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E~E~ROKI~ETI~-POTE~IAL F~~~ATIO~~ ~E~E~~~ 

BY JET IMPINGEMENT 

L. DUCKSTEXN’ and J. E. CERMARt 

(Rcecfoed 28 June 1962 and in mrised form 3 J&y 1963) 

Abstmat-Ekctrokineticpotential fluctations produced by a twodimensional submerged water jet 
impinging on a plate have heen measured. The potential fluctuations appear to be approximately 
proportional to the longitudinal-velocity fluctuations uz’ in the neighborhood of the boundary. 

Normalized frequency distributions of pote;ntial-fluctuation measmements agree with velocity- 
fluctuation data taken by Klebanoff and Laufer with a hot-wire anemometer at a dimensionless distance 
y/S N lo-” from the wall. Assumptions made concern& the relationship between potential and 
velocity fluctuations give a possible explanation of the change in the shape of the lentil-fl~uation 
spectrum with the flow velocity and the electrical conductivity of the water. Further analysis is requimd 
to establish a definite relationship between electrokineti~potentiaf fluctuations and velocity fluctua- 

tions occunkg near a solid boundary. 
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attached to the solid wall and of a diffuse layer 
of the opposite sign which can move with the 
liquid. This double layer is a few hundred 
angstroms thick. When the charge distribution 
in the double layer is disturbed by velocity 
fluctuations, potential-difference fluctuations 
arise, and may be picked up by electrodes along 
the wall. 

The present investigation was aimed at relating 
the potential fluctuations to the velocity field 
close to the wall where existing turbulence- 
measurement techniques, such as the hot-wire 
anemometer, become very difficult to use. A two- 
dimensional jet impinging on a perpendicular 
plate was the turbulent flow field chosen for this 
study. The high level of turbulence of such a jet 
flow produced a readily measured potential 
fluctuation. In addition, this investigation repre- 
sents an attempt to extend the results found in 
pipe Row by Binder [l ] to a non-uniform flow 
case. 

Analytical considerations 
A simplified representation of Stern’s concept 

of the electrical double layer at a solid-liquid 
interface was used to interpret the results 
obtained in this study [2, 3, 41. The thickness of 
the double layer d is defined as the distance 
between the solid surface and the “Gouy plane”, 
which has a charge opposite to the wall charge 
and is electrically equivalent to the diffuse layer. 
The thickness of the double layer d can be 
calculated theoretically in the static case [3] or 
in the laminar streaming current case [2, 51; 
the value of d decreases as the electrical con- 
ductivity of the water is increased. 

As suggested by experimental results [I, 61 it 
was assumed that the double-layer thickness d 
is approximately the same in a turbulent flow 
case as in the static case, that is d 21 5 x 1O-6 cm 
for the present experimental conditions; further, 
that the value of amplified signal A#’ is pro- 
portional to the value of the longitudinal- 
velocity fluctuation u: at a distance of order d 
from the boundary [4]. The consequences of 
these two assumptions are not in contradiction 
with the experimental results found in the 
present study or in Chuang’s investigations 
[71 

Application to the present investigation 
From the latter assumption it would follow 

that the RMS value of the amplified signal e,, 
which is proportional to dp, varies as 1/D. 
According to Klebanoff [8], Laufer [9], and 
Hinze [lo], the RMS value of the velocity 
fluctuations &JJa is proportional to the local- 
mean velocity U, very close to the wall. On the 
other hand, the local mean velocity varies as the 
wall shear. Wall jet measurements by Myers and 
others [ll 1, in agreement with data taken by 
previous investigators, show that the wall shear 
is inversely proportional to the longitudinal 
distance x (see definition sketch in Fig. 1, which 
includes the symbol key for all subsequent 
figures). 

As the plane jet impinging upon a plate is 
similar to a wall jet for x > x2, it follows that 
e, should vary as x-l for x > x2. 

For x < x2, dimensional considerations [4] 
show that either one of the parameters: 

Ntne possible overflow levels_ 

lmj 

-I..- 
H 

Preamplifier 

FIG. 1. Definition sketch. 
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should be a constant of the flow. The distance x, 
must be determined by experiment. 

EQUIPMENT AND PROCEDURE 

Thefiow system 
A schematic of the constant-head system with 

overflow at various heights H, built for this 
investigation, is shown in Fig. 2. Only materials 
which do not contaminate distilled water such as 
Lucite, brass, and platinum, were used. The 
elevation of the diffuser could be changed so that 
the flow may be undisturbed just before the 
outlet. The orifice itself (0.1 x 2.65 cm) *was 
brass; the jet impinged upon a Lucite plate fixed 
in a Lucite tank, which could be moved in the x 
and y direction. The water in the tank was kept 
at a constant level; it was then recirculated 
through a weir box and polyethylene bottles, by 
means of an EC0 “Teflon” and stainless steel 
pump (type 22U2 Allchem). The conductivity 
of the equilibrium water introduced into the 
system stabilized itself around 4-5 p(!&m)-1 after 
several days. 

Diffuser 

Can be moved with 
precision in XandY 

--- 
To additional I I - -- 

FIG. 2. Flow system. 

The electrical system 
In order to eliminate electrical pick-up, 

especially at 60 c/s, a grounded enclosure in 
sheet metal was built around the experimental 
set-up (Fig. 3). The pump was located outside 
of this shielding and two grounded brass rings 
were incorporated into the plastic tubing, down- 
stream and upstream of the pump, respectively. 

The results presented here were taken with 
0.081 cm diameter platinum electrodes, placed 
and connected as indicated in Figs. 1 and 3, and 
sealed by a rubber adhesive. Data taken with 
0.081 cm diameter copper wire showed that 
dimensionless ratios, such as normalized spectra, 
were not affected by the material ofthe electrodes, 
as hypothesized by Binder [I 1. Platinum was 
used in order to obtain reliable results when the 
conductivity of the water was increased. 

From the electrodes, the signal was fed into a 
Tektronix type 122 low-level preamplifier. The 

1 /Sheet metal enclosure , 

Brass plate with orifice 

Plexiglass plate with 
electrodes 

Reducing bridge Preamdifir 

1 I 

Tnatdnted O,$ shiel- Brass plate, 
:able: shieldings grounded at one 

R.M.S. Oscillos- 
meter cope ki!LL . 

l T? 

I 
FIG. 3. Electrical system. 
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60 c/s pick-up was reduced to a negligible 
quantity by grounding the brass orifice, the 
reference electrode and the cable shieldings at 
one point only, thus eliminating ground currents. 
The ampl&ation factor of the preamplilier was 
1000 and input impedance was 10’ s2. Since the 
impedance between two electrodes was normally 
less than 106 a, no appreciable distortion of the 
signal was to be expected. The output of the 
preampliger was fed into a wave analyser 
(Hewlett-Packard, Model 300A) or a sinusoidal 
RMS meter (Hewlett-Packard, Model 4OOH). 
An oscilloscope (Tektronix type 502) was 
always connected in parallel with either the wave 
analyser or the RMS meter, so that the signal 
could be observed. 

The wave analyser had a constant band 
width, the value of which was B, = 14.55 c/s, if 
the defhrition given for the band width by 
Klebanoff [S] B, is the rectangular band width 
having the same area as the actual band shape, 
was adopted. The difference between the true 
RMS value of the signal, found by graphical 
integration of the frequency spectral distribution, 
and the value given by the RMS meter, was 
about 5 per cent. 

Procedure 
The electrodes were submerged for several 

hours in water before each run. When a steady 
flow was obtained at the desired head (Figs. 1,2), 
the instruments were switched on and allowed 
to warm up for half an hour. Measurements were 
then taken, at least twice; finally, the total noise 
caused by the pump, diffuser, pick-up and 
instruments were measured by covering the 
electrodes with a Plexiglass plate. The value of 
the noise found by this method did not differ 
appreciably from the value measured in still 
water. The noise seemed thus to be principally 
caused by the instruments. 

When the influence of the conductivity on the 
signal was studied, constant amounts of saturated 
KC1 solution were added to the water at given 
intervals of time. Data were taken half an hour 
after the conductivity was found to remain 
constant, that is, about every two hours. After 
the run, the system was flushed several times 
with distilled water. 

RESULTS AND DISCUS!3ION 

Reproducibility of data 
The signal amplitude taken with a given pair 

of electrodes was reproducible within experi- 
mental error for a few days. Then, as noticed by 
most investigators, the signal amplitude changed 
progressively, presumably because the electrical 
double layer was modified. The conductivity 
seemed to play an important role in this drift. 
The total error in taking data, which included 
random error due to fluctuations of the instru- 
ment’s indicator during a given experiment and 
systematic error, due to personal factors or 
day-to-&y changes, was estimated at less than 
10 per cent. 

The results found for the RMS value of the 
signal, taken with one electrode connected to the 
amplifier and another electrode grounded, are 
presented first. The spectral density distribution 
of the potential fluctuations are presented next, 
and compared to velocity-fluctuation data. 

Root-mean-square of the potential fluctuation 
The RMS value of the signal era at the stagna- 

tion point is proportional to the stagnation 
pressure pO (Fig. 4). The variation of the ratio 

0 0.2 04 0.6 0.8 I.0 

PO water r-n 

FIG. 4. Variation of amplified potential-fluctuations 
with stagnation pressure. 
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e,/erO with the longitudinal distance x is shown 
in Fig. 5: er = 40 for x < 0.35 cm and e&r0 = 
0*35/x for x > 0.35 cm. This variation is 
independent of the location of the grounded 
electrode. These results are in agreement with 
the assumptions made in the section Review of 
the Problem regarding the proportionality 
between e: and p and the remarks presented 
in the same section about the expected variation 
of z with p. (or U) and x from wall-jet measure- 
ments made by others. In particular, the value 
X, mentioned in connection with (1) may be 
taken as O-35 cm for the configuration used. For 
a study of the influence of the conductivity a 
upon the value of er, a distinction had to be made 
between continuous runs and separate runs. 

x, cm 

FIG. 5. Variation of amplified potential-fluctua- 
tions at the wall as a function of distance from 

stagnation point. 

Several hours were necessary for the double layer 
to reach a new equilibrium after new ions had 
been introduced into the water. The variation 
of ef with u for separate runs, which represents 
the most useful case, is shown in Fig. 6. ez varies 
approximately as u-l in the range of con- 
ductivities considered. 

The dimensionless parameter (e+fm)/( p Up), 
proposed earlier, appears as a possible constant 
of the flow; one should note that by definition 
p. is proportional to pUa for a given value of L 
(Fig. 1). 

Spectral distribution 
If ew is the net quantity read on the wave 

IO6 

4 

H: 352cm 

4 IO' 4 IO" 
0, g (Qcm)-1 

FIG. 6. Mean-square of amplified wall potential- 
fluctuations with electrical conductivity of the water. 

analyser, the frequency spectral distribution 
of the amplified potential-difference fluctuations 
is by de~tion : 

(2) 

It is convenient to define a wave-number spec- 
trum as 

E&(n) = GL p (mV)2 cm, 
0 r 

with n = ?_rr_Jf=, . ..Iz?Tf~ cm-l. 
(I (2gH>“* (3) 

Finally, the normalized spectra are obtained by 
dividing E&(fi and E,&@) by the mean-square 
value of the signal ef. 

The change of the shape of the normalized 
spectrum at the stagnation point as the head is 
varied is shown in Figs. 7 and 8. The frequency 
power spectrum rotates clockwise, which means 
that the relative amount of low-frequency 
fluctuation increases and the relative amount of 
high-frequency fluctuation decreases, as the 
head is decreased. The wave number spectrum 
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FIG. 7. Frequency spectrum at the stagnation point. 

is almost the same for all heads. Similarly, the 
curve E,&f) rotates counter-clockwise when the 
conductivity v is increased, as shown in Fig. 9. 
The reIative amount of high-frequency energy 
seems thus to increase as H or (r are increased. 

According to the assumption presented above, 
the potential-fluctuation measurements represent 
the longitudinal-velocity fluctuation at a distance 
of order d from the boundary. The value of d 
is about 5 Y 1O-e cm when the conductivity 
is 5 $Jcm)-1 [I ]. If the boundary-layer thickness 
is computed from the formula for a smooth 
flat plate in turbulent flow [12]: 

6(x) = o-37 X4’S (V/ Udo)1’5) (4) 

one finds 6 21 lo-% cm for the conditions corre- 
sponding to Fig. 10: x = O-2 cm; pa _N 100 cm 
of water for H = 413 cm. With these conditions 
the calculated-dimensio~ess distance from the 
wall d/6 is approximately 5 x 10-4. The normal- 
ized frequency spectra of potential fluctuations 

10.’ PU IO’ I@ 

f-l = 27rf( 2gH) ,‘,P cm-’ 

FIG. g. Wave number s~ctrum at the stagnation point. 

corresponding to that value of d/6 agree well 
with velocity-fluctuation spectra mken by Kle- 
banoff [8] at y/6 = I.1 x 10-3, as can be seen 
in Fig. 10. A similar comparison is made between 
wave number spectra in Fig. 1 I. The data seem 
to fit an n-’ variation at high wave numbers, 
which could be related to the assumptions of 
Tchen [ 131 that the high-frequency velocity 
fluctuations are not affected by shear. 

At any rate, the spectral-distribution curves 
always shift in a counterclockwise direction 
as the calculated value of d/S or experimental 
value of y/6 is decreased. Calculated values of 
d/S as a function of an initial value do/&, are 
shown in Fig. 9, where 6 stays constant (6 = S,) 
and d changes according to the theory [3] that 
is, d 21 u-~‘~, approximately. Similar computa- 
tions are shown in Fig. 12, but here d stays 
constant and S varies according to equation (4) ; 
the second moment of the spectral distribution 
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H:MZcm 

FIG. 9. Variation of the frequency spectrum with 
the electrical conductivity of the water. 

emphasizes the change in the shape of the 
spectrum at medium frequencies. It can be seen 
on all three Figs. 10, 11, 12, that the spectral 
distribution curves always shift in a counter- 
clockwise direction as the calculated value of d/8 
or the experimental value of y/6 is decreased; 
in other words, the proportion of high-frequency 
~uct~tions seems to increase as one approaches 
the wall. 

If further theoretical developments and experi- 
ments would confirm the assumptions and 
results presented in this paper, the clectrokinetic 
method could then be used to study turbulent 
shear flows very close to the wall. The dimension- 
less distance from the wall d/6, at which the 
velocity fluctuations occur according to the 
assumption, could be changed at will by acting 
either on the conductivity which changes ~4, 
or on the velocity which changes 8, depending 
on the case considered. 

0 

< 
0.2cm -+A---- RG” 0 

0 Laufer, $ =5x10-3 

FIG. 10. Normalized spectra for potential and 
velocity fluctuations. 

CONCLUSIONS 

The conclusions derived from this experimental 
study of the electrokinetic-potential fluctuations 
created by jet impingement are: 

(1) The root-mean-square value of the ampli- 
fied potential-~uctuation signal at the wall is 
proportional to the stagnation pressure on the 
plate. As the stagnation pressure is increased, the 
normalized frequency spectrum shifts counter- 
clockwise, which means that the relative amount 
of high-frequency energy increases with the 
hydrostatic head. The normalized wave number 
spectrum, where the wave number is defined as 
27r-(2gH)-l’a, remains nearly invariant with the 
stagnation pressure. 

(2) Along the longitudinal axis ox, the RMS 
v&e of the signal remains approximately 
constant near the stagnation point; then it 
decreases as x--$. 
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FIG. 11. 

k, ond 5.6n, cm”’ 

Normalized spectra for potential and 
velocity fluctuations. 
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for low and medium conductivities. The normal- 
ized frequency spectrum shifts in the same 
manner, when the conductivity is increased, as 
when the section pressure is increased. 

(4) The normalized spectrum of the potential 
fluctuations compares well with normalized 
spectrum of longitudinal-velocity fluctuations, 
measured by Klebanoff with a hot-wire anemo- 
meter at a dimensionless distance y/S N 10” 
from the wall, in a two-dimensional turbulent 
boundary-layer flow. The estimated value of the 
dimensionless distance from the wall at which 
the velocity fluct~tions would be measured, 
according to the hypotheses made in this study, 
is of the same order of magnitude as y/S. 

(5) No directional sensitivity of a pair of 
electrodes, placed O-4 cm apart, can be detected 
with one of the electrodes permanently grounded. 

ACKNOWLEDGEMENT 
Financial assistance for this study through a National 
Science Foundation grant is gratefully acknowledged. 

1. G. J. BINDER, ~l~rokinetic-potential fluctuations 
produced by turbulence at a solid-liquid interface. 
Doctoral Dissertation, Colorado State University, 
Fort Collins, 121 pp. (1960). 

2. L. A. WOOD, An analysis of the streaming potential 
method of measuring the potential at the interface 
between solids and liquids, J. Amer. Chem. Sot. 68, 
432-434 (1946). 

3. S. GLASSTONE, Textbook of Physical Chemistry, 
Second Edition, Chap. 14. Van Nostrand, New York 

4. 

n, cm-’ 

FIG. 12. Second moment of spectral distribution. 

L. DUCKSTEIN, Electrokinetic-potential fluctuations 
generated by jet impingement at a solid-liquid 
interface. Doctoral Dissertation, Colorado State 
University, Fort Collins, 1 IO pp. (1962). 
S. M. NEALE, The electrical double layer, the electro- 
kinetic potential and the streaming current, Trans. 
Farad. Sot. 42, 473-478 (1946). 
A. A. BOUMANS, Streaming currents in turbulent 
flows and metal capillaries, Physica 23,11,1007-1055 
(1957). 
H. CHUANG, Electrokinetic-potential fluctuations 
produced by turbulence in fully developed pipe flow. 
Doctoral Dissertation, Colorado State University, 
Fort Collins, 111 pp. (1962). 

8. P. S. KLEBANOFF, Characteristics of turbulence in a 
boundary layer with zero pressure gradient. U.S. 
National Advisory Committee for Aeronautics, 
Report 1247, 19 pp. (1955). 

(3) The value of the electrical conductivity 
of the water has a definite influence on the signal. 
The RMS value of the signal varies approxi- 
mately as the square-root of the ~ond~ti~ty 

(1958). 

9. J. LAUFER, investigation of turbulent flow in a two- 
dimensional channel. U.S. National Advisory 



ELBCTROKINETIC-POTENTIAL FLUCTUATIONS 167 

79Fee for Aeronautics, Report 1053, 20 pp. ment of Mechanical Bngineering, Stanford Univer- 

10. J. 0. ‘Hmza, Turbulence, First Edition, Chap. 7. 
sity, Stanford, California, 33 pp. (1961). 

12. H. Scrurcrrrmq Body Luyer Theory, Fourth 
McGraw-Hill, New York (1959). Edition, p. 537. McGraw-Hill, New York (1960). 

11. G. E. MYERS, J. J. SCHAUER and R. H. Eusns, 7 he 13. C. M. TCHEN, On the spectrum of energy in turbulent 
plane turbulent wall jet. Part I. Jet development and shear flow. U.S. National Bureau of Standards, 
friction factors. Technical Report No. 1, Depart- J. Res. Research Paper 2388, 50, 1, 51-62 (1953). 

Zmammenfamung-Elektrokinetische Potentialschwankungen, die von einem zweidimensionalen 
Unterwasserstrahl, der auf eine Platte trifft, herriihren, werden ausgemessen. Die Potentialschwan- 
kungen uzf nahe der Begrenzung zu sein. 

Normalisierte Frequenzverteilungen der Potentialschwankungsmessungen stimmen tlberein mit 
Ergebnissen flir Geschwindigkeitsschwankungen, die von Klebanoff und Laufer mit einem 
Hitzdrahtanemometer im dimensionslosen Wandabstand y/8 N lo-* erhalten wurden. Annahmen 
ftlr die Beziehung zwischen Potential- und Geschwindigkeitsschwankungen ermoglichen eine 
Erkltlrung ftir die Anderung der Form des Potentialschwankungsspektrums mit der Striimungsge- 
schwindigkeit und der elektrischen Leitfahigkeit des Wassers. Weitere Analysen sind notwendig, urn 
definierte Beziehungen aufstellen zu kiinnen zwischen elektrokinetischen Potentialschwankungen und 

Geschwindigkeitsschwankungen, wie sie nahe einer festen Begrenzung auftreten. 

hiEOT8qRa-ki8MepHnuCb nynbcaquu WIeKTpO-KuHeTu'EeCKOl'O noTeuquaJra, coagasaemne 
Y IIJIaCTuHbInJIOCKUMu ~aTO~~eHHbIMuCTpyRMuBO~~.~OBu~MO~y,ny~bCa~uu~OTe~I~Ua~a 
npU6JIuauTeJIbHO IIpOIlOp~uOHaJlbHbl RyJlbCaljHRM IIpOHOJlbHOti CKOpOCTu Uz’ OKOJIO CTeHKu. 

npUBeAeHHJ&t CIIeKTp 9aCTOT U3MepeHui IIyJIbCagUU IIOTeHgUaJIa COlYIaCyeTCR C AaHHbIMU 

0 IlyJIbCaguJIX CKOpOCTU, IIOJlygeHHblMu &Ie6aHOBbIM u ~ay@epODl C IIOMOwbw, TepMO- 

anemoMeTpa Ha 6eapaamepnon paccTofmna OT CTeuKn y/8 N lo-‘. flonymeuufi, cnenauunre 
OTHOCMTenbHO CBnaH Il~i’IbCanntt ItOTeHuUaJra U CKOPOCTU, J'J(OBJleTBOpUTeJlbHO 06WKXRIOT 

UaMeKemi~ Cpoprdnr cneurpa nynbcagntt noreugaana B aamicuMocTu OT CKOP~CTM TegeHm u 

EIJIeKTpWieCKOti npOBO~uMOCTu BOW. Heo6xo@iMo fiasbKeitLuree ucczenoBaHue, 9~06~ 

YCTaHOBuTb Onpe~eJleHHJ'lo 3aBUCuMOCTb MeHiJQ' IIj'JlbCagURMu NleKTPO-KUHeTU'leCKOl'O 

noTeKguanau nynbcagu5imu CKOPOCW y Tsepgott CTeHKu. 


