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Mass Transfer in Turbulent Flow between Rotating
Cylinders with Small Separation Gaps -

Charles M. Mohr, Jr., and John Newman

- Materials and Molecular Research Division, Lawrence Berkéley Laboratbfy,'
and Department of Chemical Engineering, University of California,
Berkeley, Califormia 94720 '

May, 1976

Abstraét
The results of an experimental study of mass transfer in’
turbulent cylindrical Couette flow are presenfed and compared~to:
the predicfions of a model based upon the empirical»"univeréalv
. velocity profile"'derived'for'turbﬁlent pipe flow. Thé~gap-distan¢e
between.fhe nickel electrodes was varied from nine percent to 1eés
~than two percent of the‘innef cylinder radius, and the expefiments
were performed usiﬁg the ferricyanide-ferrocyanide reddx reaction in
KOH and Na'OH/NaZSO4 supported electrolytes. 'The,mass—ﬁransfer
rates were found to lie below those predicted by correlations of
déta froﬁ wider gap.experimenté and displayéd.fundamental differences
from the prédictions of the proposed model. For the limited range '
of parameters, Re (Reynold; number) and Kk (gap ratio), studied, the

data (for a Schmidt number of 1661) are fit to within *4% by the eduation,

St = (0.001177 - 0.000983K)Re10'2

where St is the dimensionless Stanton numbér. Thé’results'suggest‘
‘that‘thé-"universal velocity profile" is not applicable to this flow
and that further modeling advances for fhis system must be based
upon an improvéd knowledge of the nature of rotating turbulent flows.

Key words: limiting current



Introduction
Thevelecgrode system-émployiﬁg concentrié rotating éylinders

.offers'considerable prqmise for electrochemical investigations. : ‘  -
wﬁile-its advantages are manyf uniform potential, current, and’
concentratioﬁ distributions at the working electrode surface.and the
capability of building a sysﬁem with relatively high surface area

per uﬁit volume of solution (for a non-porous electfode), it
éuffersvfrom a serious handigap»that haéﬂprevenéed its widespread
adoption as an experimeﬁfai tool. That is, tﬁe mass-transfer

behavior of this sytem is not described sufficiently well to allow
accurate dgterminatidn of‘thé interfacial concentration froﬁ pufrent'
and bulk conceﬂtration,measurements. The suppressioq of natural
conﬁection.in this system dictates.the use of high rotation Speéds
(usually for the.inner cylinder while the outer one ;emains statioha:y).
so thétvturbulen; flow.conditions prevail. While the behavior of
rotating turbulent flows hés received some attention,‘the empirical. 

. treatment of this éituation does not appear to be sufficiéntly

advanced to allow its immediate usage to predict friétion—facfor ‘
“and mass-transfer behavior in such flows.
Gabe(l) has recently reyieﬁed the several studies that have “ » ‘ o . E
been directed toward.résolving the ekperimental correlation for -
lmass transfer in this system. The pioneering work.in this fiéld was

(2,3)

performed by Eisenberg, and his correlation for the mass—;rapsfer‘

dependence upon the system and solution parameters has been substantiated

(4-7)

by subsequent inVestigations.

N\

For all.éystems.that appear to



have been studied to date, the gap between the inner and outer
cylinders has comprised a significant portion of the outer cylinder

radius:
0<Kk<0.8 o W

where K = Ri/Ro and Ri and ROv:are the inner and outer cylinder

radii respectively. These studies concluded that the mass transfer

(8)

and friction factor could be correlated best with a Reynolds number

based on the. inner cylinder radius

B Y . . |
Re, = —— - _ . (2)

<

Qhere Q ié the rotatioﬁ speed of the inner cylinder and Q 15 the

kinematic viscbéity of the éolution.v This fesult.is not anticipatéd

by traditionai views of sﬁear;induced turBuleﬁce, thch would lead

one to éxpect that the prpper Reynolds number for a best.fit woﬁld

be based upon the gap dimeﬁsion,

Ri'(Ré - Iv{i)Q
= —

. Re = : (3)

rather than the form given in equation 2. The classic stability

€]

study of Taylor has demonstrated that the proper dimensioqless

group for correlating the point of instability of the simple cylindrical

Couette flow is



_.(4) I

(10)

as given by Schlictingg Ta' 1is the "Taylorﬁ number. Ihe ' :' )
-Similarity between this group and the gap—distancevbaéed Reynolds
numbef, equation 3, is épparent.
This study has'beenvperformed to investigate the'small—gap
’mass—traﬁsfer behavior for such rotating cylinder systems and to tesf
whether orvnot current empirical models for the Struéture'of shéar_f'
indﬁced turbulence are appropriate for such small gaps.. While Gébe
and Robinson(ll) have suggested that fér small gaps the gap-éize

must eventually become significant, the form that this'influence'

may take has noﬁ yét been eiucidated by previously published studies;‘

Experimental.MEasurements'of Mass Transfer
in Turbulent Cylindrical Couette Flow

Electrode'Reactions

Thevoxidatioh-reduction reactions invoiving ferfigyahide and
ferrocyénide ions wefe choseh for this invesfigétion, Eisénbetg(3)
has discussed these'reacfions and has shown that théif use with
niékel electrodés provides ékcellent limiting-Cerent béhaviof'when
hydrogenrevolution is supbreséed tﬁrough the use 6f ah»élkaline - o . oo
supporting electrolyte. Accordingly, NaOH .and' KOH Qere used in

this study as supporting electrolytes.



Eguipment

| Eisenberg's original equipmenf was modified to meet ;he.needs
of this'study. A schematic drawing of the celi is given.in figure 1. .
The drive mechanism and periphefal.éleétronic equipment are déscribed

elsewhere.(lz)

The nickel electrode sizes were chosen to emphasize
the influence of small gaps upon the transfer rate. The 6uter
electrode was 136.65 mm - in internal. diameter. Thé_fduf inner

cylinders ranged from 124.5 to 134.4 mm in diameter, resulting in

gap ratios, Ri/Ro , of from 0.916 to 0.983. Due to the decreased

.gap sizes, viscous dissipation was more pronounced in this sthdy than
- in Eisenberg's, so a more efficient method of cooling the solution

'was'reqﬁired; While Eisenberg reported that adequate temperature’

control could be achieﬁed by blowing hot or cold éir on the éell, it
was fdund necessary here to inétall a water jacket oh the Quﬁer
electrode in order to control the temperéture to within the 0.2°C
claimed by Eisenberg.‘vAnother modifiéation found useful was the
installation of a cifculating pump and thermometer chamber to..
ﬁonitor the cell temperature, since the thih gaps did not'allow direct

insertion of a thermometer. The pump was a Teel model 1P579 general

purpose_positiVejdisplaqementvpump which circulated solution-dréwn

from the bottom of the cell past the thermometer and returned it to
the top of the cell. Pumping rates weréhhigﬁ eﬁough to éffect noticably
the values of the limiting cﬁrrents, so the,pump'waé-tufned_bff'béfore

measurements were made.
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Cell and Electrode Nomenclature for Figure l

Plexigiass top of ceil.

Plexiglass bottom of ceil.

Teflon beaping; |

Outlet from cell (to‘pump and thermomeéeter container).
ﬁrass wafer jacket.

Cooling water inlet to 5 .

Glass capillary to referénce electrode.

‘Nickel inner rotating cylinder.

- Nickel outer cylinder welded to 5 .

" Threaded stud for contact to counterelectrode lead, soldered

to water jacket.

3.175 mm threaded stainless steel rod, securing top and bottom_'
of cell to outer electrode, fastened with wing nuts.

Stainless steel edge on ﬁickel‘outer eléctréde.

.Buﬁa ﬁO" ring seals. |

Cgoling water jacket outlet.

Stainless steel shaft, threaded to fit inner‘eiecfrode.‘
Spring loaded rotating seal.

Entrance for solution from thermometer chamber.



The exact centering of the inner eleétere éan present a problem
iﬂ thié geometry. Any offset from fhe concentric alignment of the 
electrodes could be quite significant in this investigation since vefy
small gaps (1.27 to _6-3.5 mm) were.employed. Caliper and micrémetéx
ﬁeasureménts indicated that the inngt cyiinders were of uniform rédius
(to within 1eés.than 25.4 uﬁ) _ and that the internal diameter
of the outer cylinder was 136.65 * 0.025 mn. i‘he cell could be
centered relative to the'rota;ing shaft to within-approximately 76.2 -
pm and "run-out" in thé rotating shaft with the c¢11 and electrode
in pléce waslless than 25.4 um - as measured by a dial indicator
with its point inserted in the écceszport»for thé capillary leéd t§ '
thé countefélectrodé.- THis results in a-posSibie deyiaﬁion of leés '
thén_127'um,' " a maximum pe;cent-deviétion of iess ﬁhén:ﬁen
percent.fdr ;he smallest gap tested. |

Surfaée roughnesé is another poteﬁ;ial difficulty} A Gould:

"Surfanalyzer" was used to_determine a typical foughness profile fdr
the elé_ctro_des~ A scan of a typical segment of inﬁer c?linder rédius
vis'showﬁ on figute‘z. Surface dé§iation appea;s'to be épprbkimately

0.5 um, . ‘. which should causé no appréciable effect upon the.
mass transfer accprding to the results of Kappesser, Cornét, and’

Greif,(s)'who'determined that for

' 5
Ri/e > 107 ,

where € 1is the magnitude of the surface irregularities, thevsurface
behaved in a "smooth" manner and the results for mass transfer followed

the prediction of Eisenberg et ai.
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' Procedure

Prior to each run a fresh solution was preﬁaréd,‘aﬁd the electrodes
were polished and washed. The éleétrode.preparation scheme used |
by'Eisenberg(B) was folldwea,.except that.catﬁbdic treatment of the
electrodes in a five percent NabH’ sblution,was ﬁof pefformed.
'Eisenberg indicates that this is réquired for accurate_determination
of the kinetic parameters fdr the reaction but does not affect the
limiting—curreﬁﬁ measurements;

Thé solution was iﬁtroduced intoAthe cell through theﬂréference_
electrode fese:ﬁéir; thevaii being forced out through a bleed iiné_.
at the top of the thermometér chamber. The circulation pUmp was
started, and the cylinder rotated at gpproximatély 1000 RPM to allow -
viscous diséipafion to heat‘thé solution to 256C. Manual control.of
the cooling watef (industrial cold'tap»water) was fouﬁd adequate j
to maintain fhe temperature of the solution at 25.0_i 0.2°C.  When
temperature control was‘aéhieved at the rotation spged of'intereSt,
the circulating'pﬁm§ was turned off. A shof; delay’allowed bubBles :
iﬁtfoduced by the.pﬁmping to leaQe the solution in the gap; after
which a current scan Qsihg the ramp galvénostat was made. .Scan
rates were between 2.énd 5 amperes/minute. .A set gf-the resulting
polarograms is sﬁown_on‘figufe 3. The scan was halted when the
liﬁiting cﬁrren; pléteau was reachéd since hydrogen evolution tended
to alter the céncentrationS'of the solution.‘ Some change in the

ferricyanidé concentration seems unavoidable due to oxygen- evolution

at the anode. Eisenberg's measurements of the limiting currents for



Cell potential (millivolts)

Figure 3. Typical polarograms for turbulent mass
- transfer between rotating cylinders.
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the oxidation of ferrocyanide indicated a very poor plateau,
demonstrating the presence of oxygen'evolutidn. Thus the spluﬁiqns
were gradually.depléted.of ferricyaﬁide, which made necessary -

periodic determination of the ferricyanide concentration. The
' (13)

iodometric titration for-ferricyanide described by Kolthoff

waé'employed. Preparation of the solutions required_for‘the titrations

is discussed by_Swift.(la)

Phyéical Properties of the Electrolyte Solutions
Two different solutions were used so that the Schmidt number
of the solutions could be varied. The leés viscous solution, which

was used for most of the expefiments, consisted of

. 0.0047 mole/% K3Fe_(CN)6
0.0050 mole/% K,Fe(CN)
~and SR _ 0.850 hole/Z:KOH .

-

The kiﬁematic viscosity of these solutions was determined using an
Ubbelohde capiilary viscometer and was found to be 0.00952 cm2/se¢ .
The diffusion coefficient was determined usiﬁg a nickel rotéting

disk electfode and was found to be 5.73.><10.6

cmzlgec . Both these
values were measured at a temperature of 25.0°C.

The seéond solution consisted of

' 0.0047 mole/% K,Fe (CN)
0.0050 mole/% K,Fe(CN),

1.500 mole/% NaZSO4 _

~ and | ~ 0.500 mole/? NaOH .
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The kinematic viscosify and diffﬁsivity were found to be 070189 émz/sec
and 3.27X10_6 cmzlsec, respectiveiy,zat.25°C; The Schmidt nﬁﬁber

of this solution was 5780, compared to a Vaiu; éf 1661 fof the first

- solution. This second soiution_appeared to have a rather short

useful lifetime. While it remained clear for approximately tWenty-
four.hours following its uée iﬁ the Cylinaer device, small crystals .

of precipitate were noticed after this time and could noﬁ be reaissolved.
More concentrated Na,$0, solutioné We;e preééred (2.0 M) , but

they exhibited thisztendaﬁcy to form:a precipitate after an even

shorter time -- leSSvtﬁan one half hour. These solutions were abandoned
due to ﬁhe undesirable prospect of precipitatibn in the appératus

during the'rﬁng. Wﬁile this use of NaZSO4 to vary.theFSchmidtt.

number of ferricyanide, ferrocyanide solutions seems to be éuite
éromising, this ﬁendancy toward precipitafion is ciéarly uﬁdesirable,
'apd fqr experiments‘of_lengfhy dﬁratidn; péfhaps lesé concentrated
solutions (~1 M) might p:ove'mofe practiéal. The présence’of the large
amount of NaZ-SO4 had no appareﬁt effect upon either the limiting

current curves. or the ferricyanide titration results.

Experimental Results

The data gathered for the runé perfdrmed are given in tables 1

and 2. Dimensionless mass—transfer rates are presented as Stanton numbers

i

St =
nFRch

where 1 is the average current density, n the number of electrons
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-Table 1: Exﬁerimental'results fdrfmaSS'transfer ,
between rotating cylinders; Sc = 1661.

6

107¢
: Gap S 3 -5 . 5
" Ratio rpm mol/em™ 10 Re, 107st
.9828 . 400 3.89 1.984 2.280 -
1.9828° 600  3.89 2.977 1.937
.9828 800 3.89 3.969 -~ 1.741
- .9828 1000 3.89 4.961 1.512
..9828 1200 3.89 5.953 1.463
.9828 1400 3.89 6.946 1.419
. 9607 1400 3.82 . 6.637 1.593
.9607 1600 3.72 - 7.585 1.581
.9607 - 400 3.62 1.896 2.143
.9607 600 3.62 2.844  1.920 .
- .9607 800 3.62 3.792 .1.809 -
.9607 1200 3.45 5.688 1.659 .
. . 9607 1400 3.35  6.637 1.681
.9607 1000  3.55 . 4.740  1.676
.9394 250 . 4,13 1.133 2.783
.9394 - 400 4.13 1.813 2.287
.9394 600  4.09 2.719° 2.016
.9394 - 800 4.04 3.625 '1.918
1 .9394 1200 3.90 ©5.438 1.802
.9394 1000° - 3.99 4.532 1.834
.9161 700  4.13 3.017 2.254
.9161 600 . 4.13 2.586 2.257
.9161 500 4.13 2.155 2.357
.9161 400 4.13 1.724 2.472
.9161 265 . 4.13 1.142 2.888
.9161 . 175  4.13 0.754 3.676
.9161 1000 - 4.13 4.311 2,093
.9161 1200 4.21 5.173 2.093 .
.9161 © 1000  4.21 C4.311 2.099
.9161 . 800 4.21 3.448 2.118
.9161 400 4.21 1.724 2.524
4.15

L9161 250 . 1.078  2.830
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Table 2: Experimental results for mass transfer

between rotating cylinders; Sc = 5780.

107¢ :

Gap 3 -5 5
Ratio rpm mol/cm 10 “Re -107st
.9828 400 4,55 ~-1.000 1.202
. 9828 600 4.55 1.499 1.024
. 9828 . 800 4,28 - 1,999 '0.880
.9828 1000 - 4.28 2.499 0.801

- .9828 1200 4.28 . 2.999 0.733
.9828 1400 4,28 3.499 0.702

. 9607 400 4.26 © 0.955 1.269

. 9607 600 4.26 1.433 1.005

--.9607 . 800 4,26 . 1.910 0.918

.9607 1000 4.26 2.388 0.884

. 9607 1200 4.26 2.865 0.836
4.26

.+ 9607

1400

6

. 0.810
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exchanged per ion reacting, F ‘Féfa&ay's éonstant; and ‘c> the bulk‘
concentration of the'reacting épecies. |
Theory b
If shear induced turbulence is postulated, one may. expect -to
~describe thé friction—factér and mags-transfer behavior with an
eﬁpirical ﬁodel, éuch as’thé Wasan, Tien, Wilke(ls)vCOrrelaﬁidn

which was developed to correlate the turbulent mass transfer for

flow in pipes and more recently was used to predict closel& the mass
(16,17) '

transfer to rotating disks in-turbulent flow.. This model
has been chosen for thié study. The eddy diffusivity_is correlated .
aé a function of avdimensionless distancevf:pm the wall;'this

~ distance is
y =2/ - (5)

Near the inner cylinder Yy =T - KRO ~and the shear stress at the
wall T = Ti ; ¥ 1is the radial distance frqm_the éenter of rotation.

Near the outer cylinder, Yo © Ro -r and T = To . An angular

momentum balance leads to
KR T, = ROT_ . : (6) . R

~ Since the eddy_diffusiﬁity is'cpntinuous across fhe gap, we must

determine the value of r at which"y:'= YZ . From_equationé's_aﬁd_6



Q0 o 0450607}
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. T o ’
S 1 -x_ /i ' :
Vmax T ¥R T« P //v > : 7

where y;ax is the value of y+ at the radial position where

= y: . Introducing the friction factor
= i : ' T
£= L 2Rl | - (&)

and using the gap-distance based Reynolds number, equation 3, we

find from equation 7 that

+ K o e oy
Imax = 1 ¥ k Be £/2 . ' 7 ‘ 9
The shear-stress expression for cylindrical codrdinates is,(;s) when

turbulence is included,

7.\
T3 (KR, ) (t) (_g)
rre.=———_2-— (u+u )rf‘f—-—

.oy

where | and. u(t)\ are the absolute and eddy viscosities and ;6

is the time—averaged f-velocity at radial position r . The expression
for y+ and £ may be introduced, and equation 10 may be integrated

across the gap (considering the outer cylinder stationary) to yield

y+ : y+
+
max dy1 _max K dyo
o [ , 1« Iy 1+ v(t)> o [ _ 1x Yo } 1 +'v(t)>
1+ _+ v ' S N Vo
max ymax

(11)



where the eddy kinematlc viscosity is _v(t) = (t))p 3 The development -
of the expre531ons for the mass—transfer rate proceeds in an analogous
-manner. When the equation for turbulent'mass_transport in cylindricalrr
coordinates is integrated-acrossvthe'gap, tne'resultant-expression,

in .terms of the Stanton number, is

+ _ L+

o, Ymax SR o Tmax o, L. ‘ .
/f 1_—|<,2 ) f 2.4yt - f [+ (1D ay ey (12) -
‘ 2 St , +,2' 1 D(t) : 1 D(t) S
SR ¢ ST R [ T 0 set VT

D(t) is the eddy diffu31vity, D(t)/v is correlated as a function of

+
y in empirlcal treatments of turbulent transport (15 19)
For arbitrary valuesvof Sc and ymax , these integrals must
be evaluated numerically due to the oomplioated nature of the

expressions relating D(t)/v to y. . However, in the limit as

Sc > , a singular perturbation expansion ‘of these integrals-is

possible.(lz) When the eddy-diffusivity correlation of Wasan, Tien,.
Wilke(ls) is used,“the-result'is
1 amsc?/3 1/3 o1 B [5\.(1
sc /2 = i3t S 5t ?A- r(3>r(—5)
. 3/3 4 3/3 A

(13)
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where A and ‘B are constants appearing in the eddy—diffusivity

correlation (A = 9.39X10_4‘ and B = 1;65X10f5) and o = E:E'—L~—.
| n T I+
: ‘ Y max

This expression comverges rapidly for Schmidt numbers on the order
of 1000. For Sc = 1000 . and _y;é# = 100 , the term of order (log S¢c)

'contributes‘only,apﬁroximétely one percent of the leading term.

Results and Conclusions
The experimental data for Sc = 1661 are‘presented on figure 4l
as the Stanton number versus the iﬁﬁer cylinder-radius Based Reynolds -
number Rei . A comparison of the data gathered for two differe#t

Scﬁmidt'humbers; Sc = 1661 and Sc = 5780 » .1s shown on figure 5

as - StSc2/3 as ‘a function of Reynolds number Rei for two gap ratios,
K = 0.9829 and Kk = 0.9608 . Except for three points taken with
K =

0.9829 and Sc = 1661 , the curves for -each gap ratio seem to
agree closely. .The three errant points differ from the suggested data

fit'by approximately ten percent (maximum). We may thus conclude

2/3

~ dependence suggested by the emﬁirical model and
(2,3) (4-7)

that the Sc

verified by Eisenberg and others provides a goqd fit of
these data. The Reynolds—number dependence of the Stanton number,
howevef, does not seem to agree wi;h these previous studies{‘ It .
appears from figure 4 that Reynolas number alone does not suffice
for an accurate.correlatiﬁn. The systematic trend of reducgd
transfer rates with.réduced gap size would seem to indica;e that.thé
influénce of the presence of the outer cylinder is ﬁéginniﬁgvto be

felt. Figurel6bshows the mass-transfer behavior predicted by

equations 11 and 12 when the eddy diffusivity model of Wasan, Tien,
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Figure 4. Mass-transfer rate for turbulent flow
between rotating cylinders.



21~

'0.004 —
,v’._p
' o | o x;
_ 0003} S~ i
~ . -+~\<:§i_;~zsx~
No R . ) S
S o K=09607 Scz5780 \“N\f\fﬁ‘-\z;.\g‘q |
- 0002 LA K=09607 Sc=1661 S T L
& 0.002 % 1 o TT~xx -
P B K=09829 Sc=5780 = T~
| x K=09829 Sc=166| s R
0.00I5 L —— I L NN NN TR TR W TS R
- 10° - 2x10° _> 5x105  10%
- | " Rej SRR
_VXBL756-3O_93

Figure 5. Comparison of daté for two Schmidt numbers »
for turbulent flow in a rotating cylinder
cell. : '
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Figure 6. Comparison of predicted and experimental mass-transfer
rates for small gap conditions with Sc = 1661. ‘
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Wilke(ls) is ﬁSed.' While the reéults'seem in feasonable.agpgémentvar
the larger gaps used, it is imbortant to note that they predict a 
trend that is oﬁpqsite to that given by the data - an'increése in
tfansfer rate as the gap size diminishésvrather'than the.observedv
decrease. The slope of the predicted curves is considerébly.less than.
that foﬁnd for the data, approximately -0.12 rather than -0.2. The
‘disagreement between predicted and observed transfer rates is morél
extreme for ldwervReynolds numberé. These results suggest that the
‘shéar—induced'turbuleﬂt'behaﬁior, upon which the empificallmbdel is
based, is not the dominant factbr éven for the smali gaps used in

: fhiS study. ‘If one adopts the concept'that‘the'éentrifugal inétabilitiéé,

(9)

such as ééuse Taylbr vortices "’ to form as thevlaminarVCouette-fldw
Becomes unstable, are ;He cause of the turﬁulence; then'it.éppeafs'

thaf thé'effect of decreasing the gap between the cylinders serves to
dampen the propagation of these turbulent eddies; hencé“the reduced
transfer rate. |

As a purély empirical fit of the lines defined by the results

for large Reynolds numbers, the data on figure 4 lead to_(‘for'Sc..= 1661)
0.2

St = (0.001177 - 0.000983K)Re; (14)

which is accurate to within approximately five perceﬁt.'-This eqﬁation' |
is of interest only in displaying the uﬁifqrm trend tﬁat appears»for'
this limited range of Reynolds numbers and gép ratios. It is also
interestiﬁg to nofevthat the experimental results of botb Eisenberg

(for mass transfer)'and Theodorsen and Regier (for friction factoré)
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agree with these 1arge' Re 'asymptotes in that they display a Reynoldé

number dependence of approximately Re_o'2 for this range of

' Reynolds . numbers, -even though their correlations are given as Re_0'3;,

which provides a better fit for smaller valués of Re The modeling

i °
based upon a'"universal eddy diffusivity" profile has not provéh
successful fbr this geoﬁetry. While one may speculate tﬁat‘the
shear—induqed turbulenéé mustvdominate for éufficiently small gaps,(ll)
the construction of'electrodes with which to test this hypothesis

does not seém‘feaéible{ It would appear that further progress in

modeling this system must involve a more thorough knowledge of the

structure of turbulence in rotating flows.
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Nomenclature

A,B constants in correlation of eddy diffusivity’

c ‘bulk concentratioh of'ferricyanide ion, mol/cm3
D _ diffusion coefficient of ferricyanide iomn, cmz/s
D(t) eddy aiffusivity, cm2/s

£ friction factor

F Faraday's constant, 96487.C/mol.

1 average current density, A/em2

n numberrof electrons exchanged per ion feacting
r radial position coordinate, cm

R, inner cylinder radius, cm '

RO’ outer cylinder radius, cm

Re' Reynelds number based on gap distance

Rei Reynolds number based on radius of inner cylinder
Sc = V/D -the Schmidt number
St Stanton number

Ta Taylor number
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'time'averagéd'velocity'in angular direction, cm/s

distance from solid wall, cm

dimensionléss distancevfrpm the wall

constant defined below equation 13

magnitude of surface irregularifies, cm

fatio of innef cylinder radius to outer cylinder
viscosity;_g/m;s |

eddy viscosity,‘g/m-s

kinematic viscosity, cﬁz/s

eddy kinematic viscosity, cm2/s

deﬁsity of the sqlutioﬁ, g/cm3

/2

shear stress, N/m

rotatipn-speed of inner cylinder, réd/s

radius
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