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ABSTRACT

Anisotropic injection of a scalar in a tur-
bulent medium is realized by heating a line
source in two kinds of flow namely, a tur-
bulent boundary layer and a turbulent plane
jet. In the conditions of those experiments,
temperature can be considered as a passive
scalar advected by the flow. The three instan-
taneous temperature gradients are measured.
The experimental data show that the second-
order moments of the temperature gradients
are highly anisotropic near the line source.
This anisotropy relaxes with downstream dis-
tance. A model representing the evolution of
the variance of the temperature gradients is
also proposed and enables us to interpret the
data and to derive the time scale of the return
to isotropy at the level of temperature dissipa-
tion.

INTRODUCTION

Better understanding of small-scale mixing
needs detailed investigations of the statistics of
scalar gradients. In this respect, a number of
questions are still unanswered. Specially, the
possible contamination of the smallest scales
by large-scale properties has motivated the ex-
amination of widely accepted concepts such
as the local isotropy (Warhaft, 2000). As
a matter of fact, violation of this basic as-
sumption has been proved for passive scalars
in shear flows (Krishnamoorthy and Antonia,
1987; Sreenivasan, 1991). Experiments have
furthermore revealed that in isotropic turbu-
lence, the small-scale anisotropy of a passive
scalar experiencing large-scale anisotropic forc-
ing apparently holds with increasing Reynolds
number (Tong and Warhaft, 1994).
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Most of the previous studies have been spe-
cially focused on the estimate of the possible
small-scale anisotropy as well as on the way
in which large-scale features can be felt down
to dissipative scales (Pumir, 1994; Tong and
Warhaft, 1994). However, a little is known of
mechanims hindering anisotropy at the level
of dissipation. From the exact equations for
the second-order moments of scalar derivatives,
it can be inferred that only stretching and/or
molecular dissipation are likely to promote this
return to isotropy (Gonzalez, 2000). The pre-
cise scenario, however, remains unclear.

The present study differs from previous
ones in that it addresses the case in which
anisotropy is directly imposed at the small
scales of a scalar field. This is realized by
heating a small-diameter wire placed, succes-
sively, in a turbulent boundary layer and a
turbulent plane jet; the geometry of the heated
line implies that the temperature field has a
high small-scale anisotropy in the near field of
the source. The temperature signal is mea-
sured by means of cold-wire thermometry. The
Taylor’s hypothesis is used to derive the in-
stantaneous temperature gradient in the flow
direction while the other two instantaneous
gradients are measured by using a double cold-
wire probe. A model describing the longitu-
dinal evolution of the second-order moments
of these gradients at the source height is also
devised and used to analyze the experimental
data paying particular attention to the return-
to-isotropy phenomenon.

EXPERIMENTAL CONDITIONS

The experimental setting up in the turbu-
lent boundary layer and the turbulent plane



jet is displayed in Figures 1 and 2 respec-
tively. The free stream velocity of the tur-
bulent boundary layer is 6.4 m.s~! and the
boundary layer thickness at the source loca-
tion is 6 = 63 mm. The turbulent jet exits
normally to an end plate from a slit of width
b= 15 mm and span 15 cm; its velocity at the
nozzle exit is maintained at 6.7 m.s!.

The heated line source is a Kanthal wire
(diameter d, = 0.09 mm). It is heated by
Joule effect and tensioned laterally across the
flow. The effective Reynolds number of the
wire, Re, is just smaller than the critical vor-
tex shedding Reynolds number. The ratio
Gr/Re? where Gr is the Grashof number de-
fined as Gr = ¢gBA#d3/v, is about 2 10~*
and thereby low enough to consider heat as
a passive contaminant. In the previous defini-
tion, g is the acceleration due to gravity and
B the temperature coefficient for volume ex-
pansion. The Reynolds number of the wire is
Re = Uyd,/v(Tess); Us is the mean longitudi-
nal velocity at the source location and v, the
kinematic viscosity, is taken at the tempera-
ture Tes s defined as Terp = T, +0.24 Af where
Af is the difference between the temperature
of the line source and the temperature T, of
the upstream flow (Dumouchel et al., 1998).
In the boundary layer, the source is located at
height hy = 19 mm that is, h;/6 = 0.3. In
the plane jet, it is placed on the jet axis, at
Azs = 10 cm from the nozzle (Az,;/b = 6.7).
The characteristics of each flow at the source
location are given in table 1.

The velocity field is measured using Pt-Rh
10%, 2.5 pm diameter X-hot wires at an over-
heat ratio 1.5 with DISA 55M constant tem-
perature bridges. Temperature fluctuations
are measured with a single Pt-Rh 10%, 0.7
pm diameter cold wire, operated at 0.1 mA.
Measurements of the dissipation rate of tem-
perature fluctuations, €5 (g = €, + €9, t+ €o.;
€s, = D(00'/0z)?, ...where D is the thermal
diffusivity) are realized using a two-wire probe
consisting of two parallel cold wires. The latter
are 0.5 mm long and their diameter is 0.7 pm.
The minimal distance between the wires is 0.2
mm. The contribution €y, is measured from
time correlation functions, using the Taylor’s
hypothesis; €g, and €5, are measured from spa-
tial temperature correlation functions for small
separations along y and z directions. Close
to the source, €y, and ¢, are obtained using
an extended parabolic method (Rosset et al.,
2000) inspired from the one Aronson and Lof-
dahl (1993) used for velocity measurements.
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Plane jet Boundary layer
U, 6.1m.s~1 5.0 m.s™!
—1/2
=%y, 0.15 0.08
—1/2
72y, 0.17 0.05
k= 0.75(u? + v'2) 1.46 m2.s~2 0.17 m?.s—2
e = 150U 2(8u’ /3t)2 22 m2.s—3 1.55 m2.s~3
n=(3/e)t/* 0.11 mm 0.22 mm
Us/(2mn) 8.8 kHz 3.7 kHz
A = (15vu’2[e)1/2 3 mm 4.8 mm
—1/2
Rey = u'? / A v 190 130
Integral time scale of u 1 ms 4.5 ms
Integral time scale of v 0.9 ms 1.3 ms
kfe 66 ms 110 ms

Table 1: Flow data at the source location
MODELLING

The analysis is restricted to the longitudi-
nal evolution of the thermal field at the source
height, in the region where the budget of tem-
perature variance, 6’2, is governed by convec-
tion and dissipation (Raupach and Legg, 1983;
Rosset, 2000). In this regime, 6’2 decays ac-
cording to: L

8012
"oz (1)
The observed power-law decay of 6?2 with
downstream distance (Rosset, 2000) further-
more suggests that the ¢y equation is:

= —2¢p

(2)

with 1y being constant. It is easy to show
that Eq. (2) is equivalent to the model of
Sykes et al. (1984) describing the decay of
€ in the inertial regime, in stationary turbu-
lence (Fall, 1997). Then, following Thomson
(1997), €p can in this case be parametrized as
€g = 3(¢02/4t where ¢ indicates the dimen-
sionality of the source (¢ = 1, 2 or 3 for, re-
spectively, an instantaneous area, line or point
source). From the previous expression (with
t = z/u) and Egs. (1) and (2), it follows
that g (6¢ + 4)/3¢. Provided the turbu-
lence intensity is not too large, a continuous
line source can be considered as equivalent to
an instantaneous area source (Thomson, 1997)
which implies ( = 1 and hence 1y = 10/3.

We now assume a convection/dissipation
budget for the components &;
2D(06'/0x;)(00'/0x;) (E11 = 2¢q,, Ea2 = 265,
E33 = 2¢p,; the half trace of £ is nothing but
€g) and write:

'_(95”' _ 2 63
"o = T3Ygrti
2 €9
—QR (g” — gEg(Sij) 9?2 (3)



The first term on the right-hand side of Eq. (3)
stands for the isotropic dissipation of &; (in
actual fact, the net dissipation resulting from
the difference between the isotropic parts of
molecular dissipation and stretching). The sec-
ond one is a model representing the return to
isotropy as a relaxation mechanism acting with
the characteristic frequency 7'751 = are /07 =
arTy;'/2 as proposed previously (Gonzalez,
2000). In this model, it is stated that agr is
constant. In particular, g is assumed not to
depend on the turbulence Reynolds number.
Local isotropy would imply ar to increase with
the latter but recent experiments (Tong and
Warhaft, 1994) have shown that anisotropy
at the dissipative scales of a scalar field ap-
parently does not relax when the turbulence
Reynolds number is increased which lends sup-
port to the idea that ax might be, at most,
slightly Reynolds number dependent.

RESULTS

Equations (1) and (3) are solved in the cases
of the boundary layer and the plane jet and
provide the downstream variations of 62, ¢;_,
€s, and €p, (and hence of €¢y) at the source
height. Measured values of the latter quanti-
ties at the first experimental section are chosen
as initial conditions. In the case of the bound-
ary layer, the mean velocity @ in Eqgs. (1) and
(3) is constant and equal to 5 m.s™!. In the
case of the plane jet, it decreases from 6 m.s™!
to 4.8 m.s™! in the investigated region. As re-
gard to constant values, 1y = 3.3 (close the
above derived value 10/3) and agr = 4, for
the case of the boundary layer. Note that the
evolutions of 6’2 and ¢y are insensitive to ax.
The value of the latter is chosen so that the
model predictions fit the experimental ¢, €,
and €5, which gives an estimation of the return-
to-isotropy timescale. In the case of the plane
jet, however, the experimental data have been
found to be better fitted with slightly different
values namely, ¥y = 2.8 and ar = 3. This
could be explained by the fact that, in the
plane jet, the budget of temperature variance
at the source height does not exactly amount
to a convection/dissipation equilibrium (Ros-
set, 2000). Moreover, the equivalence between
a continuous line source and an instantaneous
area source used for deriving 1y (see above)
can be questioned in the case of the plane jet
because of the rather large turbulence intensity
at the source location (table 1).

In Figs. 3 to 8, the downstream distance is
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rescaled as ¢* = o,,2/Us which is proportional
to the mean width of the thermal sheet; o, is
the root mean square of the transverse velocity
at the source location. In Figs. 3, 4, 5 and
7, T, is a temperature reference based on the
heating power.

The decay of temperature r.m.s in the
boundary layer and the plane jet is reported
in Figs. 3 and 4 respectively. In the bound-
ary layer, this decrease follows approximately
a 2797 law and is rather well described by
the model which confirms that the *theoretical’
value ¥y = 10/3 is suitable to this situation.
In the plane jet, the experimental data display
a 797 decay up to z* = 2.5mm and, after-
wards, an evolution closer to z7!. The model
underestimates the r.m.s in this latter phase.

Predictions of €,, €5, and ¢, as well as
of the return to isotropy represented by the
decay of €g,/€s, and €5, /€y, have been found
acceptable in the boundary layer (Figs. 5 and
6) provided that ag 4. This implies a
return-to-isotropy time scale 7p = 0.579. Fig-
ure 7 displays the contributions to temperature
variance dissipation in the plane jet. Here,
ar = 3 and thus g ~ 0.6779, not so far
from the value derived in the boundary layer.
The rather high initial level of anisotropy de-
serves to be mentioned. In the boundary layer,
€, /€, ~ 30 and €g,/€g, ~ 1.6 at the first ex-
perimental section. In comparison, values as
high as €y, /€p, ~ 78 and €, /ey, ~ 6.6 have
been measured in the plane jet.

The longitudinal evolution of the tempera-
ture microscales in the boundary layer is shown
in Fig. 8. These are defined as /\3z

20'2/(00'/0z)? etc. The significant feature is
the minimum in the evolution of Ag, and Ag,. A
similar behaviour has been found in the plane
jet. It is likely that, in the first stage, the ther-
mal sheet experiences corrugations along both
the longitudinal and spanwise directions under
influence of small-scale vorticity which results
in a decrease of the temperature microscales
in these directions. This trend is retrieved by
the model, at least qualitatively, through the
predominance of the return to isotropy in the
early evolution of €5, and €;,. As a matter
of fact, in the model, the initial small values
of the latter quantities cause their relaxation
term (second on right-hand side of Eq. (3)) to
be large and positive; this counteracts their de-
cay due to isotropic dissipation and implies a
minimum in the microscales since A o 62/¢g,

and A 02/eq, .



CONCLUSION

Injection of heat via a small-diameter line
source placed in a turbulent boundary layer
and a turbulent plane jet has enabled us to
directly impose a high anisotropy level at the
small scales of a scalar field. Due to the geom-
etry of this injection, ratios €, /g, as large as
30 in the boundary layer and 78 in the plane jet
have been measured. The ratio €g, /g, has also
been found larger than unity (1.6 in the bound-
ary layer and 6.6 in the plane jet as larger
values). This latter feature might be explained
by the fact that the preferential orientation of
small-scale vorticity imposed by shear imply
a redistribution of the fluctuating temperature
gradient which may promote €5, at the expense
of €5, (Diamessis and Nomura, 2000). Further
work is needed to understand more precisely
how can such a scenario hold in our case.

A significant result is the return to isotropy
of temperature dissipation with downstream
distance. This is important as regard to the
lack of information on this phenomenon. We
have shown that the evolutions of eg,, €,
and €5, at the source height, in the region
of the thermal field where the temperature
variance decay is governed by convection and
dissipation, can be rather well described by a
model based on a convection /isotropic dissipa-
tion/return to isotropy regime. Comparison of
model predictions with experimental data has
furthermore allowed us to estimate the return-
to-isotropy time scale. In the investigated re-
gion, this time scale is close to 0.575 in the
boundary layer and to 0.6775 in the plane jet,
where 75 is the scalar time scale, 2/2¢5. Rea-
sonable model predictions are however more
difficult to obtain in the case of the plane jet.

This study has shed some light on the return
to isotropy of the scalar dissipation. Although
it can be suspected that both stretching (prob-
ably via the action of vorticity) and molecular
dissipation play a role in this process, the com-
plete scenario remains to be depicted.
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Figure 3: Decay of temperature r.m.s in the
boundary layer (at the source height).
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Figure 4: Decay of temperature r.m.sin the plane
jet (at the source height).
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Figure 5: Dissipation of temperature variance in
the boundary layer (at the source height).
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Figure 6: Return to isotropy of temperature dis-
sipation in the boundary layer (at the source

height).
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Figure 7: Dissipation of temperature variance in
the plane jet (at the source height).
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Figure 8: Temperature microscales in the bound-
ary layer (at the source height).





