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The investigation of an unstable convective flow using optical methods
M. Miozzi, G. Querzoli, and G. P. Romano
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~Received 6 August 1996; accepted 20 April 1998!

The convective flow field in a vessel is investigated by laser Doppler Anemometry~LDA ! and
Particle Image Velocimetry~PIV, namely Particle Tracking Velocimetry—PTV!. The vessel is
heated from below along a linear element at a temperature higher than that of the fluid. Hot fluid
raises up and generates two counterrotating vortices. For a given aspect ratio, the two vortices
become unstable and start to oscillate on a vertical plane~orthogonal to the heating element!. This
regime is investigated for increasing Rayleigh numbers to analyze the transition from regular to
irregular conditions. The main transition mechanism is observed to be mostly connected to type II
intermittency, a mechanism not frequently observed in experiments. However, at some Rayleigh
numbers the present data does not definitely rule out type III intermittency. The phenomenon is
analyzed by looking at the main frequencies in the spectrum of the horizontal velocity component
and their changes with the Rayleigh number at a point above the heating element. Modifications in
the local energy spectrum are analyzed by using the Wavelet Transform~WT! tool. Data obtained
by PTV measurements make it possible to point out the spatial configuration of the flow and to
determine the two velocity components on the measurement plane. These data are used to clarify the
fundamental mechanisms of the transition. Instabilities are observed as sudden changes between two
regimes of oscillations of the two counterrotating vortices: the first is characterized by oscillations
centered on the vertical axis and the second by nonsymmetrical oscillations. ©1998 American
Institute of Physics.@S1070-6631~98!02308-3#
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I. INTRODUCTION

Convective flows in closed vessels are mostly driven
external temperature differences: three main geometr
configurations are classically described:
~i! the one-dimensional Welander1 configuration, where a

pipe loop~radius much smaller than the overall length! is
simultaneously heated from the bottom and cooled fr
the top;

~ii ! the two-dimensional Rayleigh–Bena`rd configuration
~the amount of literature on the subject is enormous;
Koschmieder2 for a review!, in which a box with height
much smaller than its width is considered and the bott
and top side are at different but uniform temperatu
~usually higher at the bottom!;

~iii ! the three-dimensional configuration, where only so
portion of the bottom of the box~and sometimes a lat
eral side! is heated.

The linear heating element models fall within the last cla
Ideally, the element is a line, but, whenever the length of
element is large in comparison with its width, the thre
dimensional flow is reduced to two dimensions~at least for
small temperature differences!. This problem is particularly
interesting for several industrial applications and fundam
tal research: cooling of devices in micro-electronic comp
nent design, environmental studies on pollutant, heat di
sion from quasi-linear sources, investigation of instabilit
in fundamental thermo-fluid dynamic.

In a convective flow, as the value of the control para
eters increases, transitions from one flow regime to ano
take place through sudden changes in the behavior of s
2991070-6631/98/10(11)/2995/14/$15.00
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measured quantity~for example, the temperature or one v
locity component in a point of the flow field!. However, in
comparison to other flow fields, the transition regions a
separated by large intervals where the measured quan
show almost the same behavior~Krishnamurti3,4!.

The Rayleigh number is usually chosen as the main c
trol parameter. It may be written as the ratio between
product of thermal and viscous diffusion timescales and
square of the time scale for buoyancy effects~Lesieur5!:

Ra5t ttv /tg
2, ~1!

wheret t5H2/k and tv5H2/n are the thermal and viscou
diffusion time scales (H is the characteristic distance be
tween hot and cold surfaces in the box,k is the thermal
diffusivity of the fluid, andn its kinematic viscosity!. The
time tg51/NBV5(H/gaDT)1/2 is the timescale for buoy-
ancy effects (NBV is the Brunt–Vaisa¨la frequency,g is the
gravity acceleration,a is the thermal expansion coefficien
andDT is the temperature difference!. The Rayleigh number
depends on the temperature difference, but it gives no in
mation on the predominant timescale for diffusive pheno
ena. To this end, the Prandtl number is usually emplo
~written as the ratio between the time scales for thermal
viscous diffusion!,

Pr5t t /tv . ~2!

These timescales allow to describe the behavior o
convective flow for increasing values of the control para
eters Ra and Pr. For Ra,Rac'2000~where Rac is a critical
Rayleigh number!, at whatever Prandtl number, the flo
5 © 1998 American Institute of Physics
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field is at rest:t t is too small, in comparison withtg , to
induce a global motion. For larger Rayleigh numbers~and
Pr.1!, temperature gradients are still smoothed very rapi
and buoyancy effects are meaningful for large time interv
only: the flow is steady. On the other hand, for even hig
Rayleigh number, hot and cool regions are definitely se
rated: their location in respect to external heating and coo
elements and their motion under the influence of dist
bances have to be considered. The flow field is time dep
dent and usually oscillatory. A further increasing in Raylei
number leads to the turbulent regime. At a given Rayle
number, instabilities appear only at low Prandtl numbe
this fact reflects the phenomenon that for low Prandtl nu
bers, instabilities are basically driven by viscous diffusi
and by the ratio (tv /tg) ~Newell and Whitehead6!. In these
conditions, from Eqs.~1! and~2!, (tv /tg);(Ra/Pr)1/2 which
decreases as the Prandtl number increases. Viceversa
high Prandtl numbers, instabilities are driven by thermal d
fusion and by the ratio (t t /tg): from ~1! and ~2! it is
(t t /tg);(Ra Pr)1/2 which increases as the Prandtl numb
increases. These behaviors are summarized on a Pr-Ra
gram ~Fig. 1 after Krishnamurti3,4!: this diagram is properly
derived for Rayleigh–Bena`rd convection, nevertheless
shows common features of many convective flows.

In the past the attention was mainly focused on ste
two- and three-dimensional flow regions and on the tran
tion to the time-dependent three-dimensional flow reg
~Krishnamurti,3,4 Busse and Whitehead,7 Bolton et al.,8

Clever and Busse9!. In these regions the flow is not turbulen
In this paper the linear heating element configuration

considered: a rectangular vessel is heated from below alo
linear channel. The main flow configuration consists of t
vertical counterrotating vortices~convective rolls!: such vor-
tices appear on a plane orthogonal to the linear element
fill the whole vessel. When the temperature difference is
creased (Ra.106) the two vortices exhibit regular oscilla
tions on the vertical plane as observed numerically~Des-
rayaud and Lauriat10! and experimentally~Moseset al.11!.

FIG. 1. The regime diagram~after Krishnamurti in Refs. 3,4!. The different
flow regimes are separated by continuous lines. The rectangular re
bounds the present experimental conditions: in this region dotted lines s
the way for Rayleigh and Prandtl numbers to be changed for each w
glycerol mixture.
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Noninvasive optical techniques~Laser Doppler Anemom-
etry, LDA and Particle Tracking Velocimetry, PTV! are used
to clarify the physical mechanisms leading to instabiliti
and in particular to analyze the transition to the turbule
regime~rectangular region in Fig. 1!. Spectral and Wavele
Transform analysis are applied to LDA and PTV data
clarify the dynamics of the system for increasing Raylei
numbers.

In Sec. II some physical consideration on the propa
tion of thermal disturbances are reported. The experime
setup for LDA and PTV measurements are described in S
III. Results are presented in Sec. IV and concluding rema
are given in Sec. V.

II. THE PROPAGATION OF THERMAL DISTURBANCES

Newell and Whitehead6 give a timescale for the propa
gation of a thermal disturbance in a fluid over a distanceH:

td5@~Pr11!/Pr#t t . ~3!

For Pr!1td'tv , while for Pr@1td't t as already men-
tioned. Another useful timescale is that for a fluid particle
cover one revolution along a roll~Schlüter et al.12!:

t05@Rac /~Ra-Rac!#
1/2t t , ~4!

where Rac is the critical Rayleigh number for the transitio
from steady to time-dependent flow conditions. F
Ra'Rac , t0@t t and the thermal diffusion smoothes an
perturbation well before one revolution, whereas f
Ra.Rac , t0,t t and the perturbations have time to prop
gate into the entire flow field allowing instabilities to occu
For increasing Rayleigh number,t0 decreases, so that thi
situation holds more easily. In the limit Ra@Rac it is @using
relations~1! and ~4!#:

t0'@Rac~t t /tn!#1/2tg . ~5!

The behavior of hot and cold thermal perturbations
summarized as follows~Gollub and Benson13!: for small
Prandtl numbers the thermal diffusion smoothes pertur
tions very rapidly because of Eq.~2!. Simultaneously, from
Eq. ~3!, a thermal disturbance will propagate with a time
cale equal totv that will be very long in comparison tot t :
therefore, from Eq.~4!, if the Rayleigh number is larger tha
Rac , it is t0,t t and the system moves into the transitio
region where instabilities start to dominate. The oppos
happens for high Prandtl and low Rayleigh numbers.

The mechanisms of motion of thermal perturbatio
were studied by Welander1 in his 1D model~pipe loop!. The
stationary solution consists of a uniform temperature i
each half side of the pipe. This solution becomes unstable
increasing values of the temperature difference. Instabili
are connected to regions whose temperatures are diffe
from those of the surrounding fluid: these flow regions a
embedded into the mean flow. Weak and strong instabili
are encountered: the first kind are impulsive and keep
same sign during the motion, while the second are oscillat
and are associated with flow reversal. The latter are usu
investigated in greater detail because they allow tempera
anomalies~hot and cold blobs! to form and to travel along
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the pipe. They induce accelerations and decelerations o
fluid if t0,t t as in Eq.~4!. For example, suppose a blob
heated near the heating element: it accelerates toward
upper cold region~where the velocity takes the maximu
value! and therewith it decelerates toward the lower hot
gion ~where the velocity is minimum!. Therefore, the time-
scale for heating is much higher than that for cooling:
blob conveys momentum at each revolution producing os
lations. As a consequence, a feedback process takes p
the presence of a blob enhances oscillation and oscillat
increase the blob intensity. The mechanism is similar
cold blobs.

The transition to the turbulent regime is influenced n
only by the Rayleigh and Prandtl numbers, but also by
geometry of the vessel. Desrayaud and Lauriat10 performed a
numerical simulation to emphasize that instabilities of
main flow occur only when the width of the vessel is d
creased to a size two or three times its height: the two r
are stable even for high Rayleigh numbers. To this end,
fundamental parameter is the aspect ratioA (A5L/H, where
H and L are the height and width of the vessel!. It was
observed that, forA'10 or more, the flow field consists o
two steady counterrotating vortices: this condition continu
for high Rayleigh numbers as well. ForA'2 the two vorti-
ces start to oscillate: Busse14 estimated the oscillation perio
to be roughly equal to the revolution time of a particle alo
one of the vortices. The beginning of the oscillating regim
is understood within the analysis of the characteristic pro
gation td(3) and revolution timescalest0(4). Theanalysis
of these timescales reveals that, when the aspect ratio is
~say smaller than 15!, t0!td ~instability! and the blobs pre-
serve their temperature difference in comparison with
surrounding fluid. The flow configuration approaches sta
ity ( t0.td) for values ofA larger than approximately 20.

While the flow behavior is quite well understood at lo
Rayleigh numbers, this is not the case for high Rayle
numbers. In this situation, several hot~or cold! blobs are
simultaneously present in the vessel~Boltonet al.8!. A multi-
line power spectrum is obtained from the time history of o
velocity component~or of the temperature!, due to the inter-
action between traveling blobs and oscillations of the co
terrotating vortices. This suggests that more than one pe
bation mechanism is simultaneously present in the flow fie
Nevertheless, the physical origin of these perturbations is
completely understood.

Whenever the heating element is placed over the bot
wall and not exactly on it, a region of stable stratification
observed on the bottom part of the vessel. It acts as an
monic oscillator of frequencyNBV . Desrayaud and Lauriat,10

in their numerical simulation, located the heating elemen
about 1/3 of the vessel height: they noticed a second lin
temperature and velocity spectra at aboutf /10 ~where f is
the main spectral line connected to oscillations of the c
vective rolls!. In the present experimental conditions, t
heating channel is placed just on the bottom wall, so that
frequency component is not expected.
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III. EXPERIMENTAL CONDITIONS AND
MEASUREMENT TECHNIQUES

The convection is generated in a rectangular vessel fi
with a water-glycerol mixture~from 0% to about 7.5% in
volume of glycerol! ~Fig. 2!. The side walls of the vessel ar
adiabatic~made of perspex!: to provide insulation, they are
surrounded by water chambers~indicated by dotted lines in
Fig. 2!. The upper and lower surfaces are isothermal alu
num plates~thickness equal to 0.5 cm! kept at the same
constant temperature. This temperature is determined by
temperature of the water flowing inside nearby chann
~connected to the aluminum plates! having square cross sec
tion ~size equal to 2 cm, thickness'2 mm! ~Fig. 2!. The
linear heating element is made by one of these chan
placed inside the center of the lower plate and insulated fr
it by a silicone layer~thickness'2 mm!. The transverse
dimension of the channel is equal toL/6 ~whereL512 cm is
the inner width of the vessel! and it extends over the whol
length D of the vessel (D53/2L). The heating is supplied
by hot water flowing inside the channel controlled by a th
mostat~error equal to60.1 °C!: The real temperature profile
inside the vessel was controlled by a thermocouple an
also shown in Fig. 2. Thex axis is taken along the width o
the vessel~orthogonal to the linear heating channel!, the y
axis is directed in the vertical, and thez horizontally~parallel
to the heating channel!. The aspect ratio isA5L/H52. The
control parameter, i.e., the Rayleigh number, is based on
temperature difference between the water into the hea
channel and the water in the channels connected to the
thermal plates. In the present experiment the Rayleigh n
ber ranges from 1.73106 up to 1.73107: the average fluid
temperature inside the vessel is equal to about 15 °C.
critical Rayleigh number, Rac , was estimated by measurin
the time for revolutiont0(4) ~Table I!: it is Rac'1300 and

FIG. 2. Experimental setup, frame reference, and temperature boun
condition~measured using a thermocouple! on the lower plate. The length is
L512 cm. The lower plate cooling system is shown~the upper cooling
system is not shown and is similar except for the heating channel!.

TABLE I. Optical and flow parameters (DT51.9 °C, T'15 °C in pure
water!.

Intersection angle~degrees! 6
Volume dimensionsx,y,z ~mm! 0.12,0.12,1.03
Fringe spacing~mm! 6.4
Time integral scale~s! 180
 AIP license or copyright, see http://ojps.aip.org/phf/phfcr.jsp
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Downloaded 17 Ma
TABLE II. Flow timescales~in seconds! for the water-glycerol mixtures atDT51.9 °C (T'15 °C). The
kinematic viscosity, thermal diffusivity, and thermal expansion of the mixtures are computed from Che
Handbooks~at different temperatures!.

0% 2.5% 7.5%

Thermal diffusion time scale (t t) 7.23103 7.23103 7.53103

Viscous diffusion time scale (tv) 3.03103 2.73103 2.23103

Time scale for buoyancy (tg) 3.5 2.3 2.0
Propagation time scale (td) 8.03103 8.03103 8.13103

Revolution time scale (t0) 1.93102 2.13102 6.23102
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hence Ra/Rac'1.43103, corresponding to strongly estab
lished instabilities. However, the flow motion is still dom
nated by large scale organized structures~weakly chaotic
flow!. The average Prandtl number is around 5 and it is
pendent on the water-glycerol mixture: the different mixtu
are selected mainly to point out the effect of Prandtl num
on the flow behavior. For each mixture kinematic viscos
thermal diffusivity and thermal expansion coefficients a
derived as functions of the temperature. In Table II the
mescales for the different water-glycerol mixtures are giv
They are computed from the geometry of the vessel,
temperature difference, the thermal expansion coefficient,
thermal diffusivity, and the kinematic viscosity. These la
three quantities are dependent on the concentration of g
erol and on the temperature. For each concentration and
perature they are computed from Chemical Handbook
using linear interpolation between the values given each 5
in temperature and every increment of 5% in concentrati

For low Rayleigh number the flow configuration is ba
cally 2D. However, especially at large Rayleigh numb
~larger than 53106 for pure water!, some meandering mo
tion ~along the heating channel! is also observed. Neverthe
less, even at these Rayleigh numbers, the analysis of
trajectories of seeding particles reveals that they remain
the same plane for more than 5 min~about 2 integral time-
scale!. This suggests that the flow nature is mostly planar
at least that the timescales for the velocity component
thogonal to the light plane are larger than those of the
plane velocity components.

A. Setup for LDA measurements

The horizontal velocity component~alongx direction! is
measured with an LDA system in the forward scatter opti
configuration. The horizontal component is selected over
vertical due to the vanishing mean value: the change in
sign of the velocity more easily allows the detection of t
oscillations. A 25-mW He-Ne laser is used as coherent li
source. The main optical parameters are summarized
Table I. A double Bragg cell is used to detect the direction
the velocity and to increase the resolution of velocity m
surements~the maximum velocity being below 1 cm/s!.

The measurement volume is placed above the hea
channel (x5L/2, z5D/2) at two-thirds of the vessel heigh
(y52/3H). To avoid random fluctuations of the laser beam
due to local changes of refractive index, the temperature
ference is never higher than 15°. Styrene particles with m
size equal to 5mm are used as seeders. The Doppler sign
y 2001 to 192.167.149.117. Redistribution subject to
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are bandpass prefiltered and then acquired and processe
an IFA 550: the mean data rate is over 200 Hz.

The error on each velocity measurement is mainly de
mined by the error on the evaluation of the angle between
laser beams and it is equal to 0.5%: this is a bias error
fecting only the absolute value of the velocity. If relativ
velocities are computed, the error is reduced to the erro
the evaluation of the Doppler frequency introduced by
signal processor~about 0.3%!.

The analog output is sampled at constant freque
~about 15 Hz! by using a suitable acquisition card and so
ware: this corresponds to a zero-order interpolation~hold and
sampling method!. A ‘‘step’’ noise is introduced for hold
and sampled signals~Adrian and Yao15!: it is sensed at fre-
quencies higher thanṄ (Ṅ515 Hz is the sampling fre-
quency!, that is, well above those of interest for the prese
study. The hold and sampling method avoids bias errors
velocity measurements if the sampling frequency is less t
5–10 times the processor data rate, as in the present m
surements. Moreover, the mean data density,ND5Ti f D

~whereTi is the integral timescale andf D is the valid data
rate! is higher than 1000, that is well above the thresho
valueND520 indicated by Benaket al.16 as a minimum for
avoiding bias errors.

About 105 samples are collected for each value of t
control parameter. A further low-pass filtering~below 1 Hz!
is applied on the acquired data to smooth small scale fl
tuations and to handle a small number of samples in
computations. The total acquisition time is about 40Ti ~2
hours!. Conventional algorithms are applied to the equ
paced data to compute correlation and spectral density fu
tions.

Among the wide variety of tools for signal decompos
tion, it is necessary to choose those which emphasize
requested flow features. In this paper, the decomposi
based on the Wavelet Transform~WT! is used~Farge19!. The
wavelet analysis is used in time rather than space: theref
it is equivalent to the use of Fourier analysis by const
percentage bandwidth Gaussian bandpass filters. The
Morlet complex wavelet is employed. The WT clearly poin
out the variation of the fundamental frequencies for incre
ing values of the control parameter~the Rayleigh number!
and therefore contributes to clarify the underlying mech
nisms leading to the instabilities.
 AIP license or copyright, see http://ojps.aip.org/phf/phfcr.jsp
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B. Setup for PTV measurements

The two velocity components on the (x,y) plane, or-
thogonal to the heating channel, are measured by mean
PTV. The technique is based on image analysis and giv
description of the time evolution of the whole velocity fiel
A 1000-W Arc Lamp continuously illuminates the test se
tion ~through a slot! generating a 1-cm-thick light sheet o
thogonal to the heat channel and placed at middle dept
the vessel (z5D/2). The working fluid is seeded with smal
nonbuoyant particles, 50mm in diameter. A video camera
~shutter 1/25 s!, orthogonal to the light sheet, takes series
images which are stored on tape by a S-VHS video reco
~frame rate 25 Hz!. Then, one frame out of four is digitize
at a 5123512 pixel resolution and processed to individua
the locations of the seeding particles~which on the average
occupy 445 pixels!. The successive locations of the particl
on different frames are elaborated by a tracking algorithm
order to recognize the trajectories.

Velocity samples are obtained from particle displac
ments along trajectories at given time intervals. The track
algorithm is based on two parameters: a maximum velo
and a maximum acceleration. Typical values of these par
eters during the present experiment were, respectively
pixel/frame and 5 pixel/frame2. This means that the particl
displacement between two frames is not expected to
larger than 20 pixels. Since particle locations are known w
the precision of 1 pixel, the relative error is around 5%.
could be useful to notice that this error is much higher for
horizontal velocity component because the average displ
ment along the horizontal is lower than that along the ve
cal.

The velocity field on a regular grid is obtained by i
verse distance interpolation. As a result, two component
the velocity are known on a grid with 23 cells along t
horizontal and 15 along the vertical at 6.25-Hz rate. The to
number of cells is selected to have at least one sampl
each grid point: therefore, the interpolation relative error
lower than 5%~Agüi and Jimenez17!. A similar error is ob-
tained also by using the error diagrams of Spedding
Rignot.18 Results are averaged over about 30 images,~5 s!,
which is small enough compared to the integral timescale
the phenomenon~about 0.03Ti). The total acquisition time
is about 10Ti ~1/2 h!.

IV. RESULTS AND DISCUSSION

The timescales, defined in Secs. I and II, are compu
in Table II for the different water-glycerol mixtures: th
revolution timescale is obtained from LDA spectral measu
ments and it is used to compute Ra/Rac . These timescales
are computed by using different values for the kinema
viscosity, thermal diffusivity, and thermal expansion coe
cient for each mixture and for each temperature. The fl
exhibits an oscillation characterized by a decreasing pe
as the Rayleigh number increases. In the following, LDA a
PTV results will be outlined separately.
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A. Results of LDA measurements

The measurements start at a Rayleigh number equa
1.73106 (DT;1.9 °C) where the flow behavior is time de
pendent~Fig. 1!: A thermal plume raises from the heatin
channel and produces regular oscillations of two counte
tating vortices toward the left and right hand side of t
vessel. In Fig. 3 the time history and the power spectrum
the horizontal velocity component for pure water are show
A line at f 1'(5.360.14) mHz, corresponding to the osci
lation of the vortex pattern in time, and its harmonics a
detected: this main frequency is very close to the inverse
the revolution timescale~as noticed by comparing to Tabl
II !. It can be also observed a low frequency oscillation of
signal over the entire time interval: it corresponds to t
inverse of the total acquisition time. This indicates that th
is a long period oscillation~about 40 revolutions! in which
the horizontal velocity moves from a negative mean va
~thermal plume slightly inclined toward the left! to a positive
mean value~plume inclined towards the right!. This behavior
does not derive from laser or lamp heating because it is
observed when they are switched off. Moreover, in repea
experiments, there is no preferred direction of inclinatio
and the plume starts equally on both the left and right ha
side of the vessel. Thus when the temperature differenc
low, the bias toward one side of the vessel and the oscilla
of this configuration is a stable initial condition for the the
mal plume.

When the Rayleigh number increases, the horizontal
locity component shows sudden changes from a state o
most regular oscillations~characterized by a single fre

FIG. 3. Time history~a! and power spectrum~b! of the horizontal velocity
component at point (x5L/2, y52/3H, z5D/2): Ra51.73106 (DT
51.9 °C), Pr52.5. Pure water.
 AIP license or copyright, see http://ojps.aip.org/phf/phfcr.jsp
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quency! to a state of irregular oscillations~characterized by
more than one frequency!. Those conditions alternate ran
domly in time. The situation for Ra52.33106 is given in
Fig. 4~a!: the irregular phases have durations similar or ev
larger than the regular phases. The power spectrum is g
in Fig. 4~b!. The main line isf 15(6.2060.14) mHz and it is
mostly observed during the regular phase. On the other ha
the second line is mainly detected during the irregular ph
~together with the main one!: it is close to twice the main
one. Specifically, the second frequency isf 25(12.87
60.14) mHz, and the ratio isf 2 / f 1'(2.0660.10). It is in-
teresting to note that, while during the irregular phase
mean value is negative~plume inclined towards the left!,
during the regular phase it is positive~plume inclined to-
wards the right!: in both cases oscillations take place in
nonsymmetrical way.

For a further increase in Rayleigh number the regu
and irregular intervals are characterized by two incomme
surate frequenciesf 1 and f 2 . At Ra53.73106 the frequency
of the regular phase isf 15(7.960.14) mHz whereas that o
the irregular is now far from 2f 1 @it is f 25~18.160.14! mHz
and f 2 / f 1'2.2960.05# ~Fig. 5!. The coupling between the
two frequencies is confirmed by the peak broadening arou
f 1 and f 2 @Fig. 5~b!#. However, in contrast to pure quas
periodic transition ~as that observed by Gollub an
Benson13!, the two frequencies alternate in time rather th
occur simultaneously. In Figs. 5~c! and 5~d! this is shown for
irregular~II ! and regular~III ! time windows. The presence o
the linear heating channel~instead of the conventional uni
form heating from below! leads the system into a transitio
regime characterized by the intermittency between differ
flow configurations.

FIG. 4. Time history~a! and power spectrum~b! of the horizontal velocity
component at same point of Fig. 3: Ra52.33106 (DT52.6 °C), Pr52.4.
Pure water.
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This sequence of regular and irregular phases is
served in dynamical systems when the transition to cha
regimes takes place via the intermittency scenario. Th
types of intermittency have been reported~Bergéet al.20!. In
type I intermittency regular phases are characterized by
main frequency, whereas those irregular do not show
dominant frequency. The amplitude is almost constant w
moving from one phase to the other and the probability d
tribution of the lengths of phases has the maximum mo
toward large values. Type II intermittency shows differe
amplitudes between the regular and irregular phases: the
are characterized by different and incommensurate frequ
cies. The distribution of lengths of the phases has the m
mum at small values and extended exponentially toward v
large values. Type III intermittency is very similar to type
concerning amplitude and distribution of interval length
However, the spectrum of the irregular phases contains s
harmonics of the main frequency of the regular phases~Man-
neville and Pomeau21!. The observed data do not show su
harmonics between the two phases, but rather different
incommensurate frequencies and support the selection
type II intermittency as responsible for the transition. Ho
ever, the detection of subharmonics is usually very diffic
due to their small amplitude compared to the backgrou
noise. Therefore, in the present experiment, transition
type III intermittency cannot be ruled completely out exp
cially at small Rayleigh number~for which the ratiof 2 / f 1 is
close to 2!.

The frequency contribution at each instant and
lengths of the phases are determined by using the modulu
WT. In Fig. 6~a! this operation is performed for Ra54.3
3106: a low frequency~about 7 mHz! is observed through-
out all the acquisition interval~regular phases!, but some-
times a second frequency~about 17 mHz! appears. In Fig.
6~b! the number of intervals of given length for this seco
frequency is shown: the distribution has a very long tail~the
maximum length is 32 s, while the minimum is 2 s! toward
large intervals as predicted for type II and III intermittenc

In performing the present analysis, the determination
the instant when the flow changes the frequency of osc
tion and the selection of the main and other lines in
power spectrum are crucial: to avoid arbitrariness, the W
tool is employed. It enables to detect changes from one
cillatory regime to another: this is pointed out in the wave
modulus at all scales. In Fig. 7~a! an example is shown by
using the modulus of WT for the 7.5% water-glycerol mi
ture at Ra56.83106: so far, instants of frequency chang
are detected. To distinguish between main and other line
the power spectrum, a threshold criterion is applied in or
to detect the two main frequencies@in the case of Fig. 7~b!
f 1'12 mHz andf 2'26 mHz#.

The ratio of the main frequency detected during the
regular phases to that during the regular phases,f 2 / f 1 , was
computed for the three water-glycerol mixtures at differe
Rayleigh numbers. In Fig. 8 such a ratio is plotted. As t
Rayleigh number increases, the ratio starts from abou
~commensurate frequencies!, increases to about 2.342.4 ~in-
commensurate frequencies! and returns close to 2. Thi
seems to indicate that there is a route from a transition s
 AIP license or copyright, see http://ojps.aip.org/phf/phfcr.jsp
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FIG. 5. Time history~a! of the horizontal velocity component at same point than Fig. 3. Power spectrum of the whole time history~b!, of the window II ~c!
and III ~d!: Ra53.73106 (DT54.3 °C), Pr52.3. Pure water.

FIG. 6. Modulus of WT~a! and distribution of time interval duration at the frequency 0.017 Hz with intensity larger than 5% of the maximum~b!.
Water-glycerol 2.5% mixture at Ra54.33106.
Downloaded 17 May 2001 to 192.167.149.117. Redistribution subject to AIP license or copyright, see http://ojps.aip.org/phf/phfcr.jsp
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FIG. 7. Modulus of WT~a! and local maxima over 15% of the absolute maximum~b!. Water-glycerol mixture at 7.5% with Ra56.83106.
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nario based on type III intermittency to another based
type II intermittency. The observed trend of increasing a
successive decreasing off 2 / f 1 is similar for the three mix-
tures, although delayed to high Rayleigh numbers as the
centage of glycerol becomes larger. The differences betw
the mixtures will be outlined in the next paragraphs: here
should be noticed that the percentage of glycerol mo
modifies the viscous diffusion and buoyancy timesca
rather than the thermal diffusion timescale~Table II!. There-
fore, the revolution time scale (t0) is much higher for the
7.5% mixture than for pure water, whereas the timescale
propagation (td) is about the same~Table II!. This can be
obtained from Eqs.~3!, ~4!, and ~5! in Sec. II. Following
indications given in that section, the 7.5% mixture is mo
stable than the pure water at a given Rayleigh number.

The detected frequencies increase as the Rayleigh n
ber. Busse and Whitehead7 pointed out that the period o
oscillatory convection has a general Ra22/3 dependence
Therefore the frequency must increase as Ra2/3. This law was
confirmed both numerically and experimentally~Clever and

FIG. 8. Variation of the ratio between the frequency of the irregular (f 2)
and regular (f 1) phases with Rayleigh number. Symbols show differe
water-glycerol mixtures. The error is indicated by the vertical bar. The p
obtained from PTV measurements is labeled.
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Busse9!. In Fig. 9 the variation of the nondimensional fre
quencies (f * 5 f t t , using the thermal diffusion timescalet t)
with Rayleigh number is shown: only the main frequenc
~determined by WT! are shown. The data from the 7.5%
mixtures are often higher than the others: this could be du
the slightly larger values oft t for such a mixture~Table II!.
The data follow a Ra0.5 law that is lower than theoretica
predictions 2/3, but very close to the power law obtain
from Eq. ~4! when Ra@Rac . The trend toward a lower Ray
leigh number dependence was observed previously
Ra.106 ~Busse and Whitehead7!. Desrayaud and Lauriat10

noticed that this power law is slightly affected by the asp
ratio A. As pointed out by Busse and Whitehead,7 the dimen-
sionless frequencyf * should not depend on the Prandtl num
ber ~Pr>1!. However, a slight Prandtl number dependence
usually observed.

To investigate in greater detail how the frequency is d
pendent on Rayleigh and Prandtl number, suitable ti
scales must be used. By examining Eqs.~1! and~2!, it can be
seen that the dimensionless frequencyf 8 ( f 85 f tg , wheretg

t
t

FIG. 9. Variation of main frequencies with Rayleigh number. The dime
sionless frequency (f * 5 f t t) is used. Symbols show different wate
glycerol mixtures. The line Ra0.5 is also shown. The point obtained from
PTV measurements is labeled.
 AIP license or copyright, see http://ojps.aip.org/phf/phfcr.jsp
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is the timescale for buoyancy! has a very slight dependenc
on Rayleigh number. By definitionf 8' f * Ra20.5 Pr20.5, so
taking the presentf * (Ra) dependence~0.5!, one finds f 8
'Pr20.5, i.e., independent on Rayleigh number. In Fig.
the variation off 8 with Ra is shown for the main lines in th
power spectrum: data are observed to have a very slight
pendence on Ra over the whole range of Rayleigh numb
Even in this case the 7.5% mixture attains the higher valu
however, for such a mixture the timescale for buoyancy
lower than for the others, so that a difference in timesc
cannot explain the observed behavior. To do this, the cha
in Prandtl number between the different mixtures must
considered. On average, the Prandtl number of the 7
mixture is about 1.5 times larger than that of pure water.
take into account this effect, the correct dimensionless
quency isf 95 f tv ~wheretv is the viscous diffusion times
cale!. In Fig. 11 such a frequency is shown versus the R
leigh number. The difference between the different mixtu
almost completely disappears, so that this selection po
out the inherent flow behavior. The expected variation w
Rayleigh number is given by f 95 f tv5 f * (1/Pr!
'Ra0.5 Pr21 and the observed data reasonably follow
Ra0.5 dependence consistently with previous findings.

The variation of main and secondary dimensionless
quencies (f * and f 8) and their linear combination are show

FIG. 10. Variation of main frequencies with Rayleigh number. The dim
sionless frequency (f 85 f tg) is used. Symbols show different wate
glycerol mixtures. The point obtained from PTV measurements is labe

FIG. 11. Variation of main frequencies with Rayleigh number. The dim
sionless frequency (f 95 f tv) is used. Symbols show different wate
glycerol mixtures. The point obtained from PTV measurements is labe
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in Fig. 12 for pure water. Three distinct regions are separa
( f 1 , f 2 , and f 11 f 2) indicating that the whole set of ac
quired data well reproduce a transition scenario based on
frequencies intermittently observed in time. As already n
ticed, for small Rayleigh numbers the frequencyf 1 is close
to f 2/2 ~also given in Fig. 12!, whereas for increasing Ray
leigh numbers the two frequencies are incommensurate~see
small boxes in Fig. 12!. They correspond to different oscil
lation modes of the two convective rolls. Such modes can
related to the spatial flow configurations into the vessel a
this point will be clarified by PTV measurements.

B. Results of PTV measurements

The velocity measurements by PTV are performed
almost instantaneous fields in comparison to the integra
mescale of the flow. Several seeding particles are tracked
a time interval in the order of the integral timescale: th
means that they remain into the laser sheet~2D motion! for
long time intervals. This is true even at high Rayleigh nu
ber.

By superimposing the images collected during the wh
acquisition, it is possible to obtain the mean flow field:
course this is indicative only of the average motion. In F
13~a! the mean flow field averaged over about 1800 s
shown. As predicted, the mean flow configuration consists
two counterrotating vortices which occupy the whole vess

-

.

-

.

FIG. 12. Variation of dimensionless frequencyf * 5 f t t ~a! and f 85 f tg ~b!
with Rayleigh number for pure water. The two main frequenciesf 1 ~h!, f 2

~n!, and their sumf 11 f 2 ~3! are plotted. The continuous lines indica
f 2/2. In the boxes the frequenciesf 1 and f 2/2 are emphasized on a linea
plot @the horizontal axes are from 23106 to 73106, whereas the vertical
axis is from 140 to 240 in~a! and from 0.015 to 0.020 in~b!#.
 AIP license or copyright, see http://ojps.aip.org/phf/phfcr.jsp
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FIG. 13. PTV measurements: average velocity field~a!. Dimensionlessx andy are used (L512 cm is the width of the vessel!. The maximum velocity is about
1 cm/s, Ra51.23107. Water-glycerol 7.5% mixture. Isolevels of horizontal~b! and vertical velocity~c! components: positive~continuous lines! and negative
~dotted lines!.
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The velocity is higher near the center where the hea
channel is located. The flow configuration is highly symm
ric as confirmed by the isolevels of horizontal and verti
velocity components given in Figs. 13~b! and 13~c!: The
horizontal velocity component separates the vessel into
quadrants with the same sign along the diagonal, wherea
vertical component into three bands with positive sign at
center and negative sign on both left and right side. In
following only iso-vertical velocity contours will be shown
they retain the differences between right and left side of
flow field better than the horizontal. However, the fundam
tal frequencies are observed both in the horizontal and in
vertical components. In Fig. 14 four instantaneous conse
tive fields are presented. It is possible to recognize and
follow a region with velocity considerably higher than in th
neighbors~blob!: it moves upward, then deviates on the rig
and returns downward. Simultaneously, a new blob mo
upward and deviates on the left. This is essentially the b
mechanism that gives the main peaks in spectra from L
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g
-
l

ur
the
e
e

e
-
e

u-
to

t
s
ic
A

measurements: the velocity components at a point osci
in time.

Due to the large timescales of this flow field, it is eve
possible to perform spectral analysis on PTV data. Time h
tories of the two velocity components are obtained at e
point of the field. In Fig. 15, the spectra of horizontal a
vertical velocity components, at the same point of LDA me
surements, are shown: the Rayleigh number is 1.23107 and
the Prandtl number is about 3. The 7.5% water-glycerol m
ture is employed. The main line for the horizontal veloc
component isf 15(17.060.5) mHz, resulting inf 1* 5 f 1t t

5460, f 185 f 1tg50.026, andf 195 f 1tv5150. These values
are plotted in Figs. 9, 10, and 11 together with the LD
results and good agreement is observed. A very small sec
line is observed at about 38.5 mHz. The spectrum of
vertical component shows the same main line as the horiz
tal, a second line at about 6 mHz~which is connected to a
fluctuation in only one time interval as will be shown in th
 AIP license or copyright, see http://ojps.aip.org/phf/phfcr.jsp
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FIG. 14. Four instantaneous consecutive velocity fields: Ra51.23107. Water-glycerol 7.5% mixture.
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following!, a third line at about 38.5 mHz, and another
about 34 mHz. This last one is related to the harmonic 2f 1 ,
whereas the third one at the frequencyf 2 : the ratio
f 2 / f 1'2.25 is given in Fig. 8 and it is in agreement with th
results obtained by LDA.

The comparison between the two velocity compone
reveals a picture different from that expected by the fl
fields of Figs. 13 and 14. For such an oscillating plume,
horizontal velocity is expected to change sign during o
Downloaded 17 May 2001 to 192.167.149.117. Redistribution subject to
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oscillation of the plume: therefore, one oscillation of th
horizontal velocity occur during one oscillation of the plum
Conversely, the vertical velocity holds the same sign dur
one oscillation of the plume, so that two oscillations occ
within the same time interval. As a result, the vertical co
ponent should display a period of oscillation equal to 1/2 t
of the horizontal and its spectrum should exhibit a frequen
twice than that of the horizontal. This happens when
plume oscillates symmetrically. If the symmetry axis is d
FIG. 15. PTV spectra of horizontal and vertical velocity components at the same point of LDA measurements: Ra51.23107. Water-glycerol 7.5% mixture.
 AIP license or copyright, see http://ojps.aip.org/phf/phfcr.jsp
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FIG. 16. Time histories of horizontal~a! and vertical~d! velocity components. Local WT spectrum of horizontal~b! and vertical~c! velocity components.
Same point of LDA measurements: Ra51.23107, water-glycerol 7.5% mixture.
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placed toward one side of the vessel, the expected freq
cies are the same for the vertical and horizontal compone
A careful examination of the time histories obtained fro
PTV measurements~Fig. 16!, using the modulus of WT
Downloaded 17 May 2001 to 192.167.149.117. Redistribution subject to
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shows that there are substantial variations in the insta
neous frequency content of the two velocity componen
The horizontal component preserves the same fundame
frequency (f 1;17 mHz) throughout all the acquisition time
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showing a few contributions at the second frequencyf 2

;38 mHz). On the other hand, the vertical component
cillates at the fundamental frequency for a definite time
terval (400 s,t,900 s), while the second frequency a
pears occasionally. This velocity component seems to
much less stable than the horizontal: therefore, the vert
component is used to individuate time intervals in Fig. 16~d!.
Being the second frequency approximately double than
main one~as observed in LDA measurements!, a strong cou-
pling between the oscillation of the plume~related to 2f 1)
and the traveling of a blob~related tof 2) is suggested. In one
time window @800 s,t,1000 s, labeledC in Fig. 16~d!# a
small frequency at aboutf 56 mHz appears: it is connecte
to a strong local fluctuation between two minima on a tim
scale of the order of 200 s, which is close to the inverse
the observed frequencyf . This value is not a subharmonic o
the main frequencies (f 1 / f '2.8, f 2 / f '6.3).

Two fundamental regimes can be summarized:
~i! for 0 s,t,400 s, the horizontal velocity oscillates atf 1

and the vertical mainly atf 2 and 2f 1 . The amplitude of
positive and negative oscillations is almost equal. T
time interval corresponds to oscillations of the plum
perturbed by the presence of blobs symmetrically emit
toward the right and left hand side of the vessel~time
interval A in Fig. 16!.

~ii ! for 400 s,t,900 s, the two components oscillate at a
most the same frequencyf 1 . The vertical velocity com-
ponent shows amplitude of negative oscillations lar
than in time intervalA. This corresponds to a maximum
vertical component when the plume is inclined towa
one side of the vessel, that is to a nonsymmetric confi
ration ~time intervalB in Fig. 16!.

In the remains of the time interval the two regimes reprod
this behavior.

The physical picture may be described as follows. T
linear heating channel originates a raising thermal plu
leading to two counterrotating vortices. At small Raylei
number this configuration is steady, whereas at higher va
it starts to oscillate on the vertical plane. For a further
crease, the previous regime is perturbed by the presenc
isolated hot and cold fluid elements. Usually blobs move
plume symmetrically, but sometimes they force the plu
toward one side of the vessel in a nonsymmetrical patte

It is important to connect this behavior to the spatial flo
configuration. This is done by observing the PTV flow fiel
in time. In Fig. 17 the basic flow configurations for tim
intervals A and B are plotted. The time intervalA (0 s,t
,400 s) is characterized by an oscillation of the flow co
figuration toward the left and right side of the vessel@Figs.
17~a!,~b!#. As previously noticed, the frequency of such
oscillation for the vertical component is almost double th
for the horizontal. The amplitude of the oscillations is almo
the same when the plume is directed toward the right or
left hand side of the vessel. The vertical velocity at the cen
is always positive. This is the main flow regime, and it
observed throughout the whole acquisition interval, givi
the sharp peak atf 1'17 mHz. In the time interval
B (400 s,t,900 s) the overlapping of the previous oscill
Downloaded 17 May 2001 to 192.167.149.117. Redistribution subject to
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tion with a nonsymmetric flow configuration is observed.
causes the vertical velocity component to be negative on
upper part of the symmetry axis: The resulting flow fie
@Figs. 17~c!,~d!# oscillates between a nearly symmetric co
figuration @Fig. 17~d!# and a nonsymmetric configuratio
characterized by large positive and negative vertical velo
values@Fig. 17~c!#. This large velocities correspond to thos
observed in Fig. 16 during the time intervalB.

V. CONCLUDING REMARKS

The combined use of single-point~LDA ! and multi-point
~PTV! nonintrusive measurement techniques allows to inv
tigate the behavior of an unstable convective flow: the c
nection between the time evolution and the spatial confi

FIG. 17. Isocontours of the vertical velocity component: positive~continu-
ous lines! and negative~dotted lines!. Time intervalA ~a,b!, time intervalB
~c,d!. The maximum and minimum values~in arbitrary units! are given. The
vertical thick lines indicate the symmetry axis. Same point of LDA me
surements: Ra51.23107, water-glycerol 7.5% mixture.
 AIP license or copyright, see http://ojps.aip.org/phf/phfcr.jsp
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ration is achieved by these methods. This connection refl
a coupling between spatial and temporal modes that has
already observed in other convective flows~Rubio et al.22!.
The Wavelet Transform is employed to detect sharp chan
in the velocity time histories. The following statemen
should be retained by the present analysis:
~i! The results are in fairly good agreement with experim

tal and numerical studies of similar systems. However
should be noted that, due to the presence of the lin
heating channel, the time evolution recorded at one p
of the field exhibits sharp transitions between differe
regimes. This is observed even when the control par
eters are kept constant. From the present measureme
is found that the basic mechanism for transition is rela
to type II intermittency, and this is one of the few expe
mental examples of such a transition in a fluid. Howev
at some Rayleigh numbers, type III intermittency cann
be completely ruled out.

~ii ! LDA measurements at one point of the field reveal t
the coupling between the main frequency and a sec
frequency~almost twice the main one! is responsible for
the loss of stability of the system. PTV measureme
depict that this is valid all over the field. These tw
frequencies are never observed together, but they a
nate in different time windows. The transition from on
state to the other has an intermittent character and th
confirmed by the Global WT spectrum and by the dis
bution of time durations of regular windows.

~iii ! PTV measurements make it possible to connect the
quencies to the spatial configurations. The time int
vals characterized by the main frequency in the horiz
tal component and the second one~almost twice the
main one! in the vertical component are characteriz
by two counterrotating rolls oscillating symmetrically
the vertical plane. On the other hand, the system so
times exhibits a nonsymmetrical regime in which t
velocity components display different values betwe
left and right hand oscillations~with vertical and hori-
zontal velocity components oscillating at almost t
same frequency!.

In involving further comparisons, it should be noted th
there is an effect due to the position of the heating chan
over the bottom plate. As already mentioned, Desrayaud
Lauriat10 obtained a second frequency at about 1/10 of
main one: the heating channel was located at 1/3 of
height of the vessel,H. This frequency has been never foun
in the present measurements, suggesting that the heig
the heating channel is crucial to the process by which
system selects the way for the flow to become unstable.
liminary numerical and experimental tests on the same ve
geometry, locating the heating channel at aboutH/3, confirm
the presence of the frequencyf 1/10, and show that stability
is lost through the interaction of these two frequencies.
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The overall conclusion of the paper is that the inves
gated convective flow is extremely sensitive to variations
the external parameters~i.e., of Rayleigh and Prandtl num
bers!, to the vessel geometry~length, width, and aspect ra
tio!, and to the position of heating elements. Neverthele
the investigation of the different effects leading to instab
ties makes the control of such a fluid flow a possible ch
lenge for fluid dynamicists.
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