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Abstract—The aim of this paper is to provide some significant experimental results for the mass diffusion
process from a point source in a quasi-isotropic homogeneous turbulent field generated by means of a grid.
Experimental data for the mean, the fluctuating concentration fields, and the turbulent mass flux, which is
the cross-correlation between concentration and velocity, are provided. Two combined optical non-intrusive
methods, laser-induced fluorescence and laser Doppler velocimetry, have been used to measure sim-
ultaneously and instantaneously the concentration of the passive contaminant and the velocity of the flow.
The experimental results are compared with a theoretical development, including the concept of turbulent
diffusivity. An experimental determination of the turbulent diffusivity is also performed. © 1997 Elsevier
Science Ltd.

1. INTRODUCTION

The understanding of the diffusion process of a passive
contaminant in turbulent flows appears to be critical
in many fundamental and industrial investigations.
Turbulent characteristics of the flow field strongly
affect the mass transfer properties. The importance of
the turbulent diffusion phenomena can be found in
many physical processes, e.g. the spread of a polluant,
or the mixing processes in chemical reactions. Mass
transfer phenomena are also expected to share com-
mon characteristics with heat diffusion ; it also con-
tributed to the understanding of heat transfer and the
design of heat exchangers.

The diffusion of a passive contaminant {con-
centration C), under turbulent conditions, can be
described by (1]
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where the concentration and velocity are separated
into the mean and the fluctuating part (U, = U+
#, C = C+c¢), and o is the molecular diffusivity.

The determination of the diffusion field of a trans-
ferable passive contaminant involves the knowledge
of the turbulent mass flux. This mass flux, transported
by turbulence, corresponds to the cross-correlation
between concentration and velocity fluctuations, and
this term needs to be measured accurately. An exper-
imental technique is developed which is able to charac-
terize this term. Optical techniques are appropriate,
because the sample volume is compatible with the
turbulent scales being measured, and they are non-
intrusive. In the present paper, one investigates the

turbulent diffusion of a passive contaminant, issuing
from a continuous point source in a quasi-isotropic
homogeneous water turbulent flow. Quasi-isotropy
and homogeneity are generated by means of a grid.
Various techniques have been implemented to mea-
sure the turbulent mass or temperature flux. One of
these techniques was based on the light-scattering
properties of solid particles, whose concentration was
measured in the flow field. Rosensweig et al. [2] pion-
eered this kind of measurement, and Shaughnessy and
Morton [3] measured the particle concentration in a
turbulent jet, using light scattering. However, these
measurements provided the particle concentration
and not the molecular concentration. Kotsovinos [4]
combined one-dimensional laser Doppler velocimetry
(LDV) with fast response thermistors to measure sim-
ultaneously the fluctuations of a scalar and the
velocity. The difficulty was to adjust the measurement
volume of the velocimeter and the temperature probe,
which can cause a biased calculation of the corre-
lation. Chevray and Tutu [5] performed simultaneous
temperature and velocity measurements by means of
two hot wires, and obtained the cross-correlation
between temperature and velocity in a turbulent jet.
Dibble et al. [6] obtained simultanieous measurements
of passive scalars (concentration and temperature)
and velocity in a turbulent flame, by means of com-
bined LDV and vibrational laser Raman scattering.
However, this set-up was designed for the deter-
mination of concentration—velocity and temperature—
velocity cross-correlations under extreme conditions,
such as in flames and combustion, and the exper-
imental apparatus seems to be quite complicated to
implement. Owen [7] was the first to implement sim-
ultaneous laser velocimetry and laser-induced flu-
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NOMENCLATURE
C molecular concentration V radial velocity component
C, centerline molecular concentration X; cartesian coordinates.
D, turbulent diffusivity
k klpetlc energy Greek symbols
M grid mesh .. e
2 kinetic energy dissipation rate
N sample number . Lo
v kinematic viscosity
P pressure density
(r,0,x) cylindrical coordinates ﬁ molecular diffusivit
re concentration profile half-width radius iy
rer  Cross-correlation profile half-width
radius Other symbols
R;  Reynolds stress tensor * normalized values
Sy fluorescence signal X instantaneous values of X
U, velocity component in the ith direction X mean value of X
U axial velocity component x fluctuating part of X.

orescence measurements, in order to investigate the
mixing of coaxial jets. Papanicolaou and List [8] stud-
ied turbulent buoyant jets by means of a combined
LDV and laser-induced fluorescence (LIF) system: a
measurement of the turbulent mass flux profile in the
jet was provided. An experimental determination of
the turbulent mass flux and the turbulent diffusivity
has been performed in a turbulent submerged jet by
Lemoine et al. {9], by combining LIF of rhodamine B
and LDV. The experimental set-up which has been
used was very simple to implement. If the literature is
very dense about investigations of the turbulent mass
or temperature fluxes in jets and shear flows, it appears
very poor about experimental studies of the turbulent
diffusion process in isotropic turbulence fields, e.g.
grid-generated turbulence flow. Gad-el-Hak and Mor-
ton [10] attempted to determine the concentration—
velocity cross-correlation by means of a combined
LDV and light-scattering technique, but the exper-
imental results were too scattered to be significant.
Simoens and Ayrault [11] studied the jet of a passive
contaminant submerged in an isotropic homogeneous
turbulent channel by using two combined imaging
techniques: particle image velocimetry and planar
LIF. Considerable work has been done by Nakamura
et al. [12] on mass diffusion in grid-generated turbu-
lence. In this article, concerning the experimental
apparatus, the emphasis is layed on the reduction of
the wake and the perturbations due to the injection
device. The velocity fluctuations are measured by
means of hot films, and concentration using a light
absorption technique. Accurate results of the mean
and fluctuating concentration fields are reported.
Also provided is a theoretical development of the
cross-correlation between concentration and velocity,
under quasi-isotropic and homogeneous turbulent
conditions. However, the available measurements are
not sufficient to allow a comparison.

The aim of the present paper is to provide non-

intrusive measurements of the diffusion field of a pas-
sive contaminant in grid-generated turbulence. The
mean concentration field and the fluctuating con-
centration and velocity fields will be provided as a first
step. The second step concerns the turbulent mass
flux. The cross-correlation between the concentration
and velocity fluctuations has been measured, and a
reduced profile of this parameter has been determined.
The turbulent diffusivity has also been determined,
and the experimental results will be compared with
theoretical concepts.

2. EXPERIMENTAL ARRANGEMENT

2.1. Measurement set-up : combined concentration and
velocity measurements

The concentration has been measured using LIF of
an organic dye, which is the passive contaminant. The
fluorescence phenomenon and its modelization has
been detailed in refs. [13, 14]. The passive contaminant
here is an organic fluorescent dye. If the concentration
of the dye is low enough, the attenuation of the laser
beam and fluorescence signal in the absorbing medium
can be neglected [9]. As a consequence, the measured
fluorescence signal turns out to be directly pro-
portional to the concentration :

S¢ = Ko Vo Lo®e, C )

where K, is an optical constant, V. is the collection
volume, I, is the incident laser beam intensity, @ is the
fluorescence quantum yield, and C is the molecular
concentration. The frequency response of the flu-
orescence is very high, exceeding 10° Hz.

The properties of rhodamine B (C,sH;,CIN,O;), an
organic dye, are appropriate for performing con-
centration measurements by LIF. This dye is highly
soluble in water, and its fluorescence, centered on the
red—orange part of the visible spectrum, is strong. The
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Fig. 1. Optical arrangement.

fluorescence of this dye can be induced by the green
line of an argon laser (A = 514.5 nm), commonly
available in laboratories.

The concentration measurement using LIF has been
combined with the velocity measurement by a laser
Doppler velocimeter (Fig. 1). The main component
of the optical set-up is a laser Doppler velocimeter,
which is equipped with an argon-ion laser tuned to
the green line (1 = 514.5 hm) and a frequency shifter
unit. In the present experiment, the forward scattering
configuration has been used. The probe volume for
both the laser-induced fluorescence and the laser vel-
ocimetry measurements is the intersection point of the
two laser beams. The dimensions of the measurement
volume are about 250 um along the transverse axis,
and 20 um along the longitudinal axis. The collection
device which is connected to the laser beam guiding
system is mounted on a three-dimensional traversing
device to keep the probe volume continuously
focused. Two kinds of signals are emitted from the
probe volume. One is the Doppler signal, and the
other is the fluorescence of rhodamine B, emitted at
higher wavelengths than the former. The same optics
collects both the Doppler and the fluorescence signals.
These signals are subsequently separated and
processed. A part of the optical signal is processed by
a photomultiplier, connected to a frequency tracker
to yield the velocity and its fluctuations. The second
part first passes through a high-pass filter to eliminate
the frequency resulting from the Mie scattering from
particles due to the incident laser radiation, and is
then detected by a second photomultiplier, to provide
the fluorescence signal, which is proportional to the
concentration. The present device allows one to obtain
simultaneously, and, at the same point, the con-
centration and velocity. This is a condition which
avoids the spatial bias in the calculation of the con-
centration-velocity cross-correlations.

Although the laboratory room was darkened, it
appeared necessary to measure the optical noise,

including the residual daylight and any unblocked
laser radiation. This noise is then subtracted from the
fluorescence signal, and the difference is normalized by
the laser output power. The data, such as the analog
Doppler and fluorescence signal, are transmitted to
a computerized acquisition board, where they are
sampled and processed. Subsequently, the mean, rms
and cross-correlation values of the velocity and con-
centration are calculated.

The accuracy of the technique has been checked:
the accuracy of the concentration measurement is
about 3%, and the accuracy of the velocity measure-
ment is about 2%.

2.2. Flow conditions

The present experiments are performed in a 60 mm
square test channel, which is equipped with two
optical windows, one for laser beam access and the
other for signal detection (Fig. 2). A squared grid is
implanted in the test channel. The characteristics of
the grid are a 1 cm mesh, denoted by M, and a 1 mm
bar thickness. An injection device, which consists of a
cylindrical round nozzle, is positioned 50 mm down-
stream of the grid. The nozzle is able to supply a dye
solution, whose velocity can be adjusted by means of
a nitrogen counter-pressure.

In the first step, the decrease in the concentration
from 0 to 20 mm downstream of the nozzle exit is
measured. The rate of decrease of the concentration
was about 30. The measurements performed close to
the nozzle exit are not acceptable, due to perturbations
of the injection device, and also because the grid tur-
bulence field is not entirely well established. As a
result, the first measurements are performed 20 mm
downstream of the nozzle exit.

A concentration of rthodamine B of 2 x 10~7 mol
17! is required to reach the conditions under which
the fluorescence signal is proportional to the con-
centration. This concentration has been selected as a
trade-off between the attenuation of the incident laser
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beam along the absorbing medium and the signal
level, which must remain acceptable. By considering
the rate of decrease between the nozzle exit and the
first measurement section (x = 20 mm downstream of
the grid), the selected dye concentration at the injec-
tion point was 6 x 10~® mol 1-'. The concentration of
the dye will be 2x 1077 mol 17! or less in the first
measurement section. The mean velocity of the flow
channel is about 1.7 m s~'. The injection velocity at
the nozzle exit is adjusted by means of a nitrogen
counter-pressure at the same value in order to avoid, if
possible, the shear effects between the grid-generated
turbulence flow and the contaminant plume. To define
the velocity field, cartesian coordinates have been
used: x is the axial direction along the nozzle axis,
and y and z are the transverse coordinates. The axial
velocity component is denoted by U(U = U+u) and
the transverse component in the z-direction (see Fig.
2) by V(V = V+v).

3. EXPERIMENTAL RESULTS OF MEAN AND
FLUCTUATING FIELDS

3.1. Mean concentration field

Numerous results have been published for the con-
centration field downstream of a jet [3, 9]. Only a
few results concerning the spread of a concentration
plume in a grid-generated turbulence flow are avail-
able [10-12]. In the case of isotropic turbulence, the
theory predicts that the mean concentration field
downstream of the grid is Gaussian [1, 12]. The grid
turbulence is well established for x/M = 20 ; however,
turbulent diffusion of the concentration in the tur-
bulent field can be analysed for x/M = 10.

The concentration along the nozzle axis, from
x/M =7 to x/M = 23 (M denotes the mesh of the

grid) was investigated first. The rate of decrease of the
concentration is about 7 (Fig. 3). The inverse of the
concentration (1/C) grows linearly with the reduced
downstream position x/M. A significant change of
slope is observed for x/M = 10. This phenomenon
shows the influence of the wake of the injection device
on the scalar field. As a consequence, the con-
centration C,(x) along the jet axis follows a hyperbolic
law (Fig. 3):

1

X
T TR 3)

This result is congruent with the slope of the dis-
tribution of 1/C along the contaminant plume found
by Nakamura et al. [12].

The radial profiles of the mean concentration are
measured at various locations downstream of the grid
in the vertical and horizontal directions (z and y,
respectively), and are shown in Fig. 4 for the y-direc-
tion. The data have been obtained at various down-
stream locations (x/M = 10,13,15,17,18,20,22).
Since the concentration plume is axisymmetric, cyl-
indrical coordinates (r,0,x) will also be used. The
concentration was normalized by the concentration
of the nozzle axis C.(x), and the radial distance r by
the half-width radius, 7., of the mean concentration
profile. The reduced mean concentration profiles have
a similar shape, following a Gaussian law :

e _

—In2(¢r/r)?
.o ¢ . “)

The data reported in Table 1 show that the con-
centration profiles in the y-direction are larger than in
the z-direction. This non-axisymmetric concentration
field is caused by the disturbance of the injection
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Fig. 4. Reduced profiles of dye concentration (obtained along the y-direction).

device, which generates an inhomogeneity in the tur-
bulent field. The degree of inhomogeneity can be esti-
mated by [12]

;;2:1/2__’2 )
27 1,

where v7 and o7 are the rms values of the transverse
velocity along the y- and z-directions, and r,, and r,,
are the half-width radius of the concentration in both
directions. For x/M > 15, r.,/r., = 1.38 and

52'1/2
Y =
2o =136
P

(see also Table 1). ;

The experimental data seem to be reliable, since the
reduced profiles are self-similar and Gaussian, which
is consistent with the theoretical predictions for a
point source of contaminant in an isotropic turbulence
1, 12}.

The growth of the dispersion length scale of the
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concentration, characterized by the half-width radius
r., has been determined in 16 cross-sections, to obtain
a reliable evolution. The half-width radius grows lin-
early, from x/M = 13, with the square root of the
distance from the grid (Fig. 5), as expected theor-
etically {1, 12].

It follows that

7, 2 x
(174) (x) = 5.38x107% 55 —0.56. ©)

Between x/M = 10 and x/M = 13, the concentration
dispersion length scale does not follow the general
trend, since the homogeneous turbulence is not well
established.

3.2. Fluctuating field

The experimental apparatus allows one to record
simultaneously, and in the same sample volume, con-
centration and velocity fluctuations. The rms values
of the velocity and concentration fluctuations have
been recorded simultaneously in locations where the
mean concentration has been measured. The rms
value of the components of the velocity fluctuations
is normalized by the mean flow velocity U, and are
presented as a function of the radial distance in Fig.

6. The effects of the injection device can be observed
from the nozzle exit to x/M = 10. Downstream of
the location x/M = 13, rms fluctuation profiles of the
velocity U and V), appear as homogeneous along the
diameter. A significant perturbation in the fluctuating
field of the V,-component, caused by the injection
pipe, in the vicinity of the centerline, can be observed
in all of the investigated zone. The rms values of the
components of the velocity present the same order of
magnitude, but are not equal: the longitudinal vel-
ocity component fluctuations are higher than the two
transverse ones, along the two directions, since tur-
bulence production is greater in the longitudinal direc-
tion. Isotropy cannot be realized in such a test chan-
nel, where a contraction would be required [16]. The
fluctuation rate of the longitudinal velocity in the self-
preserving zone decreases from 6.5% at x/M = 13
to 5.5% at x/M = 20. One significant point in grid
turbulence is the decrease in the inverse of the tur-
bulent fluctuations of longitudinal velocity [1, 15].
This decrease is shown in Fig. 7, and can be adequately
represented by a power law :

1.25
T30 (% -2) . Q)

W

Table 1. Measured parameters in the cross-section for 10 < x/M < 22

5)2,'1/2
ez Tey — —!-_——”z Feor

M (mm] [m) Folte il el o mml K= rar.
10 3.65 3.74 1.1 0.042 0.067 1.6 5.70 1.56

13 3.9 4.93 1.26 0.04 0.060 1.53 6.9 L.77

15 5.35 7.26 1.35 0.038 0.053 1.38 8.45 1.57

17 5.7. 8.36, 1.47 0.036 0.049 1.34 8.65. 1.52
18 64 8.77 1.37 0.035 0.047 1.35 10.65 1.67

20 71 9.7 1.37 0.034 0.046 1.36 10.55 1.50

22 1.9 10.07 1.35 0.033 0.044 132 . 131 1.57
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This power law appears to be in agreement with the
results found by Comte-Bellot and Corsin [16].

Under quasi-isotropic turbulent conditions, the
energy dissipation rate ¢ can be evaluated by

7 —~2.25
3 pdu z80(%—2> .

2 g dx

The rms values of the concentration fluctuations have
been scaled by the local rms value on the nozzle axis,
and the radial distance by the half-width radius of the
rms concentration profiles. A self-similarity between
the reduced rms of concentration profiles at different
cross-sections of the flow has been pointed out (Fig.
8), which is congruent with the results obtained by
Nakamura et al. {12].

®

E=

4. TURBULENT TRANSPORT

4.1. Theoretical concepts

The problem is axisymmetric: the (r,6,x) cyl-
indrical coordinate system has been used. The molec-
ular diffusion phenomena are neglected, compared to
diffusion by turbulence [17]. The fundamental equa-
tion of the turbulent mass transport, for the present
problem, can be written by using a boundary layer
approximation [12]:

148

oC =(rve).

05 T T ror _(9)

The term vc is unknown : a closure is required.

The general equation governing the transport of the
turbulent concentration flux u;c (here uc and vc), can
be written as [18]

due  — duc oC —aT,
ar TUgy, = ~Rigy T4,
_cdp  Ouuc au,t?zc +vc62u,- 10)
pox;, 0x - 9x} ax? '

where P is the static pressure (P = P+p), R; is the
Reynolds stress tensor, o is the molecular diffusivity,
and v is the kinematic viscosity.

Assuming that the flow field and turbulence are
homogeneous, and neglecting the molecular diffusion
and dissipation terms, equation (10) can be rewritten,
using the polar coordinate, in the radial direction:

doc__cop 3C v

Bx p or

" or an

It can be assumed, as in the case for the uv component

in a plane jet [19], that the convection and turbulent

diffusion are much smaller than the pressure and pro-

duction terms. Equation (11) reduces to equation (12).
The resulting equation is

oC  cop
b AP 4
e por (12)
The pressure scrambling term is usually associated
with a tendency towards isotropy, and can be mod-
elled as a relaxation term {equation (13)], of the form
(18]
13)

- €
x ———=C, v
r i

where C,, is a constant, k is the turbulent kinetic

" energy, and ¢ is its dissipation rate.

‘BEquations (12) and (13) show that the turbulent
mass fhix and the radial concentration gradient can
be considered as proportional :

14

1U§uz'111y, the proportionality constant defines the tur-

bulent diffusivity, denoted by D,. As a consequence,
the following closure of equation (8) is used :
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ve= —D—

T (15)

As shown in the present experiments, and in the litera-
ture [12], the concentration profile is assumed to fol-
low a Gaussian law:

C = C,(x) "2 = C,(x) L) (16)

where f({) = e™"*". { denotes the reduced radial coor-

dinate ({ = r/r.). ‘
By considering the self-similarity assumption,-the

mass flux @ is conserved in the self-preserving region :

an

According to-equations (9), (15) and (17), the tur-
bulent diffusivity D), can be determined :

_ o
T 4In2dx’

® = UC,(x)r?(x) = constant.

D, (18)
D, is a constant, since the evolution of r? is linear with
x.

As a result, a theoretical profile of the con-
centration—velocity  cross-correlation can be
predicted. The vc profile is determined by equation
(18). Assuming that the radial concentration profile
is Gaussian, and using the radial reduced coordinate
{, the vc profile is

C.(x) dri(x)
2r.(x) dx

= HE)UY) (19)

where H(x) is a function which depends only on the
axial coordinate x.

According to equation (19), the cross-correlation
profiles are self-similar. The cross-correlation value
can be normalized by its maximum value, and the
radial distance by the half-width radius of the cor-
relation profile, denoted by r,, defined by

ve(x,0) = =0 444

bl _ 1 .

[CO

The maximum value of the cross-correlation profile is
determined by

dve(x,{)
¢ 0
which gives
Pl = H), [ 375¢7"2 @D

The half-width radius r,, of the cross-correlation pro-
file is given by the following equation:

Eg[eolnzr;,/rg - 1 1 o172
r. 2y 2In2

It shows that ratio between the half-width radius of

(22)
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the correlation and the haif-width radius of the con-
centration is a constant, K. The highest value of X,
from equation (22), is 1.64. The characteristic radial
distance for the correlation profile is ., = 1.64r.. As
a consequence, the length scale of the turbulent mass
flux r,, grows linearly with the square root of the
distance from the grid. As a resuit, the expression of
the turbulent mass flux, reduced by its maximum
value, denoted by ovc*, as a function of the reduced
distance {’, is

ve*(() =

KU —~In2K3(? ;
e where c'=;’—. 23)

1 cor

—12
2in2°

4.2. Measurements of the cross-correlation profiles

The concentration and velocity fluctuations were
recorded simultaneously in the same probe volume. It
allows one to obtain the unbiased cross-correlation
between the concentration and velocity fluctuations.
This term characterizes the flux of the matter, here
the fluorescent tracer, transported by turbulence. This
cross-correlation is practically derived from the for-
mula

=1 (V= C=O)

(24)
i=1 .
where i is the sampling index, and N is the number of
samples. P is equal to zero.

The error in the evaluation of the cross-correlation
function is limited to 1% for a number of samples
N = 50000 [20]. Furthermore, the accuracy of the
amplitude of the correlated signals has a small influ-
ence on the cross-correlation value.

After‘processing of the experimental data, one
observes that the correlation profiles are similar for
different cross-sections of the flow field. As predicted
by the theory, the cross correlation is anti-symmetric.
The correlation value is zero on the nozzle axis, has
a maximum value away from the nozzle axis, and
decreases to zero out of the contaminant plume. The
correlation profiles have been reduced to determine
the self-similarity law. The radial distance has been
reduced by the half-width radius of the correlation
profile. The value of the cross-correlation is nor-
malized by its maximum value. Some values of the
measured half width radius of correlation and con-
centration profiles are reported in Table 1. The ratio
between these parameters, denoted by X, has also
been calculated. K is almost constant in all of the
investigated cross-sections, as predicted by equation
(22). The averaged value of X is about 1.57, which is
in agreement with the value determined theoretically
(K = 1.64).

A profile of the reduced concentration—velocity
cross-correlation v¢*({"), measured in various cross-
sections of the flow field, is shown in Fig. 9: the seif-
similarity predicted by the theory can be checked.
Other authors have performed measurements of the
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turbulent mass flux in quasi-similar conditions. Gad-
el-Hak and Morton [10], by operating with a grid
turbulent air flow, attempted to avoid the shear effects
by performing measurements far downstream of the
grid. The general trend of the obtained concentration—
velocity cross-correlation profiles is congruent with
the profiles found in the present work. However, the
experimental data reported in the work of Gad-el-
Hak and Morton are too scattered to be reliable and
to be compared accurately. Also plotted in Fig. 9 is
the theoretical shape of the reduced vc* profile, which
appears to be in full agreement with the reported
experiments.

4.3. Evaluation of the turbulent diffusivity

As shown previously, the turbulent diffusivity can
be determined by equation (15). It has been shown
that both the concentration and the concentration—
velocity cross-correlation profiles can be reduced. As
a consequence, a reduced turbulent diffusivity,
denoted by D can be determined.

When the reduced radial coordinate {’ is used, the
reduced turbulent diffusivity can be written as

— OC*({’
D= —v*(() / ac('C)

25

where ve*({’) is the reduced measured correlation pro-
file, expressed by the (" coordinate, and C* is the
reduced concentration profile.

As a result, the reduced turbulent diffusivity can be
obtained from equations (16) and (25):

O (9

2 In2K? e 9

The evolution of D¥as a function of {’ is presented in
Fig. 10. The values of D¥ are very scattered for
[¢’| €0.1. For {’ ranging from 0.1 to 1.5, the reduced
turbulent diffusivity is almost constant for the differ-
ent cross-sections. The mean value of the reduced
turbulent diffusivity is about 0.84. For |{’| > 1.5, the
reduced turbulent diffusivity is highly scattered. This
phenomenon can be attributed to an inaccuracy of the
measurement of the correlation in a region where the
fluorescence signal is very low, and where the signal-
noise ratio is not acceptable.

The measured reduced turbulent diffusivity has also
been compared to the theoretical one. According to
the expression of the reduce correlation profile, the
theoretical value of the turbulent diffusivity is

@n

The theoretical value of D¥depends only on the ratio,
K, between the characteristic radius of the correlation
and concentration profiles. D¥ calculated by equation
(27), is about 0.85, which is in full agreement with the
value found experimentally.

5. CONCLUSION

In the present paper, some significant experimental
results have been provided for the mass diffusion pro-
cess from a point source in a grid-generated turbulent
flow. The measurement technique that has been
implemented is based on LIF combined with LDV.
This technique allows one to obtain the mean and
fluctuating concentration fields, and the turbulent
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Fig. 10. Evaluation of the turbulent diffusivity (in normalized values).

mass flux, which corresponds to the concentration—
velocity cross-correlation.

The mean and fluctuating concentration fields that
have been determined are in full agreement with the
results available in the literature, and with the theor-
etical predictions. The cross-correlation between the
concentration and the velocity has also been mea-
sured; a self-similarity between the correlation
profiles, measured in various cross-sections, has been
pointed out. The turbulent mass flux has been inves-
tigated theoretically, assuming a boundary layer
approximation. Theory and experiments are in full
agreement. The theory has pointed out that the dis-
persion length scale of the concentration and tur-
bulent mass flux, defined in this paper, are
proportional. This particular point has been exper-
imentally well checked. A turbulent diffusivity has
also been determined, which is assumed to be a scalar
under homogeneous turbulent conditions. The tur-
bulent diffusivity is defined as the ratio between the
turbulent mass flux and the radial concentration
gradient. This turbulent diffusivity is almost constant
along the radial coordinate.

The measurement of the turbulent mass flux
appears very important in the understanding of the
turbulent diffusion process. Some other terms present
in the transport equation of the turbulent mass flux,
such as the correlation v’c or the gradient dvc/dx,
could be measured in order to determine the pressure
scrambling term (c/p)(0p/0r). The general balance of
the equation for v¢ could allow one to validate the
turbulent diffusivity hypothesis. In future inves-
tigations, it would be also desirable to measure sim-
ultaneously the radial and axial components of the

velocity, by means of a two-dimensional laser Doppler
velocimeter, which could also be combined with a LIF
technique. It would be possible to perform exper-
imentally a comparison between the radial and axial
turbulent mass fluxes, uc and vc.
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