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Abstract

This experimental study is devoted to the diffusion of a passive scalar downstream from a heated line source located
on the centre line of a Bénard-von Karman street. Measurements of velocity and temperature have been performed
using LDA and cold wire thermometer. The results show that, in the central part of the thermal plume, the transverse
heat flux and transverse mean temperature gradient have always the same sign. The failure of the gradient transport
model in the case under study is proved to result from the special shape of the probability density function of transverse

velocity fluctuations at the source location.
© 2003 Elsevier Ltd. All rights reserved.

1. Introduction

Recent interest in heat and mass transfer problems
with regard to environmental or combustion applica-
tions has raised the attention paid to understanding of
passive contaminant turbulent transport [1]. In this
context, both a proper modelling and accurate mea-
surements of the passive scalar flux are needed. Despite
continuous progress in turbulence modelling of scalar
transport [2], the passive scalar flux is commonly mod-
elled using a simple Boussinesq-type assumption. By
analogy with the eddy viscosity concept, the passive
scalar flux (u;0) is written as (u;,0) = —ar0(A0)/0x;,
where u; and 0 are, respectively, the velocity and scalar
fluctuating parts. (A) is the mean scalar value and ar
the turbulent diffusivity.

The latter approach has led to a reasonable degree of
success, especially in free shear flows as mentioned by
Sreenivasan et al. [3], although the validity criteria of the
transport gradient model are never fulfilled in passive
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scalar turbulent transport. In particular, the character-
istic scales of the turbulent transport mechanism are
never much smaller than the characteristic scale of the
mean scalar field [4].

Furthermore, several experimental studies have re-
vealed the existence of regions where the transverse
turbulent heat flux (v0) and the mean scalar gradient
0(A0) /0y have the same sign [3,5-7]. This implies that
the principal term in the expression for temperature
variance production, i.e. —(v0)0(A0) /0y is negative. This
result was exclusively obtained in inhomogeneous flows
and ascribed to the major role of large structures in
turbulent transport. It was connected with the asym-
metry of the mean temperature profile [5], or to the
asymmetry of the velocity p.d.f., [7].

A very simple experiment has been carried out in
order to study, in a simpler manner, the role of coherent
structures in the turbulent transport of a passive scalar
as well as the possible existence of regions of counter-
gradient flux. The flow considered here is the Bénard—
von Karman street that is, the periodic wake of a circular
cylinder at low Reynolds number Re (48 < Re =
UxD/vs < 150). Here, U, is the free stream velocity, D
is the cylinder diameter and v, is the kinematic viscosity
of the fluid calculated at the free stream temperature.
In this flow, a symmetric mean temperature field is
generated by using a small heated line source located in
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Nomenclature

turbulent diffusivity, m?s™!

specific heat, Jm~! K~!

source wire diameter, m

main cylinder diameter, m

frequency, Hz

length, m

standard deviation of the instantaneous

thermal plume, m

probability density function, ( )~

electric power, W

Lagrangian integral time scale, s

streamwise velocity, ms~!

convection velocity, ms™!

coherent streamwise velocity fluctuation,

ms~!

transverse velocity, ms~

v coherent transverse velocity fluctuation,
ms~!

x streamwise coordinate, m

y transverse coordinate, m

o R

~ ~

o

RIS Ry

1

Ve centroid, m
Re Reynolds number
St Strouhal number

Greek symbols

p density, kg m~3

O standard deviation of the centroid, m

v kinematic viscosity, m?s~!

A0 temperature excess with respect to ambient,
K

0 coherent temperature fluctuation, K

Ax streamwise coordinate (origin at the source),
m

Subscripts and superscripts

c instantaneous plume
00 free stream

] source

() mean value

* dimensionless

cg counter gradient

the near wake, on the centreline. The outline of the
paper is as follows: in Section 2 the experimental ap-
paratus and experimental techniques are described, the
experimental results regarding heat fluxes and tempera-
ture field are presented in Section 3 and discussed in
Section 4.

2. Experimental set-up

In this experiment, carried out in air, the vortex
shedding bluff body is a smooth stainless steel, 2 mm
diameter cylinder mounted horizontally in the middle of
the potential core of a vertical laminar plane jet with an
initial section of 32 mm x 300 mm. The initial turbulence
level, measured by hot-wire anemometry, is lower than
0.3%. Parallel shedding is obtained by manipulating the
(spanwise) end boundary conditions. The Reynolds
number Re = 63 (Re = Re. + 15) is obtained with a ve-
locity U,, =49 cm/s. Here, Re. is the critical Reynolds
number. The corresponding vortex shedding frequency
f and Strouhal number St = fD/U,, are about 33 Hz
and 0.133 respectively.

As shown in Fig. 1, the line source is a 20 um di-
ameter wire set parallel to the cylinder. The cylinder
diameter to the source diameter ratio is 100. The source
is heated by Joule effect with an electric power per unit
length P/ limited to 10 W/m in order to avoid buoyancy
effect. The Reynolds and Richardson numbers of the
source are lower than 1 and 103 respectively.

/
Heated *
line source

Cylinder

Fig. 1. Experimental set-up.

As shown also in Fig. 1, the x-axis is oriented in the
direction of the flow, the y-axis is perpendicular to the
flow and the z-axis coincides with the cylinder axis. The
Ax axis is in the direction of the flow, with an origin at
the source location. U and ¥ are the instantaneous
values of longitudinal (along x) and transverse (along y)
velocities. A6 denotes the instantaneous temperature
excess with respect to ambient. In our study, the asterisk
always denotes normalization. Lengths are normalized
by the main cylinder diameter D and velocities by the
upstream velocity U,. Temperature differences are
normalized by a reference excess temperature Af,; =
P/lpc,Usd. Each instantaneous quantity (velocity or
temperature) is decomposed as the sum of a time mean
component ((U), (V) and (Af)) and a coherent fluctu-
ation (u, v and 0).
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Fig. 2. Block diagram of the phase-averaging method.

The source is located at x! =7, on the centerline
(v = 0). At this location, the source is outside the re-
gions where a thin heated wire can control the vortex
shedding phenomenon [8,9].

For the present experiment, simultaneous measure-
ments of the longitudinal and transverse velocity com-
ponents and temperature are made using a two
components system LDA TSI in combination with a
1.27 pm diameter cold wire. The LDA measurement
volume is 0.08x0.08 x2 mm® with the major axis par-
allel to the z-axis. The flow is seeded upstream with olive
oil droplets. An other cold wire probe is also used in
order to provide a phase reference for the signals from
the LDA-cold wire probe. The cold wires are operated
with in-house constant current (/ = 0.1 mA) circuits.
During the experiment, particular attention is paid to
control the frequency cold wire response degradation
due to oil particles for LDA measurements [10]. This
frequency is always at least 400 Hz beyond 10 times
the shedding frequency.

The U, V and A# signals from the moving LDA-cold
wire probe are recorded and processed by a personal
computer. As mentioned above, the following decom-
position has been applied to the periodic signals:

0

=(0) +4q

where (Q) ((U), (V) or (A)) is the time mean compo-
nent and g(u, v or 0) is the coherent fluctuation. From
this decomposition, it is possible to calculate, using time
averaging, moments or cross moments of velocity and

temperature fields. Additional information is obtained
by using phase averaging.

The phase-averaging method is based on the sinu-
soidal temperature signal measured by the second fixed
cold-wire. As shown in Fig. 2, when the amplitude of
this signal reaches a threshold level, with a positive
slope, an electronic circuitry generates a pulse. The in-
stants of time ¢ of these pulses allow to record, at each
location, the values of the U(¢), V(¢) and A0(¢) signals
with the same time reference. The phase @ is then cal-
culated as follows:

& =2n(t—1)/Ty

where 7y = 33 ms, the period of vortex shedding is di-
vided into 200 equal time intervals.

3. Experimental results

Figs. 3 and 4 show the transverse distributions of
mean temperature excess (A0") and transverse heat flux
(v*0") obtained at distances Ax* = 1, 2, 4, 8 and 16 from
the source. At each section, the mean temperature pro-
files are almost symmetric and exhibit local maxima on
each side of the centerline. Close to the source, there is a
slight asymmetry due to the difficulty to locate the he-
ated line source exactly on the centerline. Clearly, in
these figures, the transverse heat flux (v*0") and the
mean temperature gradient 9(A6")/dy* are of same signs
in the central part of the mean plume. This result is more
obvious in Figs. 5 and 6 where —(v*0") is plotted as a
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Fig. 3. Mean temperature profiles downstream the heated line
source; Ax* =1, 2, 4, 8 and 16.
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Fig. 4. Transverse heat flux profiles downstream the heated line
source; Ax* =1, 2, 4, 8 and 16. Same symbols as Fig. 3.

function of 9(A0")/0y* at Ax* =2 and 6. The experi-
mental points are located on a twisted loop passing
through the origin. The experimental points corre-
sponding to the counter-gradient zones belong to the
quadrants 2 (0(A6")/0y* <0, —(v*0")>0) and 4
(©{A07) /oy* > 0, —(v*0") < 0). These points are located
in the centre of the mean plume.

As mentioned by Sreenivasan et al. [3], if the gradient
transport model were valid, this loop would collapse on
to a single curve and, for a constant turbulent diffusivity
ar, this curve would be a straight line.

The temperature variance total production term,
P; = —v*0"0(A0") /0y* — u*0"0(A0") /Ox* has been mea-
sured. As shown in Fig. 7, these data confirm the exis-
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Fig. 5. Transverse heat flux versus mean temperature gradient
at Ax* = 2.
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Fig. 6. Transverse heat flux versus mean temperature gradient
at Ax* = 6.

tence of an important region of “‘negative production”.
The width Ay, of this region is 1.5 at Ax* = 2 and 3.3 at
Ax* = 6. Furthermore, the magnitude of the negative
values of the total production is significant since they
reach 30-40% of the maximum positive values.

We have proved the existence of this counter-gradi-
ent region from mean time measurements. To get addi-
tional information, we have studied the time evolution
of the instantaneous heat flux ¢* = pc, (iu*0" + jv*0"), at
a given section, as a function of phase. Here i and j are
the unit vectors in directions x and y respectively. The
result is presented in Fig. 8 at section Ax* = 4. The in-
stantaneous fluxes are represented by means of white
arrows, the size of which is proportional to the magni-
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Fig. 7. Profiles of the production terms of the temperature
variance equation; Ax* = 1, 2 and 6.
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Fig. 8. Instantaneous heat flux versus phase at Ax* = 4. Phase
calculated with a convection velocity U, = 0.85U,..

tude of the flux. The streamlines are associated to the
velocity field (U* — Uy, v*) where the convection velocity
U; =0.85 is obtained from spatio-temporal velocity
correlations [17]. In the same figure, the dashed lines are
located at the y* values where the mean temperature
gradient 0(A0")/0y* is zero. In the central part of the

mean plume, the largest heat fluxes are always directed
from the centre line toward the edges of the mean plume
and follows the mean temperature gradient.

4. Discussion

It is worth noting that, up to now, the existence of
counter-gradient zones and the subsequent irrelevance
of the gradient transport model have been only men-
tioned in heated turbulent flows in which the mean
temperature profile is asymmetrical [3,5-7,11]. In these
experiments, the size of the counter-gradient zone was
generally limited and the amount of “negative produc-
tion” was very weak in comparison with the overall
production at the same section. The present experiment
shows that the asymmetry of the mean temperature
profile or of the mean velocity profile is not a necessary
condition for the existence of counter gradient. Results
presented in Fig. 7 show also a significant amount of
“negative production”.

However, heat flux measurements presented in Fig. 8
do not display any anomalous behaviour. Heat emitted
by the source in the centre of the wake is initially
transported alternately and symmetrically off the centre
line by counter-rotating vortices. It is worth noting that
the time averaged heat flux profiles are also very similar
to those obtained, close to the source, in similar exper-
iments carried out in turbulent flows [7,12,13].

Actually, in the present conditions, the existence of
the counter gradient results from the shape of the mean
temperature profile. Close to the source, the flapping
model proposed by Lumley and Cruyninghen [14] en-
ables us to calculate the mean temperature distribution.
The temperature distribution in the instantaneous plume
is assumed to be Gaussian, with a distribution given by,

AT(y) = AT, exp —(y — y.)* /21 (1)

centred on y, and characterized by a peak value AT, and
a standard deviation /.. The instantaneous centroid y.
has a standard deviation o.. The knowledge of its
probability density function p(y.) leads to the mean
temperature distribution as,

(A6 () = / AT, exp—(y — 30)*/202p(0) dye 2)

Close to the source, for a convection time ¢ much lower
than the Lagrangian integral time scale 71, the dis-
placement of the centroid y. of the instantaneous plume
is given by vt or, vAx/U [15]. The p.d.f. of y. is, then,
directly related to the p.d.f. of v/U at the source loca-
tion. Assuming that /. < o, it results from Eq. (2) that
the shape of the mean temperature profile is directly
connected to the shape of the probability density func-
tion of v/U at the source location [16].
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Fig. 9. Probability density function of the intensity of the
transverse velocity fluctuation at the source location y; = 0.

In fact, this influence of the shape of the p.d.f. of
v/U on the shape of the mean temperature distribution
occurs whenever /s < ags. This condition, obtained by
Corrsin [4] from the dispersion of an initial Gaussian
profile by simple binary random walks, is fulfilled in our
experiment.

In the Bénard-von Karman street, as shown in Fig.
9, the probability density function of v/U, on the centre
line at the location of the source, is symmetric and dis-
plays two maxima for values +(v/U),,,. This is implied
by the sinusoidal character of the v/U signal due to
counter-rotating vortices passing periodically on the
centreline. Heat emitted by the source is then rather
convected along two trajectories (x(z) = Upt, y(t) =
+(v/U) 1), Where ¢ is the convective time and U is
the value of the streamwise velocity component on the
centre line when (v/U) is maximum. This explains the
existence of two peaks observed on the mean tempera-
ture profiles and located symmetrically on both sides of
the centre line.

In the case where the probability density function of
v/U is Gaussian, heat is preferentially convected along
the centre line. This leads to Gaussian mean temperature
distribution and prevents the counter gradient.

The counter gradient results from a rather simple
case where blobs of heated flow, of small dimension in
comparison with the scale of the velocity field, are
convected preferentially along one or two trajectories
different from the mean flow direction. This results from
the shape of the p.d.f. of v/U. This p.d.f. can be asym-
metrical as in the experiment described by Veeravalli
and Warhaft [7] or symmetrical as in the present ex-
periment. A necessary condition is that, at the source
location, the p.d.f. of v/U be maximum for one or sev-
eral non zero values of v/U.

It is worth mentioning that, in continuous source
experiments, the boundary condition is characterized by

an injection with a constant flux. In this case, where
mean temperature profiles are generated by normal
convective and diffusive heat transport, it would be more
appropriate to characterize these zones as “counter-flux
mean temperature profile regions” than as counter-
gradient heat flux regions.

5. Conclusion

We have studied experimentally thermal dispersion
from a thin heated line source on the centreline of a
Bénard-von Kdrman street. In this experiment, the
profiles of mean temperature and transverse heat fluxes
are symmetrical. However, there is a significant region of
counter gradient heat flux in the central part of the he-
ated wake. It seems that it is the first time that this result
is observed in a heated flow with a symmetrical mean
temperature profile. It is shown that this results from the
shape of the probability density function of the trans-
verse velocity fluctuation intensity, at the source loca-
tion, which is maximum for non zero values.
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