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Abstract-When a potential is applied between two platinum electrodes immersed in a chemihtminescent 
solution a blue glow appears at the surface of the anode. The parameters affecting the intensity of the 
glow are investigated and the limiting current conditions are obtained. In low-Reynolds-number flows, 
local intensities of the glow are measured on flat plates and around the circumference of a circular cylinder 
by the current output of a photomultiplier tube. It is found that, at limiting currents, the intensity of the 
glow is proportional to the calculated mass-transfer rate to the surface of the anode, and a relationship is 
obtained between the current output and the mass-transfer rate for the experimental system employed. 

NOMENCLATURE 

area [cm’] ; 
height of flat plate model [cm’] ; 
concentration of HzOz on surface of 
model [g/cm31 ; 
concentration of H,O, in free stream 

[g/cm31 ; 
specific heat [Cal/g degC] ; 
diffusion coefficient of HzO, in the 
solution [cm2/s] ; 
diameter of cylindrical model [cm] ; 
thermal conductivity [Cal/s cm degC] ; 
heat-transfer coefficient 
[Cal/s cm2 degC] ; 
mass-transfer coefficient [cm/s] ; 
measured light intensity [pAI ; 
proportionality constant defined by 
equation (1) [g/PAS] ; 
length of flat plate model [cm] ; 
characteristic length (see equation 6) 

[cm] ; 
Nusselt number (= hd/k) ; 
Prandtl number (= &/k) ; 
Reynolds number (= I/,d/v) ; 
Schmidt number (= v/D) ; 
Sherwood number ( = h&/D); 
elapsed time [s] ; 

V 
i,’ 

free stream velocity [cm/s] ; 
mass-transfer rate [g/s] ; 

X, distance from leading edge of flat plate 
model [cm] ; 

V, kinematic viscosity [cm2/s]. 

INTRODUCI’ION 

IN THIS paper the application of an electro- 
chemiluminescent (ECL) process to the measure- 
ment of mass-transfer rates is desc?ibed. In 
the ECL process two electrodes are immersed 
in a chemiluminescent solution. When a voltage 
is applied between the electrodes a blue glow 
appears over the entire surface of the anode. 
This glow provides visual information about 
the behavior of the flow near the surface of the 
anode and, in particular, it indicates very well 
the position of separation [l, 21. For appro- 
priate conditions and applied potentials, in 
laminar flow the intensity of the glow is related 
to the mass-transfer rate of the active electrolyte 
to the surface of the anode [3]. Thus, if the 
anode is made in the shape of the model, this 
technique suggests the possibility of measuring 
local or average mass-transfer (and by analogy 
heat-transfer) rates to surfaces immersed in 
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flowing liquids, while visualizing the behavior tensities thus measured are proportional to 
of the flow near the surface. calculated values of the local mass-transfer 

In the following the parameters affecting the rates to the surface of the anode and a relation- 
ECL reaction and the intensity of the glow are ship between the current output and the 
investigated and the conditions for limiting calculated mass-transfer rate is obtained for 
currents are established. At limiting currents the experimental system employed. In this paper 
the current density in the electrode circuit the term “mass transfer” is used to denote the 
is a maximum and the concentration of the transport of ions or molecules by diffusion and 
active electrolyte at the surface of the anode is convection. 
negligible compared to the free stream con- 
centration [4]. Under limiting current condi- EXPERIMENTAL APPARATUS 

tions and in low-Reynolds-number flows, local A schematic diagram of the apparatus used 
intensities of the glow were measured on flat in the present experiments is shown in Fig. 1. 
plates and around the circumference of a The flow was provided by a circular flow cham- 
circular cylinder, including the separated region, ber, driven by a synchronous motor. Variation 
by the current output of an uncalibrated photo- in speed was achieved through the use of 
multiplier tube. It is shown that the light in- pulleys and gear reducers. The maximum flow 

STATIONARY TANK ANODE 

ROTATING FLOW 

MEASURING 
DEVICE (ROTATES 
ABOUT THE ANODE) 

LIGHT BULB 

PHOTOMULTIPLIER TUBE 

FLOW CHAMB 

STATIONARY 

FIG. 1. Schematic of experimental apparatus. 
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velocity provided by this apparatus was about 
45 cm/s. 

The flow chamber was constructed from a 
33-cm dia. Plexiglas cylinder. Concentric with 
the wall of the chamber was a 14-cm dia. 
Plexiglas cylinder. A suitably shaped stationary 
tank (Fig. l), constructed of Plexiglas and 
tilled with the chemiluminescent solution, was 
placed outside the rotating flow chamber. The 
purpose of this tank was to ensure that all 
measurements were made through the same 
amount of solution irrespective of the relative 
orientation of the model and the light-intensity 
measuring device. 

Three electrodes were placed in the solution : 
an anode, a cathode and a saturated KCl- 
calomel electrode. 

The ECL glow is produced at the anode. 
Therefore, it is necessary to make the anode in 
the shape of the model about which the glow 
is to be studied. In the present experiments, 
cylindrical and flat-plate models were used. 
The flat-plate models were bent along a circular 
arc approximating the shape of an undisturbed 
streamline. 

The cathode was a flat plate bent along a 
circular arc and placed near the inner wall of 
the flow chamber. The anode and cathode were 
platinum and of approximately the same surface 
area in order to prevent bubbling of the solution. 

A saturated KCI-calomel electrode in com- 
bination with a VTVM was used to measure 
the potential between the anode and the 
solution. The electrode circuit is shown in 
Fig. 1. A regulated d.c. voltage supply was 
connected in parallel with a 2-R rheostat and 
the anode and cathode. 

In order to measure light intensity, two 
Kodak Aero-Ektar (f/2.5) lenses were placed 
back to back so that the two focal planes of 
the lens assembly were opticaily identical. 
A vertical slit about 0.038~cm wide and 1.27-cm 
long was set in one focal plane. A photo- 
multiplier tube was mounted behind the slit. 
A linear relationship exists between the light 
input and current output for the photomultiplier 

4R 

tube used, so that the intensity of the ECL 
glow was directly proportional to the measured 
current. This assembly was mounted so that 
the anode was in the other focal plane. A 
light bulb was also placed behind the slit for 
focusing and for determining the area of the 
anode on which the light intensity was measured. 
The image of the slit on the anode was four 
times the area of the slit (0.193 cm2). 

For cylindrical models, the light intensity 
measurements were made by rotating the light 
measuring device about the axis of the cylindri- 
cal model (see Fig. 1). Light intensities from 
flat-plate models were measured with the light 
measuring device in a fixed position, and by 
moving the flat plate in the focal plane of the 
light measuring device. 

The experiments were performed in a darkened 
room. No special care was taken to omit all 
extraneous light, since only relative light in- 
tensity measurements were required in the 
present experiments. 

THE ELECTROCHEMICAL SYSTEM 

The two major variables of the ECL process 
are the composition of the chemiluminescent 
solution and the applied potential. Experiments 
were performed to determine the effects of these 
variables on the light intensities and on the 
limiting currents. 

The composition of the solution is given in 
Table 1. Distilled water is the solvent since 
tap water usually contains impurities which 
excite the chemiluminescent reaction, producing 
a bulk glow of the solution. Luminol is the 
chemiluminescent substance. It exhibits chemi- 
luminescence above approximately pH 8 only, 
thus potassium hydroxide is added to adjust 
the pH of the solution. Hydrogen peroxide is 
the active electrolyte and is acting as the 
oxidizing agent. Potassium chloride is added 
to the solution as a supporting, inert electrolyte, 
in order to minimize the effects of ion migration 
on the mass transfer. 

The concentration of each of the components 
of the solution given in Table 1 was varied to 
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determine the effect of each on the light intensity. 
It was found that small variations in the con- 
centrations of potassium chloride, potassium 
hydroxide and Luminol do not alter the light 
intensity appreciably. The concentration of 
hydrogen peroxide, however, is significant to 
the light intensity level (Fig. 2). It may be noted 
(Fig. 2) that at the points where the light 
intensities are a maximum the light intensity 
varies less for small changes in applied potential 

Tub/e I. Compositio,l of‘chrmiluminrscent solution 

Substance g,‘l 
of solution 

Remarks 

Hz0 
KCI 
KOH 

Hz%* 

Luminoli- 

.~~ 
74.56 

I.68 

0.0976 

0.15 

solvent should be distilled 
supporting electrolyte 
adjust pH. Luminol exhibits 

chemiluminescence in alka- 
line solution only 

oxidizing agent, concentration 
strongiy affects light in- 
tensity 

chemiluminescent substance 
soluble in alkaline solutions 
only 

* Corresponds to 0.3 ml of HZ02 (30’2, solution). 
t Eastman Kodak Company Luminol = S-amino-2,3- 

dihydro-1,4 phthalazinedione. 

Kinematic viscosity of solution (85’F) r = @0078 cm2/s. 
Diffusion coefficient of H,O, (85°F) D = I.1 x 10-scm2s 

(measured, see Appendix) 

with decreasing concentrations of hydrogen 
peroxide. This is of importance since, as will 
be shown, the limiting current conditions are 
also attained at the potentials at which the 
light intensities are a maximum. For this reason 
the lowest hydrogen peroxide concentration 
shown in Fig. 2 (0.3 ml/l solution) was used in 
the remainder of this study. 

The experiments must be performed under 
limiting current conditions, i.e. when the con- 
centration of the active electrolyte (H202) is 
approximately zero at the surface of the anode 
(cO N 0). The limiting currents are reached when 
a small change in the applied potential does 
not alter the current significantly. For the 
hydrogen peroxide concentration used in this 
study (0.3 ml/l solution, Table 1) limiting 
current conditions are attained at an anode 
to solution potential of about 0.41 V (Fig. 3). 
The maximum light intensity for this solution 
also occurs at 0.41 V (Fig. 2). Thus, the solution 
given in Table 1, and an anode to solution 
potential of 0.41 V were used in all the following 
experiments. A variation in the free-stream 
velocity does not change the value of the 
applied potential at which the ,maximum light 
intensity and the limiting current occur, as is 
demonstrated by the results presented in Figs. 
3 and 4. 

&Y 
IFI 
220 
- 
I- 

= IO 
i 

: 

CONCENTRATION OF H,O, 

o = I ML/L. 
n = 07ML/L. 
0 = 0 SML/L. 

v = 0 JML/L. 

0.3 0.4 0.5 0.6 0.7 0.8 0.9 I-O 
ANODE TO SOLUTION POTENTIAL (‘.‘I 

FIG. 2. Variation of light intensity as a function of anode to solution 
potential with various concentrations of hydrogen peroxide. Light 
intensity measured 5.08 cm from the leading edge of a flat plate. Free- 

stream velocity 40.2 cm/s. 
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Using a flat-plate model the current in the 
anode-cathode circuit was also measured with- 
out the active electrolyte (H202) in the solution 
(Fig. 3). This current is a measure of the extran- 
eous current-producing reactions and is of 
importance when the current is used as a 
measure of the mass transfer [S-7]. In the 

4~~==~~:~:s:~__L--r_ld , 1 
0 0.1 0.2 0.3 0.4 05 0 6 0.7 08 09 I.0 

ANODE TO SOLUTION POTENTIAL (VI 

FIG. 3. Variation of current as a function of anode to solution 
potential using solution of Table 1 with and without 
hydrogen peroxide in the solution. Current measured using 

a flat-plate anode. 

I I I I I 

present experiments, where the light intensity 
is used to measure mass-transfer rates, these 
reactions are of no concern in the actual 
measurements, but are of interest in the de- 
termination of the diffusion coefficient (see 
Appendix). 

In the experiments performed in this investiga- 
tion no special care was taken to prevent 
contamination of the solution from the air. 
The same solution was used for periods of up 
to 3 h with only minor changes in the measured 
light intensities. 

MEASUREMENTS 

The experiments of Springer [3] indicate 
that the intensity of the ECL glow is proportional 
to the calculated mass-transfer rate of the active 
electrolyte to the surface of the anode. This 
suggests the existence of a proportionality 
constant given by the equation 

K - WIA 
I/A 

where I is the light intensity as measured by a 
photomultiplier tube, W is the mass-transfer 
rate to the surface and A is the surface area. 
The absolute value of K depends, of course, 

I I I I I 
12I- REYNOLDS NUMBER = 26000 

I I 

I 

0 
0 0.1 0.2 0.3 0.4 0.5 06 0.7 08 0.9 

ANODE TO SOLUTION POTENTIAL (V) 

FIG. 4. Variation of light intensity as a function of anode to solution 
potential at different Reynolds numbers. Light intensity measured 
5.08 cm from the leading edge of flat plate using the solution given in 

Table 1. 
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upon the operational characteristics of the 
experimental system. Special care was taken, 
therefore, to insure that there were no changes 
in the apparatus, or solution, during the follow- 
ing series of experiments. 

Three experiments were performed to estab- 
lish the existence of the proportionality constant 
(K) and to determine its value for the experi- 
mental system used. The first experiment dealt 
with a flat-plate model in steady laminar flow. 

A flat-plate model (anode) was placed in the 
flow chamber, and the chamber was rotated 
until steady-state conditions were achieved. 
Then, the light intensity was measured as a 
function of distance from the leading edge of 
the plate. The results of the measurements 
are shown in Fig. 5.* The light intensity per 
unit area given in Fig. 5 (and also on the follow- 
ing figures) was obtained by dividing the 
‘ 

-300 ” 

5 
-200% 

1 

SLOPE 0.5 

- 

t- 

5 - 60m 
? I 1 IllI/ 1 1 Id 

Cl.2 03 04 06 o-0 I 2 3 45 
FREE STREAM VELOCITY 

DISTANCE FROM LEADING EDGE 
( 9) 

FIG. 5. Local light intensity and Sherwood number on a 
flat plate as a function of free stream velocity divided by the 
distance from the leading edge. Anode to solution potential 
0.41 V. Solution given in Table 1. Free stream velocity 

2.7 cm/s. 

current output of the photomultiplier tube (u) 
by the area of the image of the slit on the anode 
(0.193 cm’). 

In order to determine K, an arbitrary value 
of V,iX was selected from Fig. 5 and for this 
V,,,!X the mass flux per unit area was calculated. 
At a distance X from the leading edge, the mass 

* In Figs, 5-8 the Sherwood numbers are also indicated. 
The Sherwood numbers were calculated after the value of 
K was determined, as will be explained later. 

flux per unit area to the surface of a flat plate 
in steady laminar flow is, [8] 

W DC 
- = 0.34” 

v+ v 
A JVE x o( > + 

2 (c() z 0). (2) 

cm is the free-stream concentration of the 
hydrogen peroxide in the solution, v is the 
kinematic viscosity of the solution and D is 
the diffusion coefficient. The values of these 
parameters are listed in Table 1. V, is the 
free-stream velocity. It is noted that if the 
intensity of the ECL glow depends on the 
mass-transfer rate only, then the light intensity 
must be proportional to (I/,/X)*. That this is 
so under the present experimental conditions 
is borne out by the results in Fig. 5. 

The mass flux calculated by equation (2) 
and the light intensity measured at the corres- 
ponding V,jX value, when substituted into 
equation (l), give K = 7.7 x lop9 g/uAs. 

In the second experiment at time t = 0 the 
potential was suddenly applied to a flat-plate 
anode immersed in the standard solution. The 
bulk velocity of the solution relative to the 
plate was zero (V, = 0). The experimental 
results are shown in Fig. 6. Assuming that the 

‘2L 

SLOPE -0 5 z 

-~I00 8 0 

80 2 
w 

60 g 

34 L_ii, 6 8 IfI IO 20 I 30 / 40 50 
TIME (S) 

FIG. 6. Variation of light intensity and Sherwood number 
with time on a flat plate for zero bulk flow velocity (V, = 0). 
Anode to solution potential 0.41 V. Solution given in Table 1. 

fluid extends from the plate (concentration 
c0 N 0) to infinity (concentration: c,), at any 
given time (t) the mass transfer rate to unit 
surface area of the plate is [9]. 
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W 
-_= -DC, 
A (nDt)+ 

(co “= 0). (3) 

Equation (3) indicates that if the intensity of 
the glow is governed by diffusion only, then the 
light intensity must be proportional to l,@. The 
experimental results in Fig. 6 follow closely 
the line with the slope given by equation (3). 

For the above experiment K was obtained 
by calculating W/A from equation (3) at an 
arbitrary time (t) and by measuring the light 
intensity at the corresponding time. Using 
equation (l), the value of K for this experiment 
was found to be K = 8.1 x 10-9g/pAs. 

In a third experiment a circular cylinder 
(anode) was placed in steady, laminar flows 
normal to the axis of the cylinder. The results 
of the light intensity measurements around 
the circumference of the cylinder are shown in 
Fig. 7. The total light output for the cylinder was 
obtained (Fig. 8) by integrating numerically 
the data given in Fig. 7. The current density 
around the cylindrical model (anode) may be 

20 , / , / , , 
I I I I 

ti 
260 

REYNOLDS NUMBER = 
Y 

b = 650 240 

0 = 470 
v = 300 220 

q = 150 
o= 35 200 

01 1 1 1 1 1 1 1 1 1 _ 1 1 I 
0 15 30 45 60 75 90 105 120 136 150 I65 180° 
ANCLE FRW mavcm STAGNATION, + (DEGREES) 

FIG. 7. Local light intensity and Sherwood number around 
the circumference of a circular cylinder at different Reynolds 
numbers. Anode to solution potential 0.41 V. Solution 

given in Table 1. 

non-uniform due to the asymmetrical arrange- 
ment of the anode and the cathode. In this 
investigation the effects caused by this non- 
uniformity are neglected. 

It is shown by McAdams [lo] that the heat 
transfer to liquids flowing normal to a single 
cylinder may be estimated by the expression 

Nu/P~‘.~ = 0.35 + 0.56 Re0’s2. (4) 

LINE WITH 

’ OlI_LLLuLLU O 

REYNOLDS NUMBER = +$ 

FIG. 8. Variation of total light intensity and total Sherwood 
number with Reynolds number for flows past a 1.905-cm- 
dia. circular cylinder. Anode to solution potential 0.41 V. 

Solution given in Table 1. 

If the ECL process is governed by mass transfer 
then by analogy between heat and mass transfer 
the Prandtl number (Pr) may be replaced by 
the Schmidt number (SC = v/D) and the Nus- 
selt number (Nu) by the Sherwood number (Sh) 
giving 

s/r = (h,)d = (WIA)d 
D DC, 

= [0.35 + 0.56 Re0’52] SC”~ (co z 0) (5) 

where hd is the mass-transfer coefficient, given 
by the equation W/A = h,(c, - co). The Rey- 
nolds number (Re) is based on the diameter (d) 
of the cylinder. The measured light intensity 
vs. Reynolds number curve follows the line 
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of slope 0.52 (Fig. 8), indicating again the 
proportionality between the mass flux and the 
intensity of the glow. 

vestigations will extend the results described 
above to high Reynolds-number flows. 

For the above experiment K was evaluated 
by calculating W/A from equation (5) for an 
arbitrary Reynolds number and by finding the 
light intensity from Fig. 8 at the corresponding 
Reynolds number, giving K = 7.2 x 10e9 g/PAS. 

IO I I I ! I I 

REYNOLDS NUMBER = v 

On the basis of the previous three experiments 
for K the average value K = 7.67 x lop9 g/pAs 
was selected. Using this value, for any given 
light intensity the Sherwood number is calcu- 
lated from the expression 

Sh = W’,‘AY K(zIAY -=---_ 
DC, DC, 

(c,, z 0). (6) 

The Sherwood numbers indicated in Figs. 
5-8 were computed by substituting either the 
length of the flat plate (L = 7 cm) or the dia- 
meter of the cylinder (d = 1.905 cm) in the 
above expression for 1. 

0 15 30 45 60 75 90 105 120 136 150 165 lea 
ANGLE FROM FORWARD STAW4TIoN WINT, +(CEGREES) 

A comparison is made now between the 
Sherwood numbers (mass transfer) determined 
for the cylindrical models in the present ex- 
periments and between the Nusselt numbers 
obtained by Eckert and Soehngen [ 111. Eckert 
and Soehngen measured the heat transfer to 
cylinders in low Reynolds-number flows normal 
to the axis of the cylinder. The comparison is 
made at the lowest and highest Reynolds 
numbers used by Eckert and Soehngen. There is 
fair agreement between Eckert and Soehngen’s 
and the present data (Fig. 9). The agreement is 
particularly good at low Reynolds numbers. 
and in the unseparated region. 

FIG. 9. Comparison between local Sherwood numbers and 
local Nusselt numbers around a circular cylinder. Nusselt 
numbers obtained by Eckert and Soehngen [ll]. Local 

Sherwood numbers obtained in present investigation. 
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APPENDIX 1 

The determination of the diffusion coefficient 
In order to obtain the diffusion coefficient 

(D) for hydrogen peroxide in the standard 
solution, experiments were performed with a 
flat-plate anode in steady, laminar flow. At 
limiting-current conditions, the current is a 
measure of the mass-transfer rate according to 
the equation 

W/A = i/AnF (AlI 

where W/A is the mass flux per unit area to the 
surface, i is the current, F is Faraday’s constant 
and n is the valence of the ECL reaction (n = 2). 

In steady, laminar flow the total mass flux 
to a flat plate of height b and length L on which 
the surface concentration is uniformly zero 
(co N 0) is [8]. 

W = 068 Dc,b (;)+ (y)‘. (A2) 

V, is the free-stream velocity, c, is the free- 
stream concentration of the hydrogen peroxide 
in the solution, and v is the kinematic viscosity 
of the solution (Table 1). 

Equations (A 1) and (A2) give 

The diffusion coefficient was calculated from 
equation (A3) by measuring the current at 
three free-stream velocities, namely 40.2, 29.2 
and 8’.5 cm/s., The diffusion coefficient for each 
of these cases was found to be within f3 per 
cent of the value given in Table 1 (D = 1.1 x 
10m5 cm’/s). On the basis of the results given in 
Fig. 4 it was assumed in these calculations 
that the current due to extraneous, current- 
producing reactions could be neglected in 
comparison with the total current. 

R&u&-Lorsque un potentiel est appliqub deux Clectrodes de platine immergCes dans une solution 
chimiluminescente, une lumiere bleue apparaEt & la surface de I’anode. Les paramktres affectant I’intensitC 
de la lumiere sont &tudiCs et les conditions du courant limite sont obtenues. Dans les Bcoulements g faibles 
nombres de Reynolds, les intensit.5 locales de la lumiere sont mesurCes sur des plaques planes et autour d’un 
cylindre circulaire a I’aide du courant de sortie d’un photomultiplicateur. On trouve que, aux courants 
limites, I’intensitC de la lumiere est proportionnelle d la vitesse de transport de masse calcul&e a la surface de 
I’anode. et l’on obtient une relation entre le courant de sortie et la vitesse de transport de masse pour le 

systtme experimental utilist. 

hEOTEI(IUI--npH HWIU'ZHK I-lOTeHlJMaiTa MemA)’ AByMR IlJlaTHHOBHMM NK?KTpO~aMK, llO- 
rpj'HWHHbJMK B XI?MKJIIOMKHHC~eHTHbtt PaCTBOP, Ha IIOBCPXHOCTH aHO&a llOJ3BJlFIt?TCR 
rony6oe cBe9eKKe. BccneAymTcfi napameTppn, snmnomlle Ha BHTeHcHBHocTb cBe9emiR. 
IIonyqeeH )WIOBKJi npeAenbHor0 TOHa. nOKBsbHBB WHTeHCMBHOCTb CBBSBHHH IlpK 
HUaKKX 'IUCJIBX PeiHOJlbACa Ha WlOCKOft IlJICTHHe P KOHTYPe KpylVIOI'O LJUJlUHApa KaMep- 
XJlaCb n0 BHXOAHOMY TOKY Tpy6KM ~OTOW!KTpOHHO~O j'MH0NiTeJIJ-f. Hati@HO, 'iTO npH 
IlpeAWlbHblX TOKaX SiHTeHCABHOCTb CBt?'IeHKJ3 llpOIlOpIJHOHailbHEl paCW2THOi-i CKOPOCTH 
MaCCOIIepeHOCa Ha IIOBepXHOCTH aHO&3. nOJlJ"IeHa 8aBHCHMOCTb MeWJ(y BbIXO@HM TOKOM II 

CKOPOCTbK) Mi3CCOO6MeHa~Jl~~aHHOt aKCrU3pHMeHTaJl6HO2t YCTPHOBKK. 


