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ABSTRACT

Rates of mass transfer at circular cylinders rotating
about their axes in the center of stationary cylinders were
studieqd by means of s01lid dissolution and electrolytic redox
reactions. Benzoic and Cinnamic acids cast into oylinders
were dissolve? into water and water-glycerol solutions, Alka-
line potassium ferri- and ferrooyanide solutions in the con-
centration range 0.01 to 0.20 molar were used to study mass
transfer retes. (thro measurements of limiting ocurrent
densities) and the polarigation associated with the cathodie
reduption of Fe (CN);™and anodic oxidation of Fe(CN)g™* on
nickpel elecirodes.

In a study involving a large variation of cylinder
diameters and their ratios the magnitude of the gar was found
not to affeot the rates of mass transfer under turbulent flow
‘oonditions. The study covered a Schmidt number range of 835
tp 11,490 and a Reynolds number range of 112 to 241,000,

' A general correlation of the mass tranzizr data was

btained in which the j' (defined =3 k/V S¢0:.643 ik = mags
granefor coefficient, V = poripherel veloocity, S¢c = Schridt
number) is expressed as a function of the Reynolds number Rg,
based on the rotor diameter. Close agrosient of the
parameter values with the friotion coefficients f/2, deter-
mined by Theodcrser end Regler, was found. .
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I. INTRODUCTION

The prescnt investigation of forced convection mass transfer
was oarried out on rotating cylinders because of the particular inter-
est that such a study has for the interpretation of phenomena &ssociat-
ed with electrolytic reactions (8).

The effect of the speed of rotation upon the rate of mass
transfer was first studied by Brunner (3), He expressed his findings
in the form of the diffusion layer thickness 3

a.:oscm (1)

where R = rotation speed, rpm and d is defined (28) by Equation (2)

- R ®

where N = rate of mass transfer, mols/cm®-sec |
Ac = goncentration difference between bulk solution and elestrode
surface, moles/om3 .

- Bowever, Brunner, who covered speeds in the v;oinit& of 150
rpa, considered neither the effect of rotor diameter nor the physieal
properties of the eleotrolyte. Furthermore the geometries of the
cells used (3)(20) do not afford any clear definition of the hydro-
dynamic conditions and, therefore, only qualitative deductions can de
made for different experiments.

The methods of hydrodynamics were apnlied for the first time
by Buocken (10) to predict the effeot of forced convection upon the
rate of mass transfer at an eleotrode. In his experiments he rotated

2 external wessel containing the solution so that a laminer flow past

l

a stationary flat plate electrode was produced.
Recently Roald and Beock (23) have used such rotating cylinders
in a study of rates of dissolution of magnesium and its alloys in

- ,
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hydrochloric acid solutions. They found that the rate of dissolution
inocreaseiwith the-0.71 power of the spsed of rotation in the region
of low acid concentrations. At higher acid concentrations (1,4 molar
and higher) the reaction rates become entirely{independent of‘rota-
tional speeds, as the stirring effect produced by the hydrogen bubbles
evolving at the mgtal interface becomes predominant. Thia stirring
effect, however, oannot be ignored even at low acid concentrations be-
cause of turbulence caused by the hydrogen bubbies moving in the
boundary layer adjaoont to the dissolting magnesium rod. For this
reason the work of Roald and Beok 1n addition to being limited in
scope, represents a rather special case of forced convection mnss
transfer at rotating cylinders.

The present work involving studles of rates of solid dissolu=
tion and of electrolytic redox reactions was undertaken with the aim
to establish a general mass transfer correlation between the physiocal
properties of a system, geometrical and hydrodynamic conditions and
the rates at which a solute is transferred to or from a rotatingl
cylinder.

II. EXPERIMENTAIL
1. Dissolution Studies of Solids Cast into Rotating Cylinders

() Apparatus ,
A conocentric cylind:icsl ocell, 6,16 inchea high, built from

aorylic plastic (lucite) was constructed in such a manner that %he
grooved end plates could hold, according to need, one of three
oylindrical tubes of internal diameters 2,48, 4.00 and 5.47 inches
(see Pigures 1 and 2). A 1/2" diameter stainless steel driving shaft
passed throagh a teflon packing gland in the center of the top plate
and was equipped with a 1/4" std. thread which allowed g¢ylinders of

,
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various diamgters to be screwed on to it prior to the assembling of
the cell. The rotated cylinder was supported from the bottom plate
by a guide pin and teflon lining in order to eliminate eoccsntric
motions. GClearances between the rotating cylinder and the holes in
the top and bottom plates were 1/18". The cell was made liquid tight
by neoprene rubber gaskets placed in the grooves into which the chosen
ocylindrical lucite tube fitted. By means of a ground glass joimt fit-
ting in the top plate a thermometsr with a bulb reaching about 3/4"
into the cell interior could be inserted. Nipples and vents on the
top plate facilitated the filling of the cell. The entire sasembly
was held together by means of screws and supported by a structure
speoislly designed (see Figure 1) to minimize meschanical vibrations,
A 175C »pm induction motor operated from a regulated 11C A.C., voltage
supply was used to drive a Zero-Max variable speed drive (Revco, Inc,.,
Minneapolis, Minn.) with a maxioum speed on the cutput end of 450 rpm.
Twp sets of pulleys with diameter ratios 1:1 and 1:5 and a Vebelt
drive between the Zero-Max and the drive shaft of the cell allowed s
convenient selection of any apeed in the range 0-2200 rpm, Within

t 1/2 £ a set speed remained constant during runs lasting up to 2f
hours., An scourate electric tachometer (Metron Instrum,, Inc,,

Denver, Colo.) was veed for rpm measurements. The solid cylinders

for these mazs transfer studies were formed by melting the solute and

casting around a duraluminum spool placed in the interior of a special-
iy designed cursiuminmum mold. The spool when removed from the mold
held the solidified solute in the form of a 54" long cylinder (see
Figure 3). Three molds allowed tio casting of ecylinders of diameters
of 0,81, 1,73 and 2,38 inches.

.
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b. Procedure

Analytical grade Benzoic Acid (Mallincrodt Co.) and trans-
Cinnamic Acid (Sastman-Kodak Co,) were used in casting the cylirders.
A satisfactorily caat cylinder was machined in a lathe to a given
diameter (Figure 3,, freed from any leose powder, washed and dried at
room temperatures ln a dessicator.

The cyiinder mounted in the center of the cell was connected
to the driving shaft as shown in Figure 1; the cell was rapidly filled
with de-aerated distilled water or gqneoua glycerol solutions and the
rotation started at a preset speed,

The time reguired for filling (as well as for emptying) the
cell was important, since some of the solute could dissolve during
this period. With careful preparations this period was reduced to
90-120 seoonds during which the ecylinder ;-emained stationary. By
spéc;al £illing and emptying tests the~amouﬁta diasolved during these
periéds wererdetermined and suitable corrections applied in the oal-
culation of the rates,

The solvent was introduced into the cell at 26° C. The temper-
ature was maintained Qithin 0.,5°2 C during a run by blowing warm or
cool air on the cell. All runs were executed in the range of 24-26°C,
The temperature and rotational speed were frequently checked for
constancy during a run,

The time of duration of an sxperiment varied from 15 minutes
for high spesds to 160 minutes for iow rotational speeds. To assure
smooth surfaces in each run it was necessary to cast and machine new
cylinders for every experiment,

At the end of a run the cell was rapidly emptied and the volume
of the withdrawn liquid carefully measured. From this 1liquid volume

B T P e
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and the concentration determined by a simple acid-base titration the
total amount of bengoic or cinnamic acid dissolvsd during a run was
determined,

Diameters, di’ of the rotating cylinders used in tﬁia study -
ranged from 1,86 om to 5.98 cm and the gaps, h, between the rotating
and the atationary cylinders varied from 2.07 to 5,988 cm,

¢, Hethod of Calculatigg

At the beginning of a run, as described ir the preceding szec-
tion, the concentration of the solute in the bulk of the aolup}pn, c,
is zero. As the experiment proceeds this concentration gradu;ily
builds up, until at the end it reaches the value c,, known from the
titration of the 1liquid withdrawn from the cell. At the interface
between the rotating cylinder and the sqlution the solute concentra-
tion is at all times equal to the saturation concentration, Cge This

assumption is justified in view of the work of Noyes and Whitney (21).

Thus the mass trznsfer cf the solute dissolving into the solution

occurs here under unsteady state conditions with a gradually diminish-
ing oconcentration difference, Assuming a constant mass transfer co=-

efficient, kL, defined by the equation
N = ko, (3)
vhere N = rate, moles/cm®-sec.
Boy = mean concentration Gifference, moles/cc,

this case becomes analogous to a heat transfer prollem in which a log
mean of the diminishing temperature driving force is used. Thus
Ac1 - Acf
2,303 log =

8oy = (4)

D,J

£
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where Ac, and A6, denote the final and initial conesntration differ-
ence between the interface and solution bulk. In a separate .eriea
of experimenta the solubilities of cinnamic and bentels acids were
determined in the range of 22-27° C, From these values and the con-
centration, Sps determined analytically at the end of each run and
the above equation, the values of Ac,, were calculated,

The rate, N, of the dissolution of solids was determined from
the amount dissolved (product of solution volume and final concentra-
tion, crL'bhe interfacial area, A, and the time, t. The mass transfer

coefficient, kL, was then calculated for each run by means of Eguation

(3).

Densi ties and viscosities of the benzoi§ and cinnamic acid so~
lutions were measured (see Appendix) and for diffusivities the data
of Chang (5) were used. Average physical properties of the interfacial
film were used in the computations. Temperature corrections were
applied to all properties to cqrrespond to the actual temperatures of
the individual runs, |

2., Mass Transfer at Rotating Electrodes

One of the aims of the present study was to find an electrode
reaction which would be largely mass transfer controlled, i,8,, would
involve a amall activation energy. Such a reaction wonld involve &
negligible chemical polarigation and hence could be used to obtain
mass transfer rates by measurements of thg polarization of the elec-
trode,

Some reduction-oxidation reactions have long been suggested by
several investigators (11)(12) (14) to occur with negligible chiemical
polarization, Another advantage in using a redox reaction lies in the

fact that the electrode surface remains smooth throhghout the experi-

ment,
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These oconsidéerations hawe lcd ¢to the 3election of the ferri~
ferrcoyanide ocouple and nickel electrodes. .

An excess of sodium hydroxide was used in order to elimingte |
the effect of ionic migratiorn (1)(£8).

Solutions of potassium ferrie and ferrocyanide and particularr
1y the ferrocyanide, are xnown to decompose slowly by the action of
light resultin: in the formation of cﬁanido and hydroxide ions nccérd-
ing to the following equations (13)(19):

[Pe(cH)gl™ + He0 XiBBLs [re(cn)H,0) = + ox”

CR” + Hy0 ——» HCN + OH"

Solutions used in these ltudiéa were freshly prepared for each
series of runs in black Jena glass bottles and were never stored for

any appreciable time.

a. Apparatus end Procedure
The cell assembly and drive used for the electrolytic experi-

ments were the same as described previously. Three inner nickel elec-

trode rotors (dia. 1,273, 2,48 and 5.024 cm) and three outer cylindri-
cal nickel electrodes (inside dia. 6,07, 9,87, and 13,69 cm), all 15.11
om long, were used (Figure 2). Thesa offered nine possible goo-ofri-
ca; combinations of concentric cylinders with the ratio of the gap to
diameter of the inner electrode (h/d,) ranging from 0,104 to 4.88.

The outer electrodes fitted tightly into the luocite cylinders which
together with the grooved endplates permitted the assembling of a cell
of any of the above-mentioned geometries. Figure 4 shows an example
of one of these arrangements, A lucits nippie on the top plate of the

assembled cell was sorewed into a small tapered hole which on the

e e oy e e
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inside of this plate ended with a 1/4 mmn diameter and was located at
a distance of 2,541 cm from the axis of the cell (Figure 5), Through
this hole and a piece of polyethylene tubing a contimwous liquid junc-
tion led to Reference cell No, 1, equipped with a nickel oleotrédo and
filled with the same solution as that in the elcotrolytic cell (see
Figure 5), Reference cell No, 2 was connected with the cell by means
of a vefion ripple leading through the center of the lucite oylinder
and ending flush with the inner side of the outside electrode with a
1/4 mm hole.

Current was drewn from storage batteries and the electrical
connection tc the rotating electrode was accomplishsd by means of a
mercury wel)l (W in Figure 65), Figure 5, a schematioc diagram of the
cell and circuit, shows also the connection of the two reference elec-
trodes Nos. 1 and 2 to the cell. The reference electrodes consisted
of nickel rods ilrmersed in a solution of the same composition as the
bulk liquid in the cell, The ohmic potential drops across the por-
tions of the solution included in the potenﬁial measdrementl were
calculated from the condvetiviiy and subtracted. Thus total net
polarizations of the electrodes, AET, were determined at each applied
ocurrent density, I.

Sodium hydroxide (2 N) was used as the indifferent electrolyte.
Potassium ferricyanide andi potassium ferrocyanide being present in
approximately equal amounts in tbe concentration rangs of 0,009 to
0.209 m/L., Solutions prevared from C,P, chemicals (Merck and Co,)
ware kent in black Jena glass bottles to minimize the eifects of
light. The analysis for ferricyanide was by means of the iodometric
procedure (17) and permanganate titrations (25) were used for ferro-

cyanide determinations,
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The solutions were de-aerated and nitrogen-saturated prior to’
une to eliminate oxygen, which may introduce appreciable errors, es-
pecially in case of low concentrations of the depolarizer, A standard
preparation procedure for the nickel electrodes was used throughout
all experiments., It consisted of a rouge-paper poiishing, a CQ].4
washing and a cathodic treatment in a 5% NaOH solution.

When the cell was assembled, filled and the inner electrode
set in rotation at a chosen speed, current was passed and increased by
small increments and the potential measured at each setting. From the
platesu in the currente-potential curve the limiting ocurrent d.asities
were evaluated (see Figurss 6 and 7). At a given rotational speed
each run was first completed with the rotor as the cathode, Then the
polarity was reversed and Q run was carried out with the rotor as the
anode, Speeds used varied from 30 to 1660 rpm. The temperature of
26° C : 0,3 was maintained by blowing preheated or nrecooled air on
.the outside of the cell.

Physical bropertios of the solutions wers determined in the
temperature range of 20-30° C.

Conductivities were measured in a conventional conduoctivity
cell, using a Wheatstone 1000 c¢ycle A.C. bridge.

Viscosities of the solutions relative to water were measured
in a thermostai with an Uabelohde pipette, and the absolute viscosi-
ties calculated using densities obtained by picknometer determination:

Diffusion coefficients for the ferri- and ferrocyanide ions
were measured by means of a oapillary method similar to that of

Anderson and Saddington (2),

b, Method of Calculation
. At 1limiting current, when the interfacial concentration of the
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reacting species becomes gero, the rate of ionic mas= transfer of
ferricyanide ion to the cathode or c¢f ferrvcyanide to the anode can
be expressed as (28): _
IL '
Ne g (1 =t,) =kpeo, (5)
where I, = oathodic (Ic) or anodic (I.) limi ting current density,
amps/cn®

n = valence 6harge of reacting 1on

F = the Faraday constant

0y ™ bulk concentration of reacting ion, moles/sc.

ti = ‘transference rmumber of the reacting ion

k; = average mass transfer coeffioient, om/sec.
Since the transference nmumbers of ferri- and ferrocyanide ions did not
exceed 0,031 (and were usually much lower) due to the lagyga excass of
NeOH used as the indifferent electrolyte, their migration may be
neglected and Equation (5) rewritten as

I
Ns= aF = ko (5.)

Thus by means of Equation (6a) the average mass transfer oo-
efficient, ko, for ferrioyanide reduction, and k, for ferrocyanids
oxidation were calculated for each run. These were tabulated as
dimensionless groups k°/V and ka/V where V denotes the peripheral
velooity at the rotating electrode surfaoe. '

From the measured values of viscoaity, i, density, p , and dif-
fusion covificients ﬁrerri and Drerro’ oorreoted to the temperature T
of a given run, the corresponding Schmidt groups, Sc = p/oD were
computed for the anodio and cathodic experiments.

The two kinds of Reynolds nmumbers were calculated. One based

on the gap, h, between the two oylindriocal elsotrodes was defined:

e = e

e
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where V = peripheral valooity, om/seo.
d =4
hs= i gap betweon the oylindrical electrodes, om,

v = kinematic viscosity, ca®/sec.
The other was based on the diameter, dy, of the inner rotating
electrode and defined as; :
VOdi

Rd - -v—— (7)

III. RESULTS AND DISCUSSION

a8.) HNature of Flow

The hydrodynamic aspects of the flow between rotatihg conoen«
tric oylinders have been investigated by Taylor (28), who obtained
an equation for the stability limit of the laminar flow as & funotion
of the gap to radius ratio, h/bi, kinematic viscosity, v, and the
Reynolds nnnbor,~Rh, based on the g@p, h, between the oylinders. The
em;llor this gap, the higher the limit for speeds up to which the
flow remains 1aﬁinar. Calculations for the two geometriocal arrange~
ments of cells used in these studies with the two smallest b/r,
ratiss, namely 0,2082 and 0,9845 (for the largest rotor used,
r, = 2,612 om) showed stabili@? limitl.of.8.64 rpm and 1,57 rpm
respectively. This means that even in case of the smallest gap used
(h = 0,525 em), it wauld be necessary to go down to speeds belew 8,64
rpm té seaure laminar riow. However, at these lew reotational spesds

the sontributien of natural conveotion to the rate of mass trensfer

would obsoure that of forced conveotion produodd by rotation. Thus
in order to make negligible the effects of a superimposed natural
conveotion, all studies were carried out under sonditions of a well

developed turbulence. In epecial experiments, involving injectien

[




P s |

515w

of dyes into the fluid during the rotation, fully developed turbulence
was observed at the lowest speeds used in these studles,
b,) Characoteristic TLength Dimension in the Reynolds Number

In the initial phase of the mass trensfer studies it was

important to decide whether the diameter, di’ of the rotor or the
gap, h, between the cylinders was the characteristio length dimension
entering the Reynolds mumber which describes ths nature of the flow,
Taylor (26), who studied streamline flow and its stability, based the
Reynolds number on the gap, Since all e#periments performed in these
studies were in region of turbulent flow the problem of the charac-
teristic length appeared to be of first importance,

The problem was solved by an analysis of the mass transfer
data obtained for dissolution of benzoic acid into water (Tables 1,
2 and 3) 8s outlined in the following‘discussion.

In predicting maée transfer coefficients in the turbulent

regidn, Chilton and Colburn extended the analogy'betwaen heat transfer

and fluid friction (7) tc include mass transfer (6). Expressed in
terms of dimensionless groups the equation can be written as:
k

L o2/5

Ip = £/2 = g(Re) (8)

where k; - mass transfer-coefficient, om/sac
V ~ peripheral velocity at rotor surface, om/sec
Sc =« Schmidt number
f e« friction factor

giRe)= a function of Re number
Vel
Y

Re = * Reynolds number
1 =~ characteristic length dimension in Re numbar
Assuming at first the gap, h, to be the important length

dimension, the data for benrzoic acid were plotted in Fig, 8 as JD




against R, = Veh/v, At ocan be seen from this log =~1log plot, the data
for experimental series, with verjying values of the gap to »otor
diameter ratios (h/di), grayped along separate parallel lines with
the slopes of =~ 0,30, This suggested that in terms of Rh, JD’ the

mass transfer parameter must be expressed as:
Jp = const (R, )70°%0 g (n/a,) (9)

To £ind the nature of the function g'(b/d,) e ecrossplot of Fig. 8
was prepared at several values of R,., As shown in Fig, 9 at any
given R, j; increases with the +0,3 power the h/d1 ratio, Thus

from equation (9)
3p= const (LB )'°'5°(—§---)+°‘°°= const (__;_)-o %0

= const (R, )'0’30 (10) (*)

Hence the mass transfer data should correlate best with a
Reynold? mumber based on the rotor diameter, Indeed as ahowh in
Fig, 10 a single line was obtained iA a plot of ‘D against RddV-di/v.

The conclusion that in turbulent flow the effect of the gap
vanishes is further substantiated by Wendt's findings (29) according
to which the frictional drag for unstable flow produced by the inner
rotor is iadependent of the gap. This must have been 21so the
sonolusion of Theodorsen and Regler (27) who measured drag coeffie
cients on rotating cylinders in a variety of fluids and correlated
them with the Reynolds number based on the radius of the rotor,

*) It should be noted at this point that ChiltoneColturn's
jpeparameter was used only for a preliminary exploration of the
nature of the Reynolds number involved, As shown further, the
sctual correlation of the mass transfer data was based on a
modified J)-parameter, 4lso the functional dependence on the Rd
as given by equation (10) must be regarded as an approximation
which was useful in the qbcvo montioned 1nvestigation.

,
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cy) BEffeot of the Schmidt Number

e o k= e

The Schmidt number values ranged in this study from 835 to
11,490, In & plot of k,/V against R,, parallel but separate curves
were obtained for each of the investigated systems, as shown in
Fig, 11 where the ocurves are shown with the corresponrding average
Sc values of the systems, The functional dependence of the mass
transfer coefficient on the physical properties of the system as
represented by the Schmidt number was obtained by a crossplot of
Fig. 11 at various values of the Reynolds number shown in Fig, 12,
The results lead to the conclusion that :

k

L 800'644

= const g(R,) (11)

where g(Rd) represents a function of the Reynolds number, Rd'
Fo:r further mass transfer correlations a new parameter was

therefore defined as follows:
3p = S 360644 (*) (12)
It should be pointed out that the exponent of 2/3 employed by

Chilton and Colburn (€) was not based on diffusion data, it was

chosen by & successful correlation or early heat tranafer data,

Mass transfer data were acarce at that time and represented systems
with Schmidt values close to unity, A subatantial extension of the
Sc=range to values of 1,000=3,000 was made by Linton and Sherwood (18),
who astudied dissolution of solids in flow through round tubes, past

*) Strictly speaking the j} definition should include a"film factor"
(30, 31) acoounting for the volume change in the course of reaction,
For the electrode reactions there is no net volume change while for ,
the s0lid dissolution the volume change is negligible so that in doth |
asses the film factor can be taken as unity.

-
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flat plates and other shapes. They reported an agpeemqnt with the
Chilton=-Colburn relation within 40%. The present gtudy includes
Schmidt numbers from 836 to 11,490; The simplicity of the present
correlating j) parameter (equation 10) and its closeness to Chilton-
Colburn's JD is rather remarkable in view of the uncertain empirical
busis of the latter.

A more precise investigation of the relation between mass
transfer rates and fluid friction such as were developed for flow
in tubes and pest flat plates by Prendtl, Hhrphroe, von Karman,
Relchardt and others (8) may involve serious difficulties for the
case of rotating oylinders, in view of the findihga of Pai Shi- I
(22). From a study of turbu}ant %1r ?1ow between rbtd:i&g coaxiul
ocylinders he concluded that the turbulent flow in the gap ocannot be
considered two dimensional. A pecullar type of qecond#ry motion
oon;iaping of three-dimensional ring-shape vortices takes place. The
number of these vortices dspends on the rotational speed. This
secondary motion has an essential part in the momentum transfer and
is responaible for the 1ack.of a homologous turbulencs, whioch would
be necessary for any préci;e ﬁaaa and momentum transfer Analysis,

d,) The General Mass Transfer Correlation

The mass transfer data for thres solid dissolutioin systems

‘and two electrolytic reactions in five solutions of various doncen~

trations were correlated according to the relation:

3p = § 30°°% = g(my) (13)
Individual 1og-iog plots of jb‘versua Rd for the five systems
were prepared in order to determine the functional dependence on the

Reynolds mumber .

v g na
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‘within the limitations of experimental error.
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The data for benzoic acid dissolution into water, shown in
Fig. 13, represent experiments with three nominal rotor diameters
ranging from 1,94 to 5,98 cm with Series I (diameter of outside
cylinder, d = 13.86 cm) and Serlas IIX (don 10,10 cm), They cor-
related well in the log~log plot of jb versus Rd with an average
scattering of S 7.5%, The maximum deviation (one point in the region
of low R; values) is + 28%, In view of the wide range &f Reynol is
numbers studied (239 to 241,000) the results appear satisfactory

Figs, 14 and 15 show the same correlation for bengoic acid

dissolution into 3.65 molar (G-II) and 4.44 molar (G-I) glycerol-

water solutions respectively. These systems with average Schmidt
numbers 5,050 and 10,910 were studied over the Reynolds nurber range
of 786 to 48,800, An average scattering of z 3,68 with a maximum
deviation of +9% was obtained for the 3,66 molar solution, In the
more viscous 4,44 molar glycerole-water solution, the average and }
maximum deviations were - 5% and +13% respectively. ‘
_ Experiments for cinnamio acid diaaoiutions into water ylelded
rather unsatisfactory results, The solubility of cinnamic acid in
wateé is very slight (see Appendix), any efrora in the analysis for
the amount dissolved could causs serious errors in the calculation

of the driving force Ac, (equation 4) and consequently in the value

of the mass transfer coefficient kL' Because of limitations in space

the data for cinnamic acid were not presented here,

S et b s

The mass transfer correlation for the two electrolytic
reactions, cathodic reduction of ferricyanide and anodic oxidation
of ferrocyanide, for five different concentrations are shown in

Figs, 16 and 17, The data for ferricyanide (Schmidt number range

\
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2,230-3,130) show an average deviatiom of Y v¢ ané & meximiz dsvia-
tion of 18,68 from the correlating curve. The ferrocyanide system
(Sohmidt number range 2,560-3,660) correlates with an average devia-
tion of : 6.6%, the maximum being close to.leﬂ. Tha range of
Reynolds mumbers covered by the electrolytic system 1a 112 to
162,000.

A survey of the correlations of the individual system suggests
that in the Reynolds number range of 1,000 to 100,000 the curves in
the log=log jD'versus Rd piots can be approximated by straight lines
with 8 =0,30 slope. The relation can thus be expressed as:

'zgs

0.644
Jp = § Se¢°

~ const Rd'o‘ao (14a)

The average constant of Equation (l4a) for the five aystems was cal-
culated to be 0,0791.

All data for the above listed systems were plotted together in
Figure 18 (without differentiating them individually) and a straight
(dashed) line representing the equation:

= 0,071 Rd' (14v)

was drawn in. This iine correlates data over the Rd range 1,000~
100,000 quite satiafactorily, The solid curve gives, however, a
better represenietion of all data, The averagn deviation frcm this
general correlatirg curve is & 8.3%, the meximum deviation found for
one poinv in the low Rd range is 32%. The general correlation of
mass transfer at roctating cylindera is based on over 200 runs for
five different systems,

Table A lists the range of property values studied for each

individual aystem. The general correlation thus covers a broad
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variation of the geometry (range of gap to diameter ratio 0,104 to

$.377) of the characteristic of flow R range 112 to 241,000) and of

d
the physical properties of the aystem (Se¢ range 235 to 11,490)., The
close agreement between the results for electrolysis and for solid dis-
solution within broad ranges of physical properties and experimentsal
oonditions supports the general validity of the method of dorrelation
(See Table B for the coordinates of the 36 versus Rd caurve represent-
ing the generai corrslation).

Previous studies relating to mass transfer at rotating elec-
trodes were limited in scope and can be comparsd to the present work
only in respect to the functional dependence on the rotational speed.
Roald and Beck {23) found for rotating magnesium electrodes:

k; = const. vo.7 (15)

This 1s in agreement with the results of the present study
since Equation (15) cm be shown to follow from Equation (14a) for a
given system (constant v and Sc¢) and given rotor diameter,

In connegtion with the mess-momentum transfer analogies such
as represented by the Chilton-Colburn relation (Equation 8) it is of
interest to compare the 35 correlation of this work with fricstion
factors derived from measurements of the drag on cylinders rotating in
various fluids obtained by Theodorsen and Regier (27). Their von
EKarman type equation for friction coefficients for smooth cylinderas
can be written (allowing for changes in definitions and symbols) in
explicit form as:

log Ry = 9\7%1 - log \/T/2 + 0.2979 (17)

A curve representing this equation was drawn in Figure 19, in
which the curves best correlating the mass tranafer for the five ays-

tems of Figures 13, 14, 16, 16 and 17 were also reproduced., A com-

e e it
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parison of these lines suggests the following conclusions.
(a) The curves representing the mass transfer correlations

for the aystems studied all exhibit the same funetional dependence of

jp versus Ry as does the friction coefficient, £/2 (Equation 17).

(b) All mass transfer curves lie above and within the limits
of the average experimental error involved in the determinaticn of f/2
{these limits are indicated in Figure 19), Thus the mass transfer

correlation can be expressed as:

ip = ¥ 50054 ~ /0 (18)

where £/2 is given by Equation (17).

(o) The curves for the dissolution of solids lie above those
for the electrolytic experiments and also above the f/2 versus R, lie,
Since during an experiment for dissolution of a solid the surface
gradually loses its smoothness, an increase in the drag, i.e., in f/2
and therefore also of the jé values,is to be expected. Indeed
Theodorsen and Regier (27) have found higher f/2 values fér cylinders
with different degrees of roughness. In the electrolytic experiments
invoiving redox reactioga do changes in surface smoothness occur whioch
explains why the corresponding jﬁ versus R; lines lie lower (than
those for the solids) and closer to the £/2 line for smooth cylinders.

In the R, range 1,000-100,000 Equation (17) may be approximated
quite closely by

| £/2 = 0,0784 R,"0*%0 (19)

This equation shows that f/2 and j have an almost identical
functional dependence on Rd (see Equation 14b). The close agreement
of the mass transfer data with friction coefficients, while certainly
encouraging in view of the Chilton~Colburn analogy, must be taken with

- et e e e rrA e a T
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due ecaution, The present state of knowledge does not allew an
exact analysis of the mass-momentum transfe» analogy for the ocase

of a eoncentric inner cylinder rotating in e viscous fluid.
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NOMENCLATURE
Definiticn

Interfacial area for mass transfer.

Concentration of a given species in the bulk

of the solution,

Concentration of saturated solution at the
interface of the solid,

Concentraticn of reacting icns at the electrode

interface.

Log mean of the conocentraticn difference.
Bulk concentration of ferricysnide ions.
ﬁulk céncentration,of ferrocyanide ions
Diameter of the inner rotating cylinder.
Diameter of outside stationary cylinder.
Diffusion coefficient of species k.
Total polarisatien.

Faraday equivalent.

Gap between the concentric cylinders.
Total current.

Current density.

Limiting current density, in general.
Anodic linfting ocurrent density.
Cathodic limiting current density.

Mass transfer cceffisient, generally.
hnaa transfer coefficient at the ancde.

Mass transfer coefficient 4t the cathode.

Mass transfer coefficient for solid dissolution

Characteristic length in the Reynclds number

Height c¢f the rotcer

Units

om®
moles/co
moles/cc

moles/co
aoles/co
moles/cc
mcles/cc
om

om
om®/sec

o\

96,500 coulomb/equv.

amps
mA/cn®

mA/om®
mA/cn®
om/sevc
om/sec
om/ssc
om/sec

om

Vet

AN
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n Number of electrons exchanged in the elesctrode
reaction,
N Rato of mass transfer. moles/om®/sec
R Universal g‘a constant, 8,313 x 107. erg/‘l{-nblo
T Py Radii of outer and inner cylinders on
respectively.
S Rotational speed. rpa
S'= 3% Rotational speed. rev/sec
t Time. seo
T Temperature. . %K
v Peripheral velocity at the Rotating cylinder. om/sec
Greek Symbols
A Incremental amount,
9 Thickness of diffusion layer, : on
¢ Dynamic viscosity. gfcm-uo
v Kinematic viscosity. . om®/sec
P Density. g/ om®
-]

Angular veloolity.. radians/sec

, | Dimensionless Groups
b= -& Scz/ 3, the Chilton-Colburn mess transfer parameter.

JD = % 800’6“, maz2s transfer parameter for rotating oylinders.

Rh = !Th- , Reynolds number bazed on gap between the cylinaeres.
v.d4 : :

R a® -v-l, Reynolds mumber based on diameter of rotating inner

oylinder.

So = n‘: . Schmidt number for mass transfer of species k.
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AR J S R A v, 4 -V A

Tuble la,

Bengolc Acid Dissolution into Hatsr,

Ave rotor diu,

200 cme

Mass Transfer from rotating cylinders.

Series I} outside dlut 4

3

= 13,86 cm.

Rotor height

L = 14,13 cm.e

e 4, v T Rate Nx1O” k103 10° D105 se 31x10° R,
Os om om/amso °c mol/cn“ses cm./sec cm“/seo cme/aec
2 1.98 1,067 26,20 0.7299 0.,2616 0,8747 1,031 848.9 2
1B 2,00 3.152 25.40 1.373 0.5212 0.88E8 1.014 876.7 %g:gg ;gg:g
6B 2,02 4.474 25,80 1,652 046373 0.8816 1,023 862.1 11.08 1025
11B 2.00 60294 24,90 1,877 0.7274 0.8981 1,003 895.8 94205 1402
£B. 2,08 8,544 25,10 2,342 0.9431 0.8942 1,007 868.0 8.741 1959
128 1.97 12,72 25,00 3,042 1,197 0.8961 1.006 891.8 7,470 2796
iBR 1,98 15.822 25,40 3,4321 1.349 0.,88688 1,014 B876.7 64961 3391
SBR 1,99 24,35 25,70 4,856 1,895 0.6834 1.020 865.7 6.064 5485
10BR 1,94 25,26 26,40 §5,2u £4012  0.8710 1.035 841.5 6091 5626
10B 1.6 265.66 25.10 4.828 1,805 0.8941 1,007 887.9 5.878 5626
105X 1e97 25,96 25.60 §.0731 1.988 0.885¢ 1.018 869.6 5.985 5774
BBX 8,02 28,08 25,50 5,303 24124 0.8871 1.016 87%.1 £.923 6304
OBR 1,94 28,69 25.00 §.269 2,106 0.8971 1,005 891.8 5.846 6183
ISBR 1,95 30,43 £5.80 5,094 2.271 0.6816 1.023 862.1 5.,796 6731
1B 1.94 30.64 26,60 5,930 2.224 0.8676 1,0%9 £25.2 5.646 6829
10 1.99 42,65 24.30 5.848 2.487 0.9099 00,9892 919,8 4,737 9302
20B 2,00 £3.21 24.90 7.152 3,047 (.8981 1,005 895.8 4,560 11,850
218 1,99 68.47 26.80 9.144 3.845 0.8816 1.023 B862.1 4.363 15,460
228 1.99 76.92 25.%0 9.542 4,020 0.8912 1,012 881.0 4,117 17,180
23B 1.99 ©6.84 25.70 12.72 £.284 0.8834 1,020 865.7 4,708 19,560
4B 2,04 98.49 26.60 11.63 4.850 0.8854 1,018 B869.6 3.847 22,600
268 1.97 1067.5 26,60 12,45 5.232 0,8854 1,018 B869.6 3.801 23,930
26B° 1,96 114,1 26.60 13,62 5.665 0.8854 1,018 869,68 3.880 25,260
2BB 2,07 138.7 25,80 15.49 6.564  0.892¢ 1.009 BB4.3 3.736 32,160
S0B 2,07 173.2 24.90 22.35 8.207 0.B921 1,003 835.8 3.774 40,200
i
5
§
Tuble 1b. Ionzoic Acid Pissolution into Wutere. ave rotor diag d,= 2,02 cme
Muss Trunsfer from Hotuting Cylinders
Series I1; outside diut d_= 10.10 cm. g Hotor height L = 143.13 ome
un No. &, ¥ T Hate Nx10° M 210  w_.20° paao®  Be g x0® By
cm cm/ses ©C mole/cn.zaeo. cm/Bece cm /860 cmg/aec - '
TYBT 2,04 1.06 24,1  0.5986 0.2510 0.9140 0,9848 928,1 17.80  236.9
2B 2002 2.07 26,2 1.011 043717 0,8747 1,031 B848.,9 13,79 47847
3B 2,01 35,17 25,6 1.376 0.5230 (€.8864 1,018 669.6 10.98  T719.2 .
4B 2,06 5.2¢ 25.7 1,9214 0.7514 0.8834 1,020 B865.7 10,98 1216
5B 2.03 8,90 25.6  2.626 0,9868 0.8854 1,018 669.6 B.664 2040
6B 2,01 11.5 2646 3.205 1.207 048676 1,039 B835.2 8,016 2655
7B 2405 15.9 2646 3.806 1,451  0.867€ 1,030 B35.8 6,930 3766
8B 2,028 10,9 N6.5 4,356 1.683 0.8694 1,037 B8368.4 8,791 4398
9B 2,04 26.7 26,8 5.124 2.047 0.8818 1,023 B862.,1 6,178 5958
& i [
108 2,00 31.3 26.4 5.666 2.202 08888 1,014 876.7 5,777 7043 i !
118 2,09 E6e1 20,6  6.304 3.213  0.8676 1.039 B835.2 4,360 13510 4
128 199 72,9 2546  7.693 3.913  0.885¢ 1,018 869.6 4,191 16390 '
138 2,09 99,6 2646 10451 5¢339 08676 1,039 83hH.2 4,082 23980 ;
MER 2,00 117,  26.3 12,40 £.818 048728 1,033 844e8  3.888 26740 :
16BR 1.99 137, 24,6 12,94 6,283 0.9038 09959 90746 S.89¢ 30050
168 2,01 160, 24,8 15.38 7,196 0.8981 1.003 895.8 3.579 36830
, K va,
L ..0.644
. I = = 25 Ry - P

Vd
4 Y
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2dle Bp

8
om, V 4 Rate Nxl0 x10'
ch om/asc s

Bsasole Acld Rissoublon into Nsters Ave rotor dias d,= §,35 ome
Mesp Iransfor from Rotating Cylinders

Series I; outaide dia 4,= 13.86 om. Rotor height L =148 om,

S w.!no’a pmo® 8 ayxo’ w,

mIO/eaanc om/nec  cu'/aec ong/-oc

ESBseBfEoggstbtisegunts] 57

4,38  4.557 25,3 1,270 0,8085 0,8912 1,018 8681l.0 $.i54 2161
4,57 £.887 85,9 1,762 0.6958 0,8800 1,025 B860.9 7,884 3420
651 9,638 85,8 8,042 068574 0.8955 1,008 B886,2 6.858 4783
4,36 33,67 £4.8 R.438 1.Mmo 0.9001 1.000 899,7 B5.080 6808
4,38 15,98 85,5 8,932 1eiV0 0,6913 1,018 .881,0 85,868 7788
4,88 15,87 85,4 3.3350 « 0,8888 1,018 876,97 6,750 7648
4,38 R3.08 84,9 3.560 1,668  0.,0881 1,003 B895.,8 B.417 11160
G52 BO52 24,8 4,088 1,718 0,9058 0.9937 011,85 4,644 13600
4,80 33,00 86,5 4.843 1,964 0+869¢ 1,037 838.4 4,617 16880
430 33.80 g‘o' (.G‘M 109” 0.8981 19” 595.8 ‘o'“ 16040
6.28 88.38 85.8 6.339 2.28‘ 0.8956 130& 8&.0 ‘.
4,33 @8, 24,8 6.289 2,638 09001 1,000 899.7 4.352 83260
4.53 47,72 24,8 B5.489 8.547 0.9119 0.9870 ©23.9 3,998 22660
4,38 00 85,8 5,348 8,628 0.8984 . 804,53 4,000 24750
4,30 50,88 28,3 5,769 2.997 08899 1,012 879,77 4,635 84590
438 65,00 88.8 6. 8.883 0.,8818 1,083 B62,1 4.030 £7010
6,89 87,98 85,0 6.832 8.985 0.8861 1,006 B891.8 4. 27740
4,51 58,99 85,8 6,856 2,849 0.8816 <023 ©668,1 3,764 28740
4,31 59,08 885,85 7.174 3,088 0.8678 1,015 @74.9 6. 28670
4.54 64,20 24,6 7,048 2,990 0.9038 0.9859 907,585 3.749
4,33 B5B,50 28,8 7.545 S.208 0.8816 1.085 862,1 3,798 3370
4.33 08.26. 26,8 8,050 4.214  0.8924 1,009 864,35 3. 47680 -
4,32 134,8 25,1 10,10 B.B1T "  0.8924 1,007 883,0 3.239
x 0,644 v )
gyt 86 Ram Il

Yo_roto 3 Ll 1)

™ e

ble fbe Benszolc pcid Dissclutio to _Water
a8 er 2 Hotating C¥2 :

Serieall; cutside diat d°- 10.30 o= Hoter height L = 14:15 om.

Sl TR Eao® o’ v onof pac® s ypacd wy
e com en/ses ®0 wol/om“mes on/2sc om ?uo om-/sec
18 4,38 2.200 R47 0.778¢ CoZC88 Uev0Z0 UeV6BRE 903,868 10,87 1068
8B 2004 4484 24,6 1.243 0.85128 069038 0.,9980 00T.8 9,843 2139
5B 4e36 8,780 R5.& 1,633 048785 0.2584 1,018 B8H.8 7.812 3339
4B .36 11,89 24.6 28,098 0.,5184 C,.0038 0,989 807.8 G.496 5481
8B 4.54 18,07 84.8 2.851 1,278 0.9001 3,000 899._7 B8.687 718
68 438 25,04 2044 3.566 1.600 0,8888 1,034 ©O76.,7 B5.046 18170
7B 4.3)1 335,35 24,7 3.887 1781 09080 0,0982 03,68 ¢.R7C 18840
8B 4430 41e11 8448  4.683 26203 0,0001 1.000 B09.,7 4.880 18870
OB €.33 86,54 28.6 Be914 2.863 0,8884 1,018 868,6 S.969 87680
10B  4.30 67,09 86.6 6,087 Sed7L  (.8876 1,038 83L8 3J.938 3330
188 4:34 157,¢ 285.6 8,018 64887 0.8871 1.016 B73S.1 3,896 T74)10
13BR 4+86 200,86 25.6 10,29 7.599 00,8854 1,018 889,68 R.879 96610
18B 4438 00,8  2B.6 10.03 7e250 0,8854 1.018 889.6 2,703 99640
gy - e SPRCN T Ry = Kol
v B v’
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Table Se Bensolo aoid Dissolution into Water Av. rotor diay a,= 5,87 om,
Nass Transfer from Rotating Cylinders

Serieas I, outaide /iia: do- 135,86 cm, Rotor height L = 14.183
Run Moo d 8 S 2 [ ] ]
g ¥ T meomg k230 “;10 Dxl(; 8o 315120° R,
ome on/ssc 0 mle/om"sec om/sse om /uo om. /se0
90 5,80 6.137 23.6 (.201 0.3005 0.9864 0.0716 953,86 6,760 35,908
S6B 5,89 B8.074 25,1 1.63¢ 0.6476 0.9¢48 1,007  888,0 5,980 0,349
10BR £.96 12,40 £5.1 8,077 0.869] 0.8048 1.007  888,0 5.880 6,868
108 887 18.60 24,6 8,049 048462 0.6001 1.004 8068 5.350 6,217
587 134828 2447 8,328 0.,9978 0.9020 0.9988 908.8 5,864 8,584
B5eBT 13,71 £5.3 g.88¢ 0.9240 0,808 1,018  B881.0 5.300 9,05
] 11B  5.88 18B.20 2¢.5 8,789 1178 0.9068 0,9957 911,56 5,191 131,70
4 123  5.84 £1.92 24.6 3,208 1,574 009038 00,9959 9075 5.038 14,000
8587 22.04 88,1  3.237 1.365 0.0049 1,008 889,06 4.908 14,480
B85 28,586 8046 .12 1,756 0.8856 1,018 669,86 ¢.761 16,860
4B 5,85 49,19 24,8 05,437 8,573 0,9001 0.9902 900.8 3.856 31,970
18BR 5,98 5183 £6.0 5,953 B.410 0.,0804 1.087 8B4 3.548 35,890
168 5,87 53.26 26,1 B.486 8.418 0.8948 1,007  B888,0 3.504 34,960
1I0B 6,85 O63.47 05,6 6,499 2,842 0.8854 1,018 869,08 3.497 41,940
81BR 5,94 66.47 286,) 6.880 R.028 0,873 1.089 6525 S.308 45,010
21D §.88 67.35 85,3 7.185 3,188 0.6012 1,018 881.0 3.659 43,900
S1BX 5,95 67.46 88.9 6,683 2.808 . 0,8800 3.086 ©858,7 3.328 45,630
S0B o83 T6.25 8.6 7.415 3,867 0.8854 1.018 660,80 S.347 50,810 -
GEX 5.51 76.99 26,6 7,324 S.207 0.0664 1.018 B69.6 3.858 61,390
88 8,85 TT.T7 8640 7.830 3.408 0,0061 1,006 891.8 3.47° £9,8%
8P 5,87 88,06 24.4 7,500 3,556 O0.9078 ° 0.,0517 9104 3,318 056,680
C BB .5.,80 80,28 85.0 8,123 5664 0,806 1,008 ©€91.8 U.880 88,680
CER 5.89 09.96 85.7 6,248 S.610 0.8834 1.020 665, 3.126 59,080
L} 848 5,00 91,19 84,0 7,668 S.578 0.9181 0.0886 9383 3.808 58,730
6B  0.89 124.0 85.7 7.7%7 2,474 0,8834 1,080  865.7 2.810 52»233
308 5.87 368,85 -B6.8 17,67 10410 0.6816 1,083  662.1 2,165 841,

N

.

Fuble 3b. Bensols acid Diasolution into Water
Muss Transfer Crom lotating Cylinders

JeqW Rt Y

*

Series 1I; outside dht 4,® 10.10 cwme Rotor height L = 14,13 om.
t-] 3
g:? :‘. s‘/rno sc -ﬂ.ﬂcﬂ no fﬁ‘.‘ifo 'u’} /no S .
2D be8S 6,210 25,80 1,385 C.5796 0,8871 1.018 875,13 7.318 4,181
SB 098 94831 Zde0 1.870 0.,7494 0,9161 0.98268 932,83 6.562 6,001
2B 886 16430 24.6 L4840 0.8668 C,9001 1,004 898.5 4.£25 10,330
6B 6.96 £4.97 83.0 2,594 1,278 0,937 0,R600 970,85 4.288 15,860
TP D96 44,20 i, & 3.832 1.996 0,9038 0.9000 907,56 3.0228 29,180
BB b5.94 B89 £4:2 4,401 £.434¢ 0.6081 1,003 BOB.8 3.413 37,5660
' 9B 5.93 75.59 - 88.8 5.282 S.57¢ 0.,8616 1,085 888.,1 S.14C 49,500
1CE Sevd 5507.“3 BOe1 8,212 D798 0.8773 1,089 858,06 3.118 68,!00
23D 528 140.7 £24.9 6,188 4.828 0,8081 1,008 896.8 R.,731 93,830

. ———




mp_ 0 3. Glyoerine«¥a
hu tu from Rotat lindars

R 4, v 2 Rate 0® 10 v mo‘ so 31 7rw° Ry
Noe on ouw/ses *C -oh/on' 800 cn/s0e /uo en/uo

Zable da. Ave rotor dia: 4, 8,05 ome. Series II; outside diz: 4.= 10,10 om.

. Rotop hsight I = 14,13 om
1TE 8.3 8,080 28,0 1.378 044158 2,000 O0.4184 5,003 18.48 e

182 S.50 51.87 86,0 R.288 07198 2,089 004134 05,083 ©8.814 8,067
140 8,04 08,28 20,0 4.588 1,613 8.009 0.4i34 5,053 B5.378 3,867
b 150 8,08 184.1 88,1 7.890 8,468 8£.080¢ 0,41654¢ 5,008 4,765 18,088
150 8,08 178.4 88,8 10.87 30383 8,018 0.4206 4,088 4.822 17,840

Table 4b, Ave rotor 4la: &, = 4.85 ome Series II3 outside diat 10.10 om.
Rotor height L = 14,16 om,

810 4.27 ¢6.11 85,0 2.588 1,087 2,089 0.4134 5,053 5.648 9,017
88G 4,30 308,58 85,0 3079 2,807 8.000 O0.4134 5,063 3.450 41,600
[ ]
13
Zadle §. Bensols nu nu.o 1 4 o tor Bolmti iy
SeriesIls outside uuc -1o.w -'a _ uo:o:hum:.cu.u-.
2 3
Run 4, v f &m !x.}o k, x10 vmpo. mo“' 8o 31xa0
e wm on/see °0 nols/om #00 om/se0 /aesn /808
. B0 486 11.64 £5.0 1,085 009905 3.051  0.8779 10,910 0.938 1,638
90 4,28 17,33 24.6 1.897 0.3833 3,004  0.8744 11,168 7,544 8,480
40 4.237 2,60 20,9 1,499 004841 3.039  0.,8770 10,970 7.485 3,188
30 4031 67.43 85,0 2818 047898 3+031 008779 10,010 4.643 0,588
10 4.1 148.8 85.1 3,763 1,411 5,085  0.,8787 10,860 3,763 81,810
, 90 4.30 908,53 £4.1 5.186 1,760 3,108  0,8708 11,490 3.578 87,900
60 4,30 £70.7 94,9 6.410 2,248 3,030  0.,8770 10,570 3.320 °36.300
100 4030 877.2 86e4 6557 8,018 3,080  0.8787 11,890 8.980 38,700
0

401% TO3e6 B4.6 8,987 2,001 3.047 0.2788 11,030 3,168 48,770

§ANGIN I

\




R et o cats s oo W S

Tables 6 and 7

g&lﬂ.l Acid Dissolution into Wuter
Muos Trenafsr from Rotating Cylinders

g V. ?  Rate ax3o® k x10° o® i 3
. :‘ om/ses °*0 mole/om wno K /808 om ;,no S J'uxlo "
580 R

Tuble 8.8eriesl; ocutside dias ao-la.ac SMeAVe ro_gh dlas d,=1.93cm.Notor height L=ld.13.0n,

i?xi 1e80 20,56 85,2 0.4880 1,506 0.88834 0,9148 976.6 4,906 e,m

198 89,99 88.3 0.4088 1,749 0. 09170 978.1 4.898 6,561
9CR 1.91 41.48 28.8 0.8876 1.80¢ 0,089 0.9148 076,868 3,888 8,856
80 1.94 48,48 4.7 0,580 1.943 0. 0.9086 10082, S.433 10,30
100R 1.90 51.91 88.9 0,748 B.888 0. 09301 948,0 4176 1,810
SOR 1,98 65.08 88.8 0,74V 2.341 0. 8 0.92680 950.3 3.088 la.m
SOR 1491 73,91 85.4 0.8180 3.101 O. 0e9198 967.7 3.807 15,870
YOR 1.90 78,08 26.6 0.96889 3.741 ch' 0.9236 959.1 3.887 16,750
13CR 8,04 180.8 85.4 1,037 4,041 O« ] 09192 067.Y 2.797 87.700'

- ‘AVe TO ias 4,986,90 ém,

160R 8,00 88,50 B.8 QN7 1,806 0.,9130 0.8988 1087, 35.370 l".m
150R 8400 14,0 94,8 0.8980 1+8358 009011 0.9050 994.8 7,176 $6,850 g
80 B850 150,86 88.3 0.7088 S.678 0.0914 0.9170 " 972.,1 1.932 106,800 - 3
80 B8.90 169,868 85.2 0,834)1 S.808 0.8934 0.,9148 978.,6 2,051 105,800 .

40 B8.80 £10,1 85.4 0.9707 4s960 0.8885 0,9192 967.7 1.976 159,100

9¢ B8.9) 848, 86,5 1.070 6.801 0.8684 0.9435 0R0.4 1.870 185,800
6C 5,00 R80.4 28,3 1,904 6.553 0.5914 09170 72,1 1,537 184200
IT0R 6,90 421,28 98¢0 1,078 . 9089 0.9207 0,6883 1038, 1.928 889,900

L
¢ cpEnds

Table 8 wg As E Dissoluti g into EtoL. Av. rotor diag 4, = 818 ow,
Lor 0ylinders
Beries I} amuo di.u 4= 15,86 ca. fotor hefght L = 14.15 ems
wn 4 ¥ 2 mate Nx1o® x,'no*" a0t Dxl0 2o g0’ n,
Noe om ow/ses 0 -ol.o/o-'no on/ 800 om 3/.., om /u-
20 4e33 £4,19 24,8 0.8608 1.008 0,9084 049015 1004, S.683 11, 870 -
B3CRX 4,18 B86.18 86,4 09153 3.719 O0.,8708 0.,9410 994.,8 3,809 01,800
230R 4.18 117.4 26.8 1.180 4,818 0.,8741 0.93¢8 933.1 3.138 56,840
S4CR 4,13 186,7 25.2 0.79)9 8,314 0.,8034 0.9148 976,68 8.201 88,670
170 482 170.3 286,86 1.331 5,991 0.8893 0.0448 020,11 2,880 82,670
ROBCR 4018 182,83 £8.8 l.128 4,968 0.,8054 0.9148 976,86 2.8 84,070
S6CRX 4.18 192.9 86.3 1l.144 4.814 0.8911 09185 $72:3 2,09 89,400
SO0R 4.88 109,68 24¢.6 1.154 5.128 0.9011 0.9060 994,86 8,188 94,900
. 130HX 0038 219.9 26.1 1.031 8.368 0.,8982 0,938 960.9 8.08668 103,900
140 4,88 225.2 25,3 1.908 6.868 0.8024 0.,9168 9734 8.118 108,700
1B0R 4.1V 233.1 208 1.060 TebTi Ve8I 0e9388 87848 2.,7VC 100,800 s
\ SICR 4.080 £80.8 85,7 1.828 6.888 0,887 0,9263 984,0 8.009 115,800
9708 411 284.,8 96,8 1.4)Y 7.820 0.0034 0s9148 76,6 2.30) 116,900 |
= SOCR 4¢10 R68.7 24.7 1.484 7.411 0,90S1 0.9038 999.2 R.348 103,400 i
150 4.83 g8S.4 25,2 2.13) 10,72 0.8934 0.9148 976,6 3,163 135,100 '
i. ‘ ‘
s S _ . L ;
V4
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Anodio Oxidation of Perrocyanide
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Table B .

Coordinates _of the General Mass Transfer Correlation Curye

for Rotating Cylinders (see Fig. 18)

Ry Jp X 10°

200 18.4

560 13.0

1,000 10,2
4,000 6.53
19,000 , .88
30,000 3.54
60,000 2,96
100,000 2.61
200, 000 2,24
300,000 2,05
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