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Abstract

Ultrasound scattering is used to characterize instability modes in a laminar axisymmetric thermal plume subjected to controlled axi-
symmetric (‘‘varicose’’) disturbances. A scattered signal is detected as soon as vortical structures appear in the flow, whereas temperature
inhomogeneities have almost no effects on scattering. In the absence of any disturbances, the flow remains laminar and quite stable,
which was corroborated with Schlieren visualizations. Scattering peaks exhibited maxima around forcing frequencies of f = 2 Hz. By
increasing the mechanical forcing frequency, the amplitude of the scattering peak decreases and disappears for higher forcing frequencies,
revealing a relaminarization process. For frequencies around f = 1 Hz and lower, no scattering is observed, like without forcing. The
study of the normalized amplitude of the scattering peak at different structure sizes enables the identification of two ranges of preferred
wavelengths of instability modes: the first ranges from l = 80 mm to l = 54 mm and the second from l = 20 mm to l = 16 mm. These
preferential space modes can be attributed to natural frequencies of the flow. The levels of vorticity of the preferential modes depend
on the frequency of the mechanical disturbance, being maximum around f = 2 Hz. The position of the maximum of vorticity moves
to higher values of frequency as the temperature is increased. When the mechanical forcing frequency increases away from the resonance
frequency, vorticity decays gradually reaching very low values. High frequency disturbances do not destabilize the thermal plume, which
acts as a filter.
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1. Introduction

This paper focuses on the stability of a thermal plume,
in which buoyancy forms the main source of fluid motion.
The sensitivity of this type of flows to even slight distur-
bances (natural or imposed) is such that initially laminar
regimes often become turbulent rather quickly.

The question of how and when buoyancy-driven flows
become turbulent is an important matter from the applica-
tive point of view. Cetegen et al. [1] illustrated the practical
importance of studying fluid motion resulting from buoy-
* Corresponding author. Tel.: +56 2 978 45 42; fax: +56 2 698 84 53.
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ancy-induced convection. The main point is that heat, mass
or momentum transfer rates, among others, are rather dif-
ferent depending on whether a flow is laminar or turbulent.
Thus, turbulence will generally be fostered any time high
mixing efficiency is sought for. More interesting, perhaps,
is that initially laminar flows may react differently to
mechanical disturbances of different frequencies: a given
disturbance may be damped or amplified so that turbulence
may develop or not, at more or less fast rates. Conse-
quently, a better knowledge of the preferential modes of
a given flow may make it possible ultimately to design con-
trol systems able to trigger or inhibit the growth of turbu-
lence depending on the targeted application. In other cases,
it may merely be useful to be able to tune the pulsing, puff-
ing or flapping frequency of a flow to a desired frequency,
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Nomenclature

Symbols

A amplitude of scattering peak, V
AdB amplitude of scattering peak, dB
AFR amplitude of frequency response of transducers,

V
AFRdB amplitude of frequency response of transducers,

dB
An normalized amplitude of scattering peak
c speed of sound, m/s
D diameter of the disk heated source, m
e 2.71828 . . .
f mechanical forcing frequency, Hz
F scattering Doppler shifting [=(m � m0)], s

�1

~g uniform gravitational field, m/s2

Gr Grashof number (=gb(Td � T1)D3/g2)
i

ffiffiffiffiffiffiffi
�1

p

~k wave vector, m�1

~ks scattering direction wave vector, m�1

~ki incoming direction wave vector, m�1

l characteristic length scale of flow, m
P0 pressure amplitude of the incoming sound wave,

Pa
~pscat total scattering pressure Fourier transform in

space and time, Pa m3 s
~ptemp
scat scattering pressure Fourier transform in space

and time due to temperature fluctuations,
Pa m3 s

~pvortscat scattering pressure Fourier transform in space
and time due to vorticity, Pa m3 s

~q wave vector, m�1

q magnitude of wave vector, m�1

r transverse cylindrical coordinate, m
Ri Richardson number of a free jet ð¼ ½ðq1�

qjÞgw�=q1U2
j Þ

St Strouhal number (= fD/Ua)
t time, s

eT Fourier transform in space and time of temper-
ature fluctuations, K m3 s

Td temperature of the heated disk, K
T0 flow mean temperature, K
T1 quiescent medium fluid temperature, K
Ua mean advection velocity of vortical structures,

m/s
Uj mean velocity of a free jet at nozzle exit, m/s
~V inc velocity field of incident sound wave, m/s
~V 0 velocity field amplitude of incident sound wave,

m/s
~x position vector of receiver transducer with

respect to measurement volume, m
w slot width of a bidimensional jet, m
z axial cylindrical coordinate, m

Greek symbols

b volumetric coefficient of thermal expansion, K�1

d differential operator of a variable
Dm scattering Doppler shifting [=(m � m0)], s

�1

h scattering angle, rad
g kinematic viscosity, m2/s
m scattered sound wave frequency, s�1

m0 incoming sound wave frequency, s�1

k wavelength scale of acoustic field, m
p 3.14159 . . .
q fluid density of flow interacting with sound,

kg/m3

qj density of the fluid flow of a free jet, kg/m3

q0 mean fluid density of flow without interaction,
kg/m3

q1 fluid density at ambient temperature, kg/m3

~x vorticity, s�1

~~x Fourier transform in space and time of vorticity,
m3
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or to look for the development of structures of specified
scales. For example, in an axisymmetric plume rising from
a flame, the periodic engulfment of air produced by the
large-scale toroidal vortex rings forming close to the source
is responsible for most of the plume entrainment. These
vortices generate a periodic pumping whose magnitude is
directly related to their circulation [2]. The model derived
by Cetegen subsequently to his analysis provided a sounder
foundation for the scaling of entrainment rates in the near
field of fire plumes, which is of great interest with respect to
fire safety science and engineering even though incidental
fires are not controllable flows.

The fate of a given disturbance in a given flow is not an
easy matter. Basically, a disturbance evolves according to
the net amount of energy input into it as it progresses
downstream. The unstable behavior of a flow can be local
or global, depending on whether a disturbance, initially
located in space and time, will invade the whole flow or
remain confined in a finite volume while it is simulta-
neously transported by the mean flow. Thus, the behavior
of a disturbance depends on the intimate structure of the
considered flow and, incidentally, of its environment.

Stability loss in thermal plumes pertains to a broader
class of problems namely stability analysis of open systems
(jets, wakes). The primary mechanism that makes initially
laminar flows to become turbulent is the initial growth of
very small disturbances. The study of these instabilities
has been approached commonly by means of linear analy-
sis. The approach consists in considering the effect of small
departures from the equilibrium state by imposing velocity
and/or temperature usually periodic disturbances much
smaller than the velocity and/or temperature spatial varia-
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tions within the developing laminar flow. Subsequently,
only first-order, or linear, terms in the disturbance quanti-
ties are retained in the disturbed transport equations. This
approximation along with others leads to considerable sim-
plifications in the problem analysis. The approach has been
explained in a rather clear way by Gebhart et al. [3]. From
this, it has been found that a frequent mechanism of distur-
bance growth in buoyancy-induced flows is a propagating
downstream periodic wave alike the Tollmien–Schlichting
wave observed in forced boundary layer flows. If the flow
and buoyancy forces are able to continuously supply en-
ergy to these waves, the disturbance will grow in amplitude.
Now, the process is selective so that the amplification or
damping of a periodic wave depends on its frequency.
Moreover, it is location dependent. The fate of a wave at
a given frequency can be examined through so-called sta-
bility planes (see [3]). Generally speaking, it has been
observed that disturbances grow more quickly in free-
boundary flows like heated plumes. The explanation is
presumably the absence of solid surfaces to damp distur-
bances. Finally, when the amplitude of disturbances grows
beyond the validity domain of the small disturbance
approximation, non-linear growth mechanisms appear that
generate higher harmonics and secondary flows. Thus,
the transition from laminar to turbulence is governed ini-
tially by linear mechanisms while non-linear effects prevail
later.

Several studies have allowed establishing certain charac-
teristics of instability phenomena for two-dimensional
flows. Pera and Gebhart [4] introduced small symmetric
and asymmetric perturbations in two-dimensional heated
air plumes. They observed that high frequency distur-
bances did not affect the stability of the studied plumes.
In a plane plume, Bill and Gebhart [5] observed that tran-
sition to turbulence occurred simultaneously for both the
temperature and velocity fields. Temperature and velocity
disturbances were permanently coupled with each other.
Disturbances were amplified in a selective fashion (fre-
quency response of flow). After the boundary layer had
broken, the fluid adapted to the turbulent characteristics
and non-linear effects started to become predominant.

It is interesting to note that the wavelength or the fre-
quency of the waves developing in a plume (or in a jet) is
usually well correlated with the characteristic dimensions
of the studied flow or with the characteristics of the distur-
bance source. Thus, in a theoretical and experimental work
on an axisymmetric plume, Kimura and Bejan [6] noticed
that during transition, the wavelength of the developing
undulations at the plume boundary was well correlated to
the local plume diameter. Cetegen [7] experimentally stud-
ied the effects of external disturbances on the behavior of
axisymmetric helium and air–helium plumes. He observed
that the immediate response of the plumes to imposed peri-
odic disturbances was the regular formation of toroidal
vortices at a frequency equal to the excitation frequency.
These structures were then advected downstream by the
mean flow. These large-scale structures had dimensions of
the order of the source diameter. Additionally, the main
flow field appeared not to be influenced by the mechanical
forcing frequency as long as this frequency was not too
close from the natural frequency of the flow. Similar exper-
iments were performed by Cetegen et al. [1] for planar
buoyant plumes of air–helium mixtures. It was investigated
how the source width, the gaseous mixture exit velocity and
the plume fluid density affected the formation of instabili-
ties. The onset of pulsations within a height of a few nozzle
widths from the source could be best correlated in terms of
the plume source Reynolds number and the ratio of the ini-
tial mixture density to that of the ambient fluid. The oscil-
lation frequency of the investigated plume configurations
appeared to correlate well in terms of the Strouhal number
St = fw/U0 and the Richardson number Ri yielding a cor-
relation St = 0.55Ri0.45(1 < Ri < 102). This correlation dif-
fers slightly from that obtained for axisymmetric buoyant
plumes because of differences in the corresponding mixing
rates and in the strength of the local buoyancy flux. More-
over, the vortex pairs developing at a planar plume bound-
ary were found not as stable as the vortex rings observed in
axisymmetric plumes.

In this paper, we present an experimental study of an ini-
tially laminar axisymmetric plume subjected to symmetric
and periodically controlled disturbances (varicose mode).
In the present case, measurements were performed by using
a non-intrusive technique based on ultrasound scattering.
Although the technique is well adapted to the analysis of
flow instabilities [8–14], it seems that it was never applied
to the stability analysis of perturbed laminar round thermal
plumes. It however holds several advantages over alterna-
tive techniques: it allows a selective tracking of temperature
and/or vorticity scales; the technique makes it possible to
determine the advection velocity of these scales without
invoking Taylor�s hypothesis; various flow statistics within
a finite volume can be obtained in a short time; it provides
a way of decomposing the flow into space modes, i.e., it
sorts out the unstable modes or the vortices according to
their relevant frequency or size, respectively.

We have investigated several configurations by varying
the source temperature (in a range where it did not influ-
ence the measurement of vorticity by the ultrasound tech-
nique), as well as the excitation frequency of the
mechanical disturbance imposed on the flow. In the follow-
ing, the main aspects of the technique are briefly recalled.
We then describe the experimental apparatus utilized. This
is followed by the presentation of the results and discussion
of the preferred instability modes. We conclude this paper
with a summary of the findings of this study.

2. Measurement technique

Numbers of theoretical and experimental studies [8–20]
have developed and applied ultrasound scattering as a
non-intrusive measurement technique for unstable flows.
The technique consists in emitting an acoustic wave to-
wards a volume of fluid in motion. When the wavelength
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(k) of the incoming acoustic wave is of the order of a char-
acteristic length scale (l) of the flow under study, the acous-
tic mode may couple to the flow modes of vorticity and/or
entropy (temperature), generating scattered waves. Based
on the analysis of Chu and Kovásznay [18], Lund and
Rojas [21] and Contreras and Lund [22] showed that, in
a first Born approximation, the scattered acoustic pressure
can be decomposed in two parts, ~pscat ¼ ~pvortscat þ ~ptemp

scat , that
are proportional to the Fourier transform in space and
time of the vorticity ~~xð~q; m� m0Þ and of the temperature
fluctuations eT ð~q; m� m0Þ, respectively. The wave vector
~q ¼~ks �~ki ¼ ð2p=cÞðmx̂� m0ŝÞ is shown in Fig. 1, for a
typical experimental set-up, where a second acoustic trans-
ducer is used to detect the scattered signal. The contribu-
tions to the scattering pressure read [22].

~pvortscat ð~x;mÞ¼
iq0p

2mei
mj~xj
c

cj~xj
�cosh
1�cosh

� �
ð~V 0^ x̂Þ � ~~xð~q;m�m0Þ ð1Þ

~ptemp
scat ð~x;mÞ¼

q0j~V 0jp2m2ei
mj~xj
c

cT 0j~xj
cosheT ð~q;m�m0Þ ð2Þ

The derivation of Eqs. (1) and (2) relies on a few assump-
tions [21,22]: the flow Mach number is low, the thermal
conductivity is constant and the ultrasound time scale is
much shorter than flow time scales. As measurements are
over a volume in real space (or ‘‘global’’), the technique
provides point measurements in Fourier space. A good
spectral resolution will be obtained at the expense of the
resolution in real space, and vice-versa. From Eqs. (1)
and (2), the contributions to scattering by vorticity and
by temperature fluctuations can be discriminated by appro-
priately choosing the relative orientation of the acoustic
emitter and receiver. The scattered signal is composed of
waves of frequencies (m) close to the incoming ultrasound
frequency m0. At low Mach numbers, [(m � m0)/m0]� 1,
and the absolute value of the wave vector ~q simplifies to
Fig. 1. Schematic representation of the non-intrusive coupling between
the thermal plume and the ultrasound wave.
j~qj � ½4pm0 sinðh=2Þ�=c. Subsequently, keeping the scatter-
ing angle h constant for a given measurement height, the
wave vector ~q solely depends on the incoming ultrasound
frequency m0 and scans flow scales of characteristic length
l given by: j~qj � ½4pm0 sinðh=2Þ�=c � ð2p=lÞ. It is therefore
possible to study a particular flow length scale l by simply
tuning the incoming sound wave frequency m0.

The expressions (1) and (2) were obtained in a first Born
approximation, assuming that each elementary fraction of
the measurement volume scatters the incident wave only
once, multiple scattering events (producing lost of coher-
ence) being negligible. A second approximation made is
that of the far field limit, i.e., the characteristic length scale
of the measurement volume is much smaller than its
distance to the receiver transducer. Both assumptions are
fulfilled in our experiment. As shown in Ref. [17,22] for in-
stance, the first Born approximation is valid if the ultra-
sound wavelength is larger than the typical vortex core
size multiplied by the Mach number. Since the Mach num-
ber is small here (0.3/340 � 0.001), even the smallest probe
wavelength in this study is well above this limit.

In a typical ultrasound scattering experiment shown in
Fig. 2(a), the scattered amplitude spectra (An) exhibits a
Fig. 2. Normalized amplitude of the scattering peak (Td = 150 �C,
m0 = 7.5 kHz): (a) for disturbed condition, (f = 2.5 Hz); (b) for no
disturbed condition, (f = 0.0 Hz).
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frequency broadening (dF) related to the turbulence inten-
sity or non-stationarity of the flow, while the position or
Doppler shift (F) allows the determination of the mean
advection velocity, given by Ua = cF/[2m0 sin(h/2)]. Like
any flow property, Ua is independent of the scattering con-
figuration. Following the same method utilized in a previ-
ous work [11], we conclude that the advection velocity is
known with an error of 8.5%. For instance, when the angle
h goes to zero (forward scattering configuration), the verti-
cal advection velocity becomes perpendicular to the inci-
dent wave vector ~ki and ~q ! 0 (see Fig. 1). This means
that the Doppler shift F goes to zero in the expression
for Ua, the ratio F/sin(h/2) remaining constant. If the scat-
tered amplitude is measured in the forward direction
(h � 0�), the signal is proportional to the time Fourier
transform of the total vorticity of the flow. Measurement
accuracy is limited by diffraction effects, which is estimated
as the angular width of the diffraction lobe of transducers,
being in this case around 3� at 40 kHz [8,9].

As detailed by Elicer-Cortés et al. [12], acoustic trans-
ducers are band-pass filters of response varying with the
incoming ultrasound wave frequency m0, with the distance
between the transducers and with the scattering angle h
and the bias voltage of the transducers. Fig. 3 shows the
Fig. 3. Influence of the bias voltage on the response in ultrasound
frequency of Sell transducers (h = 50�): (a) bias voltage 270 V; (b) bias
voltage: 150 V, 270 V and 300 V.
frequency-dependent response of the transducers, AFR,
for a scattering angle of h = 50�. Transducers generally
have a better response for frequencies in the range
[10 kHz, 40 kHz]. The bias voltage was set to 270 V, a value
that produced relatively small variations in the transducer
response in that frequency range. To adjust for any varia-
tions in the transducer response, the normalized amplitude
An (depending only on properties of the scattering medium)
is obtained by dividing the measured scattered amplitude
spectra A by AFR:

An ¼
A
AFR

¼ 10
AdB
20

10
AFR dB

20

ð3Þ

With the expressions in decibels defined as AdB ¼ 10 log10A
2

and AFRdB ¼ 10 log10A
2
FR. Following the same method

utilized in a previous work [12], we find that the overall
uncertainty in measuring An is 11.5%.

Both the transmitter and the receiver are acoustic trans-
ducers of the Sell type constructed as described in [23], of
15 cm in diameter, similar to those used in previous studies
[8–14]. Baudet et al. [8] checked similar transducers using a
calibrated BK4138 microphone, resulting amplitudes of the
sound waves of the order of P0 � 1 Pa. This pressure cor-
responds to a velocity associated to the incident wave of
j~V incj ¼ ðP 0=cq0Þ � 0:24 cm=s, much below the typical flow
velocity, as required. A twin DC high voltage power supply
(0–400 V) provided to both transducers a bias voltage. The
acoustic emitter and receiver were mounted on traversing
systems allowing vertical, horizontal and angular displace-
ments. The set-up ensures an accurate determination of h.

Previous studies have used ultrasound scattering to
investigate turbulent or unsteady flows. Baudet et al. [8]
considered a Von Kármán vortex street as a test flow and
obtained spectral signals that agreed with the vortex
shedding Strouhal frequency. Pinton et al. [9] studied a
two-dimensional thermal plume, obtaining a spectrum
characteristic of temperature fluctuations. Petrossian and
Pinton [10] further considered a weakly heated turbulent
air jet, verifying the existence of an inertial-convective sub-
range (�5/3 law). In previous experiments on axisymmetric
turbulent thermal plumes, Elicer-Cortés et al. [11–14] veri-
fied theoretical predictions of Lund�s works [21,22] and
investigated the transition to turbulence and turbulence in
development with respect to the distance to the heated
source. The spatial anisotropy of the turbulent region was
also investigated. In this paper, we present the first applica-
tion of the ultrasound scattering technique to the study of
mechanically excited thermal plumes. The study allowed
the identification of preferred instabilities modes of flow
(natural frequencies) and verifying the ability of thermal
plumes to filter frequencies, acting as band-pass filters.

3. Experimental apparatus

The apparatus consisted of a thermal source immersed
into quiescent air at atmospheric pressure inside a
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Fig. 4. Disposition of the instruments: (1) function generator; (2) power
amplifier; (3) acoustic transmitter; (4) acoustic receiver; (5) twin DC power
supply; (6) charge amplifier; (7) lock-in amplifier; (8) analog oscilloscope;
(9) Pentium PC with acquisition board card; (10) thermal plume flow; (11)
excitation apparatus.
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2.0 · 2.0 m2 square base, 2.5 m high, anechoic enclosure
with double glazed walls. The anechoic properties of the
enclosure were achieved after covering the inner walls with
flexible polyurethane sheets of capacity of absorption over
90% for frequencies above 1 kHz, of density of 30 kg/m3,
of elasticity of up to 135% and of thermal conductivity of
0.25 W/(m K). An axisymmetric thermal plume was gener-
ated by an 8 mm thick round metallic disk of diameter
D = 80 mm. The disk could be heated electrically up to
800 �C by a regulated AC power supply of 1 kV A. The
heat release rate from the hot active surface of the disk ran-
ged from 0 to 400 W. The temperature at the disk surface
was measured with a thermocouple (K type) located
0.3 mm below the active surface. The lower part of the
source was thermally insulated with 2.54 cm thick layers
of rigid fiber. Holes in the lower part of the walls allowed
the admission of fresh air. Holes were covered with syn-
thetic fiber wool to avoid air blasts from the exterior.
The enclosure was located in the basement of the labora-
tory to avoid significant fluctuations in the air temperature
during the daytime and to reduce possible influence of
external noises. Thus, the arrangement allowed the genera-
tion of almost ideal thermal plumes developing in an ‘‘infi-
nite’’ adiabatic ambient fluid at rest. Air within the
enclosure was not stratified [11,12].

The flow was mechanically excited by means of an oscil-
lating toroidal metal ring of outer diameter 93 mm located
at the periphery of the heat source, slightly downstream in
order to disturb efficiently the plume entrainment. The
position of the ring with respect to the hot disk was adjust-
able. Sinusoidal signals of a function generator TK-AFG-
320 were applied to a speaker after amplification by a
potential amplifier, model NF-HSA-4011. The periodic
movement of the central part of a 15 cm diameter speaker
was then transmitted to the ring by three thin rods 2 mm in
diameter. The maximum amplitude of the movement of the
ring was approximately 8 mm. To obtain axisymmetric dis-
turbances, the ring axis was perfectly aligned with the
source axis. The cross-section of the toroidal ring was only
5 mm in diameter in order to prevent the shedding of Von
Kármán type vortices in the entrained airflow (of Reynolds
number smaller than 50). Wake vortices were avoided in
the vicinity of the source. A circular deflector was provided
between the loudspeaker and the heat source to suppress
any possible air pumping due to the movement of the
loudspeaker.

Fig. 4 describes the experimental set-up and data record-
ing. Ultrasound signals of sinusoidal shape and high fre-
quency were generated by a HP-33120A function
generator. The signals were amplified with a NF-4005
power amplifier and sent to the transmitter transducer that
emitted a plane ultrasound wave of frequency m0. The
waves scattered from the measurement region were ana-
lyzed with the receiver transducer, that converted linearly
the acoustic pressure into electric charges. The charges
were sent to a BK-2635 charge amplifier, returning a volt-
age signal. This signal was received by a two-channel Lock-
in amplifier SR-830. A narrow band frequency modulation
eliminated all frequency components of the signal that are
outside a frequency bandwidth m0 ± Dm. The eliminated fre-
quencies did not contain any useful information. Here, Dm
is the Doppler shift and the sign of Dm is determined from
the relative position of the emitter and the receiver [11].
The output signal from the Lock-in amplifier was sampled
and recorded on a Pentium PC mounted with an AT-
A2150C acquisition board (16 bits AN converter and
antialiasing filter). Signal processing and determination of
vorticity spectra was achieved with Matlab programs.
Other details on the experimental procedure can be found
in recent papers [11–14].

4. Results and discussion

Source temperature varying between 100 �C and 200 �C
was applied, a range where temperature fluctuations are
low and vorticity can be considered as the only source of
scattering. The scattering angle h was set to 50�. Three tem-
peratures were used, Td = 100 �C, Td = 150 �C and Td =
200 �C, corresponding to global Grashof numbers (based
on the disk diameter D) of Gr = 3.22 · 106, Gr =
3.84 · 106 and Gr = 3.94 · 106, respectively. The unper-
turbed flows always remained laminar for these values, as
shown by the Schlieren visualizations of Fig. 5 [24].

The frequency of the incoming sound wave varied be-
tween 5 kHz and 30 kHz, corresponding to length scales
ranging from l = 80 mm to l = 13 mm (l � c/[2m0 sin(h/
2)]). This choice is based on the fact that the primary vor-
tical structures formed in the vicinity of the source have
dimensions comparable to the source size (D = 80 mm in
this case) [1,2,7]. The transducers were located near the
heated disk to avoid interferences. The midpoint of the
measurement volume (see Figs. 1 and 4) was 20 cm above
the heated disk.



Fig. 5. Influence of the temperature on the stability of the thermal plume.

Fig. 6. Influence of the mechanical forcing frequency f on the stability of
the laminar thermal plume: (Td = 150 �C, m0 = 7.5 kHz).
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Fig. 2(a) shows a typical scattering signal [8–14], corre-
sponding in this case to the response of an initially laminar
thermal plume upon small mechanical excitations. The flow
responds to imposed disturbances on entrainment by shed-
ding vortical structures, as observed by Cetegen [7] in axi-
symmetric plumes of helium and air–helium mixtures.
These data were obtained with a disk temperature of
Td = 150 �C and a frequency of the mechanical disturbance
of f = 2.5 Hz (a frequency value corresponding to the larg-
est flow response). The frequency of the incoming ultra-
sound wave was m0 = 7.5 kHz, corresponding to a
wavelength l = 54 mm. The advection velocity determined
from the Doppler shift for this spectrum is close to
Ua = 30 cm/s, in agreement with expected values and with
the advection velocity Ua = 28 cm/s estimated from Schlie-
ren visualizations [24]. In this latter case, the advection
velocity of the vortical structures is given by considering
the number of frames N necessary for a structure to cross
the entire observation domain vertically (mirrors diameter,
6 in. or 0.15 m), the acquisition frame rate FR of the video
camera being known (Ua = 0.15(FR/N) m/s). As shown in
Fig. 2(b), when no disturbance is applied, the flow is lam-
inar and does not exhibit any scattering peak; in agreement
with the Schlieren visualizations of Fig. 6 (see also [24]).
Note that in the absence of scattering, the acoustic signal
is very weak. A depletion below the noise level (in dB scale)
around m0 is even observed. This depletion is due to the way
the incident wave is removed electronically by the SR-830
Lock-in amplifier from the signal received by the receiver
transducer.
When the incoming ultrasound wave frequency (i.e., the
characteristic size of the structure under observation) is
changed, keeping the same values (Td = 150 �C, f =
2.5 Hz), a similar behavior is observed: an absence of scat-
tering peak in the unperturbed systems, a peak when the
perturbation is applied. The shape of the scattering peak
depends on the ultrasound frequency. As shown in
Fig. 7, the magnitude of the scattering peak decreases as
the incoming ultrasound frequency increases, taking the
values 7.5 kHz, 12.5 kHz and 17.5 kHz (i.e., structure size
of 54 mm, 32 mm and 23 mm, respectively). It is inter-
preted by the fact that the vorticity modulus of small vor-
tical structures is smaller. On the other hand, the scattering
spectrum broadens as the ultrasound frequency increases,
indicating that the advection velocity of small structures
suffers larger fluctuations.

Fig. 8 illustrates the typical evolution of the scattering
signal as the mechanical forcing frequency is increased.
(Similar behavior was observed for all ultrasound frequen-
cies used in this study). The plots of Fig. 8 were obtained
for Td = 150 �C and m0 = 12.5 kHz. At mechanical forcing
frequencies around f = 1 Hz, no scattering is detected. The
flow remains stable in a range of low mechanical forcing
frequencies. The absence of vortices was independently ver-
ified by means of Schlieren visualization [24]. The fact that
no scattering signal appears in this regime provides an indi-
rect verification that temperature inhomogeneities are
too weak to scatter the ultrasound wave. Otherwise, a



Fig. 7. Normalized amplitude of the scattering peak—influence of the
ultrasound frequency (Td = 150 �C, m0 = 7.5 kHz): (a) for disturbed
condition, (f = 2.5 Hz); (b) for no disturbed condition, (f = 0.0 Hz).
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scattering peak, even small, would be observed. The scat-
tering peak reaches its highest value around a forcing fre-
quency f = 2 Hz. As the forcing frequency further
increases, the magnitude of the peak decreases. The vortic-
ity generated by mechanical forcing therefore becomes
weaker as f increases away from the resonance, or maximal
flow response. When the forcing frequency is larger than
f = 6 Hz, the scattering signal is practically at the noise
level, indicating a relaminarization of the flow. The reso-
nance around f = 2 Hz seems to correspond to a natural
mode of the plume. This value falls within the interval of
natural frequencies associated to temperature fluctuations
found by Brahimi [25] with cold wire thermometry (for
round thermal plumes of Gr = 2.7 · 107) in the Boussinesq
zone of the flow. This interval of thermal natural frequen-
cies is comprised between 1.5 Hz and 2.5 Hz. In our exper-
iments the heating is relatively low, the Boussinesq�s
hypothesis holds (the Prandtl number is about 0.7), and
our results can be compared with Brahimi�s.

The ultrasound spectra of Fig. 8 obtained for f = 2 Hz
and f = 4 Hz are fairly regular. On the other hand, at
f = 3 Hz, f = 5 Hz and f = 6 Hz, irregularities character-
ized by saw teeth profiles superpose to the main scattering
peak, leading to multiple peaks. These peaks are shifted
away from m0 by an amount equal to the forcing frequency
and its harmonics. The emergence of these secondary peaks
(irregularities) is attributed to oscillations of the mean
downstream flow. In the spectrum at f = 3 Hz, the peaks
are enveloped by a wider bell-curve along the m-axis. More-
over, the spectra at higher forcing frequency (f = 5 Hz and
6 Hz) are characterized by multiple peaks with sharp vari-
ations; only irregularities appear and the scattering peak
revealing vortical structures is lost. In contrast, Schlieren
visualizations [24] indicate the presence of a wave traveling
at the forcing frequency through the laminar flow. These
small undulations do not destabilize the plume. The ultra-
sound flow detection technique detects these undulations
that do not produce ultrasound scattering, appearing in
the spectra showing peaks to the forcing frequency and
its harmonics.

Fig. 9 shows the normalized amplitude of scattering
peak, An, as a function of the incoming sound wave fre-
quency (inferior abscissa), or, equivalently, as a function
of the wavelength (superior abscissa). The three separate
figures correspond to three different source temperatures.
Each plotted curve is obtained for a particular forcing fre-
quency. Each point is determined by arithmetic average of
five runs of 30-s integration of the scattered pressure.

To any given probe ultrasound frequency m0 corresponds
a wave number j~qj in the Fourier space for the vorticity (see
Eq. (1)). The fact that the Fourier spectrum is relatively
broad indicates that the vortex generated mechanically is
spatially localized, which is to be expected. The data are
also time averaged and each frequency spectra corresponds
to the passage of various vortices, that can be fluctuating in
shape.

The shape of the curves of Fig. 9 has two ‘‘hills’’ (de-
noted as first and second maximum) separated by one
‘‘valley’’. The first maximum is located in a range of incom-
ing ultrasound frequencies of m0 = 5 kHz to m0 = 7.5 kHz,
or scanned structures of sizes between l = 80 mm and
l = 54 mm. These large structures are of order of the source
diameter, in agreement with the size of the structures ob-
served by Cetegen [2] close to the heated source. When ad-
vected downstream they cause a turbulent state in the flow.
The second maximum is located between m0 = 20 kHz and
m0 = 25 kHz, corresponding to smaller structures, of sizes
ranging from l = 20 mm to l = 16 mm. Note that for a
fixed mechanical forcing frequency roughly equal or larger
than f = 5 Hz, the magnitude of the scattered signal in-
creases with the ultrasound frequency in the higher fre-
quency range (m0 > 20 kHz). This indicates the presence
of relatively small structures with important levels of vor-
ticity. The size of these structures is around l = 14 mm,
and their vorticity is comparable to that of the second max-
imum. Again, these results agree with the findings of Cete-
gen [2], who observed small scale instabilities in the region
near the mechanical forcing. These preferential instability
modes can be attributed to natural resonant frequencies
of a flow.



Fig. 8. Normalized amplitude of the scattering peak—influence of the mechanical forcing frequency, (Td = 150 �C, m0 = 12.5 kHz): (a) f = 1 Hz;
(b) f = 2 Hz; (c) f = 3 Hz; (d) f = 4 Hz; (e) f = 5 Hz; (f) f = 6 Hz.

J.C. Elicer-Cortés et al.
The ‘‘valley’’ region of relatively low scattering intensity
lies in the ultrasound frequency range [15 kHz, 17.5 kHz], or
wavelengths between l = 27 mm and 23 mm. The three plots
of Fig. 9 show that the depth of the valley increases as the
temperature of the heated source increases. In addition,
the surrounding peaks become narrower. In terms of vortex
formation, it means that the length scales associated to the
vortical structures are more sharply defined as the tempera-
ture increases. In other words, depending on the tempera-
ture (or Grashof number), the range of possible sizes of
preferential instabilities can be made more or less narrow.

Fig. 9 indicates that the magnitude of the vorticity of the
instabilities depends on the frequency of the mechanical
disturbance. Fig. 10 displays the maximum value of the
first ‘‘hill’’ as a function of the forcing frequency, for differ-
ent temperatures. For disturbance frequencies close to
f = 1 Hz, no scattering peak can be detected with the preci-
sion given by the apparatus. Increasing the disturbance
frequency between f = 1 Hz and f = 2 Hz leads to an
important increase of the amplitude of the scattering peak.
The laminar flow loses stability and the shedding of vorti-
cal structures predominates. After the maximum amplitude
value around f = 2 Hz, the vorticity decays gradually down
to low values. Mechanical disturbances of the plume induce
vortex formation within a finite frequency range. For the
source temperatures used, this range is roughly located



Fig. 9. Evolution of the normalized amplitude of the scattering peak with
the incoming ultrasound wave frequency—influence of the mechanical
forcing frequency and temperature: (a) Td = 100 �C; (b) Td = 150 �C;
(c) Td = 200 �C.

Fig. 10. Maxima of the normalized amplitude of the scattering peak
versus the mechanical forcing frequency—influence of the Grashof
number.
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between f = 1 Hz and f = 10 Hz, in agreement with the sta-
bility analysis carried out by Pera and Gebhart [4].
Mechanical disturbance of high frequency do not alter
the stability of plume. It seems that thermal plume have
a filtering ability, in agreement with observations reported
by Bill and Gebhart [5] and Kimura and Bejan [6].

Making an analogy between the three curves of Fig. 10
and band-pass filters, we conclude that the bandwidth
where disturbances are amplified increases as the tempera-
ture of the heated source increases. For Td = 100 �C the
plume responds for frequencies between f = 1 Hz and
f = 5 Hz. For Td = 150 �C and Td = 200 �C it responds
for frequencies ranging from f = 1 Hz and f = 7 Hz. In
Fig. 10, the slope of curves after the resonance (indicating
how the vorticity decays with f) become less pronounced as
the source temperature is increased. In addition, at higher
temperatures, the mechanical resonance is slightly shifted
toward higher forcing frequency values. For Td = 100 �C,
the maximum is located around f = 2 Hz; for
Td = 150 �C, near f = 2.5 Hz; and for Td = 200 �C,
nearf = 3 Hz.

5. Conclusions

A measurement technique based on ultrasound scatter-
ing by vorticity was used to characterize instabilities in
an initially laminar, axisymmetric thermal plume subjected
to controlled symmetric disturbances. Thermal plumes re-
sponded to external symmetric disturbances of varicose
mode (imposed on entrainment) by shedding vortical struc-
tures. These structures were analyzed with the ultrasound
spectra. Temperature inhomogeneities barely contributed
to scattering.

Particular flow length scales were studied by tuning the
ultrasound frequency accordingly. It is known from earlier
experiments [1,2,7] that the primary vortical structures are
formed close to heated source and have dimensions compa-
rable to the source size.

In the absence of any disturbance, the flow remained
laminar and stable for the source temperatures imposed.
No scattered ultrasound waves were detected in that
regime, and the absence of vortices was corroborated
with Schlieren visualizations [24].

When the mechanical disturbance was applied, a peak
appeared in the scattering signal. By changing the incoming
ultrasound frequency, i.e., the size of structures under
observation, the shape of the scattering peak was slightly
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modified. Its height exhibited relatively changes, indicating
variations of vorticity. On the other hand, the scattering
peak become wider as the structure size decreased, indicat-
ing that the advection velocity of small vortices had larger
fluctuations around the mean flow.

The evolution of scattering peak with respect to the
mechanical forcing frequency shows that the flow does
not respond to low frequencies: it remains laminar for fre-
quencies lower than f = 1 Hz. This observation was verified
by Schlieren visualization. The scattering signal is maxi-
mum at a mechanical forcing frequency around f = 2 Hz.
Further increase in f produces a decrease in the vorticity
(that eventually vanishes), and therefore weaker sound/
flow interactions. The flow relaminarizes at high frequen-
cies, as also observed by the Schlieren technique.

The normalized amplitude of the scattering peak, An,
shows two maxima when plotted as a function of the ultra-
sound probe frequency. The first region of wavelengths of
preferred instabilities ranges from l = 80 mm to l = 54 mm,
lengths of order of the heated source diameter, a finding in
agreement with previous studies [2]. The second region
ranges from l = 20 mm to l = 16 mm. These preferential
spatial modes are attributed to modes or natural frequen-
cies of the flow. As the temperature is increased, the region
of relatively low scattering intensity separating both max-
ima becomes deeper and the width of the maxima becomes
narrower. Therefore, the length scales of the vortices gener-
ated mechanically become more sharply defined around
two typical values when the source temperature is in-
creased. The vorticity of these preferential modes depends
on the frequency of the mechanical disturbance. The vor-
ticity reaches a maximum (resonance) value for a distur-
bance frequency close to f = 2 Hz, corresponding to a
natural frequency of flow. The resonance frequency in-
creases as the temperature is increased. After the reso-
nance, vorticity decays gradually with the forcing
frequency. Disturbances of high frequency do not alter
the stability of plume, in agreement with findings of other
studies [5,6]. Thermal plumes seem to have a filtering abil-
ity, and act as band-pass filters. As the temperature of the
heated source increases, the bandwidth where a plume is
able to amplify disturbances becomes larger.
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