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Abstract

Local and simultaneous velocity and concentration ¯uctuations were analysed in an axisymmetric jet of an aqueous
electrolyte solution moving in a codirectional water stream. The determination of the convection velocity of the
turbulent eddies as well as correlation between axial velocity and concentration ¯uctuations was made possible by
coupling L.D.A. to an electrochemical technique. The in¯uence of the ratio of the co¯owing stream velocity to the
jet exit velocity was investigated. The mean velocity and concentration pro®les, the turbulence intensity, the integral
length scales relative to axial velocity and concentration were also determined.

List of symbols

a, b constants
C(t) instantaneous concentration (mol mÿ3)
c(t) concentration ¯uctuations (mol mÿ3)
d injector diameter (cm)
D molecular di�usion coe�cient (m2 sÿ1)
Dt momentum turbulent di�usion coe�cient

(m2 sÿ1)
G axial velocity, concentration or temperature
h half value radius (m)
I electrical current (lA)
KE Euler's correlation function for concentration
L integral scale (m)
m velocities ratio, m � Up=Uj

r radial coordinate (m)
Re Reynolds number, Re � dUj=m
RE Eulerian time correlation for velocity
Ruc Axial velocity±concentration correlation co-

e�cient
Rut� Velocity±temperature correlation coe�cient
S voltage signal
Sc Schmidt number, Sc � m=D
t� temperature ¯uctuations (�C)
t time (s)
U (t) instantaneous axial velocity (m sÿ1)
u axial velocity ¯uctuation (m sÿ1)
Up co¯ow mean velocity (m sÿ1)

Uj jet exit mean velocity (m sÿ1)
v radial velocity ¯uctuation (m sÿ1)
U a axial mean velocity (m sÿ1)
Vc convection velocity (m sÿ1)
Xo abscissa of the virtual origin of the jet (m)
X axial coordinate of the measuring section

(m)

Greek symbols
a calibration constant
m kinematic viscosity (m2 sÿ1)
mt scalar turbulent di�usion coe�cient (m2 sÿ1)
d distance between L.D.A. and probe measuring

volumes (mm)
s time delay (s)

Subscripts/Superscripts
a axis
c concentration
j jet
L L.D.A.
p co¯owing stream
pp polarographic probe
r radius
t turbulent
u, v respective axial or radial velocity ¯uctua-

tions
� or � , hi respectively dimensionless or time average
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1. Introduction

The mixing of two ¯uids which takes place in the
combustion chamber of a small engine as well as in
chemical reactors has attracted much attention. The
optimization of chemical reactor performance may be
achieved through a deeper understanding of chemical
kinetics and of the dynamic conditions which control the
mixing of the reactant species.
Turbulent jets are of prime importance in the ®eld of

mixing and have been studied both theoretically and
experimentally for many years. The axisymmetric jet has
received particular attention [1, 2]. The characteristic
parameters of this ¯ow type are well known and recent
publications have further focussed on particular aspects
[3±11]. However, most of the literature concerning
axisymmetric jets is devoted to the case of the jet
¯owing in a ¯uid at rest or in an identical phase
co¯owing ¯uid.
Very few data deal with velocity±concentration cor-

relations which require continuous and simultaneous
acquisition of velocity and concentration. To achieve
this goal, Benayad et al. [12] in the case of an agitated
vessel and Gatard [13] for two-dimensional jet have
coupled microconductimetry and L.D.A. techniques.
Lemoine et al. [9, 10] coupled L.D.A. and laser-induced
¯uorescence and measured the velocity±concentration
correlation in a submerged free jet. Siragna [14] coupled
L.D.A. with the polarographic method and obtained the
axial velocity±concentration correlation in an axisym-
metric jet. The same experimental method was used in
the present work.
In the following literature review we have made a

survey of work dealing with the radial and axial
variation of mixing characteristic parameters and, more
particularly, the velocity±concentration cross-correla-
tions in co¯owing jets.

1.1. Radial variation

Dimensionless quantities like U�, C� or T � are very often
used in the literature dealing with jet studies. Their
de®nition is as follows: if G denotes the mean axial

velocity or mean concentration or mean temperature, a
dimensionless quantity may be de®ned as

G� � Gÿ Gp

Ga ÿ Gp

�1�

which becomes

G�a �
Ga ÿ Gp

Gj ÿ Gp
�2�

on the jet axis (Figure 1). The dimensionless mean axial
velocity pro®les U � become self-similar when X � 8d as
for Tong and Warhaft [7] and for X � 20d in other
studies [3, 6, 15]. The dimensionless mean concentration
C� or temperature T � pro®les become self-similar for
X � 15d in further investigations [ 4, 7, 16]. From these
data it can be asserted that the dimensionless mean
pro®les become self-similar beyond 20d and are well
®tted by a gaussian curve [1, 6, 17]. The dimensionless
mean temperature or mean concentration variations are
more pronounced than those of mean axial velocity [11,
17]. According to Wygnanski and Fiedler [3], the axial
velocity ¯uctuation pro®les, given by

u� �
���������
�u2�

q
U a ÿ Up

�3�

do not become self-similar below 40d. Furthermore, u�

tends to a limiting value far from the jet exit [3, 6, 7, 11, 14,
15]. On the onehand, concerning the radial velocity
¯uctuation v, Wygnanski and Fiedler [3] assess thatp�v2� (r.m.s.) remains smaller than the axial
velocity

p�u2� (r.m.s.) up to 100d. On the other hand, v-
¯uctuation pro®les become self-similar only if X � 70d
[3].

1.2. Axial variation

The dimensionless mean parameters of a round jet
exhibit a hyperbolic variation [3, 7, 15, 18, 19]. Similarly,
both concentration and temperature r.m.s hyperbolically

Fig. 1. De®nitions of the quantities used.
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decrease and tend to a limit value [4, 5, 7, 20].
Furthermore, the concentration pro®les

c� �
��������
�c2�

q
Ca ÿ Cp

�4�

normalized by the centerline values become larger with
increasing Reynolds number [4]. Concerning the con-
vection mean velocity of turbulent eddies Vc, only few
investigations are available [3, 21, 22]. This parameter
has been determined by Wygnanski and Fiedler [3] and
compared with U , the local mean axial velocity. They
found Vc=U � 1:70 on the jet edge and Vc=U � 0:90 on
the axis. Wu and Patterson [21] and Michelet et al. [22]
have considered this parameter in the case of a jet
induced by the impeller of a stirred tank reactor. These
authors [21, 22] have reported that Vc is greater than the
local mean velocity. Michelet et al. [22] have further
observed that this parameter decreases along the jet axis.
These results are not in keeping with the generally
accepted assumption of frozen turbulence Vc=U ' 1.
The ratio of the co¯owing stream velocity to the jet

exit velocity m � Up=Uj plays an important role in the
jet hydrodynamics as indicated by the results of Schetz
[2]. Concerning the length scales and the cross-
correlation coe�cients, a linear increase with the
abscissa X [2, 3, 23] for the ®rst parameters and
the presence of well-marked maxima on both sides of
the jet [3, 9, 11, 14, 24] for the second ones are the only
results in perfect agreement with the literature. Other-
wise, signi®cant scatter is observed. For example, the
microscale could vary by a factor of four according to
the author [3, 15]. This scatter may be partly due

variation in attention to signal treatment. Indeed,
Chevray and Tutu [11] claim that 70% of uv energy
and 50% of ut� are contained within the frequency band
0±10 Hz for X � 15d. Moreover, Wygnanski and Fie-
dler [3] assert that neglecting the frequencies below 2 Hz
induced a 27% error in the value of u2 and about 11% in
that of v2. These authors [3] observe that ®ltering the
frequencies below 3 Hz can modify the velocity micro-
scale by 100%.

2. Experimental apparatus and measurement techniques

2.1. Description of the experimental apparatus

The experiments were carried out at controlled temper-
ature in a PMMA channel. The working section was
320 cm long, 12 cm wide and 40 cm deep. The co¯owing
solution velocity Up was variable in the range 8±
65 cm sÿ1. An axisymmetric jet was formed by intro-
ducing a polarographic solution (potassium ferricyanide
at 2.4 mol mÿ3 and potassium ferrocyanide at
7.2 mol mÿ3) through a round injector (Figure 2). The
injector was continuously fed from a constant level
supply tank. The tank level was adjustable and the jet
exit velocity Uj was variable between 0 and 140 cm sÿ1.
These velocities allow the ratio m � Up=Uj to be varied
between 0.057 and in®nity. The experimental conditions
are listed in Table 1.
The polarographic method is based on electrochem-

ical reaction under di�usion-control condition of a
reactant solution in a moving liquid. At the limiting
current, the concentration at the electrode surface is
zero. Our probe is a hot wire-type device; it was made of

Fig. 2. Hydraulic circuit and measurement devices arrangement.
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a platinum wire 30 lm in diameter stretched between
metallic pins, the platimum wire was insulated except
the central portion which was 1.5 mm long and consti-
tutes the sensitive element of the probe. If the concen-
tration is constant and a large excess of a supporting
electrolyte (KCl at 300 mol mÿ3) is present, the probe
delivers an electrical current proportional to the square
root of the instantaneous ¯uid velocity [24]:

I � b1 � a1

����������
U�t�

p
�5�

If the concentration C varies with time, the current may
be written as

I � C
Cp

b1 � a1

����������
U�t�

p� �
�6�

where a1 and b1 are two constants obtained by calibrat-
ing the probe in a solution with a concentration Cp. (In
our experimental conditions: a1 � 0:98 lA (s cmÿ1)1=2,
b1 � ÿ0:60 lA and Cp � 1 mol mÿ3).
The instantaneous velocities were measured by

L.D.A. following the procedure described by Durst
and Whitelaw [25]. Two laser beams from the same
source are focused at a point of the ¯ow where they
form interference fringes. A photomultiplier detects the
intensity ¯uctuations resulting from the passage of small
solid impurities in the ¯uid stream. The L.D.A. system is
equipped with a Bragg cell that gives the ¯ow direction.
The current I�t� from the polarographic probe is

ampli®ed and converted into a voltage:

Spp�t� � a
����������
U�t�

p
� b

� �C�t�
Cp

�7�

Also, the frequency tracker of the L.D.A. delivers an
analogic signal SL�t�:

SL�t� � aU�t� �8�

where a is a calibration constant.
By assuming that u�t� � U�t�, it is possible to show

[24] that

C � Cp

���
a
p Spp

b
���
a
p � a

������
SL

p �9�

and

c�t� � C

Sc

��Spp ÿ Spp� ÿ A�SL ÿ SL�� �10�

with

A � a
Spp

2b
��������
aSL

p
� 2aSL

�11�

Figure 1 de®nes some parameters, while the experimen-
tal apparatus and measurement devices are presented in
Figure 2.
The instantaneous signals SL�t� and Spp�t� were

sampled following the Shannon criterion prior to
storage in a signal analyser disc unit. Data processing
was performed at the end of each run and generated, the
¯uctuations c�t� and u�t� by use of Relationships 10 and
12:

u�t� � SL�t� ÿ SL

a
�12�

The probability density function, its ®rst four statistical
moments and power spectral densities were obtained by
the fast Fourier transform (FFT) of the signals.

2.2. Measurement techniques

2.2.1. Convection velocity measurement
The convection velocity of turbulent eddies wasmeasured
using the following procedure. The electrochemical probe
measuring volume was positioned 8 mm downstream
from that of the L.D.A. measuring volume. To avoid any
side-e�ect of the concentration, a solution identical to
that of the co¯owing stream was injected during the
operation. The L.D.A. and the electrochemical probe
generate signals related to the velocity. The time delay, s,
determined from the cross-correlation curves relative to
these signals, allowed calculation of the convection
velocity Vc � d=s where d � 8 mm is the optimum dis-
tance between the two measuring volumes [24].

2.2.2. Determination of the axial velocity±concentration
cross-correlation coe�cient
The determination of the axial velocity±concentration
cross-correlation coe�cient is based on the same proce-
dure; however, in this case the distance d is equal to
0.6 mm as recommended by [24].

Table 1. Experimental conditions

Up/cm sÿ1 Uj/cm sÿ1 m d/cm X/d Cp/mol mÿ3 Cj/mol mÿ3 D/cm2 sÿ1 Sc Re

12 97 0.12 0.32 20 or 30 1 1 9.218 ´ 10ÿ6 943 3572

12.4 114 0.11 0.20 51 or 57 1 2.4 7.129 ´ 10ÿ6 1431 2235

19.8 84 0.24 0.32 25 3002

23.7 84 0.28 0.32 25 3002

31 84 0.37 0.32 25 3002
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3. Results

3.1. Mean quantities U �, U�a , C�, C�a and Vc

To determine the turbulent Schmidt number �Sc�t �
mt=Dt of a jet ¯ow conveying a scalar quantity like
concentration, most authors use a half-width radius h
de®ned in the general case by

G�X ; h� ÿ Gp

Ga�X ; o� ÿ Gp

� 0:5 �13�

When the velocity and concentration pro®les are similar,
the ratio of the half width radii respectively relative to
momentum hu and to concentration hc is directly related
to the turbulent Schmidt number [17] by

�Sc�t � �hu=hc�2 �14�

However, in the present paper, it is used for comparison
purposes only.
The radial variation of the dimensionless axial mean

velocity pro®les U � and mean concentration pro®les C�

are similar from X � 20d. Their approximation by a
Gaussian curve is perfectly acceptable; the approxima-
tion becomes better with an increase in X . It must also
be noticed that the radial dispersion of the scalar
quantity is more important (Figure 3). This is in
agreement with a classical literature result [17]. The
virtual jet origin, Xo, is de®ned as

G�a �
Ga�X � ÿ Gp

Gj ÿ Gp
� K

d
X ÿ Xo

� �
�15�

where K is a constant. It means that the dimensionless
quantity, U �a and C�a, are inversely proportional to the

abscissa X . Using U�a or C�a, it is obtained Xo � 6d for
m � 0:12. This value is within the limits of results given
in the literature �X0 � 0d [18], X0 � 2d [8], X0 � 7d [3]
and Hinze [1] proposed 4d � md). The radial variation
of the axial mean velocity reveals a decrease in the
velocity with an increase of X near the axis (Figure 4).
Furthermore, the radial coordinate of the in¯exion
point increases with X . The radial variation of the axial
mean velocity for di�erent values of the ratio
m � Up=Uj is reported on Figure 5. On the axis U is
almost multiplied by 2 when m increases from 0.24 to
0.37. Such a result con®rms those reported by Schetz [2]
indicating a variation of Ua with either m or the
abscissa X . For X � 20d and m � 0:12, the ratio of the
convection velocity to the local mean velocity Vc=U is
equal to 0.62 on the jet axis reaching 1.30 on the edge
(Figure 6). For X � 30d, the value of the ratio is the
same on the jet axis and does not exceed 1.20 on the
edge. However, the obtained values are smaller than
those (0.90 on the jet axis and 1.70 on its edge) reported
by Wygnanski and Fiedler [3], who used an external
quiescent ¯uid (m � 0).

3.2. Fluctuating quantities (u�, c�), integral scales
(Lu, Lc) and velocity±concentration cross-correlation
coe�cient (Ruc)

Contrary to dimensionless axial mean velocity or mean
concentration pro®les, u� against r=X pro®les are not
self-similar for values of X less than 30d (Figure 7); the
similarity is reached when X > 51d (Figure 8). Further-
more, u� approaches a limit of 0.34 on the jet axis when
m � 0:11. This value can be compared with the literature
results as shown in Table 2. Moreover, the comparison
of u� and c� pro®les (Figure 8) shows the slightly faster
radial dispersion of a passive contaminant with respect

Fig. 3. Radial evolution of dimensionless axial mean velocity and

mean concentration. Key: (s) X � 51d, m � 0:11, mean velocity; (r)

X � 51d, m � 0, mean concentratoin; ()) X � 57d, m � 0:11, mean

velocity; (d) X � 57d, m � 0:11, mean concentration.

Fig. 4. Variation of the axial mean velocity with respect to the radius r

and to the abscissa X. m � 0:12. Key: (s) X � 20d and (d) X � 30d.
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to velocity. This result con®rms to one obtained with the
mean quantities (Figure 3).
The integral scale, Lu, relative to the axial velocity

¯uctuation u�t� is determined by the Eulerian time
correlation, given by

Lu � Vc

Z1
0

RE dt �16�

with

RE�s� � u�t� � u�t ÿ s�
u2

�17�

This scale slightly increases in the direction of the ¯ow
(Figure 9). On the jet axis, its value is approximately

2:6d. The radial evolution of the axial velocity integral
scale Lu is the same for both X -values (Figure 9). A
slight decrease of Lu for small r values is followed by a
signi®cant increase on the jet edge and a ®nal sharp
decrease when the co¯owing stream is reached. It can
also be noticed that Lu does not exceed 3d on the jet edge
subjected, according to [3], to a high intermittency level.
The value obtained on the axis is closer to that obtained,
Lu � 1:96d, by Wygnanski and Fiedler [3] than the value
of 1:36d proposed by Antonia and Bilger [15].
The same procedure applied to the scalar concentra-

tion allows to de®ne an integral scale by

Lc � Vc

Z1
0

KE dt �18�

Fig. 5. Axial mean velocity pro®les with respect to the velocities ratio

m. X � 25d; Uj � 84 cm sÿ1. Key: (n) m � 0:24, (m) m � 0:28 and (s)

m � 0:37.

Fig. 6. Evolution of the convection velocity to the mean local velocity

ratio through the jet. m � 0:12. Key: (s) X � 20d and (d) X � 30d.

Fig. 7. Variation of axial velocity dimensionless r.m.s. through the jet.

m � 0:12. Key: (s) X � 20d and (d) X � 30d.

Fig. 8. Comparison of dimensionless axial velocity and concentration

r.m.s. m � 0:11. Key: (s) u�, X � 57d; ()) u�, X � 51d; (d) c�,
X � 57d.

214



where

KE�s� � c�t� � c�t ÿ s�
c2

�19�

The radial evolution of the concentration integral scale
is similar for X � 51d and X � 57d, and Lc � 1:78d on
the jet axis (Figure 10). Shaughnessy and Morton [16],
who performed their experiments with a Reynolds
number 25 times greater than the one in the present
work, have found a slightly higher value equal to 2:24d.
The di�erence between Lc and Lu corroborates the fact
that the concentration ®eld is relatively more dispersive
compared to the velocity ®eld.
Mixing is governed by the cross-correlation coe�cient

Ruc, de®ned by

Ruc � uc�����
u2

p
�

��������
�c2�

q �20�

and calculated from the cross-correlation curves which
have been obtained by using reverse FFT of the
interspectra. On the jet axis, Ruc is equal to 0.25 when
m � 0:11 and the abscissa X > 50d (Figure 11).

Maximum turbulent di�usion takes place near the
jet edge where Ruc reaches a maximum value of 0.50.
This value, which seems to be a limit, was also
obtained at X � 15d by Chevray and Tutu [11] in the
case of Rut� . It should be observed that the higher the
turbulent di�usion and consequently Ruc, the better
the mixing.

4. Conclusion

It is shown that the ratio of the turbulent eddy
convection velocity to the local mean velocity may
attain a value of 1.3; this value may a�ect the design of
reactors. Furthermore, the results demonstrate the
possibility of coupling L.D.A. to the polarographic

Fig. 9. Evolution of axial velocity integral scale through the jet.

m � 0:11. Key: (h) X � 51d and (d) X � 57d.

Fig. 10. Radial variation of the concentration integral scale through

the jet. m � 0:11. Key: (h) X � 51d and (d) X � 57d.

Table 2. Comparison with the literature data of u* limit value

Limit of u* Authors Value of m Value of X/d

0.47 Antonia and Bilger [15] 0.333 152

0.42 Antonia and Bilger [15] 0.222 266

0.40 Siragna [11] 0.44 33.4

0.38 Siragna [11] 0.24 24.1

0.34 Present work 0.11 >51

0.283 Nickels [6] 0.091 90

0.28 Wygnanski and Fiedler [3] 0 >40

0.274 Nickels [6] 0.333 90

0.25 Tong and Warhaft [7] 0 25

0.24 Chevray and Tutu [10] / 15

Fig. 11. Evolution of the axial velocity±concentration cross-

correlation coe�cient through the jet. m � 0:11. Key: (h) X � 51d

and (d) X � 57d.
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technique for the determination of the velocity±concen-
tration correlations in turbulent ¯ows at relatively low
Reynolds number.
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