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electrochemical cells 

Many electrochemical processes suffer in varying degrees from mass transfer limitations. These limi- 
tations may require operation at considerably less than economic optimum current densities. Mass trans- 
fer to a surface may be considerably enhanced by insertion of turbulence promoters in the fluid flow 
path near the affected surface. 

An instrument was developed to measure local current densities in the hydrodynamically very diffi- 
cult region near the turbulence promoter. A general method for the relative evaluation of hydrodynamic 
conditions has been developed. Generalization of the data permits optimization of hydrodynamic cell 
design using the promoter shapes investigated. 

Notation 

Symbols 
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Cb 
Cbi 

Ce 
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De 
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K 
Coefficient for cell power costs, ( K -  D)ideal 
$ m 2 (A s) -~ 

Cell area, m 2 k e 

Constant in Equation 4 
Coefficient for area-proportional L 
costs, $ A (in 2 s) -1 Al 
Coefficient for pumping power N 
costs, $ A (m 2 s) -1 
Bulk concentration, kg mol m -3 r/e 
Inlet bulk concentration, 
kg molm -3 Pc 
Energy cost, $ (W s) -I AP/L 
Interracial concentration, 
kg tool m-3 Rav 
Amortized area cost, $ (m z s) -1 S 
Current-density-insensitive costs, So 
$ s  -1 

Equivalent diameter, m si 
Diffusion constant, m 2 s -1 
Current efficiency t i 
Cell feed rate, m a s -1 
96"5 x 106 Askgeq  -1 ti 
Channel width, m 
Channel height, m J V 

Current density, A m -2 
Economic optimum current den- 
sity, A m-2 
Total costs of running cell, $ s -1 
Total sensitive costs under hydro- 
dynamically ideal conditions, $ s -1 
Convective mass transfer coef- 
ficient, m s -1 
Total length of flow path, m 
Promoter spacing, m 
Mass flow rate to surface due to 
convection, kg tool m 2 s -1 
Number of electrons transferred in 
electrode reaction 
Power required by cell, W 
Average pressure gradient in chan- 
nel, N m -a 
Effective cell resistance, f2 m 2 
Open channel cross-section, m 2 
Minimum channel cross-section at 
promoter, m 2 
Stoichiometric coefficient of 
species i 
Transport number of species i in 
solution 
Effective tranport number of 
species at polarized surface 
Average fluid velocity, m s -1 
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X 

rh 

// 

P 

Distance from inception of concen- 
tration disturbance, m 
Electrical power conversion 
efficiency 
Pumping power conversion 
efficiency 
Solution viscosity, kg (m s) -a 
Solution density, kg m -3 

Dimensionless groups 

AP De 
f-- L 2pV 2 

DeVP 
(Re) =- - -  

p 

R =-h]g 

De 
Al 

S 

So 

(Sh) -- k ~  

fo -_ Cbi-  Co 
Cbi 

Fanning friction factor 

Reynolds number 

Channel aspect ratio 

Promoter frequency 

Contraction coefficient 

Sherwood number 

Degree of reaction 

K - D  

(K -- D)ideal 

C~u 3 
Nee = - 2 3 C2P D~rt2 

Dimensionless total sensitive 
costs 

Dimensionless current density 

Energy cost ratio 

1. Introduction 

The optimization of electrochemical systems gen- 
erally requires high rates of energy input. Fre- 
quently, this means that high rates of mass transfer 
are required to a surface from the bulk of a flow- 
ing stream. A common practice is to place hydro- 
dynamic obstructions or 'turbulence promoters' in 
the flowing stream to break up the mass transfer 
boundary layer. The purpose of this investigation 
was to measure the local values of mass transfer 
produced by certain types of turbulence pro- 
moters, to select the best of existing promoters 
and to determine their overall economic effect. 

The cell consists of a chamber of rectangular 
cross-section, the two long sides of which consist 
of plane parallel electrodes or a plane parallel elec- 
trode and membrane or hydraulically impermeable 
separator. This is sketched in Fig. 1. The electrode 
reaction follows the general scheme 

s i x  1 '~ s2X  2 ~ saX  3 -~- s4X  4 Ac nee-. (1) 

The reaction proceeds in the liquid phase and is 
limited by mass transfer of species i to one of the 
plane surfaces subsequently called the polarized 
surface. Mass transfer is negligibly affected either 
by density differences or by evolution of gas in the 
cell. 

Insertion of turbulence promoters into a flow- 
ing stream increases the pressure drop through the 
apparatus, thus increasing the requirement for 
pumping energy. It is necessary to measure both 
the mass transfer rate obtainable with a promoter 
and the pressure drop resulting from it at a given 
fluid velocity. Cost optimization requires a mini- 
mization of the sum of capital cost amortization, 
process energy cost and pumping energy cost. 

A unique aspect of the present study was the 
quantitative measurement of local mass transfer 
profiles around each turbulence i~romoter. The 
results of this study are potentially applicable to a 
wide variety of chemical cell design problems. 

2. Segmented electrode apparatus 

An apparatus was developed to measure maximum 
local rates of mass transfer in rectangular channels 
near a turbulence promoter. The instrument con- 
sisted of an electrochemical cell assembly and a 
data acquisition system. The flow system consisted 
of a solution reservoir, pump, surge tank, filter, 
test cell and rotameter and is sketched in Fig. 2. 
Solution temperature in the reservoir was main- 
tained at 298 K. 

In order to measure the local current density, a 
portion of the cathode is segmented (sketched in 
Fig. 1). The segmented portion consists of an array 
of 50 rows each containing 20 segments which are 
circular in cross-section (with a diameter of 2"5 • 
10 -4 m) and close-packed on triangular centres. 
Measurement of the current passing through each 
segment of the cathode provides a comprehensive 
profile of the effect of a turbulence promoter on 
mass transport. 



MASS TRANSFER IN ELECTROCHEMICAL CELLS 475 

D O  

- .  
b 9B, ql 

O 

,IDO 

-g, 
8 ,  O 

~ B , O  

Q q  SEGMENTED 
ELECTRODE 
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Fig. 2. Electrochemical cell assembly. 

The electrochemical cell is of plate and frame 
construction. It contains stainless steel end plates 
and through bolts, lucite end blocks, an anode and 
cathode of platinum plated titanium (except for 
the segmented portion of the cathode, which was 
made of platinum) and spacers cut from sheets of 
polyethylene. The spacers and electrodes confine a 
channel of rectangular cross-section whose dimen- 
sions can be changed by insertion of an appropri- 
ate spacer. The rectangular and triangular turbu- 

lence promoters were integral with one of the 
spacer sheets; the circular promoters were inserted 
between or under the sheets. 

Typical dimensions of the channel parameters 
as designated in Fig. 1 were h = 1"02 x 10-am, 
g = 6"35 x 10 -3 m, and promoter dimensions, 
thickness (h /2)=  5.1 x lO-4m and base of the 
triangle = 2"5 x 10 -3 m. Fluid velocity varied 
between 0"25 and 1 "00 m s -1 . 

A differential manometer measured the press- 
ure drop over a fixed length of channel. In order 
to prevent possible disruption of the flow patterns 
and distortion of the mass transfer profile by the 
upstream manometer, the pressure drop was 
measured in separate runs using a special top plate 
which had provisions for the attachment of the 
manometer. 

Potassium ferricyanide/ferrocyanide in basic 
solution was found to give reproducible polariz- 
ation curves in which the current was proportional 
to the concentration of the reducible ion and 
almost independent of applied voltage over a range 
of 500 mV. Potassium hydroxide, 0.1 N, was used 
as supporting electrolyte. This work is described in 
detail in [1 ]. 
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In its simplest form, the segmented electrode 
can be considered as a portion of a coil of  insu- 
lated wire, a part of  which has been potted in 
epoxy and cut across both in the potted and in the 
unpotted parts. The potted part provides the 
active electrode surface while the unpotted part 
permits connections to the separate segments to 
be made. 

The data acquisition system consists of  a trans- 
ducer in the circuit of each electrode segment, a 
1000-channel data logger which converts the out- 
put of these transducers, in sequence, to a digital 
signal and a paper tape punch for recording the 
digital information. The transducers are 10 kg2 
precision resistors which produce a voltage pro- 
portional to the current passing through the elec- 
trode segments. 

A period of 17 min is required for a complete 
data scan. In order to avoid the bias which could 
result if the segment were measured in order, say 
from front to back of the electrode, the readings 
were taken in a randomized fashion. Each column 
of 50 was divided into 5 groups of 10 electrodes. 
The group of 10 were measured in randomized 
sequence. 

In order to test the unit, data were taken under 
hydrodynamic conditions where a theoretical 
expression for mass transfer exists. Runs were 
made in laminar flow with no current flowing 
through the plate cathode, i.e. with the concen- 
tration disturbance beginning at the leading edge 
of the segmented electrode. 

For laminar flow between parallel plates of  
infinite width with an already well-established 
velocity profile and negligible ion migration, 
Newman [2] presents the expression: 

i =  0"9783 si ~7~c] " (2) 

In order to compensate for the area of the seg- 
mented electrode which is not electrochemically 
active, the total area subtended by the electrode 
divided by 1000 was used for the effective area of 
each segment. This assumes that the electrode is 
sufficiently fine-grained that the concentration 
profile is not disturbed greatly. Good agreement 
was obtained between such data and Equation 2. 

3. Pressure drop in rectangular channels 

The pressure drop per unit length in a rectangular 

channel is given by: 

Ap V/2 

L h2/12--  2; 16h3/[(nlr)Sg] tanh nrrg/2h" 
n-odd (3) 

Equation 3 can be expressed dimensionlessly as: 

f = a/(Re). (4) 

For a characteristic length the equivalent diameter 
was used and defined by: 

2gh 
Do - ( 5 )  

g+l i  
With this definition, the constant a is a function of 
the ratio of linear dimensions varying from 14-2 
for a channel of  square cross-section (h/g = 1) to 
24'0 for infinite parallel plates (h/g = 0). For 
channels having a width at least twice the height, 
an approximation within 0"5% is: 

a = 1/0.0417 + 0.0572R -- 0.0106R 2 -- 0-0261R 3 

where (6) 
n - h / g .  (7) 

Measurements of pressure drop were made in 
channels of 0"05 to 0"1 cm nominal height. Pro- 
moters which were circular, rectangular and tri- 
angular in cross-section were tested. With the 
circular promoters in the test section, the ratio of 
diameter to channel height and the position in the 
channel were varied. With rectangular promoters 
the length of the promoter in the flow direction 
was varied. With triangular promoters, the position 
of the promoter in the channel was varied. These 
data are presented in [3]. 

The pressure drop is a function of Reynolds 
number, promoter frequency and the ratio of 
promoter height to channel height. For all circular 
and triangular promoters, the data can be well 
correlated by: 

a D e 1 --/32 
f = (Re----)+ 0-175 Al /32 (8) 

Most values are within 10% of the prediction and 
only a rare value is more than 15% in error. Data 
for rectangular promoters are correlated by: 

f _  a 1_2.082D~. (9) 
(Re) AI 

The pressure drop was not significantly affected 
by the length of the promoter in the direction of 
flow. 
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These functions express the pressure drop as a 
sum of a laminar term and a turbulent term. The 
laminar term is equal to that measured for the 
open channel without promoters. The turbulent 
term describes the eddying which results from 
insertion of the promoters. 

There are velocity limitations to these corre- 
lations. At sufficiently low linear velocities, the 
momentum of the flowing stream is insufficient 
for the promoter to cause turbulence so that 
creeping flow occurs. At sufficiently high linear 
velocities, a stage is reached where laminar flow 
becomes unstable. Since there are turbulence pro- 
moters present, the transition out of laminar flow 
occurs at lower Reynolds numbers than in chaneis 
without promoters. With circular and rectangular 
promoters the lower transition occurs at a 
Reynolds number of about 250 and the upper 
transition at about 1850. With triangular pro- 
moters the range of linearity appears to be wider, 
the lower transition occurring at about 200 and 
the upper transition at about 2000. 

4. Mass transfer in rectangular channels 

The effect of rectangular, triangular and circular 
promoters on mass transfer to the channel wall 
was studied extensively. Four locations were 
employed. 'Attached', 'opposed' and 'detached' 

refer respectively to the location of the promoter 
against the polarized surface, against the non- 
polarized surface and centered in the channel. In 
the detached position the peak of the triangular 
promoter was as far from one surface as the base 
was from the other. The detached triangular pro- 
moter was studied in two positions: in the A 
position, with the point of the triangle toward the 
non-polarized surface, and in the V position, with 
the point toward the polarized surface. 

Data from runs with various promoters were 
reduced to mass transfer profiles. Profiles for 
opposed rectangular promoters are shown in Fig. 
3. The balance of the profiles appear in [3]. The 
plotted printouts of most of the data from which 
these profiles were made are found in [4]. 

The method of calculating average current 
density for a particular promoter type position 
size and frequency was to integrate under the mass 
transfer profile for a distance of one promoter 
interspace and divide by the promoter spacing. All 
mass transfer profiles measured have one consis- 
tent characteristic: following the last peak in cur- 
rent density there is a slow decrease in current 
density with increasing distance from the pro- 
moter. In this region the flow perturbations and 
the concentration irregularities are slowly relaxing. 
The current densities measured in this region can 
be closely fitted by an exponential function. 
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Fig. 3. Mass transfer profiles with opposed rectangular promoter. 
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A general correlation for each promoter pos- 
ition was obtained by expressing the current den- 
sity as a power function of (Re) and De/Al .  The 
coefficients were determined by multiple least 
squares regression after which values were calcu- 
lated from the derived expressions for comparison 
to the data values. Generally, the correlations are 
very good; few calculated values being more than 
10% away from the data values. The worst fit 
uniformly occurs at the highest values of  De /Al  
where the relatively low current densities upstream 
of the current peak begin to be a large portion of 
the total. It was obvious in some cases that the 
current densities at high values of De /A l  would 
not fit this form of correlation well. In these cases 
such values were not used to establish the coef- 
ficients in the equations. 

These results were generalized by the use of the 
appropriate dimensionless groups. This requires 
the introduction of the Sherwood number and the 
Schmidt number. 

A local one-dimensional convection mass trans- 
fer coefficient is defined by the equation: 

N = ke(C b -  Ci). (10) 

This coefficient can be related to the current den- 
sity where both convection and electrical transport 
are operative by: 

kcne (6'5 -- Ci) ~: 
i = si(~-- ti) (11) 

Where the affected surface is a membrane or 
porous separator, F i is the transport number of 
species i in the membrane or separator. If the 
affected surface is an electrode, {i is the current 
efficiency deffmed as the fraction of the current 
involved in the reaction concerning species i. 

The Sherwood number can then be expressed as: 

(Sh)  = kcDe i( t ' i  - -  t i ) O e s i  _ i l i m ( t i  - -  t i ) D e s i  

--ne~:(Cb--q)~-- neYCb~ (1i) 
In much of the literature on electrochemical 

mass transfer, the experiments are run, as they 
were in this study, with a large excess of support- 
ing electrolyte so that i i -  ti ~ 1-0. However, in 
many electrochemical applications this is not the 
case. 

The power on the Schmidt number has 
been assumed to be 1/3. The generalized corre- 
lations are given in Table 1. 

5. Optimization of cell hydrodynamics 

To observe the effect of variables on the econ- 
omics of cell operation, the total cost per unit 
operation should be determined. An equation of 
total cost per unit time can be obtained by sum- 
ming costs of cell power, area proportional costs, 
pumping power costs and current density insensi- 
tive costs. Expressing these as functions of current 
density: 

K = A i + B / i + C / i + D .  (13) 

It is convenient to express costs in terms of 
current density since the expressions for electro- 
chemical reaction relate conceptually most 
directly to current or current density. However, 
there may be optimum current density only for a 
differential degree of reaction. For a cell of finite 
electrode length, the current density will generally 
vary along the flow path. By contrast, the applied 
voltage is essentially constant. When we speak of 
optimum current density below, we refer to the 
average current density which corresponds to the 
optimum applied voltage for the cell under con- 
sideration. 

The cost factors in Equation 13 can be identi- 
fied for a stage fed at a rate F a with a concen- 
tration Cbi and run to yield a degree of reaction fo 
as follows: 

ceee CeFdCbifo~:neRavi 
A i  = = (14) 

711 711esi 

B = CsAe _ CsFdCd~fo~n e (15) 
i eis i 

C Ce(AP/L)VhA o Ce(AP/L)VhFdCbifo~no 

l 712 712eisi 

(16) 

Some components of these equations require 
comments. In Equation 14,711 is the efficiency of 
power conversion. This equation contains no 
explicit provision for amortization of the rectifier, 
which generally amounts to a few percent of  the 
cost of power unless the rectifier is being amort- 
ized very rapidly. To include this factor, rectifier 
amortization can be expressed by decreasing 711 
appropriately. 

The effective cell resistance, Ray, is the slope of 
the best straight line that can be drawn through a 
plot of cell voltage versus current density. 

Over a wide range of capacities, cell capital cost 
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can be expressed as a unique function of active all 
pair area. This cost is not directly proportional to 
active area but, for modest ranges, can be accu- 
rately expressed as a linear function of active area 
with a positive intercept. The intercept value 
should be added to the insensitive costs. 

The term D is not easily generalized. It includes 
part of the installed capital cost and part of the 
total power cost. While there is some relationship 
between the number of cells and the labour force 
required, it appears most satisfactory to include 
labour cost in D. The term D is carried through 
this formalization as a reminder that such costs are 
not negligible. 

Moving the term D to the left-hand side of 
Equation 13, the total sensitive costs can be 
written: 

K - - D  = A i + B / i + C / i .  (17) 

The optimum (average) current density is: 
/ k 

/ o p t  = (B--~) 1/2. (18) 
Normalizing the current density in Equation 17 
with iop,: 

K - - D  = AI /2 (B+C)I /2{  i + i ~ t )  (19) \iop-  - - "  

Under hydrodynamically ideal conditions i = iopt 
and C is negligible compared to B. 
Hence, 

(K - -  D) id ea l  = 2 A  lnB 1/2. (20) 

The total cost can be normalized with respect to 
this ideal cost: 

( K - - D ) i d e a l -  1 + - -  - 2 " 

Equation 21 is particularly interesting in that it 
expresses the normalized sensitive costs as the 
product of  two terms each of which is at least 
equal to but is generally greater than unity. The 
first term expresses the effect of the costs of 
pumping the solution. The second term shows the 
result of operating below optimum current den- 
sity. Both of these terms are sensitive to the 
Reynolds number and consequently to the operat- 
ing velocity, the first term increasing and the 
second decreasing as the Reynolds number 
increases. For optimization the conditions should 
be determined which minimize neither term by 
itself but which minimize the product of the two 
terms. 

Equation 18 can also be written as: 

/opt = (B/A)'/a( 1 + CIB) 'n. (22) 

This demonstrates that the optimum current den- 
sity is greater than the optimum current density 
under hydrodynamically ideal conditions, 
(BIA ) 112. 

Inserting Equation 22 into 21 we obtain a form 
which is convenient for calculations: 

(K -- D)iaeal 2 [(B/A)'/2 ; + " 

(23) 
The terms in Equation 23 can be identified as: 

B ffs1)l 
A - CeRav (24) 

C g + h Ce# a 
1 + - -  = l + ; ( R e )  a" �9 (25) 

- -  3 2 " B g CsDeP 1)2 

In this analysis three useful dimensionless ratios 
have been developed. The normalized total sensi- 
tive cost: 

(K -- D)/(K -- D)ide~l 

is a ratio of those cost factors sensitive to current 
density to the same costs if the unit were run 
under hydrodynamically ideal conditions. 

The g r o u p :  .[CeRav~l/2 

relates the operating current density to the opti- 
mum current density under hydrodynamically 
ideal conditions. 

The third group, the energy cost ratio, sub- 
sequently designated N e e  : 

Cot~ 3 
2 3 CsP D~1)2 

is a dimensionless ratio of  energy cost to amort- 
ized area-proportional costs. In the dimensionless 
cost analysis these factors always occur as a ratio 
of  one to the other. 

5.1. Hydrodynamic optimization 

The diffic~alty in hydrodynamic optimization is 
that there is a very large number of variables even 
after the simplification has been performed of 
expressing the relevant parameters dimensionlessly. 
Performance depends on promoter shape, pro- 
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moter size, promoter position in the channel, 
inter-promoter spacing and flow velocity. The 
several techniques used in this study are discussed 
below. 

5.2. Optimum promoter position 

For a particular promoter type, a general evalu- 
ation can be made of promoter position based on 
the observation that the pressure drop is deter- 
mined for that type once the promoter spacing 
and the flow velocity is specified. It is possible on 
a plot of  De /A l  versus (Re) to indicate regions 
where the various positions (e.g. attached, 
opposed, alternating) of that promoter type give 
the highest overall mass transfer. 

The boundaries of these regions are determined 
from the equations by equating the values of  (Sh) 
in the two regions. For example, the boundary 
between attached and opposed is: 

De__ = 2.22(Re)_O.S67. (26) 
Al 

Having established the boundaries of the region 
we can determine the optimum promoter position 
in each region by comparing a calculated value in 
each region or by observing from the exponents in 
the equations given in Table 1 that opposed pos- 
ition will be best at high values of  De /A l  and that 
at low values of  De /A l  attached position will be 
best at low values of (Re). A plot of the preferred 
promoter position for rectangular promoters is 
given in Fig. 4. Note that while the boundaries are 
sharp, the difference in performance between 
adjacent positions is not very great near the 
boundaries. 

A more general method is needed to permit 

comparison of rectangular and circular promoters, 
promoters with different contraction coefficients 
or spacers with different promoter spacings. Exam- 
ination of Equation 23 and its expansion through 
Equations 24 and 25 shows that the normalized 
total cost depends on two dimensionless groups 
which are affected by system hydrodynamics, 
(Sh), which places an upper limit on the current 
density and the product f ( R e )  s which is pro- 
portional to the energy expenditure for pumping 
fluid through the unit. For convenience in plot- 
ting, the cube root of the latter factor is used. 
Both (Sh) and the pressure drop group f l /3 (Re)  
increase with increasing linear velocity. The curve 
of (Sh) versus f l / 3 (Re)  for a particular spacer 
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Fig. 4. Preferred promoter arrangement for rectangular 
promoters. 

Table 1. Sherwood number correlations 

Attached rectangular 
Opposed rectangular 
Alternating rectangular 
Attached triangular 
Opposed triangular 
Detached triangular A 
Detached triangular V 
Attached circular t3 = 0.8 
Detached circular # = 0.8 
Detached circular ~ = 0.5 
Detached circular # = 0.34 

(Sh)= 
(Sh) = 
(Sh ) = 
(Sh)= 
(Sh) = 
(Sh) = 
(Sh)= 
(Sh) = 
(Sh) = 
(Sh) = 
(Sh) = 

1.68(Sc) 1'3(Re)~ ~ 
1.38(Sc) l/3(Re)~176 
1-45(Sc) 1/3 (Re) ~ (De/Al)O.3O9 
0-318(Sc) 1/3 (Re)O. s65 (De_/Zxl)O.2S9 
O.196(Sc) t/3 (Re)~ Al)~ 
1.47(Sc)l13(Re)O .416(Oe/Al)O .445 

O.045(Sc)~/3(Re)~176 
0.084(Sc)1/3 (Re)O.69~(De/Al)O -269 
4.24 X lO-3(Sc)l/3(Re)l'~176 
0.272(Sc)~13(Re)  ~ ( D e / A l )  ~ 

1.33(Sc)~3(Re)~176 ~ 
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morphology is an almost straight line with a posi- 
tive slope. The line which is higher and to the left 
indicates the better performance. If two lines 
cross, the point of intersection delimits the regions 
in which each is better. By plotting (Sh)/(Sc) 1/3 
instead of (Sh), we obtain an evaluation which is 
independent of solution composition. 

5.3. Optimum promoter frequency 

For rectangular promoters Fig. 4 indicates that at 
high promoter frequencies, where the highest 
Sherwood numbers are to be found, the opposed 
position is preferred. The measured current den- 
sities diverged from the values calculated from the 
equation in Table 1 for the values of De/Al >= 
0'164. In line with this, values of  (Sh) for high 
promoter frequencies were adjusted downward. 

Fig. 5 shows the effect of  promoter frequency 
on spacer performance. The lines are drawn to 
cover the range of (Re) from 200 to 2000 where 
these values fit within the scope of the graph. In 
these calculations the values of (Sh) for 
De/AI = 0"182 were adjusted downward by 20%. 
This figure shows an optimum at approximately 
De/AI = 0"12. The optimum is fairly flat, the 
Sherwood numbers for the range of De/Al of 0'09 
to 0'18 being within 11% of the best calculated 
value. The occurrence of the optimum at this 
relatively high value of De~A1 bears out the pre- 
sumption that the opposed position would be 
optimum for this promoter. 

Similar plots showed that the optimum pro- 
moter freqeuncy is 0"12 for detached A position 
triangular promoters and that a promoter fre- 
quency of 0"18, the highest measured, was the best 
measured for detached circular promoters/3 = 0.5. 

Using the optimum or best measured value of 
promoter spacing for each promoter shape a gen- 
eral plot of promoter performance was assembled. 
This appears in Fig. 6. While there are a number of 
promoter types near the top of the chart, the 
detached circular promoters produced the best 
curves. 

5.4. Optimum contraction coefficient 

By observation of the three curves for detached 
circular promoters, the effect of promoter size 
relative to channel height can be seen. This corn- 

20(2 I I 
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Fig. 5. Effect of promoter frequency on spacer perform- 
ance for opposed rectangular promoters. 

parison becomes a little more obvious if the curve 
for/3 = 0-8 is hypothetically extended. It then can 
be seen that the optimum value of ~ increases as 
the Reynolds number increases. 

5.5. Comparison with open channels 

One would normally employ turbulence pro- 
moters only if they produce a substantial 
improvement in performance. In laminar flow, f 
was calculated from Equation 4 and (Sh) from the 
dimensionless form of Equation 2 which is: 

(Sh) = l'467(Sc)l/3(Re)U3(De/h)1/3(Do./L ) u3. 
(27) 

In turbulent flow the situation is made more 
difficult by the relative absence of good mass 
transfer correlations in the flow regime of interest. 
f w a s  calculated from the Blasius equation [5]: 

f = O'079(Re) -1/4. (28) 

For mass transfer the Chilton-Colburn analogy 
was used, which according to Lin et al. [6] gives 
accurate values for short channels even for (Re) = 
2000 to 5000: 

(Sh) = O'0395(Sc)U3(Re) 3/4. (29) 

For long channels the value of (Sh) at (Re) = 2000 
may be one-half or less of the value predicted by 
Equation 29. 
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In Fig. 7 the two best promoters are plot ted on 
a field o f  (Sh)/(Se) 1/3 versus f U3(Re) compared to 

curves for a relatively long open channel in laminar 
flow, DelL = 0"003 04, and a relatively short open 
channel, DelL --= 0"0182. Compared to either of  
these, the use of  turbulence promoters  is a sig- 
nificant improvement.  The Chi l ton-Colburn 
analogy is shown as a dot ted  line. For  very short 
channels, use of  turbulence promoters may not  be 
an improvement over use of  sufficient velocity to 
obtain turbulence.  In this context ,  however, 
' short '  refers to a channel about as long as the 
spacing between promoters,  for which we would 
not  expect  the promoter  to be very useful. For 
longer channels the use of  promoters  will also be 
beneficial in the turbulent  regime. 

5.6. Final optimization and evaluation 

The plot of  (Sh)/(Sc) 1/3 versus fll3(Re) does not  
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reveal the optimum flow condition or the econ- 
omic benefit resulting from use of a particular 
spacer. This is obtained from a plot of 
(K -- D)/(K -- O)opt versus (Re). 

In order to demonstrate the use of such a plot, 
calculations were made for a system with Nee = 
1 "35 x 10 -1~ De/h = 1 '82 and properties like 
those of a dilute solution of NaC1. 

In order to demonstrate the effect of two kinds 
of promoters, Fig. 8 shows an open channel with 
DelL = 0"003 64, an alternating rectangular pro- 
moter, similar to the one in commercial use, with 
De/AI = 0"182 for which the Sherwood number 
was reduced by 20% as indicated above, and a 
detached circular promoter with/3 = 0-5 and 
De/AXl = 0"182. Because of the widely differing 
dependence of (Sh) a n d f o n  (Re), the curves have 
quite different shapes. Both promoters at opti- 
mum values of (Re) represent a considerable 
improvement over the open channel. As concluded 
from Fig. 6, the circular promoter is better than 
the rectangular promoter. From Fig. 8 it can be 
seen quantitatively how much better the circular 
promoter is. Further, the figure shows that the 
optimum Reynolds number for the circular pro- 
moter is higher than that for the rectangular pro- 
moter and the optimum for the circular promoter 
is broader allowing a wider range of operating flow 
velocities to be used. 

Increasing the energy-area cost ratio moves the 
total cost away from the ideal cost and moves the 
optimum Reynolds number to higher values. 

i 

i 

6. Conclusions 

Local rates of mass transfer to a flat surface have 
been measured by an electrochemical process using 
a segmented electrode. This method is particularly 
useful in the hydrodynamic region near an 
obstruction. 

This method has been used to obtain mass 
transfer profiles and average rates of mass transfer 
for several turbulence promoter shapes in various 
positions with respect to the polarizable surface. 
Comparison of mass transfer with promoters to 
performance in open channels demonstrates the 
significant improvements that can be made by the 
use of promoters. 

A plot of (Sh)/(Sc)l/3versus f 1/3(Re) yields a 
general relative evaluation of turbulence pro- 
moters. A plot of (K -- D)/(K -- D)ideal versus (Re) 
provides a means of determining the best operating 
conditions and of determining that portion of pro- 
cess cost which is attributable to hydrodynamic 
limitations. 
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