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Abstract
Theeliﬁiting-cerrent techﬁique 15 used to obtain mass-transfer
coefficiente at very low Reynolds numbers (Re < 0.1) in a packed
bed coneisting of stainless steel spheres. Tﬁe data show that for
Re < 0.015 the Nusselt numbers afe(below-thosevpredicted by existing
emﬁiricai cofrelaeions. The results are‘discnssed in the light of

some mathematical models for packed beds reported in the literature.



Introduction
A large number of processes have been (or are still being)
developed which require a liquid flowing at low velocitiesﬁthrough
a porous electrode or a packed bed.
.Processes uéing flow-through porous electrodes are, for example,
elecﬁro;organiq s&nthesis,6 removal of metal ions from waste streams}’zo

and desalination of seawater.9 A variation of the porous electrode

is the fluidized electrode,s’13

where the electrode consists of
spheres. This type of electrode may find applications in the remoyal
of metal.ions from’waste streams containing particles which might
‘otherwise plug up the porous electrédé.3l

Low velocities ih packed beds are required for ion-exchange

processes, catalytic‘processes, adsorption, and chromatography.

‘ Emﬁirical sfudies

Uﬁder certain conditions thg reaction réte in a porous electrode
may become limiﬁed by the mass—t:énsfer rate of.thé reactant in the
solutiéu té the electrode surface. In that éase we have the same
situation as in a packed bed. An exception is the ion-exchange -
process, where migration may be important even if there is no current
flowing,?vor where resistance to mass transfer inside the particles
may contribute to the mass-transfer coeffici'ent.15 In any case,
availability of reliable mass-transfer coefficients at very low
Reynolds numbers. is eséential_iﬁ the design of porous electrodes and

packed beds. A large number of experimentally obtained mass-transfer

correlations can be found in the literature. They have been summarized
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by Karabelas et al.lO

Unfoitﬁnately, only a few researchers havévexteﬁded their
expérimenfs to the region of Re' 1less than 0.1. Of these, Wilson
and'Geénkoplis33 used.the dissélution éf‘benzoic.acid spheres in
water and'a'mixﬁuré of water ana propylene giycol; They propose the

following correlation to represent their data:

eENu' = 1.09(Pe')1/3 R ' (1)

but their exéerimental points scatter'consideraély for values éf the
Reynolds ﬁumber less than 0.1. The same.can be said about the results
of Kunii én& Smith.ll-

It is wéll kpown that in the limit of very low Reynolds numbers
aﬁd in the-éb;ence of nafural convection, the Nusselt number is only
dependeﬁt on the Péclet numbér and the geometfy of the flow system.

‘ Hence eq. 1 suggests”thaF natu;al convection has not been important
in the expériments of Wilson and Geankoplis.33 The region where
natural convection becomes dominant depends of course on the Grashof
number aﬁd:tﬁe Reynolds number of the system...

Karabelas EELEA:IO used the limiting-current technique (reduction
of ferricyanide in the'preseﬁce of excess sodium hydroxide) to
investigate mass transfer iﬁ packed beds over a'lafge range of
Reynolds.numbers (Ofl < Re' < 1000) , including the effect of
natural convection. Their electrodes, however, consisted of a single
active sphefe pléced at different locations in the bed. There are

~

two objections to this technique, especially if used in the low range



of Reynoids numbefs investigatedvhere. The first is that the diffusion

layér around a sphere is increasingly influenced by those of T
néighboriﬁg sphefes as the Reyﬁolds number is decreased. Secondly,
if naturéi convection occurs, the distortioh of the velocity profile
near a sphere would also be influénced by natural convection effects
on neighboring spheres. Also, channeling maf occur.

Since the technique used by these authors is very similar to
the one used here, we afe interested to see ﬁﬁder what conditions
natural convection becomes important. They obtained the dependence
of the Nusselt number on the Reynolds number in the lowest range by
extfapolating to the value obtained for no flow at all. The solution
of the diffusion equaﬁion in the absence of ;onvection for steady
-mass transfer to a particle gives a constant value for the Nusselt
number;rthe.value deﬁendé 6n the particle geoﬁétry. For a sphere
diameter of 1/2 in., they find that Nu' X 1.5 in the bed with no
flow. Since Nu' = 2 for a sphere in an infinite, stagnant medium
(without °adjacent surféces), this indicates that natural convection
in this system is not important if spheres with a diameter smaller
than l/2vin._are used.

For Re' < 10 and in the absence of natural convection they

propose:

Nu' = 4.58(Pe')1/3 , (2)

which has the same dependence on the Péclet nuﬁber as equation 1, but
gives values of the Nusselt number which are about 10 percent higher

for elé 0.26 .
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Almbst identical experiments have been performed by Mandelbaum
aﬁd BShm,14 who used the.same eléctrochemical technique but employed
RAschig fings instead of spheres. Mass~transfer coefficients were
obtainéd b& averaging the measured currents of six randdmly placed
active rings.

Gracon7 used stacked disks of woven mé;al.screen iﬁ studying
slow flow through porous electrodes at the limiting current.
Unfortunatély, he did not calculate mass-traﬁéfer coefficienfs for
this system, probably becaﬁse the conceﬁtrationiof thevreacfing
species at the bed outlet was practically equal to zero. ‘Under those
circumstances, sméll uncertaintiés in the measured curfent will give
rise to 1afge uncéftainties in the Nusselt number, as will be shown
'.later., |

Even though the limiting-current methéd,ﬁay be more complicate&
to impleﬁent'than the dissolﬁtion technique, especially if the whole
bed is to bé active, with proper choice of reacting specieé it is
particularly suited for measurements at low Reynolds numbers for the
following reasons: First,ﬁthé ferrocyénide/férricyanide reaox 5y§tem
in excesé'suppqrting electrolytg and with low feadtant cbﬁcentration
level gives less natural convection effects than common dissolution
techniques since the excess of produdt near the electrode surface
counteracts the depletion of the reactant near the surface.z.1 Of course
this is also true for the density differences beﬁween the iﬁlet stream
and the outlet stream of the bed. Second; no change in\sytface area

occurs. This becomes particularly advantageous if long times are



needed_to reach steady state in the flow system. . Lastly,' we can
.calcuiaﬁe the mass-transfer coefficients in three iﬁdependent ways:
@8] from the change in reactant concentration, (2) froﬁ the change
in produc§ concentration, andv(3) from the limiting current.
'Selmanzz gives_anvextensive review bf'iimiting current methods,

their reliability, and the systems for which they have been used.

: Mathemé;ical modeis

In order to be able to predict mass-trénsfer cbefficients in
pagked beds from an assumed pore'geometry,_one first has to solve
the Navier-Stokes equations with the corresponding boundary conditions.
The early models of ﬁacked beds involve straigh; tubes and include
a random orientation in the bed as well as a‘distribution of the -
tube.radii.23 Prediction of mass-transfer coéfficients with this
model were not attempted until recently by-SSrensen and Stewart.26
These. authors solve& the extended Graetz préblém including axial
diffusion in the range of Péclet numbers of interest here.. An
additional‘dimensionless variable for this mddélvis the ratio of tube
length to tﬁbe diameter, the wall beyond and before the active
region being insulated. They contend that thé form of the solution
is applicable to mass transfer in packed béds at low Reynolds numbers
where axial diffusion becomes important. For Pe > 100 , they find
that the Nusselt nuﬁbér has the same dependence on the Reynolds number
as cofrelations 1 and.2, whereas for Pe < iO the Nusselt number

drops below the values predicted by these correlations.
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The obvious disadvantage of the straight—tube models is that
they dp n§t take into account the converging—diverging natufe of
actuai chanﬁgls in packed beds; To»ovércqﬁe this éhortcoming Happel8
developed tﬁe free—sgrface model, which acﬁﬁfately predicts pressure
drops in packed beds at low Reynolds numbers. Kusik agd Happel12
used a éombination of the free-surface model and bounda;y—layer’
theory, valid for High Schmidt numbers and fér Reynolds numbers beyond
-the region investigated here. ‘In or&er to extend the free-surface
model to predictions éf‘mass—transfer_rateé‘at low Reynolds numbers,
Pfeffer and Happe119 solved the convective:diffusion equation for
this géometry; they assumed constant cbncentrations both on the
surface of the sphere and at the free sdrfaceg This may be a first
'_drdér correction to the boundéry-layer‘model; but it is not applicable
to very low Reynolds nuﬁbers since, as several authors haVe«pointed

ut,lé’30 the boundary condition at the free surface represents a

o
sink of material. This model also predicts a 1/3 exponent 6f the
\Péclet nuﬁber for Pe' > 100 , while for Pe' < 100 the Nusselt
.pumher g;adually reaches a constant value. Nelson and Galloway_l6
éombined the geometry of the.frée-surface‘modelfand Danckwerts’
surface-renewal thedry to explain the low heat-transfer coefficieﬁts
observed at low Reynolds r_;umbers.ll Though it 4oes remove the
objection mentiéned above, the concept of a surface remewal frequency
is not realistit in creeping:floﬁ. El-Kaissy and Homsy4 modified the
free-cell model by assuming distorted instead of spherical cells.

. Since they'used a boundary-layer solution, their results are valid

for high Reynolds numbers.



Payapgkes 35_3;.18 solved the Névier—Stokes equétions for a
periodicali& constricted tube, butvthe pertinent solution of the
convective diffusion equation has not been obtaiged yet.

Sorensen and Stewart:z7 calculéted the velocity field arounq a
cubic éfray of.spheres for éreeping flow. .SubseQuently, they obtained
the éoidtion to the boﬁndary-layer equation29 and the convective-
diffusion eq;.sat:l.on.z.8 The latter results are also pertinent to our

experimental observations.

Calculatioﬁ procedﬁre

The theory of porous electfqdes has'been':eviewed recently by
Newman and Tiedemann.lz We confine oursélves*to the situation where
the cell is operated ét the limiting current. Averaging procedﬁrés
for the pertinent quantitiés are given in Dunning's thesis.3

At the limiting current,_the conceﬁtration-of the reactant
at the electrode surfacé approaches éero. Also, in the presence of
supporting-électrblyte the influence'of migration on the reactant may
be neglected; Fof low Péclet numbers the axial @ixing coefficient E
is primariiy determined by molecular diffusioﬁ:

R .
E""T_, : (?)

where T 1is a tortuosity factor about equal to 1.4. Molecular
diffusion in the axial direction does not become dominant until very

- . 24 - . . .
low values of the Peclet number are reached. With these assumptions,

we define thé local mass-transfer coefficient km :



_deg ' o
v = = —kmacR s . {4)

so that km can be calculated by integrating equation 4 over the

length of the bed:

c : ak L
R,0 : :
E—J——:exp(vm). (5)
R,L
The relation between the average current density'in the solution
12 and the reactant concentration cr is given by Faraday's law.

For the reduction of ferricyanide to ferrocyanide it takes the form:

. ch . l.diz 53
dx Fdx °
éith the.boundary condiﬁion:
i, =0 at x=1L. s )

2

This boundary condition implies that the counterelectrode (anode) is
located at x < 0 . The limiting cell current Iiim (which, of
' course, is measured experimentally) follows from‘in;egration of

equation 6:

R,0 " CR,L)v' : - (8)

v ¥lim = vF(c
In evaluating the potential distribution in the solution, we can

neglect the diffusion potential and use Ohm's law:



'd¢2 .
12 = -K -d—x—- > ' | | : . (9)
with the boundary coddition: §
8, =0 at x=0. (10)

The potential drop 'in the solution across the bed A¢2 is then

given by: ;
R0 -aL
A@Z = yP —2= [-1 + (1 + al)e ~ ] , - (1)
oK . ’
where
a = a#m/v - S (12)

The equations presented here (and derived by Bennion and Newmanz)
serve as a basis for the design of a porous electrode which can be

used for mass-transfer studies.

Design Considerations
In choosing a porous electrode seitable fef studying mass-transfer
‘rates in packed beds, several criteria have to_be metf
1. The solid mafrix sheuld be representative of common packing
material in packed beds, yet should have a low resistivity between
all parts of the solid matrix. ’ .
2. ‘The electrochemical reaction rate should be fast with reépect
to the transfer rate of reacting species from the bulk solution to the

electrode surface.
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;3;' A long limiting current plateau should be obtaiﬁed; This
enables accurate evaluation of thé.limiting current.

4‘7 The electrode surface should not:change with time due to
depositién'or dissolution reagtiOns.,

5. No side reactions may oécuf.

For our experiments we Havé cﬁosen’ the reduction of ferriéyanide.
This reaépion has been used in numerous has;-transfer experiments
‘because the réattioh'is fast (if the eléctrode sﬁrféce is properly
treated), it doés not change the'electééde-surface, and it gives a
vlong'limitingvéurrent plateau befofe ﬁydrogen.sta;ts tovevolve.
Actually, the length of the plétéau will appear to decrease as the
flowrate’.through £he bed isvincreaéed, éincé a higher ohmic
potential drop is included beforé the 1imi£ingbcurrent is reached.
This can be seen from eqﬁation ll; The same équation also shows
that the ahmic'potential drop can Sé reduced by decreasing the
ratio of the reactant éoncentration to thevﬁoﬂ¢entration of the
supporting electrolyte.‘ On the other hand, a decrease.in reactant
.concenfration will decrease the limiting cur?ént (see equation 8)
and hence the accuracy of the-current measurement. Similarly, the
accuracy Qith which the reactant conéentration Can be detérmined by
 éna1ytica1 methods will diminish. Hence ;hérevis a maximum permissible
flowrate fér any design, dependent upon the cﬁrrenf density anq
ohmic potential drop in the solﬁtion, the height‘of the bed, aﬁd
‘the distance between cathode and anode. |
If hydrogen starts to evolve, it Qill ;ﬁcur first at the front

of the electrode since the potential difference between electrode and
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solution ié largest at the front. (See equation 11.) It isbalso
possible that oxygen will be produced at tﬁe'anode. Whether hydrogen
or oxygen is producéd first depends upon the pH of the solution.
Consequently, our desire tb 6btéin é limitingﬁéurrent, and hence a
large poténtiél difference between cathode and solution everywhere
in the béd must bé balanced against our wish to_avoid hydrogen
evolution or any other side reaction. | |

The reliability of the data is strongly dependent upon the
ratio of the inlet to the outlet concentrations. This ratio may be
neither too small nor too large. In eithef case, small inaccuracies
in determining the concentrations or the limiting current will have
a large effect on the mass-transfer coefficien; calculated from
equation 5. Moreover, if this ratio is closé_to unity, equation 8
shows‘that the limiting current becomes too small to be ﬁeasured
accurately at all. These considerations set a icwer as well as a
higher-limiﬁ on the allowable flowrates through ﬁhe bed.

Mass~transfer coefficients calcuiated from equation 5 do not
reflect fhe influence of axial dispersibn upon the overall bed
behavior. It is possible, hbwéver, to include.this influence in the
calculations of the mass—transfgr coefficients.?2 We have not done
so in view of equation 3 and the findings of Wilson and .Geankoplis-33
that in the range of'Péclet numbers investigaﬁéd here no axial mixing
effects éould be detected. An alternative, and'perhaps more valid,
interpretation is that equation 5 defines an avérage overall mass-

transfer coefficient describing the actual behavior of a packed bed

at limiting current.
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Experimental

Details of the experimental apparatus and proce&ure'can be
found in Appel's tb.esis1 and will not be given here.

The eiectrochemical cell used fof the determination of mass-—
transfer coefficients in packed beds was a modified versibn of the
cells used!by Bennion and Newman2 and by Yip.34 These modifications
were made to reduce entrance and exit effects. ‘The bed diameter
was 8.8 cm, and .the paLking consisted of 5/32 in. stainless steel
spheres. 1T6 avoid'channeliﬁg, the sphéres were packed such that a
rhombohedral or hexagonal close packing was obtained. The anode
was placedgaﬁove the cathode, with the f;ed iﬁiet placed in between.
Part of.the feed stream fléwed'thfough the céthode, part through
the agode; the flowrate through the anode was always about 20 percent
higher than the flowrate through the cathode. 'in additioﬁ, the
anode consisted of four layers of spheres, and the cathode consisted
of three layers, éo that a limitiﬁé curréﬁt was insured at the cathode.
The cathode.contained 1259+1 spheres and had a porosity of 0.372,

a specific interfacialiareé of 9.50 cm_l, and a thickness of 1.06 cm.

The electrolyte was #n'equimolar so1ution (0.01 M) of ferroéyanide
and ferricyanide with potassium nitréte (0.95010.003 M) as supporting
electrolyte. This solution was supplied from a conséant—heéd tank;
feed and outlet streams were,interrupted to avoid stray currents.
The temperature of the sys#em was kept at 25+0.05°C.

The limiting-current curves were obtained by increasing the

potential of the working electrode stepwise &ithvrespect to the
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refefence-eiectrodg, starting at the equilibrium potential. At
each incremént, the current was measured after steady state had been
reache@;

For each run, samples'of the inlet and outlet streams were
taken; subsequently the composition, the density, the viscosity,
and the coﬁductivity were determined. The measurements of the last
three quﬁntities can bé summérized bf thfee numberé: 1.058+0.001
g/cm3 for the density, 0.86810.007 cp for the viscosity, and
0.0884%0.0003 mho/cm for ﬁhe conductivity. The effective conductivity
K . within the pores can then be estimated to bé 0.02 mho/cm.

The actutacy of the current,measureﬁents was 0.5 mA; the
concent:atibns of the ferrocyanide and the férricyanide_(determined
by titrétiOn)'are estimated to be accufate withih SXlO-sbmole/cc,
Measured values are given in Table I. |

’Difquiﬁities_were not measured, but wefe calculated from Smyrl's

data:25

uD _ 2 :
—L2mrd - 0.168x10 J co_ poise a3
sec 'K
Resultsi

In Figure 1 the current is plotted as a function of U - U .
' : . equil
for different Reynolds numbers. At low flowrates a long limiting-

current plateau is obtained, which becomes shorter as the flowrate

is increased. As discussed before, this effect can be attributed to

the increasihg contribution of the ohmic potential drop at increasing
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Table I. Measure variables in the packed bed experiments.
The pH of the solution was 5.9, and the particle
diameter was 0.397 cm.

Concentrations, 10“6 mole/cm3

~ Ferricyanide Ferrocyanide i : Flow-

Run . . ‘ lim rate
# - Inlet  Outlet Inlet  Outlet mA cc/sec
8 9.92 3.3 9.50 16.18  66.9  0.104
10 9.78  1.60 9.54  17.82  34.4  0.0432
11 9.48. 2.43°  9.42  16.69 47.9  0.0700
12 9.59 3.1 9.48 15.31. 80.3 0.143
13 9.98 1.04 9,17 - 18.22 23.5  0.0265
15 10.06  4.19  10.11  15.81  80.0  0.142
16 < 10,06 * 4.69 10.11," 15.44 94.6 0.183
17 10,06  4.98  10.11  15.25  110.1  0.224

19 - 9,97  0.53  9.98  19.47°  9.54  0.0103
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Figure 1. Limiting-current curves.
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’

flowrates and indicates an upper limit for the allowable flowrates.
At very high volfages, the slope of the curve inéreases. This
indicates that a side reaction has occurred, probably the evolution
of hydfﬁgen. No Bubbles have ‘been detected in the cathode, however,
The values of A@Z calculated from equation 11 range from 2 to 42 mV.

The mass-transfer coefficients were calculated from equation 5.
The inlet concentration of the ferricyanide ion was obtained
analyfipéily; the exit concentration of the ferricyanide ion was
obtained in three differenﬁ ways:

1. Analytically;

2. By subtracting the Qifference Between inlet and outlet
 concentrations of the ferrocyanide‘idn (aléé determined analytically)
from the inlet concentration of the ferricyanide ion.

3. Same as 2, but the difference,betweén the ferricyanide
concentfations was obtained from the limiting-current value,
according to équation 8. If, for any run, the mass-transfer coefficient
calculated by_agy of these methods deviated more than 10 percent
from the mean, that run was discarded. ’Calculéted«quantitiés are
shown in Table II, where ké is the meanlof the threé determinations.

Application of the Graetz analysis through the concept of
straight‘cylindrical porés in the bed suggests that the appropriate
Nusselﬁ number to use is:

ek

m
Nu = — . (14)
aDR
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Tablé II. Calculéted‘variables in the packed bed experiments.

- <107k x10°
Run # cm/sec cm/sec Nu Re Pe
8 0.584 18.4 1.24 0.0218 30.4
10 0.583 12.8 - 0.860 = 0.0090 12.6
11 " 0.583 15.7 1.05  0.0147 20.5
12 0.572 21.5 1.47  0.029 42.6
13 0.576  10.0 0.69 0.0055 7.88
15 0.576 19.6  1.34  0.0294 42.0
16 0.575 22.3 1.52  0.0378 54.2
17 0.574 25.5  1.74 0.0462 66.5

19 0.575 - 5.1 0.35  0.00212 3.05
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Similarly, the Péclet number is defined as:

" .
Pe = —— , (15)
aDR

The Nusselt number has been plotted as a function of the Péclet
‘number in Figure 2., It shows that our experimental'valﬁes start

100 . For comparison,

to deviafe from correlation 1 below Pe
we have plotted thevGraéti solution of Sorensen ég_gl.26 for a
ratio‘of,;ubé length to tube radius of one. This is an appropriate
value for.fackéd beds, ;nd, although our values are also below their
predicted values?.they also show 5 deviation from the 1/3 exponent
of the Péclet number as the ééclet number is decreased.. A similar
trend is predicted by the regulérly'paéked spheré model of the same
authors.28 | |

In the light of these findings and because of the mentioned
need for accurate mass-transfer.correlations in packed beds at ver§
low flowrates, furthér investigations in this area (including
natural- convection effects and_the effect of varying the bed thickness)

would be very valuable.

Conclusions .
It has been shown that the limitiﬁg-current method is suitabie
for obﬁaining mass-transfer coefficients in packed beds, in particular
at very low Reynolds numbers, provided proper design and experimenﬁal

procedures are followed:
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Figure 2. Nusselt number as a function of Péclet number
C for packed beds.
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Also, previous empirical correlations are found to break down
at low values of the Péclet number. Our experimental results are

in line with recent theoretical predictions.

¥
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Notation
a‘b ‘specific interfacial area, cnrl
CR,O feed concentration, mole/cm3
°R,L exit coocentration, mole/cm3
cp ‘reactant concentration per unit volume of solution, mole/cm
dp sphere diameter, cm |
DR : diffusion coefficient of reactanc in feed solution, cm2/sec
E " axial mixing coefficient, cm2/sec
F Faraday's constaot, 96487 C/equiv.
i2 superficiai current density in pore phaee, A/cm2
Iiim limiting cell current density,"A./cm2
km 1 coefficient of mass transfer between fiowing solution and
- electrode surface, cm/sec
L thickness of bed, cm

Nu = skﬁ/aDR, modified Nusselt number
Nu' = k. d_/D , Nusselt number
mp R :
Pe = ReSc, modified Péclet number"
Pe' = Re'Sc, Péclet number
R -equivalent tube radius, cm
Re = v/av, modified Reynolds number

Re' = vdp/v, Reynolds number

L
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Sc = v/D_, Schmidt number
T absolute temperature, deg Kv
U cathode potential, V
v superfiéial fluid velocity, cm/sec
x ' distance’from bed entrance, cm
a =-akm/v, émﬁl.
€ porosity
K- cbnductivi;y of solution within the electrode, mho/cm
n dynaﬁic viscosity of éoiution,'g/cm—sec
v kinematic viscosity ofvsolution, cm2/sec
T fdrtuosity factor
%, electric potential in tﬁe solution, V

Ad electric potential difference in the solution between bed

inlet and bed outlet
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This report was prepared as an account of work sponsored by the
United States Government. Neither the United States nor the United
States Energy Research and Development Administration, nor any of
their employees, nor any of their contractors, subcontractors, or
their employees, makes any warranty, express or implied, or assumes
any legal liability or responsibility for the accuracy, completeness
or usefulness of any information, apparatus, product or process
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