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Abstract. — We report an experimental study of the scattering of ultrasonic plane waves on
a turbulent jet in air (Pr = 0.7). The jet is weakly heated so that the temperature fluctuations
act as a passive scalar. In the backscattering geometry one measures the Fourier components
of the temperature field T(q, t). The time averaged characteristics are analyzed in detail; in
particular we observe a Kolmogorov “—5/3” power law behavior for the passive scalar spectrum
in the inertial range of scales. The study of the time fluctuations shows that the histograms of
T(g,t) remain close to a Gaussian at all scales.

1. Introduction

The mixing of a passive scalar by a turbulent flow is an important problem in a wide variety of
situations, both natural (e.g. fluid dynamics in the ocean and the atmosphere) and industrial
(e.g. the homogenization of multi-component fluid mixtures). Its theoretical relevance lies in
the fact that the passive “tracer” is advected by the velocity flow field, thus probing the trans-
port properties of turbulence. Considerable efforts — theoretical, numerical and experimental
— have been devoted to this problem (see [1] for an introduction). Although the existence of
a k~5/3 power spectrum for the passive scalar has been the subject of some controversy [2],
its existence seems now established [3] experimentally. On the other hand, numerous studies
have shown the anomalous scaling behavior of passive scalar increments. Much effort is now
devoted to understanding this behavior.

In this work we explore the possibility of using sound scattering as a spectral probe of
temperature fluctuations (considered as a passive scalar) in a turbulent flow.- Such a non-
intrusive measurement probes the scalar field directly in Fourier space and its development
can lead to a direct measurement of the dynamics and interactions between scales.

The interaction of a sound waves with a fluid flow has been pioneered by Lighthill and
Tatarski and have since then been the subject to continuous developments [1,4-8]. We adopt
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here an experimentalist point of view, i.e. we consider the use of a wave to probe a medium
that interacts with it. Indeed, sound wave propagation is modified by the presence of vorticity
and temperature fluctuations, so that sound scattering can be used as a tool of investigation of
flow structures. Compact and elegant expression have recently been established by Lund and
co—workers for the scattering of sound at low Mach numbers [9-11]. Their findings rely on a
first Born approximation and may be summarized as follows: for a plane incoming ultrasonic
wave of frequency vy and amplitude Pi"® the scattered pressure at angle § and distance D in
the far field limit, is expressed as:

Picat = Ps‘ga»rtt + Pst:.-;? P ) (1)
with
. €T/ — cosBsin @ in?y -
ljsc?artt(D’y) = PO ¢ r 1— cosf C% QJ_(q7V - VO) s (2)
. wrfeo 2,,2 .
PlP(D.v) = Pres——T2 costT(qv—m) (3)

T Cg TO

where q = kg — k, is the scattering wavevector, c¢g the speed of sound at temperature Tp,
0, (r,t) the component of the vorticity field perpendicular to the scattering plane and T'(r,¢)
the temperature field. We use the notation £(q. v) for the space and time Fourier transform of
a field F'(r,t). Note that the scattering due to the vorticity has a quadrupole structure with a
main contribution in the forward direction whereas the temperature induced part is of dipole
nature and has equal contributions in the forward and backward directions. This difference
makes it possible to separate the two effect when both are present.

In the case of isothermal flows, the vorticity contribution is singled out. The validity of
equation (2) has been checked experimentally in this case [12,13] using the von Kdrmén vortex
street as a test flow; its use for the study of turbulent flows has also been investigated [14-16].

However, non-isothermal flow are of practical importance (convective flows, heated jets) and
hard to study using conventional local probes. Local velocity and/or temperature probes are
intrusive and must be adjusted to the particular flow under study. Non—intrusive local velocity
measurements can be performed wia LDV, but only in transparent fluid and its interpretation
may be difficult when high temperature gradients develop in the flow. On the other hand,
temperature measurements with a short time responses have only been developed using cold
wire techniques [17-19], which are intrusive although reliable. We study here the possibility of
using sound scattering by temperature inhomogencitics as a tool for performing measurements
in a non-isothermal flow. Indeed, using a backscattering geometry it is possible to remove the
contribution due to the vorticity field fluctuations. The test flow is a heated jet, at moderate
Reynolds numbers.

2. Flow and Measurement Technique

The experimental set—up is sketched in Figure la. Air is the working fluid. An open jet is pro-
duced with a rotating (dc) fan placed between a simple conical converging inlet (length 30 cm,
slope 30 degrees) and a strait cylindrical outlet, 34 cm long and with diameter
D =10 cm. The flow speed U is adjustable between 50 and 300 cm/s, so that the Reynolds
number Re = UD/u varies in the range 3 x 103 to 4 x 10* (u is the kinematic viscosity, this
unusual notation being chosen to avoid confusion with the temporal frequency v of Egs. (2)
and (3)).
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Fig. 1. — (a) Sketch of the experimental set—up. (b) Hot—wire measurement of the kinetic energy
spectrum E(q) of velocity fluctuations at h/D = 3.5, for Re = 25000. The straight line corresponds
to the Kolmogorov scaling. (c¢) Frequency response of the emitter-receptor Sell transducers.

A heating grid is positioned upstream of the convergent part. Its power consumption is
adjustable, up to 1500 W. The air temperature at the jet nozzle is 15 °C above ambient,
and the rms fluctuations in the flow are up to 0.8 degrees, depending upon jet velocities and
distance to the nozzle. The ratio of temperature diffusion to advection — measured by the
Péclet number Pe = UL/k, where & is diffusivity — is very small (< 107*), and so is the ratio
of buoyancy forces to inertia forces (gaAT/(U?/L) < 107%). In these conditions, comparable
to previous experimental studies, the temperature field in the flow is regarded as a passive
scalar. We have also checked this on local velocity measurement characteristics with and
without heating of the flow.

The local velocity measurements are performed using a calibrated 1 mm long, 10 pum thick
hotfilm probe (TSI 1260A-10), connected to a TSI IFA100 anemometer. A typical spectrum
of velocity fluctuations is presented in Figure 1b where a Kolmogorov scaling can be observed
over one decade of scales (due to the presence of grids at the jet outlet, the turbulence develops
rapidly downstream of the jet nozzle).

Local temperature measurements are performed using a Thermometrics 5 pm thick ther-
mistor (model BO5PA103N). Its cut—off frequency is about 40 Hz, of the order of the large
scale eddy turn—over time (T ~ D/Umax ~ 30 Hz). As a result it detects the fluctuations due
to the large scale dynamics and thus allows the characterization of the intensity of the rms
temperature fluctuations.
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Fig. 2. — Scattering spectra, measured at h/D = 3.5, Re = 7000 for an incoming sound frequency
vp = 60 kHz (g = 19.2 cm™?), (a) for the isothermal jet and (b) with 0.7 degree of rms temperature
fluctuations.

Reversible acoustic transducers (diameter A = 8 cm) of the Sell type [20] are used to gen-
erate the incoming sound and to detect the scattered wave. The characteristic velocity of the
sound wave is 1 cm/s, much smaller than the typical velocities in the fluid flow. Incident
sound frequencies are adjustable in the range vy € [10,100] kHz, corresponding to wavelength
A € [30,3] mm. The scattered amplitude, measured on the Sell receiver via a Bruel & Kjaer
2635 charge amplifier, is recorded on a HP3562 spectrum analyzer. See Figure 1c for the fre-
quency response of the transducers. Most measurements are performed at a fixed scattering
angle @ = 120 degrees; in such conditions the scattering wavevector varies in the range 2 to
35 cm ™!, so that the flow is probed at scales between 2 and 30 mm, corresponding to the inertial
range of the turbulent jet flow. Indeed, local velocity measurements yield Taylor microscales in
the range [0.7, 2] mm for the explored range of Reynolds numbers. The acoustic transducers are
located at distance D ~ 1 m, into the far field region (Dpp ~ A%2/A ~ 0.5 m at 100 kHz). The
spectral resolution increases with the size of the measurement zone: dq ~ 1/L = cos(6/2)/A.
We thus have here Ag/q ~ ¢y cos(8/2)/Avp, varying from 20% down to 3% in the range of
explored frequencies. Lastly, we stress that the acoustic Sell transducers are linear so that the
phase of the scattered sound is recorded.

3. Results

3.1. TIME-AVERAGED CHARACTERISTICS. — We first describe the time-averaged measure-
ments on the heated jet and show how the spectral nature of the measurements yields a global
characterization of the flow.

3.1.1. Spectral Content of the Detected Acoustic Signal. — Figure 2a shows the (time) spec-
trum of the acoustic pressure recorded by the transducer, in the back—scattering geometry and
in the case of an isothermal jet. One observes a single spectral line at the frequency of the
incoming sound; this line (hereafter called the reference peak), equally present when flow is
stopped, is due to the echos of the incoming sound wave across the measurement room.
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Fig. 3. — Measurement at h/D = 3.5, for Ttms ~ 1 °C. (a) Variation of the Doppler shift with
the incoming sound frequency; the slope |df/dvo | = 2sin(6/2)U/c yields the average jet speed in
the measurement zone. (b) Ratio of jet speeds measured from the Doppler shift and from hot wire
anemometry (the local probe being placed at the center of the acoustic measurement volume).

As the heating is turned on, so that temperature fluctuations are present in the flow, one
observes a spectrum like the one shown in Figure 2b. In addition to the reference peak a
band of excited frequencies appears. It corresponds to the scattering of the incoming sound
wave by the temperature inhomogeneities in the flow. The maximum is Doppler shifted from
the reference peak because of the mean advection velocity in the jet. Indeed, if vy is the
frequency of the incident wave with wavevector k,, the fluid particles moving with velocity u
in the jet see an incoming sound frequency equal to 11 = vy — k, - u/27r and scatter a wave
with identical frequency in their own reference frame (at low Mach numbers the scattering is
considered elastic). The scattered wave in the direction kg is then observed with a frequency
v1 + Kq - u/27 by a transducer fixed in the laboratory reference frame. The net Doppler shift
is thus f = (kg — k;) - u/27 = q - u/27, where q is the scattering wavevector.

In the next section, we discuss the time—averaged characteristics of this Doppler shift.

3.1.2. Doppler Shift: Position. — Let us perform a Reynolds decomposition of the velocity
field, so that the velocity of a fluid particle is expressed as: u = U + u’ where U is the average
jet speed and u' represents the turbulent fluctuations (here u, /U ~ 25% as customary
in open jets). Then the scattered sound has a maximal spectral component at frequency
v =vy+ f = vo+q-U/2rm, the measurement of which gives access to the mean velocity in the
flow. In our symmetrical experimental set-up, q and U are anti—parallel, and one has:

~feo )

2vy sin g

This is well-confirmed by our experimental observations: Figure 3a illustrates the linearity of
the Doppler shift when the incoming sound frequency is varied and Figure 3b compares the
mean velocity derived from the slope of plots such as 3a with direct measurements using local
hot-wire anemometry in the center of the scattering volume.
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Fig. 4. — (a) Scattering spectra for vo = 20 kHz (¢ = 6.4 cm™!) and vy = 90 kHz (g = 28.9 cm™1).
Measurements made at h/D = 3.5; the z—axis is rescaled from frequency to velocity units, using the
Doppler shift relation » = 2xf/g. (b) Scattering spectrum at vp = 90 kHz, compared to a histogram
of velocity measurement using hot-wire anemometry, at h/D = 3.5.

This very good agreement with the local measurements validates a possible use of acoustic
scattering as a remote sensing technique for average velocity measurements in non-isothermal
flows. Indeed in many instances (e.g. factory chimneys or jet engines) these flows cannot
be conveniently probed with local sensors. Hot—-wire measurements are sensitive to chemical
contamination of the sensing element and need constant compensation for temperature fluctua-
tions [21,22]; Laser Doppler Anemometry requires a high degree of precision in the geometrical
alignment of the laser beams and is quite expensive, as other radio—acoustic techniques [23,24).
We note that acoustic velocimetry devices operating on principles similar to that of radars
(measurement of time-lags and Doppler shifts of echos) have been developed (and are com-
mercial) for measurements in liquids [25,26]; however they require seeding of the flow.

3.1.3. Doppler Shift: Broadening. — The broadening of the Doppler frequency line —
276f = (6q) - U + q - (u') — has two sources: one is due to diffraction, i.e. to the finite
size L of the measurement volume (dg ~ 27 /L); the other is due to the velocity fluctuations u’
in the jet. The relative importance of the two terms depends on the frequency of the incoming
wave:
d fdiffraction ~ iq-U - AL (5)
5fadvection q-u UI/U ’

where A is the sound wavelength.

Figure 4a shows superimposed scattering spectra for increasing 1vg; the z—axis as been
rescaled in units of velocity, using the Doppler relation. As can be observed the width of
the Doppler hump decreases for increasing sound frequencies because the diffraction effect is
reduced. In the limit of high frequencies, the Doppler broadening is only due to the veloc-
ity fluctuations in the jet, §f/f ~ w'/U ~ 25%, as can be observed in Figure 4b where a
histogram of velocity fluctuations (recorded from conventional hot—wire anemometry) is super-
imposed to a scattering spectrum at high 1. The two curves almost collapse, since in this case
0 faificaction /O fadvection < 5%. Comparing again with Figure 4a, it is observed that for almost
all sound frequencies the advection term is dominant in the broadening of the Doppler peak.
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Fig. 5. — Variation of the amplitude of scattered sound, defined as the maximum of the Doppler
peak, with the amplitude of temperature fluctuations. Measurement at h/D = 3.5, Re = 7000 and for
g=192cm™?

3.1.4. Amplitude of the Scattered Pressure: Linearity with Tyms/T. — We now consider
the amplitude of the scattered sound and we first study its variation with the intensity of
the temperature fluctuations in the flow. To wit, we operate in a given flow configuration
(h/D = 3.5, Re = 7000) and for a fixed scattering wavenumber q = 19.2 cm™! (corresponding
to a length scale of 3 mm, well inside the inertial range). We then measure the amplitude
of the scattered sound defined as the maximum of the Doppler peak. Results are shown in
Figure 5. The temperature fluctuations t' = Typ,s/T are independently measured locally at the
center of the scattering volume using the 5 ym thermistor. The linearity is in agreement with
equation (3). Note that, as an alternative possibility for the definition of the scattered sound
amplitude, we could integrate Pscay(v) over the width of the Doppler peak. This again yields
a linear behavior of Pseat ws. t' since the Doppler peak has a Gaussian shape following that of
the velocity fluctuations, if one neglects diffraction.

3.1.5. Amplitude of the Scattered Pressure: Spectrum T(g). — We then consider the spatial
spectrum of the variance of the temperature (passive scalar) fluctuations in the flow. For
this purpose, we record the sound amplitude as the scattering wavenumber is varied. We
operate at fixed 8 = 120 degrees, and vary the incoming sound frequency between 10 and
100 kHz. For each frequency, we measure the amplitude of scattered peak. We then use the
calibration curve of the transducers to deduce the scalar spectrum Ey(g) — defined such that
Ey = T? = [ E4(q)dg. The results are reported in Figure 6a for two values of the Reynolds
number Re = 7000, corresponding to R) ~ 60, and Re = 25000, corresponding to R ~ 230.

In each case one observes a k~%/% scaling region, as predicted by Obukhov [27] and Corrsin
[28]. Indeed in air the Prandtl number is close to one and the Corrsin-Obukhov length scale nco
is almost equal to the Kolmogorov dissipation length 7, so that the passive scalar spectrum
is dominated by advection effects. Accordingly, we also observe in Figure 6a that the high
wavenumber cut—off increases with the Reynolds number.

To show that the scaling region occurs in the inertial range as defined by velocity measure-
ments, we have plotted in Figure 6b the kinetic energy spectra recorded by a local probe located
at the center of the acoustic measurement volume, in the same flow conditions as Figure 6a.



808 JOURNAL DE PHYSIQUE II N°5

12} x (@
L4}
L6 .

* # *
1.8} e ¥ %&pﬁx

22 ° o 49%°
)

24 M %
o

2.6 °
2.8

log10( Eg (g). *3)
(]

0 025 05 075 1 125 15
log10( q [cm-1])

log10( E (). ¢**?)

0 025 05 075 1 1235 15
log10( q [em-1])
Fig. 6. — (a) Variance spectrum of temperature fluctuations Eg(g) from acoustic scattering measure-

ment; h/D = 3.5, (*): Re = 7000, (o): Re = 25000. (b) corresponding kinetic energy spectrum E(q)
from hot-wire anemometry at the center of the scattering volume (the axis being rescaled in units of
wavenumbers using the Taylor hypothesis).

We observe that although the scaling domains are similar, some differences are worth noting:

(i) the acoustic measurement is limited at low frequency by the size of the transducers, so
it is not easy to check if the scaling domain for Ey(q) extends towards low wavenumbers
as it does for E(q);

(i) the scaling domain for Ey(g) seems to extend somewhat further toward the high wavenum-
ber side and with a steeper cut—off than the velocity spectrum. This last effect has already
been observed in acoustic measurement of the vorticity spectrum E,(g) [14]. It is thus not
clear if this is an effect of the measurement method or an intrinsic feature of the passive
scalar spectrum, whose cut—off region is still the subjet of many controversies [30].

3.2. TEMPORAL DYNAMICS. — We now analyze the temporal dynamics of the Fourier compo-
nents of the temperature fluctuations T'(g, ). Figure 7a shows a contour plot of a short-time
Fourier analysis of the pressure signal on the receiver, for Re = 7000, and ¢ in the inertial
range. Besides the always present reference peak, one observes thatthe scattered Doppler peak



N°5 SOUND SCATTERING ON A TURBULENT, WEAKLY HEATED JET 309

61.0 T T T 61.0 : -
) — (b)
N 60.8f 1
i 60.67
< ~ 604r1
N o
@ 60.5 £ 602
2 60.0 0.5 1 1.5 2
5 2
= . (©
T 6008 A L5
- ¥ poo
e v 1
<
0.57
59.5 A : ' 0 -
0 0.5 1 15 2 0 0.5 1 1.5 2
Time [s] Time [s]
Fig. 7. — (a) Contour plot of a short time Fourier analysis of the acoustic pressure, Re = 7000,

h/D = 3.5, ¢ = 19.2 cm™!; for the same time period: variation of the frequency at which the
maximum of the scattered peak is observed (b) — Doppler shift — and of the maximum amplitude
(c), scaled with its average value.

fluctuates noticably, both in position and amplitude. Indeed, Figure 7b shows the correspond-
ing time fluctations of the position of the maximum of the scattered peak (Doppler shift): one
observes the characteristic high level of average velocity fluctuations in a jet (about 25%). In
the same manner, Figure 7b shows for the same time period the fluctuations of the ampli-
tude of the Doppler peak, normalized by its mean value. Again one observes large and rapid
fluctuations, which we now describe in greater details.

The scattered contribution to the acoustic pressure Picat(g,t) is obtained from a band—pass
filtering of the pressure signal on the receiver, in order to eliminate the reference peak. The
width of the band-pass filter (we use a 7—pole Butterworth scheme) is chosen to cover all
possible Doppler shifts of the scattering sound. In the backscattering geometry, we then have:
Picat|filtered X T(q, t). The resulting time series is shown in Figure 8, where we have plotted
T(q, t) normalized by its rms intensity (the natural scale since the mean value is zero). It can be
observed that it displays large fluctuations in time, although it is a spatially averaged quantity.
We note that such non-trivial temporal fluctuations has already been observed for other global
quantities such has the pressure or the power consumption of a turbulent flow [31,32].

From the time evolution we now compute the Probability Density Functions (PDFs) of
f’(q, t) for varying wavenumbers ¢ — see Figure 9. It is readily observed that they are almost
(but not quite) Gaussian for all wavenumbers under analysis. The departure from a Gaussian
behavior is systematic with a tendency to form high temperature concentrations at all scales —
see Figure 9a. In addition, this behavior seems to increase as smaller scales are investigated as
can be observed in Figure 9b where the PDFs for g; = 6.4 and g = 31.4 cm™! are compared.
For the corresponding Reynolds number (R = 64), if one refers to the velocity spectrum, it is
found that ¢; lies at the beginning of the inertial range while g2 is in the dissipative region.

We have also computed the third (skewness), fourth (flatness) and fifth moments of the
PDFs, for all scattering wavenumbers. They all tend to increase with increasing wavenumber,
i.e. decreasing length scale as shown in Figure 10. We emphasize that these changes with
scale are much smaller than the corresponding changes in the PDFs of temperature increments
as obtained from local analysis, either in experimental measurements [33-35] or in numerical
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mean and normalized by its variance. (a) ¢ = 6.4,9.6,12.8,16.0,19.2,25.6,31.4cm™"; (b) ¢ = 6.4 and
314 cm™!

simulations [36]. In this respect, there is a net trend to reduction of the intermittency in the
spectral measurement of the temperature (passive scalar) field. This result is in agreement
with very recent numerical simulations in a flow with a mean temperature gradient [37].
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4. Conclusions

The aim of our study was to validate the use acoustic scattering as a spectral non—intrusive
measurement of temperature fluctuations in a turbulent flow. We believe that the results of the
time averaged characteristics reported in Section 3.1 achieve this goal. The Doppler properties
of the the detected acoustic signal are in agreement with a scattering mechanism; band pass
filtering allows the separation of the scattered sound from spurious echos and measurement
noise. We have also established the linearity of the scattering with the amplitude of the
temperature fluctuations and the spectral nature of the measurement. As the wavenumber is
varied we have directly measured the spectrum Fy(g) which displays a —5/3 scaling behavior
in the inertial range, as expected in a fluid with Prandtl number of order unity.

We also report preliminary results on the temporal dynamics of the Fourier components of
the temperature field. We observe that the PDFs of T'(g,t) have very similar shapes, close to
a Gaussian, as the wavenumber grows. This behavior is in agreement with recent numerical
simulations, but it is in constrast with the behavior of the temperature increments measured
with a local probe. Further measurements are needed to investigate in greater details the
dynamics of the Fourier components of the scalar field, in particular the simultaneous mea-
surement of several components T(q1, t), T(fb, t) etc. This type of multispectral analysis has
been performed on measurements of density fluctuations by light scattering [38] and on mea-
surements of vorticity fluctuations using ultrasound scattering [39]. It is currently underway
on temperature fluctuations (as a passive scalar).
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