k

occur mainly in the reactor. The procedure of optimization is to

first obtain a relation. for the Sherwood number as a function of

*Oxidation of diacetdne—L—Sorbose (DAS) to diacetone-2-keto-L-gulonic
acid (DAG).
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friction factor. This is done through mass transfer and pressure drop
measurements. Then this relation is used in the presented model.
Minimizing the cost produces the optimum operating point. From pre-
Timinary results applied to electrodialysis, they show the advantage

of using large turbulent promoters and that these are more effective

as the reactant concentration is lowered. Sonin and Isaacson refer-
ence two publications that used turbulence promoters not mentioned in
this review. These are Rosenberg and Tirrell in 1957 [66] and Kitamoto
and Takashima in 1971 [67].

Evaluation of this optimization technique with experimental
electrodialysis results was done by Isaacson and Sonin in 1976 [68].
Here they empiriéa]]y obtained Sherwood number and friction factor
correlations. Besides their own data using strip type eddy promoters,
they used the previously mentioned correlations by Winograd et al.
{491, Hicks and Mandersioot [32], and Marriott [35]. Isaacson and
Sonin used a 3.7 cm wide channel with a 0.38 cm electrode gap. Limit-
ing currents were measured for the electrodialysis system containing
.01 N KC1. The eddy promoters were non-conducting cylindrical rods
0.167 cm in dimeter (approximately one-half the channel thickness),
and were placed in the center of the channel. The promoter rod spac-
ing was varied from 2 to 63 channel thickness. The pressure drop was
measured with a differential manometer. The mass transfer and pres-
éure drop results were correlated in dimensionless form.’ It was
observed that a spacing to channel height (al/h) of 4 gave the best
enhancement to mass transfer. The correlations obtained for this

geometry were:
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80 99
)\=-R—e'+.29

1/3

Sh = .12 Sc Re*

The 1/3 Schmidt number dependence was assumed. The conventional
friction factor is given by A». These equations are valid for only the
"fully effective" flow regime (400 < Re < 1400). Three regimes were
observed: low (below Re 140 to 250) where there was little effect;
middle (higher Re) where Sh changed rapidly with Re; and the fully
effective regime (Re above 300-400) where the mass transfer power law
held (turbulent). By obtaining the dependence of Sherwood number on a
modified friction factor the optimization method described earlier was
used. It was observed that a spacing ratio al/h = 4 yielded the low-
est operating cost at all feed concentrations. When al/h was 2 higher
costs were yielded (not as helpful). Their results compared closely
to that of other workers who also used large eddy (turbulence)
promoters.

A. Storck and F. Coeuret [69] in 1977 also investigated large
cylindrical turbulence promoters. However, in their study the limit-
ing current technique was used to measure local mass transfer rates to
21 segmented microelectrodes that were aligned in the flow direction,
and flush fi£ted in the cathode. The electrolyte was 5 x 10'3 M
potassium ferricyanide and 5 x 10"3 M potassium ferrocyanide in
0.5 N sodium hydroxide. The channel provided a cross section to flow
of 50 x 10 mm. The cathode was only 30 mm wide so as to not contact-
the side walls. The two promoter sizes studied were made of PVC and

had diameters 5 and 8 mm. They were positioned in the center of the
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channel gap (notice the distance from the wall was 2.55 and 1 mm
respectively). The small promoters were spaced 2.5 mm and the large
ones spaced 2, 7, and 22 mm apart (inter promoter spacing - not center
to center). The flow regimes studied ranged from the laminar to the
beginning of the turbulent regime based on the unobstructed channel
cross section area. The large cylinder (8 mm) results showed a very
symmetric mass transfer (current) distribution from promoter to pro-
moter. The mass transfer rates were highest directly under fhe pro-
moter (where the velocity was the greatest). The small promoters

(5 mm) gave similar behavior, though the mass transfer rates were not
symmetrical and gradually decreased from promoter to promoter. A
model was also presented that describes the unique result of a sym-
metric boundary layer thickness between the centers of neighboring
promoters.

The results of this study were extended and compared with other
work in a 1978 publication by A. Storck and F. Coeuret [70]. The
method of economic evaluation used for the comparison was the one
developed by Sonin and Isaacson [65,68] already described in this
review. Besides the 1argé cylindrical promoters of their earlier.
study (.8 cm cylinders in a 1.0 cm channel, intercylinder distance
of 1 cm), Storck and Coeuret looked at three other mass transfer
enhancing possibilities for the 1 cm gap channel: i) increasing the
liquid flow rate in the unobstructed channel; 2) flowing the electro-
lyte through a fixed packed bed of spherical glass beads of diameter

1 mm with a porosity of 0.4; and 3) flowing the electrolyte through a
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fluidized bed of 1 mm spheres-of glass or stainless steel. An impor-
tant result is that the promoters or obstacles induce a more uniform
distribution of local mass transfer ratés. The open channel has a
highly non-uniform distribution.with‘the largest rates at the leading
edge. After performing the cost evaluation, the fixed bed seemed more
economical at lower velocities and the open channel at higher veloci-
ties. Storck and Coeuret conclude that mass transfer improvements by
obstacles do not reduce the operating cost of the process and further-
more, the added pumping power to such systems (by obstacles) should
affect the flow near the transferring wall (implying the benefit of
efficient mixing near the wall).

This result is not surprising since their obstacles were very large
and very closely spaced and lead to extremely high pressure drops and
energy requirements. Furthermore, the advantage of obstacles or turbu-
lence promoters probably breaks down as the flow rate is increased to
where the channel would be operating in the turbulent regime in the

absence of the promoters.

The previously mentioned economic optimization method and cost
expression by Sonin and Isaacson [65,68) was again used in 1979 by
J. Sheﬁ and R. Probstein [71] to study turbulence promotion in an
ultrafiltration process. Here an increase in permeate flux (mass
transfer) is desired; however, the additional energy input caused by
the obstructions must be evaluated to optimize the complete process.

They reference other methods for flux augmentation for uitra-
filtration including the work of Thomas and Watson in 1968 [72] who

inserted a wire spiral that was separated from the tube surface;
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Dejmek et al. in 1974 [73] who purified whey protein by an ultrafiltra-
tion tecﬁnique using twisted tape inserts that were superior to volume
displacement rods; and, the use of a Kenics static mixer by Pitera and
Middleman [74] in 1973 for studying laminar flow and by Copus and
Middleman [75] in 1974 for studying turbulent flow. However, a system-
atic and quantitative study of turbulence promoters in ultrafiltration
was lacking. Experimental data was obtained in a flow channel 3 in.
wide and with a height (gap) of .38 cm. The turbulence (eddy) pro-
moters were stainless steel circular cylinder rods of diameter approx-
imately 46 percent of the channel height. The interpromoter spacing
(a1) to channel height (d) ratio was varied from 2 to 63. The ultra-
filtration working fluid was bovine serum albumin (BSA) in .15 M saline
water. Two types of flat sheet membranes were used (UM-10 and poly-
su]fdne by Abcor Inc.). The expekiments were performed in the laminar
flow regime with Reynolds numbers ranging from 100 to 1500. Thé mass
transfer rates and pressure drop results are given by the following

correlations for the al/d = 4 case.

1/3 312

Sh = .072 Sci/3 pe-729 | A = 3.383 Re™"

The one-third dependence on Schmidt number (Sc) was assumed. The Darcy
friction factor is given by . It is important to note the transfer
fates decreased when the spacing (al/d) was reduéed to 2 (4 was the
best). This agreed with earlier mass transfer results [68,49,72] and
heat transfer results with twisted tape inserts by Bergles [76] and

Seymore [77]. These results were inserted into the cost optimization
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equation and shown to be superior over the unobstructed channels.
Another important factor in ultrafiltration is the turbulent promoters®
ability to create high fluid shear near the wall, reducing the concen-
tration polarization due to filtrate buildup. Although these large
cylindrical turbulence promoters brought about an improvement over an
unobstructed channel, it was shown that a considerably greater reduc-
tion-in product cost is theoretically attainable.

Work in this laboratory dealing with turbulence promoters was
completed by K. Hanson in 1979 [2]. Based on earlier observations in
1975 by F. McLarnon [1], the concept of using turbulence promoters
small compared to the electrode separation was investigated. A travel-
ing dual-beam laser interferometer was used to directly observe the
mass transfer boundary layer during copper deposition below the 1imit—.
ing current in a flow channel. This technique allowed the observation,
in situ, of local mass transfer rates in the vicinity of single obsta-
cles. The flow channel had a square cross section (.5 X .5 cm) with
copper electrodes forming the top and bottom surfaces. Three different
shapes of obstacles were used: cylindricaT, rectangular prism, and
triangular prism. The 0.762 mm high and 5 mm long electrically insu-
lating promoters occupied only approximately 2 percenf of the square
channel cross section. These obstacles Wére either attached to the
cathode or placed .762, 1.524 or 2.286 mm from the cathode surface.

The electrolyte used was .05 M adueous copper sulfate, without sup-
porting electrolyte. Flow rates in the laminar regime were investi-

gated. Local plots of boundary layer thickness show the mass transfer

enhancing properties of the promoters.
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Though no pumping power information was obtained, important con-
clusions were drawn from the results. The triangular obstacle showed
thé greatest tendency to decrease the diffusion layer, while the
cylindrical obstacle produced the smallest effect. There tended to be
better mass transfer enhancement as the obstacle was moved closer to
the surface. The obstacles affected the boundary layer thickness for
a substantial distance downstream; this recovery distance had strong
dependence on Reynolds number (flow rate). The obstacles also had a
pronounced effect on the copper deposit morpho]ogy, yielding informa-
tion about the hydrodynamic flow patterns around the obstacies. The
concept of producing a more uniform current distribution over the sur-
face by attaching several obstacles was presented along with the idea
that the obstacle acts as a new pseudo leading edge for mass transfer.

In 1980 F. Schwager, Roberston, and Ibl published a paper [78]
describing pressure drop and mass transfer results for parallel plate
channel experiments using the (woven plastic) cloth-type eddy promoters
that were used in the "Swiss-roll" cell experiments described earlier
[55,56]. The cloth promoters were placed between the top and bottom
plates of the electrochemical flow channel. Mass transfer rates were
measured using the ﬁimiting technique. Different concentrations of
ferricyanide ion and ferrocyanide ion were used in éodium hydroxide
supporting electrolyte. The cloth separators used had fiber diameters
ranging from .0203 to .0800 cm, fiber separations ranging from .0552
to .744 cm and porosities ranging from .702 to .912 respectively.

Because the cloths were sandwiched between the electrodes, the
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hydraulic diameter of the channel varied from .026 to .192 cm. Mass
transfer rates were measured for Reynolds numbers (Re) between 1,0 and
3000. The Schmidt number (Sc) was also varied in the range of 800 to
18500 in studies involving two of the separators. In earlier studies
the Sherwood number (Sh) was always assumed to vary with the one-third
power of Sc. They experimentally determined an exponent of .35 %= .02,
confirming the validity of this assumption over the range investigated.
The thinner cloths gave higher mass transfer enhancement than the

thicker ones. The mass transfer data were correlated as follows:

Sh = .26 (Re)9-02 5c1/3

A correlation based on a cloth promoter parameter, defined as
channel hydraulic diameter divided by fiber separation (dh/sm)

yielded:

dn |53
Sm

This correlation agrees well with one based on Ruckenstein's surface

Sh = 1.38 Re*483 5c1/3

renewal model [79]. Schwager et al. show, through power considera-

| tions, that the pumping energy required for a given mass transfer rate
is considerably lower for cells with the cloth nets than for the cor-
responding unobstructed flow channel with laminar or turbulent flow.
The improvement in the stirring efficiency provided by cloth sepa-
rators was highest at low flow rates--corresponding to the laminar

flow regime. Moreover, this energy improvement occurs even though the
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cloth nets provide a large resistance to flow. The current is more
uniformly distributed with the fiber cloths. However, when exposed
photographic film was placed on the electrodes and electrolyte replaced
by developer, the highest mass transfer rates were observed around the
leading edge of the promoters.

Additional experimental results by Storck and Hutin were presented
in 1980 [80]. Two new turbulence promoting obstacles were investi-
gated in the flow channel used for earlier work with larger cylindri-
cal promoters [69]. The cell provided a 5 x 1 cm cross section to
flow. They used platinum plated copper e]eétrodes and a 30°C electro-
lyte of equimolar ferricyanidé/ferrocyanide ioné in sodium hydroxide
(500 mo]/m3) for the limiting current measurements of overall maés
transfer rates. The pressure drop was measured with differential air
‘manometers. Compared to their earlier studies much smaller flow
obstacles were used. However, flow rates were quite high and limited
to Reynolds numbers above 2100. At these flow rates turbulence would
occur in an unobstructed channel. The new promoting schemes included
the net type PVC mesh promoters used by other workers [55] with mesh
openings from 5 to 50 mm and wire diameters from 0.2 to 1.0 mm and
also small diameter (0.7 to 3 mm) cylindrical wires spaced 25 to 50 mm
apart. These small promoters were placed against the transfer surface
(unlike the earlier work with the large cylinders which were placed in
the middle of the channel). The results showed that the mesh-type and
small wire promoters gave good mass transfer enhancement (from a 1.7

to a 3 fold increase in the rate of mass transfer at a constant fluid
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flow rate). The’goal of Stock and Hutin's study was to compare these
results with previous work, with regard to energy requirement. It was
found that, within a range of 50 percent, all the promoters could be

characterized by:

217
Kk = 4.57 x 107 [QV f-P-]

where k is the mass transfer coefficient and the quantity [Qv AP/L]
is an pumping energy input term (mechanical power dissipated). The
mesh-type cloths and small cylinders showed better effectiveness by
this method. However, it was concluded that an unobstructed channel
wés the most effective. This is not too surprising since the experi-
ments were done at flow rates higher than those required for transi-
tion into turbulence in an unobstructed channel without promoters.

Mass transfer work by Moscicka and Westwal in 1972 [81] and heat
transfer work by Miyashita et al. in 1976 [82] and Sparrow and Ramsey
in 1978 [83] were referenced by Storck and Hutin involving the use of
turbulence promoters.

In 1981 Storck and Hutin published another paper dealing with
improvement of a copper recovery process‘through the use of turbulence
promoters in an electrochemical reactor [84]. The same 50 x 10 mm
flow channel was used with the large (8 mm diameter) cylinders placed
in the center of the channel and spaced 50 mm apart. Copper cathodes
and an electrolyte of 5 x 10'4 molar copper sulfate, .1 M sodium
sulphate and .1 M sulfuric acid were used. The cell performance was

observed at flow rates of 22.5 and 5 cm/s (for an unobstructed channel
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with water flowing these velocities correspond to Reynolds numbers of
3780 and 840 respectively). The favorable effect of the large cylin-
ders was clearly shown. The copper concentration dropped much faster
and higher Faradaic yields were obtained with the promoters (the limit
is 1 ppm). An approximate plug flow model that gave results in-agree-
ment with the data was given for the higher mass transfer rates of the
promoted channel. The unobstructed channel always had a larger energy
consumption when compared to the turbulence promoted channel. The
beneficial effect of flow obstacles toward process applications was
shown by this paper where cylindrical promoters occupying one half the
channel gap were used.

In the same journal Storck and Hutin also present a more general
article on turbulence promoters in electrochemical cells [85]. This
article presents mass transfer and frictidn factor (if obtained) .
correlations from past work related to turbulence promoters. Results
were provided from their previous work on the overall effect of:

1) large cylinders placed in the channel center; 2) small cylinders on
the transfer wall; and 3) mesh-type promoter placed on the wall [80].
Furthermore, results on the 1oca1'effects of these obstacles were
demonstrated. These local mass transfer effects were obtained using
the 1limiting current technique on 48 isolated platinum microelectrodes
(5 mm diameter) and an electrolyte of ferricyanide and ferrocyanide in
sodium hydroxide.

Results in the form of mass transfer coefficients were plotted as

a function of position around the 3 types of promoters. These showed
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a larger wake effect at higher flow rates. The smaller obstructions
were majn]y studied in the turbulent flow regime. The enhancing
effect of many evenly-spaced obstacles is shown through the periodic
reproduction of the elementary. local mass transfer rate pattern. For
the small wires placed on the wall, a maximum in mass transfer is
observed both upstream and downstream close to the obstruction. The
correlation developed earlier for the large (8 and 5 mm) cylinders

placed in the center of the 10 mm gap channel is:

_ .5 1.5
Sh = 1.19 (Re)*®1 sct/3 <'2'> <%>

Here the channel thickness (H), large cylinder diameter (d), and
cylinder spacing (e) are additional parameters. No correlation for
the small wires operating below the fully turbulent regime was given.

Following theories on turbulent flow in roughened channels, the
fully turbulent regime was characterized by d+ > 50 and the correla-

tion is as follows:

vf/[2
St

Y12 _ 389.5 (4*)-26

where the Stanton number (St) and roughness parameter (d+ = Vod/v) are
related to the friction factor (f). (Vo) is the friction velocity and
(d) is the small cylinder diameter.

An extremely interesting article was published by Kang and Chang
in 1982 [86]. These workers experimentally observed and numerically

analyzed the effects of large rectangular turbulence promoters in a
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parallel plate channel operating in the laminar flow regime. The
specific system they modelled was 2-dimensional mass transfer in a
flow channel with promoters (side wall effects are neglected in a flat
channel). The promoters had heights equal to one-half the channel gap
and extended in the flow direction twice the gap separation distance.
These rectangular obstacles were placed in either a zig-zag (on oppo-
site walls) or a cavity-type (all on the lower wall) arrangement. The
spacing between the promoters was 3.5 or 5 times the channel gap.
Regardless of the geometry, no mass transfer was assumed to occur
through the promoter or through the wall directly opposite the promo-
ter. The Reynolds number was varied from 50 to 500 and Schmidt number
from 20 to 2000. The boundary conditions include a zero wall velocity
and a zero concentration of reactant at the electrode surface. The
size and shape of eddies formed were computed along with local and
overall mass transfer rates (the pressure drop was not presented).
With the cavity-type promoter and a promoter spacing to channel gap
ratio 6f 5, eddies were observed before and after the promoter. With
increasing Reynolds number these eddies grew (the upstream eddy was
smaller) and turned in opposite directions until the upstream eddy
disappeared (Re = 100) and the inter-promoter spacing was filled by
one large recirculation zone. With the zigzag arrangement two eddies
were always present. As the flow rate increased the size of these
eddies increased and the downstream eddy elongated in the flow direc-
tion (this behavior was observed with the cavity arrangement at

Reynolds numbers below 50). Mass transfer rate was higher where the
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velocity gradient was larger. The rate was more enhanced by the
zigzag geometry and this difference increased as Reynolds numbers
increased.

The overall mass transfer rates were correlated for a spacing to

height ratio of 5 as follows: ,
475

0.519 Sc° Re*
.376 Re.294

zigzag Sh 376

1.069 Sc
3 5
10° < (Sc)(Re) < 4 x 10

cavity-type Sh

It was noted that the zigzag promoters gave a correlation similar to
those experimentally determined by others [68,50,32,65]. Also the
correlation shows the beneficial effect of the zigzag over an un-
obstructed channel (the Reynolds number is raised to the 1/3 power in
the unobstructed channel flow). Kang and Chang validated their model
by comparing the eddy lengths to those observed experimentally with
dye visualization. Comparison was quite good for Reynolds numbers
from 20 to 150. It was further shown that instability in the recir-
culation zones occurred at a Re of 250-300 which then lead to early
;ransition into turbulence for this channel with these large promoters
(one-half the gap).

The plate and frame concept was previously presented as an
efficient heat exchanger design [35]. In February of 1983 the mass
transfer enhancing characteristics of an electrochemical cell design,
based on the turbulence promoting plate and frame principle, were
presented [87]. The ElectroSynCell (ESC) was developed by the Swedish

National Development Company (SU-cell). The cell is constructed by
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placing a plexiglas grid between the electrodes. The experimental
results presented in this paper compared the mass transfer character-
istics of a single grid electrode unit to turbulence promotion by
cylindrical rods or by an expanded metal electrode (mesh size 10 x

5 mm). The mass transfer rates were obtained by measuring the limit-
ing current of ferricyanide in 1.0 M KOH on nickel electrodes. The
cell provided a cross section normal to the flow of 12 x 154 mm and an
inter electrode gap of 9 mm. The 5 or 7 mm diameter cylindrical rods
were positioned in the center of the channel. The Reynolds number was
varied from 70 to 800 but no pressure drop data were reported. The
optimum spaciné for the rods was 20 mm for both diameters. The SU-
grid yielded three to six times higher mass transfer rates over the
channel with flat electrodes. The grid performed better than either
the rods or the expanded metal and represented by the correlation:

sh = 5.57 Re"%0 s5ct/3
70 < Re < 800

The 1/3 dependence on Schmidt number was assumed. The 0.40 exponent
on Reynolds number appears suspiciously low when compared to their
other correlations.

The cells are manufactured in two sizes with the large (ESC)
having approximately a 0.75 cm grid mesh and the sma11 (MP) cell
having approximately a 0.30 cm grid mesh [88]. The electrode gap is
given as 5 mm for the ESC and 6 mm for the MP. Also given in the com-
pany pamphlet is a pressure drop of 8-51 KPa per module of ESC cell.
The module may have a flow rate of 65-195 liters/min. However, elec-

trolyte flow per cell is given at 5-15 liters/min. It is important to
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\ ' ’
note that the grid extends between the two electrodes and presents a

large barrier to flow.

At the completion of this thesis, in August of 1983, experiment
results by W. W. Focke [89] dealing with mass transfer enhancement by
semicircular cylindrical turbulent promoters were presented.

The flow channel was .50 mm wide, with a gap of either 5.05 or
8.08 mm. The eddy promoters were half cylinders with a height equal
to half the channel gap and were placed alternately on opposite walls
of the channel. Promoter spacing to promote height ratios of 12, 36,
and 108 were used. Local values of mass transfer rates were obtained
by measuring the limiting current for the reduction of ferricyanide on
an array of strip electrodes. Potassium carbonate wa§ used as the |
supporting electrolyte. The ferricyanide concentration was varied
from 0.005 to 0.015 M. Using a rotating disk, the following expres-

sion for the ferricyanide diffusivity was obtained:

D.u _ 2,0 \—
o229 x10 15 Kg(sec)™2( k)~

A differential pressure transmitter was used to measure pressure drop.
Both the laminar and turbulent regimes were investigated; however,
emphasis Qas placed on the turbulent promoting ability of the large
obstacles.

Focke presents a qualitative description of the effect on the flow
pattern and separation of a backward-facing step as the fluid velocity

is increased. A downstream recirculation zone is described which
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elongates along the flow direction with increasing Reynolds number in
the laminar regime.

The experimental results show this growth when the reattachment
point is assumed to coincide with the largest downstream local mass
transfer rate. With increasing flow rate, the length of this point
increased to approximately 15 promoter heights before decreasing.
Minimum rates were observed directly upstream and downstream from the |
obstacles. The promoters were electronic conductors because large
mass transfer rates were measured at their location. Transition to
turbulence occurred at 16wer Reynolds numbers with larger promoters or
closer spacing. The maximum reattachment length was observed to occur
at lower Reynolds numbers as the promoter spacing was decreased. A
one-third dependence of Sherwood number on Schmidt number was valid
for the experimental data. For the turbulent flow regime the

following correlation was obtained:

d_\ 0.40
0.65¢,0.33 <_h>

Sh = 0.57 Re P

The promoter spacing (P) and channel equivalent diameter (dh) were
used. The turbulent flow results found good agreement with turbulent
flow theory and the mass transfer similarity function. The pressure
drop results were only presented in the form of friction factor
plots. Though most of the study dealt with transition to turbulence,
the effects of the promoters on the laminar flow recirculation zone
length agree with results of this study (this will be described

further in a later section).
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Other Methods for Achieving High Mass Transfer Rates

Most of the previous methods for improving rates of mass or heat
transfer described in this review have been achieved by modifying the
flow channel or the duct geometry. Obstructions and other roughening
agents placed in the flow path have been successfully used to increase
the mass or heat flux through a thinned diffusion layer. Besides the
flow-through schemes discussed earlier, other transfer enhancing
techniques have been investigated.

. In this laboratory it has been shown by D. Roha that movement of
suspended inert particles increases mass transfer rates in a stirred
system [90]. His work, completed in June 1981, used the limiting
current technique with ferricyanide. Roha measured mass transfer
rates to a disk electrode rotating in a suspension of micron-sized
particles. A 0.56 cm or 1.41 cm diameter rotafing disk was alter-
nately used. The particles were spherical glass beads and had size
distributions in the range of: 1-5, 5-10, 8-20, 0-25, 44-53 and
61-74 uym. The disk was rotated at approximately 387 to 2800 rpm and
the fraction of particles varied from 0-40 percent by volume. At a
given rpm, the limiting current could be raised to a value over three
times higher than that obtained without particles. The increase was
greater at higher rotation speeds and‘with the larger disk electrode.
The maximum increase in current was observed with approximateiy 10 um
sized particles.

Roha referenced other methods for increasing mass transfer; these

will be briefly mentioned. Electrodeposition rates have been increased
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by using spray nozzles which direct jets of electrolyte towards the
cathode {91-96 and recently 97]. Flow channels with a very thin
electrode gap (millimeters) have been operated at very high flow rates
to produce high current densities [98-102]. Very high current_densi-»
ties have also been obtained by mechanically contacting (driven by an
external source) the electrode surface with cloths, brushes, wipers,
honing stones, or abrasive belts [103-110]. Increased mass transfer
to electrodes has been achieved by sonic or ultrasonic vibrations
[111-115]. Induced motion caused by magnetic fields have also been
studied as a method for increasing transfer in electrolyte soutions
[116-118]. Creating fluid motion by a sparging gas through the
solution has been used effectively for increasing transfer rates
[119-121]. The addition of solid particles has also found many mass
transfer applications including fluidized beds [122-135]. Packed beds
or porous electrodes also give high rates of mass transfer [167-168].
More recent studies not included in Roha's review include
measurement of mass transfer rates to a spherical particle in a
stirred tank reactor [137]. A novel electrochemical reactor design,
utilizing oxygen evolution at the counter electrode [138] produces the
effect of gas sparging without an external gas source. The evolved
gas produces motion that increases the transfer 2 to 5 times over
natural convection. A study of different flow pétterns in the chlo-
rate cell to overcome hypochlorite mass transport limitations has been
presented [139]. The maximum mass transfer has been shown to occur at

the point of flow reattachment in a cell where the cross sectional
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area was suddenly increased [140]. A Eecent review of the vibrating
wire electrode has recently been published [141]. Drag reducing poly-
mers have been added to the electrolyte in a flow ceI] in an attempt
to reduce the flow drag more than the reduction produced on the limit-
ing current [142]. A trickle tower packed with Raschig rings was used
for scavenging metals [143]. Nodulation of electrodeposited copper
due to suspended particles (non-conductors and conductors) has been
reported [144]. Finally, laser-enhanced electroplating has been
described recently [145, 146]. The application of this method for

precise localized deposition is on the horizon.
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EXPERIMENTAL APPARATUS

The purpose of this investigation was to observe the effect of

small flow obstacles on the limiting current and pressure drop in the

square cross section electrochemical cell used for an earlier inter-

ferometric study [2] in this laboratory. That study used a double

beam laser interferometer to obtain direct images of the mass transfer

boundary layer in copper deposition from a bopper sulfate electrolyte.

The flow channel and holding tank were the only equipment items from

the previous study that were used again in this study. The adaptation

Qf the earlier system for limiting current and pressure drop measure-

ments included:

1.

Construction of a plumbing system suitable for the present
study;

Construction of nickel electrodes for the limiting current
measurements;

Adaptation of the flow channel for measurements of pressure
drop;

Obtain and assemble the necessary electronics and other
equipment for the measurements; and

Manufacture the small obstacles and develop a method for

spacing and attaching them to the electrode surface.

Electrolyte Flow System

A diagram of the flow system is presented in Fig. (7). The

electrolyte solution was prepared in the lower tank. This solution

was then pumped up to the elevated holding tank. Electrolyte flow /
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through the channel was gravity driven. However, if higher flow rates
were needed extra pressure could be applied to the holding tank from a
nitrogen gas cylinder. A needle valve wés used to adjust the flow
rate, which was measured by a rotameter. Installing a number of ball
valves produced a versatile system and enabled drainage and by-pass
operation.v

A11 connectors (Fast and Tite®) and tubing (Parf]eﬂa) were black
polypropylene (150 psi max at 75°F) materials obtained from Parker
Hannifin Corp. The connectors were leak-proof; Tef1on® tape was used
on all threaded fittings. The electrolyte preparation tank was
polyethylene. A1l valves were made from polypropylene and purchased
from Hayward Valve Company. A Doric Model 410A Trendicator (accurate
to 0.1°C) was used to measure the electrolyte temperature. A type K
thermocouple inside a stainless steel thermocouple well was inserted
into the 90° elbow following the flow channel. Gilmont flowmeters
(rotameters) were used for the flow rate meésurements. Specifically,
flowmeter No. 3 with a stainless steel float and flowmeter No. 4 with
a glass float were used. Electrolyte contacted only Teflon and glass
in the flowmeter. Calibration of the flowmeter was performed with the
aid of a stopwatch and graduated cylinders.

Flow Channel

A cross section of the flow channel is shown on’Fig. 8 (not to
sca]e). The electrolyte passes through the approximately .5 cm square
cross-section channel (actual effective hydraulic diameter (De) =

0.46 cm) which is formed by electrodes on the top and bottom surfaces
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and a glass wall and plexiglas wall forming the sides. This produces
the square duct geometry that is also shown in Fig. 1. A special
large, soft o-ring ( a 3/16" neoprene tube inside a 5/16" tube) §eals
the channel [2]. A fully developed velocity profile is assured by a
55 cm long plexiglas entry region with the sameAgeometry as the
following active electrode region. The nickel electrodeslconstructed
for the limiting current measurements are shown on Figs. 9 and 10.
Both pairs of electrodes are .476 cm (3/16 inch) wide and have én
active length of 50.8 cm (20 inches). The electrodes shown in Fig. 9
were used only in the larger (.160 cm) obstacle study - composition
(measured by x-ray spectography) of 95.96 Ni, 3.03 Fe, 0.75 Al and
0.26 Cr. The electrodes used in the other experiments (Fig. 10) were
fabricated from Nickel 200. The flow channel is assembled by first
inserting the electrodes. They are held in place by 3 stainless steel
screws sealed with o-rings. These screws are also used as electrical
connections to the electrodes. The electrodes are sandwiched between
the glass channel walls and acrylic shell shown by Fig. 11. The
entire assembly is then bolted together (Fig. 12). The entry region
can be seen to the left of the channel in Fig. 12.

Electrical System

A schematic of the equipment used for the 1ihiting current
measurements is shown in Fig. 13. A PAR 371 potentiostat was used for
potentiostatic control of the potential applied to the working elec-
trode (cathode). An ammeter (Data Precision Model 1455) was used to

measure the current passing through the cell. Limiting current curves
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Fig. 11. Flow channel assembly. Electrodes are in place. Glass side
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were obtained using a potential ramping device (controller) built in
house by Mr. J. Severns (No. 7S 2481) and a Gould X-Y recorder (Model
3054 with time base). Since an absolute value of the applied poten-
tial was not needed, the counter electrode (anode) was used as the
reference for the potentiostat.

Pressure Monitoring System

Two pressure taps of 0.074 cm diameter were machined into the
plexiglas side wall 50.8 cm part and halfway between the electrodes
(Figs. 14 and 15). (This plexiglas wall replaced one of the optical
glass side walls used originally in the interferometric study.) Also
shown in Fig. 15 is a capillary Teflon tube that can be connected to a
reference electrode compartment. The pressure at the leading and
trailing edge of the active channel was then transmitted by tygon
tubing to open ended glass tubes (manometers) or a Validyne DP103
pressure transducer. The fluid piping and the electronic components
for this diaphragm-type transducer are shown on Fig. 14 (a Keithley
179 TRMS Digital Multimeter was used).

For the larger (.160 cm) obstacle experiments, the pressure drop
was calculated by measuring the difference in height between two ver-
tical open ended glass tubes. The measurement of the liquid heights
was performed with the aid of a cathetometer (shown in Fig. 16). This
sighting instrument allowed very small liquid height differences to be
measured accurately (to =.005 cm).

The transducer was more convenient to use. Furthermore, it

allowed transient data to be recorded. The transducer contains a
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Fig. 15. Plexiglas side wall. Pressure taps with tygon tubing and
reference electrode connection are shown.
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Fig. 16. Electrical equipment rack, flow system, and cathetometer
for pressure drop measurements.
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metal diaphragm which undergoes a deflection in response to pressure
differences. The deflection decreases a gap on one side of the dia-
phragm and increases a gap on the other side. The physical disp]ace—
ment and resulting magnetic reluctance variation is converted to a
voltage output proportional to the applied pressure difference. The
Validyne transducer was calibrated using the cathetometer and two
vertical glass tubes (manometers) filled with water.

Electrode Preparation

The electrodes described earlier and shown in Figs. 9 and 10 were
.476 cm (3/16 inch) wide and had an active length of 50.8 cm. All
surfaces except those forming the active surface (24.2 cm2) had to
be electrically insulated. Attempts were made to coat the sides of
the electrodes with Kynar , a vinylidene fluoride resin from Pennsalt
Chemical Corporation. This failed because the Kynar did not adhere to
the electrode (probably due to improper baking at the LBL paint shop).
_ Finally, polyurethane proved successful. Varethane high gloss spray
was used for the larger obstacle (.16 cm) experiments and liquid high
gloss polyurethane from Ameritone (diluted by thinner) was used for
the other experiments with the electrodes shown in Fig. 10. The
polyurethane had to be reapplied after every second run because it
peeled off the electrode. Differehces between the two runs due to
ineffective urethane coating were insignificant. Once the electrodes
were coated they were polished using the right angle jig shown in Fig.

17. Silicon carbide paper with adhesive backing (from Buehler Ltd.)

was placed on the flat metal surface. This surface was then slid back
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Fig. 17. Electrode polishing jig.
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and forth on the electrode with the Teflon guides contacting the
electrode sides. A photograph of the jig in operation has been
described by McLarnon [1]. Polishing was achieved down to 600 grit
paper. The electrode surface was then rinsed with distilled water and
then with isopropyl alcohol (Mallinckrodt .0004 residue after evapo-
ration). The obstacles were attached using Eastman Permabond 910
Adhesive (cyanoacrylate ester) and the electrode was then mounted in
the flow channel. The electrode was polished and new obstacles
attached for every experiment.

Electrolyte Preparation

The 0.01 M potassium ferricyanide/0.05 M potassium ferrocyanide
with an excess of sodium hydroxide electrolyte used for the experiment
was prepared using demineralized water, which had been passed through
an ion exchange resin in Building 62 of Lawrence Berkeley Laboratory.
This water was allowed to equilibrate with room temperature overnight.
A larger concentration of ferrocyanide ion was used to insure that the
limiting reaction in the cell was due to the ferricyanide reduction
and not to that of the ferrocyanide oxidation at the counterelectrode.
(Diffusivity of ferrocyanide is lower than that of the ferricyanide
jon.) Nitrogen gas was sparged through the solution before and after
electrolyte make-up to remove dissolved oxygen. Thirty liters of
fresh electrolyte were prepared for each run. The 30 liter solution
batches were composed as follows:

For the Targe obstacle runs,

0.10 M NaOH sodium hydroxide (mw 40.0) (120 g)
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0.05 M K4Fe(CN)6 3H20 potassium ferrocyanide trihydrate
(mw 422.4) (633.6 g)
0.01 M K3Fe(CN)6 potassium ferricyanide (mw 329.25) (98.78 g)
A1l other runs,
0.30 M NaOH sodium hydroxide (mw 40) 360 g)
0.05 M K4Fe(CN)6 3H20 potassium ferrocyanide trihydrate
(mw 422.4) (633.6 g)
0.01 M K3Fe(CN)6 potassium ferricyanide (mw 329.25) (98.78 g)
The chemicals were dissolved in 30 liters of water (measured by weigh-
ing) with the aid of a mechanical propeller. Reagent grade potassium
ferrocyanide trihydrate and potassium ferricyanide were obtained from
J. T. Baker Chemical Co. The sodium hydroxide pellets were obtained
from Mallinckrodt Inc. The electrolyte was sparged with nitrogen for
two hours before beginning the experiments.

Electrolyte Physical Properties

Both electrolyte solutions had a density (p) of 1.02 gm/cm3. For
the electrolyte used with the larger (.16 cm) obstacles (0.10 M NaOH),
the viscosity (u) was calculated using the empirical equation of
Boeffard [147] given in terms of the species concentrations (Ci in

moles/liter):

u(cps) = 0.96714 + 0.09622 Cy .o, - 0.20528 Cp_ . ;
' 2 2
+0.090255 Cp,.., * 0.05404 Cy o *+ 0.53303 Crppp g
2
+ 0.43505 Cp,.. + 0.23586 Cy o .Co . (27)
+0.302585 Cy o C +0.99923 C._ C

NaOH Ferro Ferro Ferri



74

This equation was obtained for a 25°C electrolyte and using it could
have introduced a #3 percent error to the large (0.16 cm) obstacle
calculations in which the electrolyte temperature was not regulated.
This probable error was eliminated from the other runs by direct
measurement of viscosity using a capillary viscometer.

Knowing the viscosity (u), the diffusivity of the ferricyanide ion
(Di) was determined from the equation by Gordon et al. [14]

D.

.,
1 U _ (0.234 + 0.0014T) x 10 ~0 C&m_poise (28)
T sec K

where the ionic strength (T) is given by:
m
I = %— 2: c,iz,i2 (29)
i

The transference numbers (t,) were calculated using the

following equation:

2
Gz ol

- (30)
+* z:ciz].u_i
:

t

Using the ionic mobilities at infinite dilution given by Glasstone
[148], Beoffard [146] obtained the following expressions for the

transference numbers:

C

t B Ferri (31)
Ferri CNaOH x 0.8189 + CFerri ¥ 1./179 + CFerro X 2.4293

t B CNaOH (32)
OH= ~ C X 1,253]1 * C . X 2.6442 + C X 3, 7175

NaOH Ferri Ferro
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Applying this equation to the electrolyte solutions in this study gave

a ferricyanide transference number ( ) of 0.0453 for the 0.1 M

tferri
NaOH electrolyte and 0.026 for the 0.3 M NaOH electrolyte. A summary

of the range of the electrolyte fluid properties is given below.

Composition 0.30 M Sodium Hydroxide
0.05 M Potassium Ferrocyanide Trihydrate

0.01 M Potassium Ferricyanide

Temperature Viscosity (u) Ferricyanide Ion Schmidt
(¢C) (cp) Diffusivity (Dj) Number
(cm?/sec) (Sc)
22.8 - 24.2  1.02 - .990 6.82 x 107 - 7.12 x 10°® 1353 - 1465

A procedure for the quantitative titration of the electrolyte is
given in Appendix B. Titration showed the ferricyanide concentration
differed by less than one percent before and after performing experi-
ments and less than seven percent from the 0.01 molar value at the end
of a day's experiments. |

Obstacle Fabrication and Electrode Attachment

The flow obstacles used in this study were all rectangular in
cross section and constructed from nonconducting materials. The

dimensions of the three sizes shown in Fig. 18 are summarized below.
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Obstacle Dimensions
Size
(Perpendicular to Flow X With Flow X Across Channel)

Large (.160 cm x .146 cm x .476 cm) or (.06315" x .0573" x .1875")
Small (.0762 cm x .0825 cm x .476 cm) or (.030" x .032" x .1875")
Micro  (.0254 cm x .0825 cm x .476 cm) or (.010" x .032" x .1875")

The "Small" obstacles correspond to those used by Hanson [2]. The
three different obstacles were all approximately square end-on; except
for the "Micro", which had the same length in the flow direction as
the Small but were only one third as high. (From here on the obstacle
size will be capitalized.)

A qualitative comparison of the Small to the Large obstacles is
shown by Fig. 19. The Large obstacles were Lucite (acrylic) machined
to size using the jig shown in Fig. 20. A .060 inch square strip is
held down by the metal bar and allen bolt; it is then sliced off into
obstacles 3/16 inch long. This method was not used for the Small and
Micro obstacles, rather these were punched from .030 and .010 inch
thick cellulose acetate sheets. The punch, shown in Fig. 21, produced
obstacles that were very smooth and clear on two opposing surfaces and
dull on the others. The clear smooth surface was attached to the
electrode allowing the dull surfaces to be perpendicular to the on-
coming flow. The electrode was cleaned with isopropyl alcohol and the
obstacles attached with Eastman Permabond 910 TM Adhesive (cyano-

acrylate ester).
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XBB 832-1498

Fig. 19. Comparison of Large (0.160 cm) and Small (0.0762 cm)
obstacles.
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XBB 832-1496

Fig. 20. Large obstacle (0.160 cm) manufacturing jig.
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XBB 832-1499

Fig. 21. Small (0.0762 cm) and Micro (0.0254 cm) obstacle punch.
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The spacing of the obstacles posed a problem. Specially designed
spacers constructed from Teflon did not alleviate the problem because
they could not be moved without also removing the attached obstacles
from th; surface. For this reason the obstacles were first spaced
rather Crude]y. Using an accurate scale and a sharp razor blade, the
electrode was lightly scratched where an obstacle was to be placed.
Then using forceps, the obstacle, with a drop of adhesive smoothed on
the bottom surface, was positioned on the scratch. This positioning
was aided by clamping two pieces of plexiglas along the sides of the
electrode. The plexiglas formed a siot in the electrode direction.
The obstacle was then fitted into this slot perpendicular to the
plexiglas and flush with the electrode sides.

After each run the obstacles were removed and the electrode
repolished. The previous spacing placement scratches could not be

seen after polishing. New obstacles were attached to a newly polished

electrode for every run.
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EXPERIMENTAL TECHNIQUES, PROCEDURES, AND CALCULATIONS

In this experimental investigation the effect of small flow
obstacles on the performance of an electrochemical square duct reactor
was studied. The obstacles increase the mass transfer rate, but also
cause an increase in the required power to pump the electrolyte. To
assess the advantage that may occur due to the placement of these
obstacles in the flow channel, pressure drop and limiting current
measurements were made. Also, the flow patterns around the obstacles
were visualized and photographed.

Pumping Power - Pressure Drop Measurement

A fluid moves through a horizontal channel, duct, or tube because
of an applied pressure difference. The fluid moves from the high
pressure region to a lower pressure region. "~ For a duct with a given
length (L) the difference in pressure between the inlet and outlet
becomes greater when the resistance to flow is increased. Flow obsta-
cles provide resistance to fluid flow. The pressure drop (aP/L) is
the decrease in fluid pressure (aP) incured over the distance (L). By
measuring pressure drop one obtains a measure of the resistance to
flow and the power required to pump a fluid through the duct can be
calculated.

In this investigation the pressure drop (AP) over the electrode
length (50.8 cm or 20 inches) was measured via two small pressure taps
in the channel wall. The pressure difference was then obtained by
meaéuring the height difference in two glass tubes (manometers) or by

reading a calibrated pressure transducer. The manometers were used
/
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for the 1arge.obstac1e experiments and were read using a cathotometer.

The height difference ah (cm) is related to the pressure by:
AP = pgah (33)

where the density (p) refers to the manometer fluid (which was the
electrolyte). The acceleration due to gravity (g) was taken to be
976.77 dyne/cmz. The electronic pressure transducer was calibrated
using the cathetometer, water, and the glass tube manometers. For
both devices gas bubbles had to be removed from the tygon transfer
Tines. For the manometers this was easy because the tubing was clear
and the bubbles could be spotted. The transducer had to be bled to
remove bubbles. This was accomplished by using the bleed screws pro-
vided for this purpose. The major advantages of the electronic trans-
ducer were its ease in use, large pressure range, voltage output, and
response to transient behavior (DC to 1000. Hz). To monitor the tran-
sient behavior of the pressure in the channel, all air bubbles had to
be out of the transfer lines. Bubbles would tend to dampen the
response because they are compressible.

For laminar flow in a square channel it is shown in the Introduc-
tion (Eq. (3)) that the pressure drop (aP/L) is related to the equiva-
lent hydraulic diameter (D_), fluid viscosity (u) and fluid volumetric

e
flow rate (Q) as follows:

AP _ uQ_
= 28.45 3 (34)

e
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(35)

A plot of the measured pressure drop (reproducible to +0.03 cm H20)
versus flow rate in the laminar regime (Re < 2100) produced a straight
line. Evaluation of the slope using the appropriate fluid properties
yielded a channel equivalent diameter that was 1.5 percent different
than the valve obtained by direct measurement with a micrometer. A
hydraulic diameter of 0.46 cm was used in all the calculations in this
study.

The friction factdr (f) is defined [150] as the proportionality
constant between the force (F) applied in the flow direction to move

the fluid and a characteristic area (A muitiplied by the kinetic

char)
energy (K.E.) of the fluid:

)(K.E.) (36)

F=f (Achar

For a duct, the dimensionless Fanning friction factor (f) used in this

study is then given by:

The equivalent hydraulic diameter (De)’ fluid density (p) and fluid
bulk velocity (Vb) are used to non-dimensionalize the pressure drop

(aP/L).
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The actual power (Pp) per reactor volume (W/m3) needed to pump the

fluid at a certain linear velocity (Vb) m/sec is given by:

For this equation the pressure drop (AP/L) must now be in units of
Newtons per square meter and Vb in units of meters per second. The
power input increases drastically in the turbulent flow region. This
is caused by a pressure drop approximately dependent on the velocity
squared as opposed to the linear dependence in the laminar regime.

Mass Transfer Rates - Limiting Current Technique

In an electrochemical cell, when a potential difference is applied
to the two electrodes and current is passed, a reduction reaction
occurs at the cathode and an oxidation reaction occurs at the anode.
As shown earlier (Eq. (11)), the current passed is related to the flux
of charged species to the electrode. Due to the complex nature of
electrochemical reactions, many factors influence the rate of the
overall reaction processes. For a cathodic electrode process, the
ions are transported toward the cathode by diffusion, electric migra-
tion, and convection (Eq. (8)). Near the electrode surface the con-
vection is diminished. Excess "supporting" electrolyte (indifference)
ions that do not participate in the electrode reaction provide the
primary mobile species and suppress the induced migration of the re-
acting ion. Therefore the reacting ions move close to the electrode

mainly by diffusion through the thin mass transfer boundary layer
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located next to the electrode. At the electrode the following pro-
cesses usually take place: adsorption, charge transfer, surface dif-
fusion, and finally (with deposition) incorporation into the 1atticé.

The overall rate of the process is related to the slowest rate of
the many individual steps. Because the process is not in equilibrium,
energy must be supplied to drive the process. This energy is the
voltage that must be supplied in excess of the thermodynamic equilib-
rium potential and it is the driving force for the reaction. This
extra energy (called overpotential) is divided into three main compo-
nents [151]: the ohmic overpotential produced by the electrolyte
resistance, the concentration overpotential due to mass transfer limi-
tations, and the activation overpotential which is the resistance to
surface processes.

If the surface reaction steps are "fast" compared to the other
process steps,. the overall reaction will be limited by the transfer
rate of material to the surface. In this case the reactant will react
infinitely fast (relative to its rate of diffusfon) once it arrives at
the surface and its concentration will consequently become be zero on
the surface. The "1imiting" current condition has then been reached
and increasing the overpotential will not increase the reaction rate
above this limiting value (iL). The current passed can then only be
increased by affecting the surface reaction, bulk reactant concentra-
tion, or system hydrodynamics. Using the equations presented in the
Electrochemical Mass Transfgr section, the following equation can be
derived for the mass transfer coefficient (k) in terms of the limiting

current density (iL) for a system with excess supporting electrolyte:
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The limiting current technique is therefore an experimental method
which measures mass transfer rates, which can then be correlated by
means of dimensionless quantities. The technique has been used exten-
sively to determine mass transfer rates in forced convection systems.
Copper deposition mass transfer rates have been investigated in this
laboratory by Hickman et al. in 1963 [153,154]. They made use of
channel flow between two parallel plates to study the effect of buoy-
ant forces on the process. Also in this laboratory, Landau in 1976
[155] used the copper deposition reéétion to study forced convection
mass transfer to a segmented electrode in channel flow. Unlike copper
deposition studies, the ferri-ferrocyanide redox reaction does not
affect the surface morphology (nothing is deposited). Mass transfer
studies using this redox couple date back to Lin et al. in 1951 [156]
who studied forced convection in an annular gap and in this laboratory
by M. Eisenberg [157] in 1951. Eisenberg's work on mass transfer to
rotating cylinders was published in 1954 [158]. Additional work in
this laboratory includes that of Acosta in 1974 [159] who used the
ferri- ferrocyanide system to study high rate electrolysis in a very
thin gap parallel plate cell with controlled roughness under high flow
rates. Roha [90] in 1981 used this redox reaction for his mass trans-
fer study of suspended particles. Additionally, the work of J. Selman
in the 70's [160,161] was devoted to developing the limiting current

technique as a quantitative experimental tool. Besides the work in
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this laboratory, the limiting current technique and specifically the

ferricyanide reaction has been extensively used for mass transfer

studies.

The literature review section discusses the technique with

regard to transfer enhancement investigations. As shown by Eq. (39),

the T1imiting current density can be used to obtain a direct measure of

mass transfer rates. However, the important assumptions used to obtain

this result are summarized below.

1.
2.

The 1imiting current must be identified.

Reactant bulk concentration, diffusivity and number of elec-
trons transferred per species reacted must be known.

The current must be due to the reaction of the species whose
concentration is known (no other reactions).

The limiting current must be due to mass transfer limitations
with no migration effects (fast surface reaction and excess
supporting electrolyte).

The 1imiting reaction must occur at the electrode studied
(not the counter electrode).

The calculated mass transfer coefficient (k) or Sherwood

number  (Sh) is independent of concentration.

For this study, all the above items have been considered and the tech-

nique adjusted to insure the assumptions hold in this system. The

desired reactions are shown below and occur on the nickel electrodes.

Cathode - reduction of ferricyanide ion

3-
6

4-

Fe(CN) 6

+ e -—>» Fe(CN)
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Fig. 22. Limiting current curves for the unobstructed duct
at various Reynolds numbers (Re). Sweep rate =
0.20 volts/min.
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Anode - oxidation of ferrocyanide ion
Fe(CN)64_ —-—> Fe(CN)63_ + e
(n=1)
v° = 0.36 volt

Sodium hydroxide is used as the supporting electrolyte. The
system is bubbled (sparged) with nitrogen to remove any dissolved oxy-
gen. This insures the current passed goes to the redox couple, and
not for oxygen reduction. A larger concentration of the ferrocyanide
jon allows the ferricyanide reaction to reach its limiting rate first.
Physical broperties were determined by the methods prevjous]y
explained.

Ferricyanide is a strong oxidizing agent; therefore, the apparatus
was constructed from materials resistant to its attack. The decompo-
sition of ferricyanide in alkaline solutions [147,158,159,174], and
ferrocyanide when exposed to light [147,158,159] have been reported.
For these reasons, fresh solutions were made for each run and the sys-
tem was mainly composed of opaque materials. Poisoning of the elec-
trode by cyanide was avoided by polishing the electrode before every
run. The surface was polished and electrolyte prepared the same day
- as the experimental run.

The limiting current value can be obtained from polarization
curves similar to those shown in Fig. 22. At time zero, a cathodic
potential ramp is applied to the electrodes (cathode polarized nega-
tive with respect to hydrogen reference). As the potential increases

so does the reaction rate and the current. At the limiting current
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condition (IL), the current becomes constant and a further increase

in the cathodic potential produces no additional increase in reactioh
rate. Finally, as the electrode is further polarized, another reaction
can occur (hydrogen evolution). The current passed to this secondafy
reaction produces the sharp rise at the higher potentials. It is
important to realize the absolute value of the potential was nota
recorded because a referénce electrode was not used. The resistance
of the 0.3 M NaOH electrolyte produced an IR voltage drop of approxi-
mately 16.2 mV when a current of 50 mA was passed. This is not impor-
tant because the mass transfer rate is related to the limiting current,
not the potential at which it occurs. Figure 22 displays results for
thé unobstructed square duct operating at the Reynolds numbers (Re)
shown. As the Reynolds number is increased, higher mass transfer rates
are observed and higher limiting currents are achieved.. At the lower
flow rates a peak or local maxima is observed just before the plateau
is reached. This maxima is a transient phenomenon and has been
explained by previous workers [160]. It occurs at sweep rates that

are "fast" compared to the rate of mass transfer through the boundary
Tayer. Higher currents can be passed until the steady state shape of
the mass transfer boundary layer is produced. P. C. Andricacos and

H. Y. Cheh [162] have shown that the disappearance of the maxima,

) is

assuming an average Nernst diffusion layer thickness (savg

related by:
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2
i nF V 83y
o= RT D

no hump o <3

hump o >3

where V is the potential ramp sweep rate (volts/sec). This relation
shows that an average diffusion thickness can be calculated without -
knowledge of the electrode area or measurement of the limiting current
value (further information can be found in Appendix A). Plots such as
the one in Fig. 22 shall be referred to as "limiting current curves."
These curves were qualitatively used to evaluate the effect of the
flow obstacles.

Quantitative measurements of the mass transfer rates were obtained
by measuring the limiting current using a potential step method. In
this case, at time zero, a step in potential was applied to the elec-
trodes. The magnitude of the step was chosen to be in the limiting
plateau region of Fig. 22. A 0.5 volt potential step was used for the
measurements involving large obstacles, and a 0.6 volts step was used
for the others. The current response to this potential step is shown
in Fig. 23 for different flow rates. The value of the current at long
times (steady state) was used to calculate the limiting current density
(1'L = ISS/A). The time needed to reach the "steady state" current was
Tonger at lower flow rates (Reynolds numbers). The curves also show
the effect of the onset of flow turbulence on the current in the un-

obstructed square duct. This is shown by the large fluctuations of
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Fig. 23. Current response to a potential step at time equal

to zero. The magnitude of the step was in the Timiting
current plateau region. Effect of increasing Reynolds
number (Re)vis shown for the unobstructed duct.
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the "steady state" current. These fluctuations were largest around
transition to turbulence (Re = 2100 for a duct) and diminished as flow
rate was further increased (notice Re = 2400 in Fig. 22). After the

limiting currents were obtained, Sherwood numbers were calculated by

using:
D_ i :
e L

The above equation is derived from Eq. (20) using Cb = 0 at limiting
current. An equivalent hydraulic diameter (De) of .46 cm, bulk con-
centration (Cb) of 0.01 M, and the appropriate active electrode area
(A) were used.
Operation

The basic procedure used for the experimental runs in this
investigation are given below. Details of the steps have already been
described.

1. Coat the electrodes with urethane (day before).

2. Weigh out 30 liters of water (night before).

3. Sparge the water with N, gas.

4, Make up the electrolyte solution.

5. Sparge the electrolyte for 2 hrs with nitrogen.

6. Polish the electrodes to 600 Qrit with Si]icon carbide paper.

7. Rinse electrodes with distilled water.

8. Rinse electrodes with isopropyl alcohol.

§g. Attach obstacles to cathode at desired spacing.
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10. Mount electrodes in flow channel.

11. Seal the flow channel.

"12. Throttle nitrogen through the flow system to remove air
(1 min).
13. Pump the electrolyte to the upper tank.
14. Bleed and zero the transducer.
15. Obtain two limiting current curves and hold at hydrogen
evolution for a few minutes.
16. Take data at different flow rates. At each flow rate measure
limiting current, temperature, and pressure drop (allow for
steady state hydrodynamics after changing flow rate). The
flow rate was varied as follows: 10, 30, 50, 70, 90, 80, 60,
40, 20, 5, 15 on the rotameter scale.
17. Obtain qué]itative limiting current curves.
18. Measure fluid properties (if needed).
19, Clean up. |
Note: Eisenberg et al. [158] pretreated their electrodes by polishing,
washing with CC]4 and treating cathodically in a 5 percent NaOH solu-
tion at a current density of 20 mA/cm2 for 12-15 min.
Errors

The greatest source of experimental error must be attribdted to
the flow meter. It was a ball type rotameter and gave a scattered
calibration curve. The pressure drop and limiting currents were
measured very accurately. Comparisons of the results with known un- "

obstructed correlations were excellent. The reproducibility shown in

the Results section, was quite satisfactory.
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Flow Visualization

Experimental science is based on observations. In studying fluid
mechanics, one can observe properties of the flow (e.g. pressure drop);
however, the flow paths have the unique ability of being directly
visualized. An excellent collection of flow visualization photographs

can be found in An Album of Fluid Motion [163]; Some of the techniques

used in this study to observe and photograph fluid motion are described

in Flow Visualization by Wolfgang Merzkirch [164].

In this study, the flow was visualized by adding foreign material
to the flowing fluid (milk, bubbles, Mearlimaid). To vfsua]ize and
photograph their motion, a light source must shine perpendicular to
the viewing direction. This dark field illumination was used so that
only scattered light contributed to the image. In this investigation
the obstaé]es were attached to a piece of plexiglas that was cut to
the same dimensions as the cathode (upper electrode). This plexiglas
spacer was then mounted in the flow channel replacing the cathode.
The duct thus formed had the same dimensions as the duct used for the
electrochemical experiments. The channel was illuminated from above
by a floodlight whose light passed through the translucent plexiglas
spacer and into the flowing fluid. The flow paths were viewed and
photographed through the glass side wall.

To visualize filament lines, milk was slowly injected into the duct
containing water as a flowing fluid. The reference electrode syringe
was used for this purpose (Fig. 15). This method did not prove to be
the best because the milk, injected manually, affected the bulk flow

rate.
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Small hydrogen bubbles produced the best photographs. For this
technique, a wire or a small metal screen attached to a wire was placed
upstream from the obstacles. Sodium hydroxide was dissolved in water
and passed through the duct. By passing current between this electrode
and the flow channel anode, hydrogen bubbles were generated on it
electrochemically. These small bubbles after detachment followed the
streamlines and produced white streaks when photographed. The bubbles
were buoyant and accumulated near the cathode. Some of them became
attached to the surface on the downstream side of the obstacle or in
the corner of the duct. These attached bubbles affected the fiow pat-
terns. The bubble technique did not work well with the small obstacles
since the bubbles were not small enough to follow the streamline
pattern.

In another effort, neutrally buoyant solid micron sized flakes
were added to water in order to observe particle paths and stream
lines. The flakes used were (10-30 wm) x 6 um Natural Pearl Essence
crystals (guanine) manufattured for the cosmetic industry. Specifi-
‘cally, MearImaid AA obtained from the Mearl Corporation in New York
was used. These small shiny particles produced excellent optical flow
visualization; however, the photographs did not exactly reproduce what
was seen with the naked eye (less clarity and detail). The particles
did allow excellent observation of the flow patterns with the small
and large obstacles. The interaction between closely spaced obstacles

was also seen.
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RESULTS

The experimental techniques used led to direct measurement of the
Timiting current and pressure drop at different values of the flow
rate, obstacle spacing, and obstacle size . The obstacles were elec-
trically insulating and attached directly to the electrode surface.
The total number of obstacles used was varied between experiments.
However, for a given experiment the selected number of obstacles were
equally spaced along the entire electrode length. The placement of
the first obstacle was measured downstream from the leading edge of
the electrode with the obstacles evenly distributed along the length.
(No obstacle was attached to the leading edge or downstream edge of
the electrode.) The results are presented using the number of obsta-
cles as a parameter. The number of obstacles and the inter obstacle

~ distance (measured center to center) is summarized in the table below:

Number of Obstacles Spacing (Center to Center)
0 - -
1 25.4 cm (10 in)
3 , 12.7 cm ( 5 in)
7 6.35 cm ( 2.5 in)
15 375 em ( 1.25 din)
31 1.58 cm ( .625 in)

49 1.02 cm ( .400 in)




Without any obstacles {(unobstructed) the electrode active area was

24.2 cm2 over the length (L) of 50.8 cm. The channel equivalent

hydraulic diameter (De) was 0.46 cm. Other obstacle spacing charac-

teristics are shown below:

Large (0.160 cm) Obstacles

Obstacle Height/De = .348

Number of Obstacle fObstacle
Height

0bstac17/ Active Electrode
De

Obstacles Spacing
0 -
1 158.75
3 79.37
7 39.69
15 23.44
31 - 9.87

Spacing Area (cml) -
- 24.2 cm®

55.2 24.1 cm®
27.6 24.0 cn®
13.8 23.7 cm

6.9 23.1 cn?

3.4 22.0 cm?

Small (0.0762 cm) Obstacles

Obstacle Height/De = .166

Number of Obstacli//Obstac]e

Height

Obstacles Spacing
0 -
3 166.67
15 41.67
31 20.73

49 13.39

0bstac17 Active Electrode
Spacing /De Area (cmé)
- 24.2 cn?
27.6 24.1 cm®
6.9 23.6 cn’
3.4 23.0 e
2.2 23l




100

Micro (0.0254 cm) Obstacles Obstacle Height/Dg = .055

Number of Obstacle / Obstacle | Obstacle Active Electrode
Obstacles Spacing ¢/ Height Spacing [ Dg Area (cm2)

15 125.0 6.9 23.6 cm’

The limiting current passed to the electrode (IL, Amps) is plotted and
not the limiting current density (iL, Amps/cmz). The limiting current
density (iL) is the total 1imiting current passed (IL) divided by ther
active electrode area, which varies with the number of obstacles
attached. This "process optimization" approach was taken because the
effect of adding obstacles to the system as a whole was investigated.
Although the obstacles cover only a small portion of the available
surface area, this effect was taken into consideration when calculat-
ing the Sherwood number.

Limiting Current Curves

Limiting current curves were used in this study for qualitative
observations of the obstacles' effect on mass transfer. The plots
shown on Figs. 24 and 25 were produced using the Large obstacles
(0.16 cm). The potential was manually increased by 25 mV increments
(discrete steps) every 15 seconds. These steps gave the jagged spikes
seen in Fig. 24. Figure 25 was smoothed by the illustrator (the spikes
_appeared in the original data). The additional limiting current curves

shown on Figs. 26 through 31 were produced using a potehtia] ramping
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Limiting current curves for the Large obstacles (0.160 cm).
Re = 313. 25 mV increments applied manually every 15 seconds.
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Fig. 25. Limiting current curves for the Large obstacles

(0.160 cm).

Re = 691. 25 mV increments applied

every 15 seconds. Curves smoothed by illustrator.
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device (controller) that increased the potential at a continuous rate
of 200 mV/sec. The spikes that appear on these curves are "real"
current spikes caused by turbulence. The obstacles used in Figs. 26
through 31 were all the Small (0.0762 cm) size.

The addition of}obstac]es is shown to produce enhancement to hass
transfer (higher limiting currents). The enhancement increases with
higher Reynolds numbers (flow rates) and with more obstacles (closer
spacing). However, there is a limit to this effect, and an even
closer spacing eventually yields less enhancement. This reduction in
enhancement is shown for the Large (0.16 cm) obstacles on Fig. 24 and
25. In this case the addition of 31 obstacles (1.58 cm spacing) pro-
duces lower enhancement than the use of 15 obstacles (3.175 cm spac-
ing). This reduction in total current passed is due to hydrodynamic
interactions and not to a reduced active surface area caused by the
additional obstacles. Calculating the limiting current density based
on the surface not covered by obstacles yields: 0.870 mA/cm2 and
' 0.681 mA/cm’ at Re = 313, and 1.66 mA/cm® and 1.305 mA/cm® at Re = 691
for the 15 and 31 Large obstacles, respectively. At both flow rates,
with 31 obstacles the current density passed to the active electrode
surface is lower than the value with 15 obstacles.

Figure 26 shows limiting current curves for the unobstructed
channel at different Re. Large fluctuations in current are observed
for when the Reynolds number equaled 2460. These large fluctuations
are absent at the lower Reynolds numbers and are probably due to the

formation of turbulent flow in the channel. The turbulence also causes
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large increases in the mass transfer rates resulting in a large in-
crease of the value of the limiting current.

The large fluctuations observed with the unobstructed channel are
absent in the curves with 3 Small and 15 Small obstacles (Figs. 27 and
28, respectively). Fluctuations are observed at the higher Reynolds
numbers; however, they are considerably lower than those seen With the
unobstructed channel.

The curves are replotted to show the effect of obstacles at a
specific flow rate. Figure 29 provides the results for a Reynolds
number of 300 (based on the unobstructed channel equivalent diameter).
No fluctuations are observed, and the mass transfer enhancement caused
by the obstacles is clearly seen. The effect of these Small obstacles
at Re = 1000 is shown on Fig. 30. The enhancement due to the obstacles
is larger at this flow rate, and slight fluctuations in limiting cur-
rent are qbserved. These fluctuations seem to decrease at still higher
Reynolds numbers. At Re = 1680l(Fig. 31) the magnitude of.the fluctu-
ations seen with 15 obstacles decreases from those observed at Re =
1000 (Fig. 30). At Re = 1680 the enhancement due to the obstacles is
much larger than that observed at lower Re values. The 15 obstacles
give a 3-4 fold increase of the limiting current over the unobstructed
duct. These limiting current curves show the large effect that addi-
tion of Small obstacles can have on mass transfer at flow rates below
"natural unpromoted" turbulence (laminar regime). Interestingly, this
effect can be observed even when only one 0.16 cm high or three 0.0762
cm high obstacles are placed on the cathode surface that is 50.8 cm

long.
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Fig. 26.
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Fig. 27. Limiting current curves for three Small obstacles
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Quantitative Mass Transfer Results - Limiting Current Measurements

As described earlier, the quantitative measurements of mass trans-
fer rates were performed by applying a cathodic'potential step to the
working electrode (cathode). The magnitude of the step wés chosen to
be in the limiting current plateau region. Figure 23 shows the ini-
tial current response to such a step for an unobstructed channel. The
value of the current reaches "steady state" with time. It is this
"steady state" current (Iss) that is plotted as the total limiting
current passed to the cathode (IL)' Though they are called "steady
state" currents, these currents fluctuated around a mean value - which
was the value recorded. As seen in the previous curves, the current
fluctuations are again observed above Reynolds numbers of 2100 (turbu-
lent regime) in the unobstructed channel.

Figure 32 shows that large current fluctuations are seeh in the
1imiting currents (Iés or IL) measured in the unobstructed chan-
nel. These fluctuations are largest in the flow regime transition
region (2100 < Re < 3100) and decrease as "fully developed" turbulence
occurs. The time scale was changed to show both the short and the
long time transient effects. At a Reynolds number of 2120 a very
interesting periodic behavior is observed. At this flow rate, long
duration large current increases are observed which produce a unique,
spiked behavior. These spikes might be due to the formation of a
turbulent eddy at the leading edge of the electrode or "turbulent
spot" elsewhere on the electrode which enhances mass transfer as it

travels down the electrode. Other workers have observed (visualized)
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large disturbance eddies with flow in a pipe [169] and turbulent
"sources" [175] or “"spots" [176] with flow over a flat plate. This
phenomenon builds and sheds periodically, giving rise to the individ-
ual current spikes. As flow rate is further increased, more turbu-
lence is produced and the fluctuations become faster and more chaotic,

Figure 33 shows the effect that attaching 15 Small (0.0762 cm)
obstacles to the electrode has on these fluctuations. Although fluc-
tuations occur, the very large fluctuations seen in the unobstructed
channel are absent in the presence of 15 obstacles. These fluctua-
tions are produced at Reynolds numbers which would be considered in
the laminar flow regime. These low Reynolds number fluctuations are
probably caused by small eddies forming upstream and downstream from
the obstacle.

Plots of the total limiting current (IL) versus the flow rate as
a function of number of obstacles are given in Figs. 34 and 35 for the
Large (0.16 cm) and Small (0.0762) obstacles, respectively. In both
figures, the unobstructed results are given by the solid dots. The
transition into turbulence occurs at Re = 2100 for the unobstructed
duct and this is manifested in a more rapid rise in the limiting cur-
rent obtained. Significantly, in the presence of obstacles, this more
rapid rise of iL does not occur. Error bars are given in Fig. 35.
Notice that the length of these error bars increases as the flow rate
is increased. The effect of crowding obstacles too close together can
be clearly seen. For the Large (0.16 cm) obstacles, 31 yields lower

currents than 15 obstacles (Fig. 34). Similarly, 49 Small (0.0762 cm)
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LIMITING CURRENT VS FLOW RATE
FOR l.emm OBSTACLES

100 T
e Unobstructed
— »~ | obstacle
<L 80|~ o 3obstacles =
- 0 |
— o7 o v
-+ i 0
S v 15 ) -
- Y
O <D> A
£ 5 88 s o
= 40 + O 0 0] ® —
£ 3 o g 7 e
— o
5 T
ﬁg _2()"_’ é§§§8(%5 .". . ° ]
RO
OO 5 ' 1O 15
Flow rate (ml/sec)
L 1 | ]
O 1042 2084 3126
Re
XBL 838-10936
Fig. 34. Limiting current as a function of flow rate for the Large

obstacles (0.160 cm). Note that increasing the number of
obstacles from 15 to 31 does not increase the limiting
current.
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obstacles produce slightly lower currents than 31 obstacles (Fig. 35).
It is interesting to note that for a given number of obstacles (say
15) the enhancement of mass transfer is almost equal between the Large
and Small obstacles. However, the Small obstacles enhance mass trans-
fer to a slightly lesser degree.

The dependence of the experimenfa]]y obtained Sherwood number (Sh)
on the Reynolds number (Re), the Schmidt number (Sc), and the equiva-
lent duct diameter (De) divided by the electrode length (L) is shown
in Fig. 36 for the unobstructed square duct. Also shown on Fig. 36 is
the numerical solution by I. Rousar et al. [14], valid for the laminar

flow regime and this duct geometry, given below:
De 1/3
Sh = 1.56 |Re Sc T

The agreement is quite good in the laminar region. The mass transfer
rates are shown to rapidly increase over the laminar trend at Reynolds
numbers larger than 2100.

The excellent reproducibility of the results is shown in Fig. 37
for the Small obstacles. The results were obtained from experiments
on four different days for each obstacle configuration (variation
occurs with 10 percent). Data on this plot was taken on different
days, with fresh new electrolyte solutions, newly prepared electrodes,
and with new obstacles attached to the cathode.

The dimensionless mass transfer rates in terms of the Sherwood

number are plotted as a function of (Re Sc De/L) and number of
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Fig. 36. Dimensionless mass transfer rates in the

unobstructed square duct. Numerical solution
is by I. Rousar et al. [14].
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;bstacles in Fig. 38 (Large 0.16 cm obstacles) and Fig. 39 (Small
0.0762 cm obstacles). The unobstructed channel results are depicted
as solid dots. Again the trend seen before is apparent. Closer spac-
ing (more obstacles) yields a greater mass transfer énhancement until
a maximum is reached. Beyond this, closer spacing decreases the en-
hancement. When comparing the two sizes, the same number of obstacles
give nearly the same enhancement to mass transfer until the optimum
spacing is reached for the Large obstacles. The largest enhancement
for the Small occurs with 31 obstacles and for the Large with 15
obstacles. The 31 Small obstacies give greater enhancement than the
15 Large obstacles. When comparing the enhanced mass transfer rates
to the rates in the unobstructed duct, it is concluded that the
enhancement increases with increasing flow rate, until Reynolds num-
bers greater than 2100. With these higher flow rates "natural, un-
obstructed" turbu]gnce occurs in the duct and the enhancement of the
obstacles is decreased. A maximum enhanﬁement due to the obstacles is
observed just before "natural, unobstructed" turbulence is produced in

the unobstructed channel.
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Fig. 38. Dimensionless plot of mass transfer rates for

the Large obstacles (0.160 cm). Note that
increasing the number of obstacles from 15 to
31 does not increase the limiting current.
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Pressure Drop Measurement

The results in the preceeding section have shoWn that obstacles
substantially enhance the mass transfer rates. However, these
obstacles also cause an increase in the resistance to fluid flow that
can be determined through pressure drop measurements. To assess the
overall benefit of the presence of obstacles, a comparison must be
made between the pumping power requirement and the mass transfer
enhancement effect. The methods used to measure the pressure drop
over the length of the active electrodes are described in the Experi-
mental Apparatus and the Experimental Technique sections. It was
noted that transient pressure fluctuations could be recorded with the
electronic transducer (DC to 1000 Hz). Figures 40 and 41 are plots
- obtained using the transducer with the unobstructed duct, and in the
presence of 15 Small obstacles, respectively. The fluctuations shown
by the limiting current values are also reflected in the pressure

drop. However, the pressure fluctuations are lower. Large fluctua-

tions are also evident around Re = 2100 in the unobstructed channel.

Fluctuations start at lower flow rates in the presence of the obsta-

cles. As in the case of the limiting current, there are virtually no
fluctuations at low Reynolds numbers.

The reproducibility of the pressure drop data were even better
tﬁan that of the limiting current data. This was probably due to the
smaller amplitude of.the fluctuations. —

Figures 42 and 43 are plots of the pressure drop versus the flow

rate as a function of the obstacle number for the Large and Small
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PRESSURE DROP VS FLOW RATE
FOR 0.6 cm OBSTACLES
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Fig. 42. Pressure drop as a function of flow rate and

number of Large obstacles (0.160 cm).
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obstacles respectively. Results from the unobstructed duct are
depicted by the solid dots. Increasing the number of obstacles always
yielded an increase to the pressure drop caused by the flowing fluid.
In the laminar regime, for an unobstructed square duct the dependence
of pressure drop (aP) on flow rate (Q) is linear, given by the
equation:

28.45 ulL

) Q
De

AP =

Evaluation of the slope representing laminar flow yielded an equiva-
lent hydraulic diameter (De) that differed by only 1.6 percent from
the value measured with a micrometer. The obstacles show exponential
behavior even at low Reynolds numbers. The Small obstacles produce
substantially lower pressure drop than the Large ones. The AP is
drastically increased by additional numbers of obstacles. This effect
and the decrease in the mass transfer enhancement caused by the close
spacing of the obstacles leads to the conclusion that an optimum spac-
ing exists. This optimum spacing (number of obstacles) is dependent
on the size of the 6bstac]es and the Reynolds number. Furthermore,
the optimum arrangement of the Smaller obstacles - 31 - produced a
larger enhancement than the optimum arrangement of the Larger
obstacles - 15.

Figures 44 and 45 are "Moody" plots [150] for the Large and Small
obstacles respectively. These plots relate the dimensionless Fanning
friction factor (f) to thé Reynolds number. The definition of the

friction factor is:



129

040 —

i I T ] L r I
0308 | -
°
020 —
O0.10 -
007} .
- -
005+ —
004 - —
003+ _|
002 _
® Unobstructed
s | obstacle
00l © 3obstacles ]
B o7 " ]
0007~ vi5 :
ooosf- 37 | .
i | i [ S A l |
100 200 300 500 000 2000 4000
Re
Fig. 44. Friction factor (f) plot for the Large obstacles

(0.160 cm). Black line depicts the analytic
solution for the laminar flow regime in a square
duct.



040
0.30

020

010

007

005
004

003
002

90}

0007
00035

130

T T 1]

|

Ll

|

!

l

L PN o 44—
o0 o0
® Unobstructed oo
~ | obstacle 50 o
o 3obstacles 6o 0l
: 0O 7 n A.A :
— v |5 " ! '_J
- <> 3' (1] ]
— a4 " 7
i ! N S N | :
100 200 300 500 I000 2000 4000

" Re

XBL 837-2825

Fig. 45. Friction factor (f) plot for the Small obstacles

(0.0762 cm). Black line depicts the analytic
solution for the unobstructed square duct in the
laminar flow regime.



131

Using the pressure drop equation for laminar flow in a square dUct,

the following relation is obtained:

14.2

- F=Ze |

This dependence, which:is drawn on the Moody diagrams, is valid for
the laminar regime (Reynolds numbers below 2100). The unobstructed
channel results (sd]id dots) are in excellent agreement with this
Tine. As the flow mechanism changes from laminar to turbulent, the
dependence of friction factor on Reynolds number changes proportional-

ity from Re—1 (1aminar) to Re Blasius equation for turbulent

flow). On a Moody diagram, turbulent flow behavior is represented by
a nearly horizontal ]ine.with a slope of -1/4. The Moody diagrams
shoﬁ that'the obstacles could bé-considered "turbulence promoters",
because they produce the effect of turbulence on the friction factor
at Reynolds numbers below 2100.

The "turbulence promoting" effect is produced at even lower
Reynolds numbers as the obstacle size is increased or spacing
decreased. These figures show that the Larger obstacles produce a
much larger resistance to pumping and therefore cause much higher
friction factors.

AP versus I - Introduction to Obstacle Benefit

The goal of this study was to observe the effect of flow obstacles

on mass transfer rates and to determine the corresponding pumping
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requirements. To begin evaluating the possible benefit of the obsta-
cles, the data is plotted on Figs. 46 and 47 as pressure drop versus
limiting current for the Large and Small obstacles respectively. Fig-
ures 48 and 49 expand the lower range of the figures before. In all
the figures the unobstructed channel results, depicted by solid déis,
show rapidly increasing behavior. To obtain a greater rate of mass
transfer (higher limiting current), the flow rate can be increased or
obstacles can be attached. Both of these enhancement methods require
an increased power input to pump the electrolyte. In all cases the
pressure drop in the presence of obstacles fall well below those for
the unobstructed channel at the same limiting currents. This means, a
desired mass transfer rate (limiting current) can be échieved with a
significantly lower fluid pumping power input by adding obstacles.

It is very important to realize that the achieved‘current.is
obtained at a lower fluid flow rate when obstacles are added, and this
produces an obstacle benefit that is even greater than the figures
show, because, to calculate the required pumping power, the pressure
| drop in the duct must be multiplied by the flow rate (Eq. (38)).
Comparing Figs. 46 with 47 and 48 with 49 show the Small obstacles are
more beneficial than the Large ones because they cause lower pressure
drops at all the limiting current values. Furthermore, because the
obstructed channel eventually shows rapidly increasing behavior (expo-
nential rise) similar to that for the unobstructed channel, there seems
to be a point of maximum benefit with respect to system operation. An
analysis yielding the quantitative advantage and benefit of these flow

obstacles will be presented in the Discussion section.
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Flow Visualization

Flow patterns produced by the obstacles were observed and photo-
graphed. As described earlier; milk, gas bubbles, and Mearlimaid were
used to visualize filament lines, streamlines and particle paths.

Results from the milk technique are shown on Fig. (50). This
figure shows the flow patterns at three different Reynolds numbers (Re)
around a single Large (0.16 cm) obstacle. The downstream recirculation
zone is clearly visualized; its size is shown to grow as the flow rate
(Reynolds number) increases. This recirculation zone has been observed
and described by previous workers‘investigating flow downstream from a
step [170-171].

The effect of increasing the Reynolds number (Re) on the flow
pattern around the single large obstacle is also shown on Figs. 51 and
52. In these photographs, hydrogen bubbles were used to follow the
streamlines. The downstream recirculation zone is observed to elongate
in the flow direction. The elongation continues until turbulence is
produced and the zone disappears (around Re = 868). Turbulence is
shown in Fig. 52. Here the bubbles are observed to follow non-laminar
paths and oéci]]ate across the channel, implying eddy motion. These
two photographs were taken with the camera looking down on the channel
at a slight angle relative to horizontal instead of exactly perpendic-
ular to it. This was done to show the three dimensional nature of the
flow pattern the obstacles produced. The bottom electrode (anode) and
plexiglas spacer are visible from this position. With the bubble

experiments, three dimensional motion was observed downstream from the
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Fig. 50. Flow visualization using milk injected into water around
a single Large obstacle (0.160 cm).
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Fig. 51. Flow visualization using hydrogen bubbles evolved from
NaOH solution around a single Large obstacle (0.160 cm).
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Flow visualization using hydrogen bubbles evolved from NaOH
electrolyte around a single Large obstacle (0.160 cm).
Note that the observer is tilted from horizontal and looking

down into the duct.
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obstacle. The photographs show the vertical swirling motion of the
recirculation zone. However, recirculation was also observed in the
cross-channel direction between the side walls. It is important to
note that there is a limit to how large the recirculation zone elon-
gates in the flow direction before it breaks up and turbulence occurs.

The effect of the obstacle spacing was observed using Mearlmaid as
the visualizing agent. Both the Large and Small obstacles were inves-
tigated. Figure 53 shows the effect of obstacle spacing at a Reynolds
number of 275. One observes the elongated downstream recirculation
zone previously shown with the large obstacles by the bubble technique.
An upstream effect can also be seen with the Mearlmaid. The elongated
downstream recirculation zone does not interact with the next obstacle.
However, with 31 Tlarge obstacles there is almost an interaction. The
effect on the bulk flow is drastically reduced when going from the
Large to the Small obstacles; and so is the size of the recirculation
zone.

At a Reynolds number equal to 583, shown by the photographs in
Fig. 54, the obstacle interactions and size effects are apparent. The
larger obstacles create much more bulk turbulence. In the presence of
31 Large obstacles the motion is very chaotic; however, with the 31
Small there is no interaction between the recirculation zone and the
next obstacle downstream. This interaction effect, however, is
observed with the 49 Small obstacles. The bulk motion is still lami-
nar with the farther spacings and smaller obstacles.

At still higher Reynolds numbers the bulk becomes turbulent with

even the small obstacles. This is shown in Fig. 55. One sees the
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Fig. 53. Flow visualization using a dilute Mearimaid suspension
in water. Effect of Large and Small obstacle spacing
is illuminated at Re = 275.
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Fig. 54. Flow visualization using a dilute MearImaid suspension
in water. Effect of Large and Small obstacle spacing
is illuminated at Re = 583.
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Fig. 55. Flow visualization using a dilute Mearlmaid suspension
in water. Effect of obstacle spacing at Re =900 and
1506 for the Small obstacles is shown.
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difference between the relatively ordered and stable bulk flow at Re

900 and flow at Re = 1506. At a Reynolds number of 1506, the photo-
graph, taken with a short time exposure (1/20,000. sec strobe), shows
a chaotic nature not seen at Re = 900. It is interesting to see the
localized effect the small obstacles have. Their effect on mixing is
not in the bulk but in a localized region close to the wall. It is
observed that the downstream recirculation zone grows with increasing
flow rates. However, the ordered swirling motion of the zone is lost
when it grows to such a size as to interact with the next obstacle.

It is interesting to realize that the spacings that gave the best
mass transfer performance (15 Large or 31 Small) had recirculation
zones that did not interact with the next downstream obstacle. If the
zone grew to a length equal to the inter obstacle spacing before bulk
turbulence occurred (31 Large, or 49 Small), performance was decreased
from that of the maximum enhancement spacing, which allowed the zones
to grow to their largest elongation without interacting the next
obstacle.

Micro Obstacles

Only one experiment was performed with the smallest or "Micro"
obstacles. These were 0.0254 cm high perpendicular to the flow and
0.0762 cm long in the flow direction (Fig. 18). Because very repro-
ducible data existed for the Small obstacles at this spacing, for the
sake of comparison, 15 Micro obstacles were equally spaced (3.175 cm
apart) along the entire cathode length. They were attached in a man-
ner similar to the method used for the other obstacle sizes. Unfortu-

nately, the temperature of the electrolyte was higher for this run
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(28.8°C) than that in the previous experiments. The measured viscos-
ity and calculated ferricyanide diffusion coefficient were 0.906 cp

6 cm2/sec respectively; resulting in a Schmidt number

and 7.83 x 10~
of 1133 for the electrolyte used with the Micro obstacles.

‘ Figure 56 shows limiting current curves produced by the 15 Micro
(0.0254 cm) obstacles as the Reynolds number was increased.

The behavior is compared to the curves produced by the Small
(0.0762 cm) obstacles shown on Fig. 28. The limiting current plateaus -
for the Micro obstacles are lower than those for the Small obstacles.
The Micro obstacles yield curves similar to those obtained with an
unobstructed channel (Fig. 26). However, mass transfer is still en-
hanced with these Micro obstacles. The interesting "spiked" behavior
shown on Fig. 32 by the unobstructed channel at a Reynolds number of
2120 is seen on Fig. 56 for the 15 Micro obstacles at a Reynolds num-
ber of 1680. Besides these transition spikes, current fluctuations at
Re = 2460 are also observed.

The current versus flow rate and pressure drop versus flow rate
behavior of the 15 Micro obstacles is shown on Fig. 57. The depend-
ence of the limiting current on the flow rate in the presence of the
15 Micro obstacles is very linear and produces mass transfer enhance-
ment rates greater than those produced by 3 Small obstacles but lower
than those produced by 15 Small obstacles (Fig. 35). The pressure
drop behavior was close té that of an unobstructed channel operating

in the laminar regime. Above Re = 2260 the 15 Micro obstacles yielded

larger pressure drops than the unobstructed channel.
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Fig. 56. Limiting current curves for 15 Micro obstacles
(0.0254 cm) at different Reynolds numbers (Re).
Note spikes at Re = 1680.
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Fig. 57. Limiting current and pressure drop plotted vs.
flow rate for 15 Micro obstacles (0.0254 cm)

attached to the cathode.
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The dimensionless mass transfer rates of the 15 Micro obstacles
are plotted on Fig. 58 (the temperature effect is considered in the
calculations). The results are quite interesting. At very low Rey-
nolds numbers (below 300) the mass transfer rates are about equal to
those of an unobstructed duct. In the middle range, enhancement to
transfer occurs and it continues to increase until the enhancement
rates equal to those produced by the 15 Small obstacles (Re = 3600)
are obtained.

A plot of pressure drop versus 1imi£ing current is shown in Fig.
59. Comparison with a similar plot for the Small obstacles (Fig. 47),
shows the beneficial effect of Micro obstacles over the unobstructed
channel. The resu]té for the 15 Micro are very similar to the results
for the 15 Small obstacles. However, the Small obstacles are more
beneficial than the Micro at lower limiting currents (below 27 mA).

It is important to remember that the Micro results were obtained with
an electrolyte that was much warmer (28.8°C) than the electrolyte usedv’
for the Small results (24.0°C). The fdrmer case had a yiscosity that
was reduced by 10 and a diffusivity that was 11 percent greater than
the latter case. This temperature difference must be taken into con-
sideration when comparing these results.

Though the 15 Micro obstacles do not produce as much mass transfer
enhancement as the 15 Small obstacles, they produce considerably less
resistance to flow; which therefore allows them to be nearly equiva-
lent to the 15 Small obstacles in overall benefit. Because they can

probably be placed closer together than the larger sized obstacles,
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these "Micro" obstacles might yield more benefit, in terms of pumping

power requirement, over the "Small" obstacies.
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QUANTITATIVE DISCUSSION OF OBSTACLE BENEFIT

It has been shown that obstacles attached to the surface of the
cathode in an e]ectrqchemica1 square duct reactor yield enhanced mass
transfer rates and increased pressure drops. The higher limiting cur-
rents (mass transfer rates) obtained with the obstacles were also
shown to produce 1ess pressure drop than if these currents were pro-
duced only by increasing the electrolyte flow rate. This benefit is
shown in figures 46 through 49. Comparison of these figures show that
the Smaller (.0762 cm) obstacles are more beneficial than the Larger
(0.16 cm) ones. This is because both sizes increase mass transfer by
approximately the same factor; however, the Smaller obstacles present
drastically less resistance to flow. It is also observed that closer
spacing of the obstacles provides increased mass transfer enhancement
and overall benefit until a maximum is reached. Beyond this, the
addition of more obstacles decreases the enhancement.

Previous studies with large turbulence promoters in a channel
observed a limiting situation when al/h = 4 [68]. In this investiga-
tion the optimum spacing was found to be a function of obstacle size.
The optimum spacing for the Smaller obstacles is smaller and therefore
allows more obstacles to be attached to the surface. It is shown that
the flow recirculates downstream from the obstacle producing efficient
‘mixing very close to the electrode surface. As flow rate is 1ncfeased
this recirculation zone grew to a maximum length that depends on the
obstacle size and spacing. Closer obstacle spacing or larger obsta-
cles produces turbulent flow behavior at lower flow rates. Further-

more, the optimum spacing is achieved when the point of recirculation
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zone reattachment does not interact with the next dowﬁstream obstacle.
Using semi-cylindrical obstacles, Focke [89] observed the maximum
elongation of the recirculation zone in the laminar regime to equal 15
times the obstacle height. For the obstacles in this study, fifteen
times the obstacle height would equal 2.4 cm and 1.14 cm respectively
for the Large and Small obstacles. Actual optimum spacing was observed
to be between 1.58-3.175 cm for the Large obstacles and between 1.02-
1.58 cm for the Small ones. These results provide further evidence
that the size of the recirculation zone determines the optimum obstacle
configuration. v

An optimum obsfac]e height must exist because evehtua]]y the
surface, with increasingly smaller obstacles, would behave as a smooth
surface. Unfortunately, the limited scope of the experiments with the
Micro (0.0254 cm) size does not allow definitive conclusions to be
reached concerning the optimum obstacle height.

At a specific flow rate, the addition of obstacles produces an
increase to the limiting current and the pressure drop over that of
the unobstructed duct. This effect is shown by the plots on Fig. 60
for the Large obstacles and by Fig. 61 for the Small ones. On these
plots, the current or pressure drop produced is normalized by the
values obtained for the unobstructed duct operating at the same flow
rate. (The unobstructed duct gives ratios of 1.0.) At low Reynolds
numbers (around 100) the current is increased in the presence of
obstacles without significantly increasing the pressure drop over the

pressure drop in the unobstructed system operating at the same flow
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Fig. 61. Normalized plot of 1imiting current (I) versus pressure drop
(AP) in the presence of Small obstacles (0.0762 cm). Each
point is evaluated at the indicated Reynolds number (Re).
gotice the dramatic drop off at Re approximately equal to

100.
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rate. A greater increase in the current over the pressure drop is
observéd with the addition of more Small obstacles. The optimum with
respect to number of obstacles is clearly seen; a mass transfer rate
enhancement of almost 5 fold over that of the unobstructed duct is
obtained with 31 Small obstacles. The maximum enhancement of the
Small obstacles is observed at a flow rate just beiow the onset of
turbulence in the unobstructed duct. The drop-off in the enhancement
ratio is very sharp as Reynolds numbers of 2100 are exceeded. The
Larger (0.16 cm) obstacles do not produce a benefit as great as the
Smaller (0.0762 cm) obstacles. For the Large} obstacles the decline
in the enhancement occurs at a lower Reynolds number.

For this investigation the limiting current or mass transfer rate
is an output variable, and the input variables include the number of
obstacleé, obstacle size, and pumping power. In a‘system such as
this, a plot of the inputs will yield lines of constant output. For
this electrochemical reactor, lines of constant limiting current are
obtained when the number of obstacles attached is plotted against the
pumping power required to obtain the current. These "isocurrent"
curves are shown in Fig. 62 for the Small (0.0762 cm) obstacles. The
curves show that an increased output (current) can be obtained by an
increase in one or both of the inputs (obstacles and pumping power).

Figure 63 displays how the output (current) varies with changes in
the pressure drop and obstacles. The points on this curve were calcu-
lated by evaluating the pressure drop, with obstacles, needed to

obtain a specific current as compared to the pressure drop needed to
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obtain the same current without obstacles. The flow rate will not be
the same for the two pressure drops, because obstacles produce higher
currents at lower flow rates (Fig. 34 or 35). The curves show the
advantage of the obstacles. The unobstructed duct would produce a
horizontal line at (aP obs/aAP unobs) = 1.0. The Small (0.0762 cm)
obstacles provide a gfeater advantage over the Large (0.16 cm) obsta-
cles. The benefit of the obstacles decreases at higher currents
(transfer rates).

As mentioned earlier, it is the pumping power (AP/L)Vb and not
the pressure drop (aP) which determines the additional fluid flow
power input required to obtain hiqher limiting currents. A plot of
pumping power input versus the limiting current (IL) and Timiting
current density (iL) is shown on Fig. 64 for the unobstructed chan-
nel and for the Small obstacles. The unobstructed channel requires a
large input of pumping power. The power requirement increases dras-
tically, especially when higher currents must be achieved. For the
unobstructed duct, the flow rate must be greatly increased to obtain a
higher current. When the turbulent flow regime is reached, the pres-
sure drop incurred by the electrolyte is greatly increased over that
of the laminar regime. These combined effects produce large increases
in the required pumping power for the unobstructed duct because the
turbulent flow regime must be reached in order to obtain total cur-
rents over approximately 20 mA (shown in Fig. 35). The tremendous
advantage of the 31 Small obstacles is demonstrated in Fig. 64. The

required pumping power input is greatly redﬁced compared to operation
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at the same current with the unobstructed duct. To obtain a 25 mA
current a 27 fold reduction in the pumping power requirement occurs
with the attachment of 31 Small obstacles. (At 40 mA it is a 23 fold
reduction.)

The specific advantage of the obstacles over the unobstructed
channel is again shown in Fig. 65. In this plot the pumping‘power
input is non-dimensionalized by the pumping power required for the
unobstructed system to obtain the same current output. These power
inputs will be at different flow rates. The unobstructed duct's per-
formance woqu be represented by a horizontal line aé 1.0. The bene-
fit of the obstacles decreases at higher operating currents. This is
due to the eventual formation of bulk turbulence in all systems as the

'flow rate is further increased. The required pumping power for the
system containing 31 Small obstacles is approximately 2 to 5 percent
that of the unobstructed duct. By utilizing obstacles, 20 to 70 times
less pumping power is required to obtain a given mass transfer rate
compared to obtaining the same mass transfer rate by increasing the
fluid flow rate in an unobstructed system (Fig. 66). The benefit of
the obstacles is a result of efficient mixing near the wall which pro-
duces mass transfer enhancement at lower flow rates and allows the

bulk fluid to remain in the laminar regime.
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CONCLUSIONS AND SUMMARY OF FINDINGS

In this study a square duct (0.46 cm equivalent diameter) flow

cell was used to investigate the benefits with respect to mass trans-

fer enhancement of small (0.160, 0.0762, and 0.0254 cm high) obstacles.

The obstéc]es were attached to the cathode which was built into the

duct wall. Flow visualization studies along with pressure drop and

1imiting current measurements led to the following conclusions:

1)

The obstacles provide efficient mixing close to the electrode
surface and allow laminar flow in the bulk.

At a given flow rate, the presence of obstacles increases
both the mass transfer rate and the pressure drop in the duct.
Reducing the spacing between the obstacles produces increased
mass transfer enhancement and pressure drop; however, too
close a spacing results in loss of effectiveness.

The optimum spacing is smaller for smaller obstacles and
approximately 15 times the obstacle height.

Obstacles product a downstream recirculation zone the size of
which depends on flow rate and obstacle height.

The recirculation zone extends further in the flow direction
with increasing flow velocity and reaches a 1imiting size
corresponding to the optimum spacing.

Compared to the unobstructed system, the obstacles provide a
considerable reduction in the pumping power required to
achieve a given rate of mass transfer.

The advantage of the flow obstacles is greatly decreased when

bulk turbulence is produced.
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APPENDIX A
LIMITING CURRENT CURVE TRANSIENT “MAXIMA"

As described earlier, the work of P.C. Andricacos and H. Y. Cheh
'[162] on cyclic voltametry has led to a quantitative description of
the limiting current curve transie;t "maxima." .By assuming a constant
average Nernst djffusion layer thickness Gavg over the reacting elec-
trode and that reactant is transported by diffusion only, the follow-

ing relation holds:

2
. nFV 85y
0= RT D,

no hump o < 3
hump o > 3

The value 3 is determined by assuming infinitly fast surface
reaction kinetics--which is approximately valid for the ferricyanide
jion reduction reaction. If finite kinetics are controlling, the value
of o where the "maxima" is observed will change [165-166]. By obtain-
ing limiting current curves at different sweep rates (V), plots similar
to Fig. Al can be produced. By identifying the sweep rate at which the
"maxima" first appears, the diffusion layer thickness and mass transfer
rate éan be obtained from the equation below:

3 RT D,

§ | =
avg nF V

—_
[ &
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since §, = § (linear approximation of constant diffusion layer

N avg
thickness)
. nf Di (Cbulk)
W
avg

This result shows that, within the assumptions, the average diffusion
layer thickness can be obtained without direct]y measuring the limiting
current or without exact knowledge of the electrode active area.

For a Reynolds number of 305 the curves on Fig. Al show that the
“maxima" first appears at a sweep rate between 3 and 4 mV/sec. Using
3.5 mV/sec in the above equation, an average diffusion layer thickness

(Gavg
thickness calculated from direct measurement of the limiting current

) of 0.0134 cm was calculated. Remarkably, the diffusion layer

(using24.2 cm2 active area) was 0.0132 cm. Figures A2 and A3 are
provided to show the effect of increasing the flow rate on the tech-
nique. All three figures were obtained with 3 Small (0.0762 cm)
obstacles attached on the cathode. The current fluctuations are seen
with the slower sweep rates at Reynolds number equal tJ 1700. In this
investigation the limiting currents were not obtained by this tech-
nique. However, it provided an important check (or measurement) of

the electrode active area.
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APPENDIX B
TITRATION TECHNIQUES

Ferricyanide [172]

1) Use 50 ml of soln.
2) Add 20 ml of 10 percent KI (by wt).
3) Add 25 ml of 2 N H2$04 containing 2g Zn504. (The
ZnSO4 is suspended and the soln is then poured - turns
| milky brown.)
4) 1 ml 0.1 N sodium thiosulphate .= 0.03292 g K3 Fe(CN)6.

Ferrocyanide [173] (Must have ferricyanide ion present)

1)  Use 25 ml of soln.

2) Add 1-3 drops 1 percent diphenylamine in conc. H2504
(turns slightly milky).

3) Add 10-20 ml of 4 N H,S0,.

4) Titrate with 0.05 M ZnSO4 (turns green then blue green at
endpoint).

5) Note: endpoint comes 0.9 percent too soon so increase by
0.009 times.

6) 1 ml 0.05M Ins0, = .014078g K4Fe(CN)6.

Sodium Hydroxide

1) Use HC1 and phenolthalein indicator.
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APPENDIX C
COMPARISON WITH INTERFEROMETRIC RESULTS

Comparison of the results from this study with the interferometric
measurements performed by Hanson [2] is not easy. Hanson produced
plots of the ninety-nine percent boundary layer thickneSS'(sgg) around
obstacles with the same dimensions as the Small obstacles (0.0762 cm)
used in this study. Assuming a parabolic concentration profile, the
ninety-nine percent boundary layer thickness (599) is approximately
doublé the linear Nernst boundary layer thickness (GN) (Fig. 4) [2].

Hanson observed 899 during copper deposition from a 0.05 M copper
sulfate solution (Sc = 2000.) without suppdrting electrolyte (migration/
transference ndmber significant) at Re = 756 and a current density below
limiting current. |

In confrast to Hanson's work, in this study 1imiting currents were
measured for the reduction of ferricyanide in a solution with excess
supporting electrolyte (negligible migration).

Hanson's results showed that the obstacles produce a characteristic
boundary layer thickness that repeated with multiple obstacle spacing.
Using this result, plots of 8gg OVEr the electrode length at Re = 756
were drawn for the specific spacings used in this study (unobstructed,
3, and 15 obstacles). Integrating the area under these curves yields
the approximate average ninety-nine percent boundary layer thicknesses
based on interferometric observatioﬁs.

The Timiting current measurements obtained in this study were used

to calculate average Nernst boundary layer thicknesses (sN). The



175

operating conditions used by Hanson (Sc = 2000., Re = 756) yield
1og(ReScDe/L) equal to 4.13. At this value Sherwood numbers were
extrapolated from Fig. 39 for the unobstructed, 3, and 15 obstacle
spacings (37.3, 72.3, and 113.4 respectively). Using Eq. (17) and Eq.

(40), at 1imiting current the following relation is obtained:

D

% = 3h

The above expression is used to calculate an average Nernst
diffusion layer thickness from the limiting current measurements.

Values of twice the average Nernst diffusion layer thickness (25N)
calculated from the 1imiting current measurements obtained in this study
and values of the approximate average ninety-nine-percent diffusion lay-
er thickness (699) obtained through transformations of Hanson's results

are summarized in the following table:

Number of Obstacles 25N 699 -——777%I—- x 100
(cm) (cm) (percent)
Unobstructed 0.0246 0.02177 11.5
3 0.00636 0.01137 78.7
15 0.00405 0.00625 54,3

Agreement is good considering the substantial differences between the

techniques.
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It is important‘to realize that the current distribution to the
electrode is not the same at 1imiting current (this study) as it is

when oprating below limiting current (Hanson).
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