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ABSTRACT 

Rates of mass transfer at circular cylinders rotating 
about tbelr axes In the center of stationary cylinders were 
studied by means of solid dissolution and electrolytic redox 
reaotions. Benzole and Clnnamlc adds oast Into cylinders 
were dissolved into water and water-glyoerol solutions* Alka- 
line potassium ferri- and ferrooyanlde solutions in the con- 
centration range 0.01 to 0.20 molar were used to study mass 
transfer rates.(through measurements of limiting current 
densities) and the polarisation associated with the oathodio 
reduction of Fe(CNfe"*and anodio oxidation of Fe(CN)g* on 
nickel electrodes. 

In a study involving a large variation of cylinder 
diameters and their ratios the magnitude of the gap was found 
not to affect the rates of mass transfer under turbulent flow 
conditions* The study covered a Schmidt number range of 655 
to 11,490 and a Reynolds number range of 112 to 241,000* 

A general correlation of the mass transfer data was 
Sbtained In which the y   (defined as k/V So0*644, k « mass 
ransfer coefficient, V * peripheral velocity. So « Scheldt 

number) is expressed as a function of the Reynolds number Rd, 
based on the rotor diameter. Close agro6iuent of the if) 
parameter values with the frlotlon coefficients f/2, deter- 
mined by Theodcrsen end Regier. was found. 

N . 
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Z. IHTROPPCTION 

The present Investigation of foroed conveotion mass transfer 

was carried out on rotating cylinders because of the particular inter- 

est that such a study has for the interpretation of phenomena associat- 

ed with electrolytic reactions (9). 

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 fe 

*T0*0! cm (1) 

where R « rotation speed, rpm and fe is defined  (28) by Equation  (2) 

N • 2-^11 (2) 

where 9 « rate of mass transfer, mols/cm*-sec 

Ac * concentration difference between bulk solution and electrode 

surface, moles/cm3 

However, Brunner, who cowered speeds in the vicinity of 150 

rpa, considered neither the effect of rotor diameter nor the physical 

properties of the electrolyte. 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 be 

made for different experiments. 

The methods of hydrodynamics were applied for the first time 

by Euoken (10) to predlot the effect of foroed conveotlon upon the 

rate of mass transfer at an electrode. In his experiments he rotated 

an external vessel containing the solution so that a laminar flow past 

a stationary flat plate electrode was produced. 

Recently Roald and Beck (23) have ussd suob rotating cylinders 

in a study of rates of dissolution of magnesium and its alloys in 
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hydrochloric acid solutions. The; found that the rate of dissolution 

inoreasedwith the 0,71 power of the speed of rotation In the rogion 

of low aeld concentrations. At higher aold 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 metal interface becomes predominant. This stirring 

effect, however, cannot be ignored even at low acid concentrations be- 

cause of turbulence caused by the hydrogen bubbles moving in the 

boundary layer adjacent to the dissolving magnesium rod. For this 

reason the work of Roald and Beck in addition to being limited in 

scope, represents a rather special case of forced oonveotlon mess 

transfer at rotating cylinders. 

• The present work involving studies 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 physical 

properties of a system, geometrical and hydrodynamlc conditions and 

the rates at which a solute Is transferred to or from a rotating 

cylinder. 

II. EXPERIMENTAL 

1. Dissolution Studies of Solids Cast into Rotating Cylinders 

(a) Apparatus 

A oonoentrlc cylindrical oell, 6.16 inobes high, built from 

acrylic plastlo (luclte) was constructed in such a manner that the 

\       grooved end plates oould bold, according to need, one of three 

cylindrical tubes of Internal diameters 2.48, 4.00 and 5.47 inches 

(see Figures 1 and 2). A 1/2" diameter stainless steel driving shaft 

passed through a teflon packing gland in the center of the top plate 

and was equipped with a 1/4" std. thread which allowed cylinders of 

i 
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varioua diameters to be sorewed on to it prior to the assembling of 

the oell. The rotated cylinder was supported from the bottom plate 

by a guide pin and teflon lining In order to eliminate eeoentrlo 

motions. Clearances between the rotating cylinder and the holes In 

the top and bottom plates were 1/16". The cell was made liquid tight 

by neoprene rubber gaskets plaoed In the grooves Into which the chosen 

cylindrical luolte tube fitted. By means of a ground glass joint fit- 

ting In the top plate a thermometer with a bulb reaching about 3/4" 

Into the oell Interior could be inserted. Nipples and vent's on the 

top plate facilitated the filling of the cell. The entire assembly 

was held together by means of screws and supported by a structure 

specially designed (see Figure 1) to minimise mechanical vibrations. 

A 175C rpm induction motor operated from a regulated 110 A.C. voltage 

supply was used to drive a Zero-Max variable speed drive (Revco, Inc., 

Minneapolis, Minn.) with a maximum speed on the output end of 150 rpm. 

Two sets of pulleys with diameter ratios ltl and li5 and a V-belt 

drive between the Zero-Max and the drive shaft of the oell allowed a 

convenient selection of any speed in the range 0-2200 rpm. Within 

* 1/2 % a set speed remained constant during runs lasting up to 2§ 

hours. An aoourate electric tachometer (Metron Instrum., Ine., 

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

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

easting around a duraluminum spool plaoed In the interior of a special- 

ly designed duraluminum mold. The spool when removed from the mold 

held the solidified solute in the form of a £&" long cylinder (see 

Figure 9). Three molds allowed the easting of oylinders of diameters 

of 0*81, 1.79 and 2.55 inches. 
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b. Procedure 

Analytical grade Benzole Acid (Malllnorodt Co,) and trans- 

Clnnamio Acid (Sastman-Kodak Co.) were used in casting the cylinders. 

A satisfactorily oast cylinder was machined in a lathe to a given 

diameter (Figure 5/, freed from any leot>« powder, washed and dried at 

room temperatures in a dessioator. 

The cylinder 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 aqueous glyoerol solutions and the 

rotation started at a preset speed. 

The time required for filling (as well as for emptying) the 

oell was Important, since some of the solute could dissolve during 

this period. With careful preparations this period was reduced to 

90-180 seconds during which the cylinder remained stationary. By 

special filling and emptying tests the amounts dissolved during these 

periods were determined and suitable corrections applied in the cal- 

culation of the rates. 

The solvent was introduced into the oell at 25° C. The temper- 

ature was maintained within 0.5° 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 experiment varied from 15 minutes 

for high speeds to 150 minutes for low rotational speeds. To assure 

smooth surfaces in each run it was necessary to cast and machine new 

oylinders for every experiment* 

At the end of a run the oell was rapidly emptied and the volume 

of the withdrawn liquid carefully measured. From this liquid volume 

wr 
\ 
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V 

and the concentration determined by a simple acid-base titration the 

total amount of benzole or olnnamlc acid dissolved during a run was 

determined* 

Diameters, d., of the rotating cylinders used in this study 

ranged from 1*96 om to 5,98 cm and the gaps, h, between the rotating 

and the stationary cylinders yaried from 2.07 to 6,96 cm. 

6. Method of Calculation 

At the beginning of a run, as described in the preceding sec- 

tion, the concentration of the solute in the bulk of the solution, o, 

is sero. As the experiment proceeds this concentration gradually 

builds up, until at the end it reaches the value cf, known from the 

titration of the liquid withdrawn from the cell. At the interfaoe 

between the rotating cylinder and the solution the solute concentra- 

tion is at all times equal to the saturation concentration, o , This 

assumption is Justified in view of the work of Noyes and Whitney (21), 

Thus the mass transfer of the solute dissolving into the solution 

occurs here under unsteady state conditions with a gradually diminish- 

ing concentration difference. Assuming a constant mass transfer co- 

efficient, kr, defined by the equation 

K - kLaoM (3) 

where N » rate, moles/cm'-see. 

cog » mean concentration difference, moles/oc. 

this oase becomes analogous to a heat transfer problem in which a log 

mean of the diminishing temperature driving force is used. Thus 

cc 
oo^ - AOf 

(4) 
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where Ac, and Ad, denote the final and initial coneentratlon differ- 
x        1 

enoe between the Interface and solution bulk.  In a separate series 

of experiments the solubilities of cinnamic and bensoic acids were 

determined in the range of 22*27° C. From these values and the con- 

centration. Of, determined analytically at the end of eaoh run and 

the above equation, the values of AcM were calculated. 

The rate, N, of the dissolution of solids was determined from 

the amount dissolved (product of solution volume and final concentra- 

tion, o*), the interfacial area. A, and the time, t. The mass transfer 

coefficient, k*» *as then calculated for each run by means of Equation 

(3). 

Densities and viscosities of the bensoio 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 correspond to the actual temperatures of 

the individual runs. 

2. Mass Transfer at Rotating Eleotrodes 

One of the alms of the present study was to find an electrode 

reaction which would be largely mass transfer controlled, i.e., would 

involve a small activation energy. Such a reaotion would involve a 

negligible chemical polarisation and hence could be used to obtain 

mass transfer rates by measurements of the polarisation of the elec- 

trode. 

Some reduction-oxidation reactions have long been suggested by 

several investigators (11)(12)(14) to occur with negligible chemloal 

polarisation. Another advantage in using a redox reaotion lies in the 

faot that the electrode surfaoe remains smooth throughout the experi- 

ment. f 
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Theee consideration* have led to the selection of the ferri- 

ferreayanide oouple and nlokel eleotrodes. 

Aa exoess of sodium hydroxide was used In order to elladnate 

the effeot of ionic migration (1)(28). 

Solutions of potassium ferri- and ferrooyanide and partieularr 

ly the ferrooyanide, are known to deooapose slowly by the aotlon of 

light result1B : in the formation of cyanide and hydroxide ions accord- 

ing to the following equations (13)(19): 

[FefClOg]"4 * H.0 ^^f>[Pe(CN).Hs0]*
5 + CH~ 

dark 

CN • H,0 -* HCN + OH 

\ 

Solutions used in these studies were freshly prepared for eaeh 

series of runs in black Jena glass bottles and were never stored for 

any appreciable time. 

a. Apparatus and Procedure 

The cell assembly and drive used for the eleotrolytlo experi- 

ments were the same as described previously. Three Inner nlokel elec- 

trode rotors (dia. 1*273, 2,48 and 5.024 cm) and three outer cylindri- 

cal nlokel electrodes (Inside dla. 6*07, 9,87, and 13,69 em), all 16,11 

om long, were used (Figure 2). These offered nine possible geometri- 

cal combinations of concentric oylinders with the ratio of the gap to 

diameter of the Inner eleotrode (h/d,) ranging from 0,104 to 4.88. 

The outer electrodes fitted tightly into the luolte oylinders whloh 

together with the grooved endplates permitted the assembling of a eell 

of any of the above-mentioned geometries. Figure 4 shows an example 

of one of these arrangements. A lucits nipple on the top plate of the 

assembled eell was sorewed into a small tapered hole which on the 
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inside of this plate ended with a 1/4 >»•» 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 continuous liquid junc- 

tion led to Reference cell No* 1, equipped with a niokel electrode and 

filled with the same solution as that in the electrolytic oell (see 

Figure 5), Reference oell No. 2 was connected with the oell by means 

of a teflou nipple leading through the center of the luoite cylinder 

and ending flush with the inner side of the outside electrode with a 

l/4 mm hole. 

Current was drawn from storage batteries and the electrical 

oonneotion tc the rotating electrode was accomplished by means of a 

mercury well (W in Figure 5). Figure 5, a sohematlo diagram of the 

oell 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 Immersed 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 inqluded in the potential measurements were 

calculated from the conductivity and subtracted. Thus total net 

polarisations of the electrodes, AE_,, were determined at each applied 

current density, I. 

Sodium hydroxide (2 N) was used as the indifferent eleotrolyte. 

Potassium ferricyanide and potassium ferrocyanide being present in 

approximately equal amounts in the concentration range of 0.009 to 

0.209 m/L. Solutions prepared from C.P, chemicals (Merck and Co.) 

were kept in black Jena glass bottles to minimise the effects of 

light. The analysis for ferricyanide was by means of the iodometric 

procedure (17) and permanganate tltrations (25) were used for ferro- 

cyanide determinations. 
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The solutions were de-aerated and nitrogen-saturated prior to 

use 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 electro dec was used throughout 

all experiments. It consisted of a rouge-paper polishing, a CC1, 

washing and a oathodlc 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 

plateau in the ourrent-potential curve the limiting current densities 

were evaluated (see Figures 6 and 7). At a given rotational spaed 

each run was first completed with the rotor as the cathode• Then the 

polarity was reversed and a run was carried out with the rotor as the 

anode. Speeds used varied from 50 to 1650 rpm. The temperature of 

25° C - 0.3 was maintained by blowing preheated or preceded air on 

the outside of the cell. 

Physioal properties of the solutions were determined in the 

temperature range of 20-50° C. 

Conductivities were measured in a conventional conductivity 

cell, using a Wheatstone 1000 cycle A.C. bridge. 

Viscosities of the solutions relative to water were measured 

in a thermostat with an Uebelohde pipette, and the absolute viscosi- 

ties calculated using densities obtained by pioknometer determinations 

Diffusion coefficients for the ferri- and ferrooyanide ions 

were measured by means of a oapillary method similar to that of 

Anderson and Saddington (2)» 

b. Method of Calculation 

. At limiting current, when the interfacial concentration of the 
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reacting species becomes sero, the rate of Ionic mass transfer of 

*    ferrleyanlde Ion to the oathode or of ferrocyanide to the anode oan 

be expressed as (28): 

N - UP a - ti) • Vco (6) 

where I. *  oathodic (I ) or anodic (I ) limiting current density, 

amps/cm" 

n * valenoe charge of reacting Ion 

F * the Faraday constant 

OQ « bulk concentration of reacting Ion, moles/oo. 

t. » transference number of the reacting ion 

k* * average mass transfer coefficient, cm/see. 

Since the transference numbers of ferrl- and ferrocyanide ions did not 

exeeed 0,031 (and were usually much lower) due to the large excess of 

KaOH used as the indifferent eleotrolyte, their migration may be 

negleoted and Equation (5) rewritten as 

H * HP " kL°0 (5a) 

Thus by means of Equation (5a) the average mass transfer co- 

efficient, k , for ferrleyanlde reduction, and k for ferrocyanide 

oxidation were calculated for each run. These were tabulated as 

dimenslonless groups kVv and ka/V where V denotes the peripheral 

velooity at the rotating electrode surface. 

From the measured values of viscosity, n, density, p , and dif- 

fusion coefficients E-  - and *V   , oorreoted to the temperature 

of a given run, the corresponding Schmidt groups, So « u/pD were 

computed for the anodic and oathodic experiments. 

The two kinds of Reynolds numbers were calculated. One based 

on the gap, a, between the two oyllndrloal electrodes was definedt 
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V.dL 
R„ - -rr1 (7) 

where V » peripheral velocity, on/sec 
d •di 

b * Eg  * gap between the cylindrical electrodes, en. 

v » kinematic viscosity, oaa/seo. 

The other was baaed on the diameter, d*, of the inner rotating 

electrode and defined as* 

\i- — 

III. RESULTS AND DISCUSSION 

a.) Nature of Flow 

The hydrodynamlo aepeets of the flow between rotating conoen- 

trio cylinders hare been investigated by Taylor (£6), who obtained 

an equation for the stability limit of the laminar flow as a function 

of the gap to radius ratio, h/r^, kinematic viscosity, v, and the 

Reynolds number, R^, based on the gap, h, between the cylinders. The 

smaller this gap, the higher the limit for speeds up to whloh the 

flow remains laminar. Calculations for the two geometrioal arrange- 

ments of cells used in these studies with the two smallest h/r, 

rati9«, namely 0.2082 and 0.9645 (for the largest rotor used, 

r±  « 2*512 cm) showed stability limits.of 8.54 rpm and 1*57 rpm 

respectively. This means that even in ease of the smallest gap used 

(h « 0.523 em), it weuld be necessary to go down to speeds below 8.64 

rpm to secure laminar flew. However, at these lew rotational speeds 

the contribution of natural oonveotlon to the rate of mass transfer 

v       would obscure that of foroed oonveotlon produced by rotation. Thus 

in order to make negligible the effoots of a superimposed natural I 

oonveotlon, all studies were carried out under conditions of a well 

developed turbulence. In special experiments, involving injection 

i 
i 

r 
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I .    of dyes into the fluid during the rotation, fully developed turbulenoe 

f      was observed at the lowest speeds used in these studies, 

b.) Characteristic Length Dimension in the Reynolds Number 

In the initial phase of the mass transfer studies it was 

Important to decide whether the diameter, d,, of the rotor or the 

gap, h, between the cylinders was the characteristic length dimension 

entering the Reynolds number which describes the nature of the flow. 

Taylor (26), who studied streamline flow and its stability, based the 

Reynolds number on the gap. Since all experiments 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 benzole acid into water (Tables 1, 

*    2 and 3) as outlined in the following discussion. 

In predicting mass transfer coefficients in the turbulent 
e 

region, Chilton and Colburn extended the analogy between heat transfer 

and fluid friction (7) to include mass transfer (6). Expressed in 

terms of dimensionless groups the equation can be written as: 

JD~TpSo
2/3 « f/2 » g(Re) (8) 

where k* - mass transfer coefficient, om/sec 

V - peripheral velocity at rotor surface, om/sec 

Sc - Schmidt number 

f - friction faotor 

g(Re)- a funotion of Re number 

V«l 
Re « "• * *  Reynolds number 

1 - characteristic length dimension in Re number 

Assuming at first the gap, h, to be the important length 

dimension, the data for bensoic acid were plotted in Fig. 8 as JD 
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againat R. * V»h/v. Ae oan be seen from this log»-log plot, the date 

for experimental series, with varying values of the gap to rotor 

diameter patios (h/d.), grouped along separate parallel lines with 

the slopes of • 0*50, This suggested that in terms of K. , $*,  the 

mass transfer parameter must be expressed as: 

JD « const (Rjj)-0*30 g»(h/d1) (9) 

To find the nature of the function g*(h/d.) a erosspiot of Fig, 8 

was prepared at several values of Rh. As shown in Fig* 9 at any 

given Rh, jp increases with the +0.3 power the h/d^ ratio. Thus 

from equation (9) 
Vd 

j. OOMt(Vf)-0.50(4.^.50. 00n8t (^U)*
0-50 

* const (R.) -0.30 (10) (*) 

Hence the mass transfer data should correlate best with a 

Reynolds number based on the rotor diameter. Indeed as shown in 

Fig. 10 a single line was obtained in a plot of jn against R.-V^d./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 friotional drag for unstable flow produced by the inner 

rotor is independent of the gap. This must have been also the 

eoneluslon of Theodorsen and Regier (87) who measured drag coeffi- 

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 Chilton-Colburn's 

jp-parameter was used only for a preliminary exploration of the 

nature of the Reynolds number involved. As shown further, the 

actual correlation of the mass transfer data was based on a 

modified ^-parameter. Also the functional dependence on the Rfl 

as given by equation (10) must be regarded as an approximation 

which was useful in the above mentioned investigation. L 
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c.) Effeet of the Schmidt Number 

The Schmidt number values ranged in this study from 835 to 

11,490• In a plot of k.Vv against R., parallel but separate curves 

were obtained for each of the Investigated systems, as shown in 

Fig* 11 where the curves are ahown with the oorrespording 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 orossplot of 

Fig, 11 at various values of the Reynolds number shown in Fig, 12, 

The results lead to the conclusion that 

(11) -yk— Sc0#644 « const g(Rd) 

where g(Rj) represents a function of the Reynolds number, R.« 

For further mass transfer correlations a new parameter was 

therefore defined as follows: 

Jf> * Hh" So0'644 (*) (12) 

It should be pointed out that the exponent of 2/3 employed by 

Chilton and Colburn (6) was not based on diffusion data, it was 

chosen by a successful correlation of early heat transfer data. 

Mass transfer data were scarce at that time and represented systems 

with Schmidt values close to unity, A substantial extension of the 

Sc-range to values of 1,000-3,000 was made by Linton and Sherwood (18), 

who studied dissolution of solids in flow through round tubes, past 

O Striotly speaking the j£ definition should include a"film faotor" 

(30, 31) accounting for the volume change in the course of reaction* 

For the electrode reaotions there is no net volume change while for 

the solid dissolution the volume ohange is negligible so that in both 

«»ses the film factor oan be taken as unity. 



-16- 

flat plates and other shapes. They reported an agreement with the 

Chllton-Colburn relation within 40#. The present .study Includes 

Schmidt numbers from 835 to 11,490. The simplicity of the present 

correlating jl parameter (equation 10) and its closeness to Chllton- 

Colburn* s jp is rather remarkable in view of the uncertain empirical 
* 

basis 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 past flat plates by Prandtl, Murphree, von Karman, 

Reichardt and others (8) may Involve serious difficulties for the 

oase of rotating cylinders, in view of the findings of Pal Shi- I 

(22). From a study of turbulent air flow between rotating coaxial 

cylinders he oonoluded that the turbulent flow in the gap cannot be 

considered two dimensional. A peculiar type of secondary motion 

consisting of three-dimensional ring-shape vortices takes place. The 

number of these vortices depends on the rotational speed. This 

secondary motion has an essential part in the momentum transfer and 

is responsible for the lack of a homologous turbulence! which would 

be necessary for any precise mass and momentum transfer analysis* 

d.) The General Mass Transfer Correlation 

The mass transfer data for three solid dissolution systems 

and two electrolytic reactions in five solutions of various Concen- 

trations were correlated according to the relation: 

ib - $ So
0'644 g<R*> (13) 

Individual log-log plots of Jl versus Rd for the five systems 

were prepared in order to determine the functional dependence on the 

Reynolds number 

H 
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The data for benzole acid dissolution into water, shown in 

Fig, 13, represent experiments with three nominal rotor diameters 

ranging from 1.94 to 5*98 om with Series I (diameter of outside 

cylinder, d • 13.86 cm) and Series II (d » 10.10 om). They cor- 

related well in the log-log plot of jf. versus R. with an average 

scattering of - 7,5$. The maximum deviation (one point in the region 

of low Rd values) is + 28#. In view of the wide range 6.f Reynolis 

numbers studied (239 to 241,000) the results appear satisfactory 

within the limitations of experimental error. 

Figs, 14 and 15 show the same oorrelation for benzole acid 

dissolution into 3,65 molar (G-II) and 4.44 molar (Q-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 - 3.5# with a maximum 

deviation of +9$ was obtained for the 3.65 molar solution. In the 

more viscous 4.44 molar glycerol-water solution, the average and 

maximum deviations were - h% and +13£ respectively. 

Experiments for cinnanlc add dissolutions into water yielded 

rather unsatisfactory results. The solubility of einnamio acid in 

water is very slight (see Appendix), any errors in the analysis for 

the amount dissolved could cause serious errors in the calculation 

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

of the mass transfer coefficient kr• Because of limitations in space 

the data for cinnamic acid were not presented here* 

The mass transfer oorrelation for the two electrolytic 

reactions, oathodic reduotion of ferrioyanlde and anodic oxidation 

of ferroeyanide, for five different concentrations are shown in 

Figs. 16 and 17. The data for ferrlcyanlde (Schmidt number range 
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2,230-3,130) show an average deviation of - f%  and a reaxiKUF; devia- 

tion of 18.55? from the correlating curve. The ferrocyanide system 

(Sohmidt number range 2,390-3,650) correlates with an average devia- 

tion of • 6.6%, the maximum being close to 18%. The range of 

Reynolds numbers covered by the electrolytic system is 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 R •. plots can be approximated by straight lines 

with a -0,30 slope. The relation can thus be expressed as: 

JD' - | Sc0'644* const Rd-°'
30 (14a) 

The average constant of Equation (14a) for the five systems 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: 

*D * "7 So0'644 - 0.0791 Rd"
0'30 (14b) 

was drawn in. This line correlates data over the R. range 1,000- 

100,000 quite satisfactorily. The solid curve gives, however, a 

better representation of all data. The average deviation from this 

general correlating curve is - 8*3%, the maximum deviation found for 

one point in the low K^ range is 32%. The general correlation of 

mass transfer at rotating cylinders is based on over 290 runs for 

five different systems. 

Table A lists the range of property values studied for each 

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

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

the phyaioal properties of the system (So range 9-35 to 11,490). The 

close agreement between the results for eleotrolysis and for solid dis- 

solution within broad ranges of phyaioal properties and experimental 

conditions supports the general validity of the method of correlation 

(See Table B for the coordinates of the JD versus Rd curve represent- 

ing the general correlation). 

Previous studies relating to mass transfer at rotating eleo- 

trodea were limited in scope and oan be compared 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. V 
0.7 

(16) 

This Is in agreement with the results of the present study 

sinoe Equation (15) oan be shown to follow from Equation (14a) for a 

given system (constant v and So) and given rotor diameter. 

In connection with the mass-momentum transfer analogies suoh 

as represented by the Cbllton-Colburn relation (Equation 8) it is of 

Interest to compare the 1~ correlation of this work with friction 

factors derived from measurements of the drag on cylinders rotating in 

varloua fluids obtained by Theodorsen and Regier (27). Their von 

Karman type equation for friction coefficients for smooth oylinders 

oan be written (allowing for changes in definitions and symbols) In 

explicit form as: 

log Rd • 7}S§r - log \ftjl + 0.2979       (17) 

A ourve representing this equation was drawn in Figure 19, in 

which the curves best correlating the mass transfer for the five sys- 

tems of Figures 13, 14, 16, 16 and 17 were also reproduced. A com- 
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parison of these lines suggests the following conclusions. 

(a) The curves representing the mass transfer correlations 

for the systems studied all exhibit the same functional dependence of 

j ' versus R. as does the friction coefficient, f/2 (Equation 17). 

(b) All mass transfer curves lie above and within the limits 

of the average experimental error Involved In the determination of f/2 

(these limits are Indicated In Figure 19}. Thus the mass transfer 

correlation can be expressed as: 

JjJ - $ So0'644 * f/2 (18) 

where f/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 Rdl*ie. 

Sinoe 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 J~ values,is to be expected. Indeed 

Theodorsen and Regler (27) have found higher f/2 values for cylinders 

with different degrees of roughness. In the eleotrolytic experiments 

involving redox reactions no changes in surface smoothness occur which 

explains why the corresponding JD versus Rd lines lie lower (than 

those for the solids) and closer to the f/2 line for smooth cylinders. 

In the Rd range 1,000-100,000 Equation (17) may be approximated 

quite closely by 

f/2 * 0.0794 R,,"0*30 (19) 

This equation shows that f/2 and J~ have an almost identical 

functional dependence on R. (see Equation 14b). The olose agreement 

of one mass transfer data with friction coefficients, while certainly 

encouraging in view of the Chilton-Colburn analogy, must be taken with 
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due caution. The present state of knowledge does not allow an 

exact analysis of the mass-momentum transfer analogy for the oase 

•f a oonoentrie Inner cylinder rotating in a viscous fluid. 

V 

v 
N 
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cferri 

°ferro 

dl 

do 

°k 
A Bg 

P 
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NOKENCIATUBE 

Definition 

Interfaelal area for mass transfer. 

Concentration of a given speciea in the bulk 
of the solution. 

Concentration of saturated solution at the 
interface of the solid. 

Concentration of reacting ions at the eleotrode 
interfaoe. 

Log mean of the concentration difference. 

Bulk concentration of ferricyanide ions. 

Bulk concentration of ferrocyanide ions 

Diameter of the inner rotating cylinder. 

Diameter of outside stationary oylinder. 

Diffusion coefficient of species k. 

Total polarisation. 

Faraday equivalent. 

Gap between the concentric cylinders. 

Total current. 

Current density. 

Limiting current density, in general. 

Anodic limiting current density. 

Cathodic limiting current density. 

Mass transfer coefficient, generally. 

Mass transfer coefficient at the anode. 

Mass transfer coefficient ft the cathode. 

Mass transfer coefficient for solid dissolution 

Characteristic length in the Reynolds number 

Height of the rotor 

Units 

cm- 

moles/oo 

moles/oc 

moles/oo 

aoles/ee 

moles/oo 

moles/oc 

cm 

cm*/*«o 

mV 

96,500 ooulomb/equLv. 

amps 

mA/om* 

mA/om* 

mA/om* 

cm/sec 

cm/seo 

cm/sso 

cm/see 

cm 

\ 
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N 

R 

V ri 

t 

T 

V 

A 

* 

v 

P 

at 

ID 
I 

h 

Rd 

So 

latmber of electrons exchanged in the electrode 
reaction. 

Rate of mass transfer. 
7 

Universal gas constant, 8.313 x 10 . 

Radii of outer and Inner cylinders 
respectively. 

Rotational speed. 

Rotational speed. 

Time. 

Temperature. 

Peripheral velocity at the Rotating cylinder. 

Greek Symbols 

Incremental amount. 

Thickness of diffusion layer. 

Dynamic viscosity. 

Kinematic viscosity. 

Density. 

Angular veloolty. 

Dlmenslonless Groups 

moles/om*/seo 

erg/°K-mole 

rpm 

rev/see 

sec 

•K 

om/sec 

OB 

g/cm-sec 

cm*/»*« 

g/esv* 

radians/seo 

-^Sc 2/3 , the Chilton-Colburn mass transfer parameter, 

k   0 644 
& So    , mass transfer parameter for rotating cylinders. 

V«h 
-~ , Reynolds number based on gap between the cylinders. 

V.d. 
s, Reynolds number based on diameter of rotating Inner 

cylinder. 

, Schmidt number for mass transfer of species k. 



\. 



= is Is 

£ 2   O   •     ° N     © g 
£ Z < 3E ri - • • 

.2 * 
'•5 

I 

(0 Ul 

»% S ° * 5 O    Ul i O 

O    JC 2 
O Ul 

CM Z H 
i ° 

(9 

3 iij 
wo < o ui e 

o 

•g 

o 
Z K 
o Ul 

o    u 2 ui o 
o « E 

2  o 

Ul 

o 

0> 

\ 

Z •= 
:z H- (A < 
>". •» -1 o 
O tc 
K 
H * H o 
-1 u- 
Ul 

-J 
Ul «l 

fa 
u. M 
° P 

* 
=   • 

ax 
< t K I 
25 s o w. 
o •* ' 
Mp 

1- cA 
< *- s 5 
go 
Z AC 
<A U 

Irt 

o       ! 
•Mi 

u. 
•      1 



u. o 

o 

ii 

i 
z 
< 

(9 

'I     AXISN3Q  lM3ManD 

-*~   'I     AXISN3Q iNSMtMD 

Si 
3§ 

N 

2* 
o 

OflC 

< u 

\ 



SERIES  I d0« 13.86cm. 

Av". ROTOR DIA. • 1.996cm. 
AV. ROTOR 0lA.»4.33cm. 
AV. ROTOR DIA.«5.87 cm. 

SFRiES It   d0> 10.10 cm 

o AV. ROTOR DIA. • 2.02cm 
a AV /tOTOR DIA." 5.94cm 

hAJi-2.97 

h/df|.99 
^   h/di« 1.102 

fettl-CMI 
l>A»l» 0.350 

1000     2000     4000 10000    2CCC0    40000 

Rh - hvy* 
100000 400000 

FIG.   6    MASS TRANSFER   CORRELATION BASED ON Rd-f.-JMBER Rf,*ir 
BENZOIC   ACIO   DISSOLUTION INTO WATER 

TEMPERATURE RAN8E 23.0-2SJ6*C 

100 

80 

60[ 

SERIES X d0• 13.86 c*. 

• AV. ROTOR DIA. > 1.996 cm. 
A AV.ROTOR 01 A.*4.33 cm. 
• AV. ROTOR DIA.' ».'•'/ cm. 

SERIES S d0 • 10.10 cm. 

o AV. ROTOR DIA. « 2.02 cm. 
e AV. ROTOR DIA. • S.»4cm. 

i        i 

4.0    &0 8.0 1.0 

FIG.   9     EFFECT OF GAP TO  DIAMETER   RATIO   h/dl UPON 
j0 IN A CORRELATION  WITH REYNOLDS   NUMSER 

BASED  ON THE GAP. 

BENZOIC    ACIO   DISSOLUTION  INTO WATER 
TEMPERATURE RANGE  23.0-266 #C 
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SERIES I d0» 13.86 em. SERIES I   d9> 10.10 em. 
• AV. ROTOR 01 A. • 1.996 cm. o AV. ROTOR DIA. »2.02 cm. 
* AV. ROTOR DIA. • 4.33  cm. * AV. ROTOR 01A • 4.33 cm. 
•   AV. ROTOR DIA. = 5,87  cm. o AV. ROTOR OIA. >5.94 cm 

Jn  ' ^ (SO 

-SLOPE OF STRAI6HT LINE:   - 0.30 

200       400  600    1000     2000     4000 10000    20000    40000        100000 

FIG.  10    MASS   TRANSFER   CORRELATION BASED ON R«-NUMBER  Rjj« ¥ii 
BENZOIC   ACID   DISSOLUTION  INTO WATER 
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3ENZ0IC ACID DISSOLUTION INTO WATER 
BENZOIC ACID DISSOLUTION WTO  A 3.65 
MOLAR 6LYCER0L WATER SOLUTION 
BENZOIC ACID DISSOLUTION INTO A 4.44 
MOLAR GLYCEROL WATER SOLUTION 
CATHODIC REDUCTION OF FERRICYANIOE 
ANODIC OXIOATION OF FERROCYANIDE 
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FIG.  II      MASS TRANSFER   CORRELATION       % w* Rd F0R F,VE   SYSTEMS 

00000 



100 
80 

60 

40 

20 

20 

10 
8 

6 
O 
-      4 
M 

•«i> 

i 
0.8 

0.6 

0.4 

0.2 

-     LEGEND: 

e     EENZOIC  ACID   DISSOLUTION   INTO  v.'ATER 

X     CATHODIC REDUCTION   Of FERRIC,ANISE 

o     ANODIC   OXIDATION   OF  FERROCYANIDE 

+     BENZOIC  ACIO   DISSOLUTION  INTO A 3.6SM0LAR 
GLYCEROL WATER SOLUTION. 

A     BENZOIC ACID   DISSOLUTION   INTO A 4.44MOLAR 
G'uYCEROL WATER SOLUTION. 

^ 

•5 fr.^5. 
S° ^ ,.      o^S, 

/ALL SLOPES:-04(44 

b£ s* 
A 

^ 

^ 
V s 

K^ 
^ v K> 
^ 

V 

500   800 WOO     2000      4000 10000    20000 
Sc 
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FIG.   13     BENZOIC  ACID  DISSOLUTION   INTO  WATER 
MASS   TRANSFER FROM   ROTATING CYLINDERS 
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FIG. 14-    BENZOIC ACID  DISSOLUTION INTO A 3.65  MOLAR 
GLYCERINE-WATER SOLUTION (G~2) 
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FIG. 16     CATHODIC REDUCTION OF  FERRICYANIDE 
MASS   TRANSFER AT ROTATING  ELECTRODES 
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FIG.   17 ANODIC   OXIDATION   OF   FERRGCYANiDE 
MASS   TRANSFER  AT R0TATIN6  ELECTRODES 
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Table la.    Benzole Acid Pleaolutlon Into fetar.    Av» rotor dla.    g.00 em. 

Series Ij  outalde dlat    d 
Haas Transfer from rotating, cylinders* 

Run    d 
o. 

1 V 

OBI/BOO 

T Huts  KxlO % 
15.86 cm. 

k^.lO* KlO8 D.105 

2 * **s raol/cm poo    om./eeo ore /sac cm/ceo 

Hotor height      L 14.13 cm. 

So 

IV B 
6B 

11B 
kB. 

12B 
4BR 
BBR 

10 BR 
10B 
10EX 

OBX 
9DR 

23BR 
13B 
10H 
20B 
21B 
22B 
23B 
24B 
26B 
26B 
28B 
SOB 

1.98 
8.00 
2.08 
2.00 
2.05 
1.97 
1.98 
1.99 
1.94 
1.96 
l.w? 
8.02 
1.94 
1.96 
1.94 
1.99 
2.00 
1.99 
1.99 
1.99 
2.04 
1.97 
1.96 
8.07 
2.07 

1.067 
3.152 
4.474 
6.294 
8.544 

12.72 
15.22 
24.35 
25.26 
85-66 
26.95 
28.08 
28.69 
30.43 
30.64 
42.63 
53=21 
68.47 
76.92 
86.84 
98.49 

107.6 
114.1 
138.7 
173.2 

26.80 
25.40 
85.80 
24.90 
25.10 
85.00 
85.40 
85.70 
86.40 
86.10 
85.60 
85.50 
25.00 
25.80 
2C.60 
24.30 
24.90 
85.80 
86.30 
85.70 
85.60 
85.60 
85.60 
25. SO 
84.90 

0.7299 
1.373 
1.652 
1.877 
2.342 
3.042 
3.4321 
4*856 
5.299 
4.828 
6.0731 
6.303 
5.269 
5.894 
6.930 
5.848 
7.152 
9.144 
9.542 

12.78 
11.63 
18.45 
13.68 
15.49 
22.35 

0.2616 
0.5212 
0.6373 
0.7274 
0.9431 
1.197 
1.349 
1.896 
2.012 
1.905 
1.988 
2.124 
8.106 
8.271 
8.224 
8.487 
3,047 
3.846 
4.080 
5.284 
4.850 
5.232 
5.665 
6.564 
8.207 

0.8747 
0.6868 
0.8816 
0.8981 
0.8942 
0.6961 
0.8888 
0.6834 
0.8710 
0.8941 
0.8854 
0.8871 
0.8971 
0.8816 
0.8676 
0.9099 
0.8981 
0.8816 
0.8912 
0.8834 
0.8854 
0.8854 
0.8854 
0.8984 
0.8981 

1.031 
1.014 
1.023 
1.003 
1.007 
1.005 
1.014 
1.020 
1.035 
1.007 
1.018 
1.016 
1.005 
lr023 
1.039 
0.9892 
1.003 
1.023 
1.018 
1.080 
1.018 
1.018 
1.018 
1.009 
1.003 

848.9 
876.7 
8C2.1 
895.8 
888.0 
891.8 
876.7 
865.7 
841.5 
887.9 
869.6 
873.1 
891.8 
862.1 
C35.2 
919.8 
895.8 
862.1 
881.0 
865.7 
869.6 
869.6 
869.6 
884.3 
895.8 

19.00 
16.02 
11.06 
9.205 
8.741 
7.470 
6.9C1 
6.064 
6.091 
5.878 
5.985 
6.923 
6.846 
5.796 
5.545 
4.737 
4.560 
4.363 
4.117 
4.708 
3.847 
3.801 
3.880 
3.736 
3.774 

239.3 
709.3 
1025 
1402 
1959 
2796 
3391 
6486 
5626 
5625 
6774 
6394 
6x83 
6731 
6889 
9308 
11,850 
15.460 
17,180 
19,660 
22,690 
23,930 
26,260 
32,180 
40,200 

Table lb. boniolo Aoid Dissolution into Water. AV. rotor die I d,* 2 •08 en. 

Hun No. 

Series IIj 

41        V 

om      on/BOO 

Mass Transfer from Rotating Cylinders 
outside dlat    d » 10.10 cm.                        Motor height 

T          Hate MxlO*      IfcxlO3      V***108   DxlO5        So 
°C        mole/on.  see. om/seo.  OM /seo    on/seo 

—,—i .. . 

L • 14 
j.pXlO5 

.13 on. 

"n 8*04 1.06 24.1 0.5986 0.8310 0.9140 0.9848 928.1 17.80 236.9 

2B 8.08 2.07 26.2 1.011 0.3717 0.8747 1.031 848.9 13.79 478.7 

SB 2.01 3.17 85.6 1.376 0.6830 0.8854 1.018 869.6 10.98 719.8 

4B 8.06 6.24 26.7 1.9214 0.7314 0.8834 1.020 865.7 10.98 1816 

5B 8.03 8.90 25.6 2.526 0.9868 0.8854 1.018 869.6 8.664 8040 

6B 2.01 11.6 26.6 3.205 1.207 0.8676 1.039 835.2 8.015 8655 

7B 2.06 15.9 26.6 3.805 1.451 0.8676 1.039 835.8 6*930 S766 

8B 8*02 18.9 86.6 4.356 1.683 0*8694 1.037 838,4 6.791 4396 

9B 8.04 25.7 86.8 5.184 2.047 0.8816 1.023 868.1 6.176 6966 

10B 8.00 31.3 86.4 6.666 8.308 0.8888 1.014 876.7 6.777 704S 

11B 8.09 66.1 80.6 6.304 3.213 0.8676 1.039 835.8 4.S60 13510 

IBB 1.99 72.9 25.6 7.693 3.913 0.0864 1.018 869.6 4.191 16390 

13B 8.09 99.6 26.6 10.61 5.339 0.8676 1.039 83fi.2 4.088 83980 

14BR 8.00 117. 86.3 12.40 5.818 0.8728 1.0S3 844.8 3.888 86740 

16BK 1.99 137. 84.6 12.94 6.283 0.9038 0.9959 907*6 3.69<i 30060 

16B 8.01 100. 24.9 

41 

15.38 

= _kJi- "r0 

7*196 

.644 

0.8981 

R.   a - 

1.003 

V«i 

895.8 3.679 36830 

JV. - — 



Bftla a* 

MM! Bf«w/«r trm Sotatln* dilator* 

Berlea Ij outsids dlat do- 19.86 on* Rotor height t » 14.16 on. 

•O. jr 7 
oa/a»a 

7 
•o 

Rate HxlO8      k^xlO8 

OK /aso 

DxlO8 

on /BOO 

8a JtpXlO8 Rd 

IB 4.98 4.967 86.9 1.870 0.5066 0.8918 1.018 881.0 9.164 8141  , 
148 4.87 £.887 88.9 1.768 0.6968 0.8800 1.086 869.9 7.884 9420 

SB 4.87 0.6S8 86.8 8.048 0.8574 0.8996 1.008 886.8 8.868 4789 
SB 4.8B 19.87 84.8 8.496 1.010 0.9001 1.000 899.7 6.060 8608 
an 4.88 16.98 86,8 8.898 X.ltfO 0.6912 1.018 881.0 5.868 7788 
88 4.88 16.87 86.4 9.990 1.588 0.8888 1.014 876*7 6.769 7848 
98 4.56 89.06 84.9 9.669 1.668 0.0881 1.008 896.8 5.417 11180 

108 4.88 88.88 84.6 4.066 1.718 0.9058 0.9057 011.5 4.844 18600 
11BR 4.89 88.00 86.6 4.849 1.964 0.8694 1.097 838.4 4.617 16880 
118 4.80 89.60 84.9 4.676 1.998 0.8981 1.003 808.8 4.786 16040 
188 4.88 88.98 89.8 6.999 8.894 0.8989 1.008 886.0 4.668 18360 
68 4.88 48.88 84.8 6.889 8.696 0.9001 1.000 899.7 4.568 83880 
888 4.89 47.78 84.8 6.489 8.947 0.9119 0.9870 923.9 9.996 88660 
rm 4.88 61.01 88.8 6.944 8.688 0.8984 1.009 884.3 4.069 84760 
n 4.80 60.88 86.8 6.789 8.997 0.8699 1.018 879.7 4.696 84890 

188 4.89 66.00 88.8 6.896 8.869 0.8816 1.083 868.1 4.090 87010 
18BH 4.M 87.98 86.0 8.898 8.989 0.8861 1.006 891.8 4.007 87740 
6BR 4.91 68.79 88.8 6.896 8.849 0.8816 1.089 868.1 9.764 88740 

88 4.91 89.08 86.8 7.174 8.069 0.8878 1.018 874.9 4.087 88670 
48 4.84 64.80 84.6 7.048 8.998 0.9088 0.9989 907.6 3.749 30830 

188 4.98 66.68 28.8 7.846 9.209 0.8816 1.089 868.1 9.798 88170 
1TB 4.89 98.86 86.8 8.060 4.214 0.8984 1.009 884.3 9.987 47880   • 

88180 188 4.98 184.8 86.1 10.10 5.817 0.8984 1.007 888.0 8.839 

- 
» «/Vj=- 8*                 "a ---.»  

v| 

Sorlooll; eutoi 
Ktaa tranaftr froa Hofc«ti RS Oyliadora 

bt L * 14 

gcomtai 

da dial  d * o lo.io os. Hoter hoig el5 on* 

Run 
Bo. 

*1 
en 

V 

•m/Mo 
t 
•o 

Bata KxlO8 

•Qi/en see 

k^xlO8 

ss/ssa am ;NC 

aao8 

s. on /MO 

8o VjjM>* »d 

IB 4.36 8*868 84*7 0.7769 C.8S8S 0.9020 0.9988 909.6 10.67 1086 
SB 4.54 4.464 84.6 1.243 0.6188 0.9098 0.9969 907.6 9.843 8189 
88 4,88 6.780 86.6 1.699 0.6785 08864 1.018 869*6 7.618 9339 
4B 4.34 U.89 84.6 2.098 0.9194 0.8058 0.9969 907.6 6.496 9481 
6B 4.34 18.07 84.8 2.8S1 1.273 0.9001 1.000 899*7 6.687 8719 
6B 4.58 89.04 25.4 3»o66 1.609 0.8886 1.014 876.7 6.046 18170 
7B 4.91 99.89 84.7 8.887 1.781 0.9080 0.9988 905.6 4.879 18940 
88 4.96 41.11 84.8 4.669 8.808 0.9001 1.000 899.7 4.880 19870 
98 4.89 96.94 86.4 6.914 8.869 0.8864 1.018 869.6 9.969 87660 

10B 4.90 67.09 86.6 6.987 9.471 0.8676 1.099 856.2 9.938 99890 

188 4.-M 167.6 8S.6 8.018 6.e87 0*8871 1.016 873.1 5.899 77410 
1888 4.26 800.8 86.6 10.89 7.399 0.8864 1.018 869.6 9.879 96610 

198 4.98 803.6 86.6 10.03 7.250 0.8854 1.016 869.6 8.799 99640 

j._.-i. a*0-8" »d" 
•1 . 
V 



Tablo 3a     Benaota Sfilfi Plaaolatlon Into Water     AT. rotor dUt d,- 6.67 aai. 
Eaaa Tranafar fro* Rotating Qyllndera 

Sarlei I,  outatda  Jilai  d • 13.86 oa. 

Hun Ho. dj   V 
oa*   oa/aee 

T 
•0 

8 RateVxlo"     kjXlo" 
aole/oa aeo oa/aaa 

'a^ 
oa V 

08   DxlC8 

'/MO ea. /aoo 

Kotor bolght L » 14.13 

So        J'j/HO8   R4 

98 
88B 
108* 
10B 
IB 
18X 

118 
188 
88 

18B8 
48 
18B8 
188 
198 
81BH 
813 
filHX 
808 
6BX 
SB 
SB8 
SB 
SBB 
84B 
8SB 
SOB 

6.89 
6*89 
6.96 
6.87 
6.87 
6.87 
6*66 
6.84 
6.67 
6.85 
6*88 
6.98 
6.87 
6.66 
6.94 
6.88 
6.96 
6*88 
6.91 
6.8* 
6.87 
6,88 
6.89 
6.90 
6.89 
6.87 

6.197 
8.674 

18.40 
18.60 
16.68 
13.71 
18.80 
81.98 
88.04 
88.66 
49.19 
61.83 
63.86 
63.47 
66.47 
67.36 
67.48 
76.26 
76.99 
77.77 
86.06 
89.88 
80.96 
91.19 

184.0 
368.6 

83.6 
86.1 
86.1 
84.S 
84.7 
85.3 
84.6 
84.6 
86.1 
86.6 
84.8 
86.6 
85.1 
86.6 
86.1 
88.3 
86.9 
86.6 
86.8 
86.0 
84.4 
88.0 
86.7 
84.0 
88,7 
88.8 

:i.801 
1.634 
8.077 
8.049 
8.396 
8.884 
8.789 
3.808 
3.837 
4.130 
6.437 
6.963 
S.466 
6.499 
6.880 
7.186 
6.663 
7.416 
7.384 
7.630 
7.880 
8.183 
8.848 
7.68S 
7.797 

17.67 

0.3008 
0.6476 
0.8691 
0.8468 
0.9978 
0.9840 
1.173 
1.374 
1.366 
1.736 
8.373 
8.410 
8.416 
8.848 
8.988 
3.188 
8.696 
8.867 
3.807 
3.406 
3.834 
3.684 
3.610 
3.678 
4.474 

10.10 

0.9884 
0.9448 
0.8948 
0.9001 
0.9080 
0.6918 
0.9068 
0.9038 
0.6949 
0.8884 
0.9001 
0.8894 
0.8948 
0.8684 
0.6773 
0.8918 
0.8600 
0.8884 
0.8664 
0.6961 
0.9078 
0.8961 
0.8634 
0.6161 
0.8834 
0.8816 

0.9716 
1.007 
1.007 
1.004 
0.9988 
1.018 
0.9937 
0.9969 
1.006 
1.018 
0.9998 
1.037 
1.007 
1.018 
1.089 
1.018 
1.086 
1.018 
1.018 
1.006 
0.9917 
1.006 
1.080 
0.9888 
1.080 
1.088 

963.6 
688.0 
686.0 
896.8 
903.6 
881.0 
911.6 
907.6 
889.6 
669.6 
900.6 
638.4 
688.0 
669.6 
658.8 
881.0 
888.7 
869.6 
889.6 
691.8 
916.4 
691.8 
866.7 
938.3 
666.7 
868.1 

6.760 
6.960 
6.880 
6.360 
6.864 
6.309 
6.191 
6.038 
4.908 
4.761 
3.866 
3.846 
3.894 
3.497 

3.669 
3.388 
3.347 
3.864 
3.478 
8.318 
0.860 
3.186 
3.806 
8.610 
8.168 

3,908 
6,349 
8,868 
8,917 
8,864 
9,030 

11.770 
14,090 
14,460 
16,860 
31,970 
36,890 
30,960 
41,940 
46,010 
43,980 
46,630 
80,810 
81,390 
80,970 
66,680 
68,680 
69,980 
86,730 
62,700 

841,400 

gable 3b.    Bonaola Aold Dlaaolotion Into Eater,   AT. rotor dial y 6.94 on. 
jfeaa Tranafor froa Hotatin* CTllndoro 

Sariao IZ# outside dial d„« 10.10 en. Rotor height X » 14.13 cm. 

Run d. 
So. oa. •a/gap 

T 
•0 

Bat* RxlO8    Jt-slO*   V.^108      DociO* 
•dlftareoo    otUaoo     Mr/aes    caT/aoo 

80 J'D-"
S 

88 6**S 
SB 8.98 
«B 8.96 
SB 8.96 
7B 0.96 
68 6.94 
98 6.93 
1CS S..G 
il« 6.98 

6.810 
9,3»1 

16.30 
04.97 
44.86 
66.79 
73*69 
93.98 

140.7 

86.6 
24.0 
84.6 
83.0 
84,S 
84,8 
86.8 
»o.i 
84.9 

1.396 
1.870 
8*840 
2.594 
3.638 
4.401 
6.888 
S.liE 
6.166 

0*6796 
0.7494 
0.6868 
1»8?3 
1.996 
8.434 
45.974 
3.798 
4.626 

0.8671 
0.9161 
0.9001 
0.937 
0.9038 
0.6991 
0.8616 
0.8778 
0.8061 

1.016 
0.9886 
1.004 
0.9606 
0.9969 
1.003 
1.083 
1,089 
1.008 

673.1 
932.3 
896*5 
976*6 
907.8 
896*8 
668*1 
888*8 
696.6 

7.310 
6.668 
4.C86 
4.288 
8.688 
3.418 
3.140 
3.118 
8.731 

4,151 
6,061 

10,830 
16,860 
89,180 
57,660 
49,600 
63,800 
98,830 

N. 



fliMt i. BwwU Aold PlMolwtlon- Into 3.69 Molny OlTQwlitt-tatW Solution 
Urn Tr*n»f»r frw Rotating Cylinder» 

oa     oa/*** *0 
HaU  HS108      JtjJO.08 

aol«/oa   MO aa/»»» «/M< 

Dado0 

n'/nt 
JVW ^ 

fa.bla to. AT* gator dial <«• 8.03 gu S«rUi Hi ouf Id* dlat de" 10*10 oa. 

gatat fa«*tf^ fr * 11*12 «h 
xw 
xss 
140 
1M 
160 

8<08 8.099 
S.CS 51.87 
t.o4 ea.te 
a.oa 184.x 
8.0ft 176.4 

86.0 
88.0 
85.0 
88.1 
Bft.e 

1.576 
8.888 
4.8S6 
7.990 
10.87 

0.4168 8.080 
0.7188 8.089 
1.818 8.089 
8*468 8.080 
8.888    8.016 

0*4184 
0.4194 
0*4184 
0*4184 
0.4896 

6,068 18.46 
6,088    8.814 
6,088 8.878 
6,006 4o788 
4,986    4,821 

788 
8,087 
8,667 

18,088 
17,840 

tgMg 48.  AT. rotor din    t. • 4.8S oa*    ggiflo H| out»ld» dial 10.10 oa* 

810 
880 

4.89 44.11 
4*80 908.8 

86.0    9.886 
86.0    6.979 

1.087 
8.887 

Kotor holtht   h » 14*18 ggu 
8*089 
8.089 

0.4134 
0*4184 

6,069 
6,069 

6.646 
3.489 

9,017 
41,690 

2*bi«LAL. IfjBjaJg Aold M,«—ltttlw Into 4.44 toimr SlgCSteSS&SSf. Oolatlon* *** 

OorlooXXf cmtaldo dial da - 10.10 oa. Koto? telgttt L • 14*18 aw. 

»>.    oa 
V * 
oa/aoo "0 

tat* 8x10*   kjslO*   vavxlOB   BxlO*      8ft J*f/10S 

aolo/oa MO oa/Mo   oa   /•»» oa /*•• 

BO 4.88 
90 4.88 
40 4.37 
80 4.81 
10 4.81 
90 4.80 
80 4.80 

100 4.80 
80 4.16 

11.64 

17.83 
88.66 
6?i48 
148.8 
806.8 
870.7 
877.8 
384.6 

86.0 
24.6 
84.9 
86.0 
88.1 
84.1 
84.9 
84.4 
84.6 

1*066 
1*887 
1.499 
8.618 
8.768 
8.186 
6.410 
6.667 
6.967 

0.8908 
0.9888 
0*4841 
0.7898 
1.411 
1.789 
3.848 
8.018 
8.801 

8.031 
9.064 
9.089 
8.031 
8.083 
3.108 
8.039 
3.080 
8.047 

0*8779 
0.8744 
0.8770 
0.8779 
0.8787 
0.8708 
0.8770 

0.8787 
0.8768 

10,910 
11,166 
10,970 
10,910 
10,880 
11,490 
10,370 
11,890 
11,030 

9.936 
7.844 
7*486 
4.648 
3*768 
3.878 
3.380 
8.960 
8*168 

1,636 
8,480 
3,180 
9,888 
81,810 
87,900 
•88.800 

88,700 
48,770 

V 
V 



Tabloi  6 and 7 

Run   dL 
*>.   ok 

7 .     * 
am/—*    *0 

Oianawle Aoid Dlnolutlon Into Water 
•»»» Trwfor fron Rotating Cjllndar* 

8    ~_,„5 Rato XxlO8 )L JrtO5 

aolo/oa       OVNO HT/Mt  M /••« 
So J'0*" 

Tttblo «.S»rl»»Ij outaldo dial * *>13.84 ea.av. rotor dlat d,»l.93e«.Hotor tolght L-14.13.o». 

aoR 
lea 
•OR 
80 
1008 
8fl* 
60S 
VOR 
lacR 

1.89 
un 
1.01 
1.94 
1.80 
l.M 
1*81 
1.80 
8.04 

89*66 
89.99 
41*41 
48*46 
81.81 
88*88 
78*91 
78*08 
180.8 

88*8 
86.8 
88*8 
84.7 
88.9 
88.8 
86.4 
86.6 
86.4 

0.4880 
0*4888 
0*6878 
0.6870 
0.7X48 
0.784? 
0.8X80 
0.8889 
1.087 

0*9148 
0.9170 
0*9148 
0.9096 
0.9301 
0.9880 
0.9198 
0*9886 
0.9198 

976.6 
978.1 
976.6 
1008. 
946.0 
960.8 
967.7 
959*1 
967.7 

4.886 
4*898 
8.666 
8.438 
4.178 
3.088 
8.607 
3.987 
8.797 

6,863 
6,661 
8.866 

10,380 
U,810 
18,980 
18,070 
16,760 
87,700 

aM| 7.9«rf It gjfJA dl" *,-18.88 a, A*, rotor dlai d.aQ.BO cm. HoQor baUfrt W«,l 8a. 
180R 8*90   88*60 84.8 0*8779 1.696 0.9130 0.8988 1082. 5.378 
1508 6.90 147*0 94.8 0.8989 1.838 0.9011 0.90S0      994.6 T.176 
80      6.90 189:6 86.3 0.7846 3.678 0.8914 0.91TO      978.1 1.9S8 
80      6.90 169.6 86.8 0.83*1 3.898 0.8934 0.914B      976.6 2.051 
40      6.89 810.1 86.4 0.9707 4.960 0.8896 0.9198      967.7 1.976 
90      8*91 848*7 86.8 1.070 6.801 0.8684 0.9436      980.4 1.870 
8G      8*80 888.4 88.8 1*804 4.683 0.8914 0*9170     978*1 1*537 
1708 8.90 4Q.8 84.0 1.670 8*889 0.9807 0*8883 1036. 1.888 

17.180 
96,960 

106,800 
106,809 
188,100 
168*800 
!8A,900 
889,800 

lo. 

table 6.    Clnhaale Aeld Dlaaolutloa into fttw.   AT. rotor dlat «. • 4*18 wt. 

Series I| out aid* dial d0« 13.86 em. Kotor halgbt t - 14.16 «a. 
V * Rate RxlO*   kjXlO9 vftVxlO*   SaOOO      So J'p«10*   «d 

OK/MO #O       aole/oa oeo OS/MO oa   /see e»/••• 

80 
830RX 
88CR 
84CH 
170 
880R 
860RX 

180HX 
140 
180B 
310R 
870R 
890R 
180 

4.33 
4.18 
4.18 
4.13 
4.88 
4.18 
4.18 
4.88 
4.83 
4.88 
4*18 
4.00 
4.11 
4*10 
4.83 

84.19 
86.16 
117.S 
186.7 
170.8 
188.8 
198.9 
199.8 
819.9 
886.8 
838.1 
860.8 
884.8 
868.7 
886.4 

84.6 
86.4 
86.8 
85.8 
86.8 
85*8 
86.3 
84.8 
86.1 
86.3 
85.8 
86.7 
86.8 
84.7 
86*8 

0.8608 
0.9168 
1.180 
0.7919 
1.381 
1.188 
1.144 
1.164 
1.081 
1.808 
1*660 
1.886 
1.417 
1.484 
8.181 

1.004 
3.719 
4.515 
3.314 
6.991 
4.961! 
4.814 
6.188 
6.388 
6.669 
Y.671 
6.888 
7.880 
7.411 

10.78 
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Table B 

Coordinates of the General Mass Transfer Correlation Cur-re 

for Rotating Cylinders (see Fig. IS) 

Jn * »• 

200 18.4 

600 15.0 

1,000 10.2 
'  4,000 6.55 

10,000 4.88 
50,000 5,54 
60,000 2.96 

100,000 2.61 

200,000 2.24 

500,000 2.05 
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