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Fluid jets are used to provide high transfer rates. The previous studies 
[1-4] with fluid jets were confined to heat transfer or mass transfer associated 
with either dissolution or suhlimation of suhstances. In view of the numerous 
parameters involved, the prohlem has hecome extremely complex and thus 
impeded theoretical treatment. 

According to RAO and TRAss [2], a jet of liquid impinging normal to the 
surface can he divided into four flow regions: the transition jet region, the fully 
developed jet region, the impingement region and the \\-all-jet region. The former 
two regions refer to flow characteristics of the jet while the lattpr two refer to 
the flow on the target area. Many inyestigators obst'ryed thp two regions 011 

the target surface although there was no concurrence till the quantitativl' 
yalues of the houndaries of these regions. The present investigatiolL is directed 
towards a systematic study of mass transfer at concentric ring electrodes on till' 

target area. The work reported in this paper is a part of thp study with "IIb­

merged jets and confines to the radial yariation of mass transfer coefficients 
on the target surface and the correlation of the da ta in the impingement regioll. 

Experimental 

The equipment used in the present study is shown in Fig. 1. It essentially 
consisted of a copper storage drum, a centrifugal pump for circulating the 
electrolyte, rotameters for measuring the flow of the electrolyte, a double pipe 
arrangement for adjusting the height of the nozzle and an !'lectrolytic cell 
containing the ring electrodes on the bottom surface of the cdl. 

The electrolyte from the storage tank was pumped through the rota­
meters hefore it entered the nozzle assembly. The arrangement for adjusting 
the nozzle to any desired height is shown in Fig. 2. With suitahle sizes of 

* Present address: Department of Chemical Eng:ineerinp:, Coimbatol'e Institntc of 
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Fig. 1. Schematic diagram of the Equipment 

prene rubber 
washer 

Fig. 2. Detailed drawing of the nozzle-sleeve arrangement 



W.YIG .H.18S TR.t.VSFEU 187 

adapters, three sizes of nozzles 251, 15.8 and 9.4 mIll i.d. could hc used. \Vhile 
mounting the nozzle into the assembly, care was taken to fix the nozzle axi­
symmetric to the electrolytic eell. 

The electrolytic cell is shown in Fig. 3. It is the same as the one used in 
the earlier studies on stirred tanks [5]. It essentially consisted of a bottom 
plate made from laminated phenyl formaldehyde resin, and a copper cylindrical 
cell. The bottom plate was provided with sixteen electrodes in the form of 
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Fig. 3. Detailed drawing of the Electrolytic cell. 1. Electrical connections, from sixteen ring 
electrodes; 2. Hylam bottom plate with copper ring electrodes fixed flush with it; 3. Copper 
cylindrical shell: 4. Holes for fixing nuts and bolts; 5. Copper ring electrodes (sixteen in all); 

6. Plug for outer wall-electrode 
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concentric rings and were fixed flush with the surface of the jJlat\· and the 
electrical connections to thc dectl'odes protruded from the hottom of the 
pIa te. The dimensions of the electrodes are given in Table 1. The electrolytic 
cell 'was mounted on a ring of a tripod stand which was in turn installed in the 
storage tank. The entire assemhly is fixed rigidly to avoid vibrations resulting 
from the impinging electrolyte. The level of the electrolyte in the storage tank 

Table 1 

Details of the electrolvtic cell 
Diameter of the vessel D'; 21.59 cm 

}Ican Jia. VOdth of the ring 
Hiug ::\u. l'UI t, c:nl (d 

l. 19.:211 0.7 J4 
.) 18.uO:3 0.786 
.) Hi.IiOI O.7lli d. 

.1. 1.).30:3 0.7:;0 

:). 1L1l4~ 0.696 

1,. 1 :2.7:;·1 (I.6Hll 

I. II.I·YII 11.71 :2 

,>. 111.:::29 0.6'11 

9. H.Y9:: 11.7] Cl 

lll. j. ;:-1(, 0.700 

11. h.6:~H 0.6:16 

].) :;..j.hY 0./ j a 
!:l. ·1.:2YI O.h/I> 

1 I. :.l.o84 0.726 

J.'. 1.91·). 0.71:: 

1h. o .Mil 11.61/ 

Table 2 

Ran"e of variables co\'ered 

\"ariuble 

Diamcter of thc nozzle. CIll 

Height of the nozzle above the plate, cm 
}Iean diameter of the ring electrode, cm 
Yelocity of the submerged impinging jet. JlliS 

Revnolds number 
(based on the diameter of the nozzle) 

'\IiuilltUIll 

0.9·l 
7.63 
0.681 
0.'1781 

6.680 

Gap 'widht 
d1.'l),I2 cm 

l.lYO 

1.793 

:2.IY3 

:\.111 

:1.7il 

UIR 

.,.0:;(1 

,).hB I 

1,.:299 

h.902 

7. nh 

~LOh;; 

H.6·tU 

9.::.10 

9.'J:{g 

10.1')0 

2.51 
23.30 
19.21 
7.8H 

109.858 

.\1ax{)'liu 

2.671 
3.054 

28.21 
1604·1 

16.'1·1 
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was maintained well below the bottom plate of the test cell. The cell was pro­
vided with a copper sheet deflector to prevent the overflowing electrolytp 

from contacting the electrical contact points. 
The system used for the study is the reduction of ferricyanide ion. Equi­

molar solution of potassium ferrocyanide and potassium ferricyanide (1 xl0-5 

g moles/ml) with excess indifferent electrolyte (0.5 N sodium hydroxide) is used 
as the electrolyte. The experimental and the analytical procedures are similar 
to those adopted in the previous studies [5-7]. 

Results 

The variables investigated are compiled in Table 2. The mass transfer 
coefficients were evaluated in the customary manner [5-71 from the measured 
limiting current densities and the concentration of the electrolyte as: 

(1) 

The previous studies with jets indicate that the mass transfer coefficient is a 
function of flow rate of the fluid, the relative distance of the nozzle from the 
plate, the diameter ratio and the physical properties of the electrolyte. 

In order to correlate the present data, it would be logical as initial step to 
investigate the effect of the different operating variables on the mass transfer 
coefficient at various electrodes. 1t is also necessary to establish the boundaries 
of the so called impingement and wall-j et regions, in terms of the radial distance 
x or the mean diameter of the ring electrode, dm. 

Fig. 4a. Variation of mass transfer coefficient with mean dia. of rings. 2.51 dia. nozzle 

6 Per. Pol. Cb 17/~. \. 



l~IU B. SUBRA IUO cl ,,/. 

In Fig. 4a, mass transfer coefficients obtained at various nows with 2.51 
cm nozzle located at a height of i .62 cm above the plate arc plotted against 
the mean diameter of the ring dm. The values of the mass transfer coefficients 
show the existence of two distinct regions. For each flow rate, beyond a 
certain value of the mean ring diameter, the mass transfer coefficient decreases 
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Fig. 4b. Variation of mass transfer coefficient with mean dia. of rings. 0.9·t dia. nozzle 
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Fig. 5. Variation of mass transfer coefficient with clm/cl 

rapidly. A similar plot (4b) of the data for 0.94 cm diameter nozzle shows a 
different value for the mean ring diameter. Also in this case the so-called wall­
jet region has shown two sub-regions which may be termed as the transition 
region and the fully developed wall-jet region. Thus, the boundaries of the 
regions depend also on the diameter of the nozzle. 

In Fig. 5, mass transfer coefficients K L , are plotted against dm/d. Three 
regions, namely the impingement region, (dm/d value from 0.44 to 5 or x/d 
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value from 0.22 to 2.5); transition wall-jet region (dm/d value from 5 to 10.88 
or x/d value from 2.5 to 5.44); and fully developed wall-jet region (elm/d value 
from 10.88 to 28 and xlel value from 5.44 to H) arc apparent in these plots. 

Correlation of (lata in the ilUl)ingement region 

The experimental data with three nozzles situated at four different 
heights ahove the target surface are shown in Fig. 6, Shav as a function of the 
Re),nolds llltmher. The plots ill the figure reveal that an incrcase in the yid 
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Fig. 6. (Sh)av as a fUllction of Rc for different nozzles situated at different heights 

value results in a decrease in Shat and that in each case the ShuL' vanes as 
(Re)o.58. A cross plot for the plots in the figure at a Reynolds numher of 70 000 
is shown in Fig. 7. Shav is found to vary as (y/d) 0.48. 

All experimental data obtained in the impingement region are plotted 
in Fig. 8, as Shae (y/d)O.48 vs. Re. The data are found to be correlated by the 
following dimensionless equation: 

Shav(y/d)o.48 = 9.5(Re) 0.58 • (2) 

Except for a few runs the data have clustered together along the plot 
of Eq. (2). 

6* 



192 

> o 
L 
(j) 

11. SU ERA llAU ,I at. 

7xl0:!...---------------------..., 

10' 

Dlo. of nozzle. yid 
2.51 3.04 
1.58. 4.82 .. 
0.94. 24.8 
0.94. 10.81 . . 

(yld)-

Fig. 7. Effect of (Yid) on (Sh)ar 

Oio. of nozzle, 
2.51 
1.58 . 
0.94. 
0.94 .. 

yid 
3.04 
4.82 

24.8 
10.81 

Symbol 
X 

• 
8 
® 

Re ___ 

Symbol. 
x 

• 
I!l 

0 

Fig. 8. Correlation plot of experimental data 

In order to demonstrate the deviation between local and average Sh 
values, the Shav are plotted against Sh in Fig. 9. The maximum deviations of 
local from average Sherwood values are found to be within 15 per cent, the 
majority of the data being 'within 5 per cent. Therefore, Eq. (2) can also be 
used with a reasonable accuracy for predicting the local coefficient in the im-
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pingemellt region of the submerged jet on the target area. In lack of precise 
knowledge on the effect of Se group in the impingement region no attempt has 
been made to introduce this group into Eq. (2). 

In their earlier investigation RAO and TRAss [2] proposed the following 
equation for correlating the mass transfer data in the impingement region: 

Sha" = O.046(Re)1.06(Yld)-0.09 for yid < 6.5, 

Shav = O.I07(Re)1·o6(yld)-o.54 for yid > 6.5. 

(2a) 

(2b) 

SEETHARAMAYYA and SUBBA RAJU [4] correlated heat transfer data in the 
impingement region by the following equation: 

Nu(Pr)-0.33 = O.5077(Re) 0.523 • (3) 

Comparison of Eq. (2) with Eqs (2a and 2b) and (3) reveals that they 
differ not only in the values of their constants but also in the functional de­
pendence of Shav on y. Eq. (3) reveals that there is no effect of y while according 
to Eqs (2a and 2h), Y is a variable, its effect heing dependent on the yid values. 
For values of yid < 6.5, Shat' is found to he a function of y- 0.09 and for values 
of yid > 6.5, ShaD varied as (y) - 0.54. The data of SEETHARAMAYYA and SUBBA 
RAJU [4] are in the range yid 7.1. In the present study, throughout the 
range of investigation in the impingement region Shav is found to vary as 
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(y) - 0.48 although there is an eight-fold variation in yid values, involving nozzle 
diameter variation from 0.94 to 2.51 cm and nozzle to plate distance from 7.63 
to 23.3 cm. In these studies involving electrode reactions, the surface condition 
remains unaltered offering a better reproducibility of the data. 

Conclusions 

1. An increase in the velocity of the electrolyte increased the limiting 
current density and thereby the mass transfer coefficient. 

2. At a given flow rate, the mass transfer coefficients at the sixteen 
plectrodes sho'\7 the existence of three distinct regions which may be termed as: 
(i) impingement region (ii) transition wall-jet region and (iii) fully developed 
wall-jet region. 

3. The impingement region is characterized by nearly constant mass 
transfer coefficients and this region extends up to a dmld value of 5 (or xld 
value 2.5). 

4 .. The transition wall-jet region is characterized by a decrease in the 
mass transfer coefficients and this region corresponds to delete 5 to 10.88 dmld 
range. 

5. The third region termed as fully developed wall-jet region is character­
ized by a rapid decrease of the mass transfer coefficients and the region COl'­

responds to dmld values greater than 10.88. 
6. In the impingement region an increase in the height of the nozzle (y) 

from the target surface results in a decrease in the value of mass transfer 
coefficient. 

7. The following dimensionless equation is proposed for correlating the 
data in the impingement region: Shav(Yld) 0.48 = 9.5(Re)O.58. 

Summary 

Ionic mass transfer for the case of reduction of ferrieyanide ion in presence of excess of 
indifferent electrolyte at the copper eleetrodes in the form of rings fixed flush with the surface 
of a flat plate held normal to the submerged jet of liquid was studied experimentally. 

The experimental data indicate that the target area can be resolved into three regions 
viz., impingement region, transition wall-jet region and fully developed wall-jet region. An 
equation has been proposed for correlating the data in the impingement region. 

Symbols 

Co concentration of the reaeting ion in the bulk of the solution, g moles/ml. 
D L coefficient of diffusion, em2/sec. 
d diameter of the nozzle, cm. 
dm mean diameter of the ring electrode, ern. 
F Faraday equivalent, 96,500 C/equivalent. 
I limiting current density, A/em2• •. ",. l 
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mass transfer coefficient, cm/sec. 
average mass transfer coefficient, cm/sec. 
Rumber of electrons exchanged in the electrode reaction. 
velocity based on the nozzle diameter, cm/sec. 
mean radial distance of the ring electrode, cm. 
distance of the bottom plate from the nozzle, cm . 
density of the electrolyte, g/cm3 • 

viscosity of the electrolyte, g/cm/sec 

Dimensionless parameters: 

Re = dVp/{l Reynolds number for flow through nozzle. 
Se = p/flDL = Schmidt number. 
Sh KLdlD L Sherwood number. 
Shav K La" d/DL, average Sherwood number. 
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