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Abstract—The fluctuating displacements of a laser beam crossing a strongly nonisothermal channel air
fiow have been measured in the range [10*-3.5 x 10*] of the Reynolds number based on the hydraulic
diameter. The measured instantaneous displacements are useful data for testing direct numerical simulations
of nonisothermal turbulent flows. It is shown that the variances of these displacements are related to two-
point correlation functions of temperature and temperature spatial derivatives. A first approach developed
here to predict the beam displacement variances is based on a four supplementary equation, near-wall,
turbulence model. These variances are shown to be related to components of the dissipation rate ¢, of
temperature fluctuations. A satisfactory agreement between measured and predicted displacement variances
is obtained.

1. INTRODUCTION

Measurements of g, the dissipation rate of tem-
perature variance, are required among other thermal
turbulent quantitics to qualify both heat transfer
modeling and efficiency in the case of turbulent flows.
Only a few works deal with these measurements and
they are generally based on intrusive methods. Krish-
namoorthy and Antonia [l1] have measured the
three components of ¢, by using a pair of parailel cold
wires in a turbulent boundary layer. A similar work
has been carried out by Sreenivasan et al. [2], but
only in the logarithmic region of the turbulent field.
Verollet [3] has deduced the three components of
g from the two-point-temperature-autocorrelation
functions in the same region. It is worth noticing that,
in these works, the difference between wall and flow
temperatures was limited to about 15 K.

On the other hand the three components of ¢, can
be deduced theoretically from direct numerical simu-
lations. However this approach remains limited to
low values of the turbulent Reynolds number and the
temperature is generally considered as a passive scalar
in such simulations [4-7].

In the present study we use the EM2C laboratory
wind channel experimental setup described in a pre-
vious work [8], in which the mean temperature gradi-
ent field has been measured by means of a laser beam
deviation method. Only the mean displacements on a
position sensor were analyzed in this previous work.
The aim of the present paper is to study the fluctuating
part of the displacements obtained in the experiments
described in ref. [§] and, particularly, their relevance
to temperature fluctuations and the dissipation rate
.

The experimental setup and signal analysis are
briefly described in Section 2. More details are given
in ref. [8]. The expressions of laser beam displace-
ment variances in terms of temperature and tempera-
ture spatial derivative autocorrelation functions are
derived in Section 3. In the next section these functions
are modeled in terms of the turbulent quantities k, ¢,
0 and &, which are calculated from a four sup-
plementary equation turbulence model. Finally, mea-
sured and predicted displacement variances are com-
pared in Section 5.

2. EXPERIMENTAL SETUP AND PROCEDURE

2.1. The EM2C wind channel

The EM2C wind channel has been described in
detail elsewhere [8-11]. Consequently only a brief
description is given here. Heated air, at about 393 K,
flows inside a horizontal 2 m long wind channel of
rectangular cross section (0.03 and 0.15 m in the ver-
tical and transverse directions, respectively). The
upper wall is heated electrically and stabilized in our
experiments at a temperature 7, of about 530K ; the
lower one is held to a temperature 7 of about 373K by
using a liquid-vapor water phase change. The channel
outlet is open to the atmosphere, and the studied
flows are then at the atmospheric pressure P,, which
is measured during each experiment.

Two sets of four windows located at 0.5 and 1.7 m
from the channel inlet section enable optical measure-
ments at two cross sections of the channel (Fig. 1).
The sapphire windows shown in Fig. 1 are 3 mm thick.
The laser beam deviation technique described in the
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D, hydraulic diameter

k turbulent kinetic energy

K Gladstone-Dale constant

L, length of the beam trajectory inside the
flow

L, distance between the plate edge and
the position sensor

f frequency

n index of refraction

P, atmospheric pressure

Pr Prandtl number

Re Reynolds number

temperature

u axial velocity

X axial distance from the inlet of the
channel

y normal distance to the upper
horizontal wall

z direction of the laser beam.

NOMENCLATURE
a thermal diffusivity Greek symbols
b attenuation factor 0 T2/2
d laser beam diameter £ dissipation rate of k
D displacement on the photodiode dissipation rate of 6
sensor thermal conductivity

&g

A

] power spectral density
A integral length scale

Ao Corrsin length scale.
Subscripts
c related to the recorded signal

convolved with a window function
related to the lower wall

related to the recorded signal
related to the upper wall

related to the axial distance
related to the normal distance.

A e R

Superscripts
A’ fluctuating part of 4
A*  dimensionless expression of 4
A Reynolds average value of 4.

following section is simultaneously applied at the two
optical sections.

Gas temperature profiles are also measured in the
core of the flow by means of two movable type K
thermocouples of 0.25 mm diameter equipped with
radiation shields, located 3 cm away from the optical
sections, and displaced in the flow by micrometric
screws. The radiation shields are retracted in the upper
wall before proceeding to optical measurements.

2.2. Experimental procedure and signal analysis
Measurements are based on laser beam deviations,
induced by refractive index variations in the crossed
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Fig. 1. Schematic view of the studied flow and optical setup.

medium, which result from local and instantaneous
temperature gradients in an homogeneous medium at
constant pressure. Figure 1 shows the optical setup
for deviation measurements. In fact, rather than the
deviation, the displacement of the laser beam on a
position sensor is measured at a distance L, from the
channel (Fig. 2). Measurements are carried out for
different values, y;, of the distance between the hot wall
and the laser beam inlet. The laser sources, position
detectors and other experimental equipment are
detailed in ref. [8].

Temperature fluctuations in turbulent flows induce
a time dependence of the laser beam displacement D;.
For each distance y;, D;(f) is acquired during a period
of time At with a sampling frequency f. At is chosen
long enough (from 0.5 to 3 s) to ensure that D is
time independent (i.e. standard deviation of the time-
averaged displacement is less than the experimental
noise, which is about 10 um). The sampling frequency
has been chosen in such a manner that the integral of
the power spectral density (PSD) of the signal in the
range [0, f/2] contains at least 98% of the total power ;
[fvaries typically from 2 to 15 kHz in our experimental
conditions described in Section 5. For instance,
Fig. 3 shows the PSD of the displacement D«(¢) in
both x and y directions and for y; values equal to 1
and 15 mm. In order to estimate the cutoff effect, the
extrapolation of the curves for frequencies higher than
7.5 kHz shows that the cutoff at this frequency intro-
duces an error on the total power of about 1%. We
ensured that the response of the whole electronic
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Fig. 2. Scheme of laser beam deviation and displacement (plane perpendicular to the flow direction) ;
definition of axes and geometry (L, = 0.15 m).

devices remains flat up to the highest sampling
frequency.

Another important limitation of displacement
measurements at high frequency results from the size
of the laser beam whose maximum diameter d inside
the flow is about 1 mm. The high frequency com-
ponents of the signal are attenuated in comparison
with those obtained with a ray of null diameter.
Indeed, if we adopt a crude one-dimensional model
and assume that the beam intensity is uniform in the
range 0 < x < d and that the flow obeys the Taylor
hypothesis with an important mean axial velocity #,
the recorded signal D.(¢) is the signal corresponding
to a ray D.(f) convolved with the window function of
width d/a. The attenuation factor b(f) for a given
frequency fis then

b(f) = %{sin (ff;) )

In the experimental conditions of Fig. 3, an attenu-
ation factor b(f) = 0.5 is reached for f= 5 kHz and
f= 1754 kHz for y; = 1 mm and y; = 15 mm, respec-
tively. We have estimated the power spectral density
@.(f) of D () from the spectral density ®.(f) of D.(¢)
and b(f):

@.(/)
b*(f)

and estimated by integration over frequency the total

o.(f) =

@
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Fig. 3. Power spectral density of the beam displacement at

Section 2 vs frequency for experiment E3 [described in Table

1 where Repy(x = 0) = 25 200] and for two different inlet
beam positions.

attenuation of the variances D and D’ due to the
finite size of the beam. The relative attenuations rep-
resent about 5% for D}? and about 14% for D%. The
magnitude of these attenuations is the same for all the
experiments described in Section §.

3. EXPRESSIONS OF DISPLACEMENT
FLUCTUATIONS AND VARIANCES

A light beam crossing a medium of nonuniform
refractive index n is deflected towards the higher n
region. For homogeneous gas at constant pressure
and for small displacements, the light beam trajectory
is described by the following differential equations:

&y _ KT
dz2 T oy
d?x K oT
- )
dz T? 0x

where Oz is the laser propagation direction and K the
Gladstone-Dale constant. More details concerning
these equations are given in ref. [8]. One can easily
show that the beam displacement due to mean tem-
perature gradients inside the sapphire windows are
negligible in comparison with those resulting from the
temperature gradients in the flow. On the other hand,
time scales of heat transfer in the windows are much
higher than turbulence characteristic time scales.
Consequently, the fluctuating refractive index effects
of the windows on the fluctuating part of the dis-
placements can be neglected. The beam displacement
on the photodiode sensor can be expressed with the
quotations of Fig. 2 as

D, =D, +D,. “4)

An estimation of the order of magnitude of D,, is
obtained from the assumption of a parabolic tra-
jectory of the beam

D,

D

¥y2

L,
== 5

oL, ®
This ratio is equal to 0.05 in our experimental
conditions. Then neglecting D), in comparison with
D,, leads to
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d
D,~D, =L2d—JZ/(z=Ll). )

From equations (3) and (6) we obtain

L K oT
D, - _sz
)

far
We decompose now T into its mean and fluctuating
parts T and T respectively. A second-order Taylor
expansion of 1/7? in equation (7) yields

M

L1 [of o1 _T 0T
o=k 5t 5 T
1077 20T
- 3T dz. (8)
T oy T oy

Time-averaging this equation leads to

b= —kr, [ L[ _LeT7
vy ey T ooy

T2 8T
— — |dz.
T? oy

(€)

Then the fluctuating part of the displacement is given
by

, - L1 [T
Dy =D,~D,= —KL: | |7
T 8T

(T*-T7% oT
22— 43—
T dy T2 dy

}dz. (10)

If we neglect third order terms, D;* writes

W1 [eT” T T
27 __ 2r2 .
D¥, =K LZL = [—Gy 25 & :Idzl
w1 e _T'oT
[ FlE el o

where z, and z, are the projections on the z-axis of
two independent points of the beam trajectory. Time
averaging equation (11) yields

L, Ly 1
b7 = K212 f J S -
o Jo T?(z)T%(zy)

0T T 4T G)TGy éT, oT
[ @) (ZZ)+W6_y Zl)a_y(zz)
2 T
T( )6 (ZI)T (z1)—— ay (z2)
2 T
T( ) @y (Zz)T (Zz) (zl)ildzl dz, (12)

which can also be put into the form

Lifh ¢ (T (z)\ 0 (T'(z5)
Df = K*L3 = = :
y =K .L L ay <T2(21)>6y (7"2(22)>dzI dz
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A similar development may be applied to the laser
beam displacement variance in the streamwise direc-
tion x. As the mean temperature gradient in this direc-
tion is negligible, substituting y for x in equation (13)
leads to

Ly (L, 1
D =KL} j _
o Jo TZ(Zl)TZ(Zz)
0T' oT’
(21) (Zz) dz, dz,.

(14)

We have recorded the instantaneous values of D (?)
and D} (¢) for a set of y; values. Different statistical
informations deduced from these displacements could
be compared with direct numerical simulations of the
studied flows. In the following, we are mostly inter-
ested in the measured variances D> and D_;f, which
are compared with the results of a first approach
model based on a near-wall turbulence model and
dimensional analysis.

4. A FIRST APPROACH MODEL

The laser beam displacement variances given by
equations (12) and (14) can be evaluated from the
results of a four supplementary equation turbulence
model, i.e. the transport equations of the turbulent
kinetic energy k, the temperature half-variance
8 = T%/2 and their respective dissipation rates ¢ and
&g. The derivation of the model is given in ref. [15] and
the modeled equations, boundary conditions, con-
stants and damping functions may be found in ref.
[81.

If we neglect the variations of the mean temperature
field along the laser beam, we obtain

K2L3 [t (L [T or’
7 2 ol R
Dy = T4 L L |:6y (z) 3y (z2)

+ 1 (5) TEITE

> o o TETED)
T Toy dy

K212 (b [LooT
D= T f J (zl) (zz)dz.dZZ
0

:ldzl dz, (15)

(16)

The displacement variances depend therefore on the
two-point-autocorrelation functions of temperature
and temperature spatial derivatives. These auto-
correlation functions are modeled as exponentially
decaying functions of the separation distance.

o Ry =2
S5 - (3 )exp[—'—z—-%—fz'}
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TETG) = e - B2

AT (@)T'(z) _[oT” oz |22 =21 A
oy Oy A* Oy

X exp [- lzz=z| = '] 17

where 4, and A are the Corrsin and the integral length
scales of thermal turbulence respectively. 44is modeled
using the thermal time scale 6/e, and the thermal
molecular diffusivity a [16].

(18)

where ¢, is a constant of the model. Numerical simu-
lations show that the best agreement with our exper-
imental data is obtained for ¢, = 1.4. The integral
length scale A is modeled using the turbulent velocity
scale \/IE and a combination of the mechanical time
scale k/e and the thermal time scale 8/¢, [17] :

k 0
/\=C2\/’I€ E;

where ¢, is another constant which has a small influ-
ence on the results and only in the vicinity of the walls ;
it is taken equal to 0.5, as in ref. [15].

In our experimental conditions the ratios L,/A and
L, /A4, as calculated from the four equation turbulence
model and equations (18), (19), are always greater
than 30 and 300, respectively. Consequently, the
double integrations in equation (15) with the cor-
relation function (17) become

Ll Ll —_
J J exp[—JzZAz"}izl dz, = 2A[L, —A]

0 0

L, 'L, —
J J ]zz—z,lexp[— |22AZ’|}dzl dz,
0 0

= 2A[L, —2A]

(19)

(20)

and D;7 is expressed as a sum of three terms:

KL 0T\
- o]

T* dy
A1=219L1
0 6\ 2
A2=16A-]—_5<-6—; (L, —A]
Ay = E@_T ’\Q(Z[L A]+0%[L 2A]}
T Tyl eyt oy )

@n

In a similar way, if we assume that the same length
scale A, applies also for the autocorrelation function
in equation (16) we obtain for D?
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KL% (0T}
 eupE
o - EE(TY,

D7? and D}? depend then on the terms

T’y T\
() = (5)
8T\ (0T’  [oT'Y
()G @] @

These quantities cannot be calculated separately from

our turbulence model. However, if we make the fur-
ther assumption

(22)

of &g

E 2 _ aT/ 2
dz |~ \ox
aT/ 2 d aT/ 2
O0x an oy
can be expressed as functions of & and the exper-
imental ratio

24)

then

TNt 4% 444
ox ] (142nN4, 1a-i- 1+

oT’\* 1 £
(a_y) =(1-+—2’_)Z[A1;—2r(A2+A3):| (25)

and the beam displacement variances are then given
in this first approach by

=7 rKZL% 7}
=—2 14,2+4
x (1+2r)T4 1 a + 2+A3
K212 )
7=(1+2r)2T_4_[A15"+A2+A3]. (26)

These variances can be compared to the measured
ones. Let notice that in the central flow region
(2 < y € 28 mm), the contributions of 4, and A4, in
equation (26) are negligible, as shown in Fig. 4, and
the ratio r reduces to

oT’\?

)

T\
dy

5. RESULTS AND DISCUSSIONS

3
TN
=

¥y =

@7

n?2
D.V

TN

Experiments have been carried out for five different
values of the inlet Reynolds number based on the
hydraulic diameter and on the bulk temperature
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Table 1. Experimental conditions : Rep,(x = 0) is the inlet Reynolds number based on the hydraulic
diameter, T, and T, are, respectively, the temperature of the upper and the lower wall, and P, is the
atmospheric pressure ; # is the mass flow rate

T, T P, m
Experiment Repu(x = 0) K] K] (10° x Pa) (gs™
El 10 700 532+15 37245 1.016+1x 1073 18.44+0.2
E2 17 500 531+15 37545 1.017+1x1073 30.0+£0.3
E3 25200 528 +15 374+5 1.004+1x1073 43.11+0.4
E4 30 600 528+15 37345 1.007+1x 1073 52.3+0.5
ES 35500 528+ 15 373+5 1.007+1x107? 60.7+0.6

Rep,(x = 0), varying between 10* and 3.5 x 10*. The
experimental conditions, i.e. the Reynolds number,
the upper and lower wall temperatures 7, and T}, the
atmospheric pressure P, and the mass flow rate, are
those of ref. [8] and are summarized in Table 1.

Numerical simulations show that the predicted dis-
placement variances at the first measurement section
(x = 0.5 m) are very sensitive to turbulence intensity
at the entrance (x = 0), while the predicted dis-
placement variances at the second measurement sec-
tion (x = 1.7 m) do not practically depend on tur-
bulence intensity at the entrance (as shown in the
following). As the turbulence intensity at x = 0 is not
measured in our experiments, only the resuits related
to the second measurement section (x = 1.7 m) are
presented below. We compare in Figs 5-9 the vari-
ances of the laser beam displacements in the x and y
directions with the same quantities computed from
the first approach model and equations (18), (19),
(21), (26). In the last equation, the ratio r is computed
from the experimental displacement variances; this
fact explains the nonsmoothness of the ‘theoretical’
curves in Figs 5-9. In the four supplementary equation
turbulence model, the inlet turbulence conditions are
k =¢=0=¢ =0, while the mean velocity profile is
assumed to be uniform at x = 0 (with a value deduced
from the measured mass flow rate). The mean tem-
perature profile at section 1 (x = 0.5 m) is deduced
from the mean laser beam displacements and ther-
mocouple measurements [8].

A satisfactory agreement is found between the
model and the experiments in the Reynolds number

0.6 T T T T Y

i

o7
dy

0.2 b

0.0 |

(A2 +43) 1 ((

0 5 10 15 20 25 30
Distance y (mm )

-0.2

Fig. 4. The ratio (4, + 4,)/((6T"/6y)* A, ) predicted from the
model vs the distance y to the hot wall at Section 2 and for
experiment E3 [Rep,(x = 0) = 25 200].

range mentioned above, especially for y values in the
range (2, 28 mm). The agreement is generally better
at high Reynolds numbers than at lower ones.

The model overestimates D;? near the wall for
Reynolds numbers greater than 2.5 x 10*. This overe-
stimation results mainly from the assumption that the
spanwise and streamwise components of &, are equal
[equation (24)]. In fact, as shown in refs. [1, 2], the
spanwise component of g is much greater than the
streamwise one in the near wall region. If we introduce
the ratio

_ (Y [T
*= 0z Ox
in the calculations [equations (20)—(22)], the term 2r
in the denominator of equation (26) will be replaced
by r(1 +a). A factor o as high as about 8 is observed

in the measurements of ref. [1] for y* = 10. This leads
to an overestimation of D;?, as computed from our
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Model @)
~ 0.010 | VYT 4
£ A
g c
~ A
}'?5 0.005 | L
Ap P
0.000 L N L L N
0 5 10 15 20 25 30
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0.06 v T T T u
'S a ;de::rlimem E1 (b)
~ 004 } e :
“E
£
|5 0.02 s, 4
Aa
A
A Ap a
0‘m L A L AL N
0 5 10 15 20 25 30

Distance y (mm )

Fig. 5. Measured and predicted displacement variances for

experiment E1 [Rep,(x = 0) = 10 700] at Section 2 vs the

distance y to the hot wall. (a) x displacement variance. (b) y
displacement variance.
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Fig. 6. Same as in Fig. 5 for experiment E2 [Rep,(x = 0) =
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Fig. 7. Same as in Fig. 5 for experiment E3 [Rep,(x = 0) =
25 200]. The dashed curves correspond to calculation with
an initial thermal turbulence intensity equal to 0.15.

first approach model, of about 33%. The discrepancy
near the wall is also due, but in a less extent, to the
measurement attenuation resulting from the size of
the laser beam (see Section 2).

The experimental setup does not allow the measure-
ment of the thermal turbulence intensity ./772/T at

3141

0.015
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0.06 E
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0 5 10 15 20 25 30
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Fig. 8. Same as in Fig. 5 for experiment E4 [Rep,(x = 0) =
30 600].

0.015

A Experiment ES
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- L L L
0 5 10 15 20 25 30
Distance y (mm )

0 5 10 15 20 25 30
Distance y (mm )

Fig. 9. Same as in Fig. 5 for experiment ES [Rep,(x = 0) =
35 500].

the inlet of the channel. The sensitivity of the dis-
placement variances to this initial thermal turbulence
has been numerically studied. Figure 7 shows that the
variances at Section 2 remain practically unchanged
far from the walls, but are significantly increased near
the cold wall when considering an initial thermal tur-
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bulence intensity of 0.15, which is a large over-
estimation of the value reached in our experimental
conditions.

6. CONCLUDING REMARKS

The fluctuating displacements of a laser beam cross-
ing a strongly nonisothermal channel air flow have
been measured in the range (10*-3.5x10% of the
Reynolds number, based on the hydraulic diameter.
The variances of these displacements have been shown
to be related to two-point correlation functions of
temperature and temperature spatial derivatives. The
experimental data obtained in this study are useful for
testing direct numerical simulations of nonisothermal
turbulent channel flows. As a first approach, a four
supplementary equation, near-wall turbulence model
has been used to predict the beam displacement vari-
ances which are related to two components of the
dissipation rate g, of temperature fluctuations. A sat-
isfactory agreement between measured and predicted
displacement variances is found. The agreement is
generally better at high Reynolds numbers than at
lower ones. The discrepancies observed near the walls
is probably due to the anisotropy of &, which is not
fully accounted for in our simulations.
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