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Abstract We have exploited the temperature dependence
of sound velocity to measure the thermal fields in trans-
parent and opaque fluids. A chamber containing glycerol
undergoing Rayleigh–Bénard convection was probed with
an ultrasound transducer operating in the pulse-echo
mode. The times-of-flight for the ultrasound pulse to tra-
verse the fluid at several transducer locations were con-
verted into a temperature profile that is in qualitative
agreement with simultaneous thermochromic liquid crys-
tal visualization of the flow pattern. Temperature profiles
in a mercury-filled stainless steel chamber have also been
obtained, both for quiescent and turbulent flows, thereby
validating the ultrasound thermometry concept for opaque
fluids as well.

1
Introduction
The study of natural convection of fluids driven by tem-
perature gradients has a long and rich history. Bénard (or
Marangoni) convection, in which surface tension at a free
upper boundary plays a dominant role, was one of the first
such systems studied in any detail. The buoyancy driven
flows of fluids in systems with rigid boundaries at the top
and bottom (Rayleigh–Bénard convection) have been
extensively studied, both for their potential applications
and as beautiful examples of pattern formation in non-
equilibrium systems (for reviews of convection in single
layers and related pattern forming systems, see Cross and
Hohenberg 1993; Koschmieder 1993 and Bodenschatz et al.
2000) . Partially as a result of having a large variety of
diagnostic tools that can be brought to bear, most con-
vection experiments have been performed with transpar-

ent fluids. However, the importance of studying the
thermally driven flows of opaque fluids, such as liquid
metals, some viscoelastic polymer melts and solutions, and
ferrofluids, cannot be minimized: They are interesting
from a fundamental fluid dynamics perspective since their
thermal (and/or mechanical) properties are often quite
different from typically used transparent Newtonian fluids.
Furthermore, they are important in many industrial pro-
cesses. (A particular example of the latter would be
semiconductor crystal growth dynamics in a Bridgman
apparatus. Destructive testing of the crystal after the
process is complete gives only indirect information about
the fluid dynamics of the formation process. Knowledge of
the thermal and velocity fields during the growth process
is essential.) Attempts to mimic the flow behaviors of such
fluids under thermal stress using the normally employed
oils or water are likely to fail (see, for example, Carpenter
and Homsy (1989), who discuss the large effect of the
Prandtl number on surface tension gradients), so ways
must be found to deal with the actual fluids in question.
Therefore, innovative measurement techniques applicable
to a variety of opaque fluids are desirable, both for use in
fundamental flow studies and in applications. In this paper
we describe one solution to this problem.

2
Review of existing techniques
Before describing our approach, it will be helpful to briefly
review the various diagnostic tools currently available.
Relatively non-intrusive velocity and temperature mea-
surements in fluids typically rely on optical techniques,
and hence are useful only with transparent fluids. For
example, laser Doppler velocimetry (LDV) and particle
imaging velocimetry (PIV) rely on the addition to the flow
of small seed particles to determine the velocity field (see,
for example, Somerscales 1981; Jacobs et al. 1988; Gue-
zennec et al. 1994). A very different type of approach is to
use the variation of the index of refraction of the fluid with
temperature to visualize the thermal field through inter-
ferometric, schlieren, or shadowgraph techniques (Gold-
stein 1983; Prakash and Koster 1996; Settles 2001). In each
case the result is a 2D map related to the average of the
temperature field along the line of observation.

For opaque fluids very different measurement ap-
proaches are necessary. To determine local temperatures,
one may insert thermistors or thermocouples directly into
the flow, or embed them in the chamber walls. Unfortu-
nately, the former method is quite intrusive and the latter
does not yield data from the interior of the flow. Similarly,
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hot-wire or hot-film probes may be used to make local
velocity measurements (Blackwelder 1981). Unfortunately,
these probes can also be quite invasive. Furthermore, it is
not easy to scan the flow field, since the probe is either
wall-mounted or is suspended by a small boom that must
pass through a wall of the system (in the case of an en-
closed flow). A recent development is the ultrasound
Doppler velocimeter (Takeda 1986; Takeda 1987; Takeda
1991). As in its optical counterpart, it relies on seed par-
ticles to scatter Doppler shifted sound back to the detector.
In contrast with the optical case, Doppler ultrasound
works in both transparent and opaque fluids. Commercial
units of this sort can detect velocities as low as a few cm/s,
which limits the usefulness of the technique in weak flows
or with delicate patterns such as might be found near the
onset of convection. In addition, Doppler ultrasound
techniques may not be appropriate for studying convective
fluid flow in crystal growth because particle seeding is
unacceptable and flow velocities are usually very low. The
velocities can be vanishingly small in microgravity con-
ditions where buoyancy is negligible, whereas temperature
gradients may still be quite large.

It is also possible to use X-rays in a manner similar to
the use of visible light in the optical techniques described
previously. Signal attenuation differences caused by sam-
ple density variations and discontinuities underlie medical
imaging and non-destructive testing of solids. This ap-
proach has been used for imaging density variations in
solidification and convection (Campbell and Koster 1994;
Pool and Koster 1994; Campbell and Koster 1995a;
Campbell and Koster 1995b; Koster 1997; Koster et al.
1997a; Koster et al. 1997b; and Derebail and Koster 1998).
There are drawbacks. Radiological methods require care to
ensure safety, but this is not an insurmountable problem.
Producing energetic X-rays requires considerable power
input, which is a potential problem in space-based
experiments. More importantly there are limitations on
the depth of the fluid that may be probed, at least for
liquid metals: The penetration depth for X-rays is a frac-
tion of a cm for energies up to 1 MeV for mercury (Koster
1997). As a result, the experiments referenced above were
for test cells of only a few mm thickness. Although X-ray
densitometry has proven to be a valuable diagnostic tool in
certain situations involving opaque fluids, there are limi-
tations on its general usefulness.

Very recently ultrasound scattered from impurities in
solid samples has been used to map thermal fields (Seip
et al. 1996; Simon et al. 1997; Simon et al. 1998; Le Floch
et al. 1999). Extension of this technique to fluids would
again require seeding.

In summary, although a variety of techniques exist for
the measurement of velocity and temperature fields, none
are entirely satisfactory if we are interested in studying,
non-invasively, the flow of opaque fluids.

3
Ultrasound thermometry
We have used ultrasound to detect the thermal field of a
liquid metal non-intrusively and without the use of seed
particles. The technique relies upon the variation of sound
speed with the temperature of the fluid. The use of sound

speed to measure the temperature of a gas was apparently
first proposed by Mayer (1873). More recently the concept
has been realized in large-scale gas systems (such as in the
interiors of furnaces and boilers) by Morgan (1972), Dadd
(1983), Green (1985), Bramanti et al. (1996), and Sielschott
(1997). To apply the concept to small-scale liquid-filled
chambers we have adopted the pulse-echo ultrasound
technique commonly employed for non-destructive testing
of solids (Birks and Green 1991). Specifically, a very short
ultrasound pulse traverses the chamber in a time deter-
mined by the chamber geometry and the average tem-
perature of the fluid through which it passes. Our goal is to
measure the time between the arrival of an echo pulse
from the first wall/liquid interface and the arrival of a
pulse from the second such interface, on the far side of the
chamber. Owing to the size of the systems we work with,
and the relatively small variation of the liquid’s sound
speed with temperature, the measurement demands are
stringent. (For perspective, the temperature dependence of
sound velocity in liquid metals is comparable to the tem-
perature dependence of the index of refraction required
for accurate interferometric thermal images in transparent
fluids.) Nevertheless, with high-speed instrumentation we
can detect the influence of the fluid temperature on the
pulse travel time and thus obtain temperature measure-
ments of the fluid interior. With the present system, spatial
resolution of a few millimeters or less is achievable with
moderate transducer resonant frequencies (the wavelength
is ~0.04 cm for mercury, for instance). Temperature res-
olution of a fraction of a degree Celcius has been achieved.
With an array of transducers scanned electronically a map
of the thermal field over the chamber can be produced on
a time scale short compared with many convective pro-
cesses. While we cannot yet achieve the speed or resolu-
tion of optical systems, ultrasound thermometry is
nonetheless quite adequate for many flow problems.

There are some potential difficulties with the technique.
First, the approach we take in extracting temperature
profiles from the data involves a simplification of the
actual situation, but a justifiable one. One simplifying
notion is that the ultrasound beam is a plane wave with no
divergence. In fact, the sound field of a transducer is quite
complex, particularly in the near field (Birks and Green
1991). However, in the case of a pulse signal we can dis-
tinguish between echoes that have reflected from the far
wall and those that come from other directions, as the
latter must occur at a later time and will be of considerably
smaller amplitude. A second approximation is that the
beam propagates in a straight line, when in fact there will
be some deflection caused by temperature gradients
transverse to the beam. This is a small effect and quite
negligible for the sorts of temperature gradients we are
measuring. Even for the thermal field in a furnace, with
temperature variations of hundreds of degrees Kelvin, the
estimated error caused by this effect is 2% or less (Green
1985). Another potential source of error is a Doppler shift
owing to fluid velocity along the line of sight. The flows we
have studied have small or vanishing components along
the line of sight. In any event, if there is such a component
the fact that the ultrasound pulses traverse the fluid both
with and against that component would cancel to first
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order any effect caused by that velocity component. In
sum, for the kinds of measurements we are undertaking,
the simplest approximation is quite adequate and is jus-
tified by our results.

4
Experimental apparatus
Two distinct configurations were used in these exploratory
investigations. In initial work with glycerol as the con-
vecting fluid, a single ultrasound transducer was mounted
on a system of manually controlled translation stages. A
small spring presses the transducer against the chamber
wall. Acoustic coupling to the system was aided by a thin
layer of glycerol between the transducer and the chamber
wall. Glycerol was chosen (coincidentally) as the working
fluid for compatibility with encapsulated thermochromic
liquid crystal particles that we introduced for visualization
purposes. The transducer was a model M110 from Pana-
metrics (Waltham, Mass., USA), which has a 5.0 MHz
resonant frequency and 6 mm diameter. The transducer
was driven by a Panametrics model 5800 pulser/receiver,
which sends a high-voltage pulse to the transducer and
then receives the resulting signal. The output signal was in
turn detected by a TDS 580D 1 GHz digital oscilloscope
(Tektronix, Inc., Beaverton, Oreg., USA), which operated
in an averaging mode (typically 256 pulses) to increase the
signal-to-noise ratio. This apparatus is shown schemati-
cally in Fig. 1. Example signals and details are shown in
Figs. 2 and 3.

The experimental procedure for the single transducer
configuration was as follows. Calibration was achieved by
measuring the transit time across the chamber as a func-
tion of temperature, with no vertical temperature gradients
(and thus no convection) present. The system was brought
to the initial desired temperature and allowed to reach a
steady state over a period of approximately an hour. The
ultrasound transit time was obtained by time shifting of
the second echo with respect to the first using an internal
function of the oscilloscope. The fluid temperature was
then slowly changed to a new value and the transit time
was determined again. A calibration graph such as Fig. 4
resulted. The solid lines are linear fits that can then be
used for interpreting subsequent measurements when
there is a temperature gradient in the fluid. In this early
work a horizontal scan of the system was performed, but
only at the initial temperature. The variations in width of
the chamber as determined by this scan were then used to
correct the raw measurements obtained later.

We also constructed a transducer array consisting of
five identical transducers uniformly spaced along a line
(see Fig. 5). The center-to-center spacing was ~9.75 mm.
The transducers were separately spring loaded. The array
was connected to a model 7002 switcher (Keithley
Instruments, Inc., Cleveland, Oh., USA), which, under
computer control, can shift the electrical connection to the
Panametrics pulser/receiver from one transducer to the
next with approximately 0.15 s dead time. The output of
the pulser/receiver is sent to a preamplifier, which allows
us to adjust the voltage offset and gain so that the signal
excursions are maximized within the input range of the
Eclipse (Signal Recovery, Oak Ridge, Tenn., USA), a very

Fig. 1. a Schematic diagram of the glycerol-filled convection cell,
the circulating bath temperature controllers, a movable ultra-
sound transducer, and the associated electronics for acquiring
and analyzing the signal from the transducer. Locations A–D
refer to Fig. 2. b Dimensions of the fluid-filled cavity: l is 2 cm,
w is 7.8 cm, and h is 1.2 cm. The transducer and the directions
of sound propagation and of gravity are included for reference

Fig. 2. Typical transducer signals for a glycerol in acrylic plastic
and b mercury in stainless steel. The letter A corresponds to
the initial pulse plus whatever echo returns from interface A in
Fig. 1, hidden in the very large (and outside of range) initial
signal. The remaining letters correspond to the other interfaces in
Fig. 1. The time between echos B and C (dt in Fig. 4) represents
twice the transit time to cross the chamber once
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high-speed signal averager. In the Eclipse, signals from a
particular transducer accumulate until an averaged output
can be transferred to the computer, and the switcher
brings the next transducer online. The LabView program
(National Instruments Corp., Austin, Tex., USA) respon-
sible for control of the data acquisition then finds the
appropriate peaks in the averaged signal and stores their
locations for additional processing after the data run is
completed. It is possible to obtain a complete scan of the
array, with 1024 pulses per transducer, in ~7.6 s. This is a
great improvement over manually translating a single
transducer from location to location, which under optimal
conditions can take 40 s per position shift. Following
initial processing of the data, a background file is used to
remove the effect of the static shape non-uniformities of

the chamber, leaving transit times that reflect the fluid
thermal profile.

5
Initial results
Proof-of-concept experiments with a single transducer and
oscilloscope were conducted in a glycerol-filled chamber
constructed with acrylic plastic sidewalls and aluminum
top and bottom walls through which flowed water from
RTE-211 circulating bath temperature controllers (Thermo
Neslab, Austin, Tex., USA). The chamber was 1.30 cm
high·2.00 cm deep (along the ultrasound propagation
direction, parallel to the convection roll axes)·7.8 cm
long. (Thermal and acoustic properties of all materials and
fluids used are listed in Table 1. Note that acrylic plastic
and glycerol have similar acoustic impedances, which
makes it relatively easy to achieve transmission through
interfaces between them (Shutilov 1988).) The walls
through which the ultrasound propagated were 9.3 mm
thick. A typical procedure would be to start with the top
and bottom plates set to the same temperature, approxi-
mately that of the room. The bottom plate temperature

Fig. 3. Enlargements of a echo B and b echo C, from Fig. 2b, a
signal for mercury in stainless steel, showing the very narrow
peak widths (~0.1 lS) and the rapid damping of the pulse

Fig. 4. Typical calibration curves for a glycerol in acrylic plastic
and b mercury in stainless steel. dt is twice the transit time
through the fluid. The fit function for glycerol is
T=)910.979 C+(44.203 C/lS)dt and for mercury it is
T=)3049.0 C+(111.5 C/lS)dt

Fig. 5. a Schematic diagram of the mercury-filled experimental
cell and the circulating bath temperature controllers, a five-
transducer array, and associated electronics. b Dimensions of the
fluid-filled cavity: l is 2.0 cm, w is 3.8 cm, and h is 5.0 cm. A
transducer, the direction of sound propagation and the direction
of gravity are included for orientation
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then would be slowly increased over several hours, while
the top plate temperature was simultaneously lowered.
At the desired DT the temperature ramping was halted and
the system was allowed to reach a steady state, after which
data acquisition would commence. Since the output was a
time delay between first echo and second echo as deter-
mined by reading the oscilloscope manually, it typically
took several minutes to complete a scan. Nonetheless, a
convincing temperature profile could be extracted, as
shown in Fig. 6 for a case of vertical DT of 11.45 C, cor-
responding to a Rayleigh number based on the average
temperature of the fluid of 3,282, or 1.92 times Rac (note
that glycerol has highly temperature dependent thermal
and mechanical parameters and in actuality the fluid is
highly non-Boussinesq, to the point that it is not apparent
that a single Rayleigh number properly characterizes the
flow state (Stengel et al. 1982; Zhang et al. 1997)). The
spatial dependence is apparent, with higher temperature
regions corresponding to rising warm fluid and lower
temperature regions corresponding to falling cool fluid.

To confirm this result we took advantage of the trans-
parency of the fluid to introduce microencapsulated
thermochromic liquid crystals (type R29C4 W, Hallcrest,
Inc., Glenview, Ill., USA) into the flow. They were chosen
for their sensitivity in the particular temperature range
within which we worked. It is clear from Fig. 6 that well-
defined convection rolls were present in the system, and
that the warm and cool regions revealed by the liquid
crystal color variations correspond with the temperature
profile detected by the ultrasound measurements, thereby
establishing the validity of the ultrasound thermometry
concept in this application.

The ultimate aim of our work has been to develop a
diagnostic tool for use in optically opaque fluids, possibly
enclosed by walls that are also opaque. As an initial test of
the concept we have performed some measurements on
mercury in a stainless steel chamber using the five trans-
ducer array described previously and sketched in Fig. 5.
The chamber had an inner height of 5.00 cm, a depth
along the direction of ultrasound propagation of 2.00 cm,
and a length of 3.8 cm. The sidewalls, made of stainless
steel, were 8.3 mm thick. Again, the acoustic impedances
of mercury and stainless steel (Table 1) are similar enough
to allow for good transmission through interfaces between
them. At the top and bottom of the chamber 2.5 mm thick
molybdenum plates were in contact with the mercury,
which were in turn backed by copper blocks through
which flowed water from Neslab RTE-211 circulating bath
temperature controllers. The molybdenum plate tempera-
tures were monitored by thermistors (model P65DB103 J,
Thermometrics, Edison, N.J., USA) embedded in them
within ~2 mm of the surface exposed to the mercury. To
simplify the situation initially we measured the thermal
profile under a stabilizing imposed temperature gradient
(i.e., hotter at the top of the chamber than at the bottom).
In this case we expected a simple linear temperature
profile. Figure 7 shows the outcome for several different
imposed temperature differences: for this situation, the
data of interest form the three lines with positive slope in
that graph. In all cases the profiles are as expected. If we
project the linear fits to the ends of the chambers the
overall temperature difference from the top to the bottom
of the chamber as measured by the ultrasound technique
is virtually identical to that given by the embedded

Table 1. Properties of materials used. All values for mercury and glycerol are for 20 C, except for the thermal conductivity of mercury,
which is quoted for 25 C. The glycerol values are calculated using the temperature dependent formulas from Stengel et al. (1982)

Material Property

Density q
(·103 kg/m3)

Sound
velocity
C (m/s)

Acoustic
impedance
Z (·106)

Thermal
conductivity
k (W/mK)

Prandtl
number Pr

Volume
thermal
expansion
coefficient
3a (·10)6)

Kinematic
viscosity m
(cm2/s)

Thermal
diffusivity j
(cm2/s)

Stainless steel 7.85 5,790 45.0 14.4 33.0
Molybdenum 138.0
Acrylic glass 1.19 2,750 3.19 0.19 202.2
Aluminum 237.0 69.0
Mercury 13.55 1,450 19.66 8.25 0.025 181.0 0.00114 0.046
Glycerol 1.26 1,904 2.4 0.285 11,800 470.0 11.18 0.000946

Fig. 6. Encapsulated liquid crystal (Hallcrest R29C4 W) seeded
flow of glycerol at DT=11.45 C, showing the convection rolls. The
red start is at ~29 C, while blue begins at ~33 C. Our particular
sample was not calibrated. The plot shows the temperature profile
measured using a movable single ultrasound transducer
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thermistors. We conclude that ultrasound thermometry
yields a quantitatively accurate measurement of the tem-
perature profile.

A more stringent test of the capabilities of the system
can be made by working with a fluid undergoing turbulent
convection. We used the same mercury/stainless steel
chamber combination as in the previous experiments and
established turbulent convection at large DT for tempera-
ture profile comparison with the case of no convection.
For this purpose we adjusted the circulator temperatures
to give the same magnitude imposed temperature differ-
ence, but hotter on the bottom plate than on the top, thus
imposing a destabilizing gradient on the fluid. By impos-
ing a sufficiently large gradient the convecting fluid was
driven into turbulence, based on the very high Rayleigh
numbers achieved in each run, and, in fact, time-series
measurements with the array showed fluctuating temper-
atures. The time dependences observed for the two cases
are shown in Fig. 8. While there are some fluctuations
even in the stabilized case, presumably because of mea-
surement error, they are larger in the case of turbulent
convection in the mercury, clearly above the level of the
measurement precision. The measured standard deviation
for this transducer location is 0.16 C in the turbulent case
and only 0.05 C in the quiescent case.

To extract a temperature profile from the turbulent
flows we time-averaged the data from each transducer and
plotted only the mean temperature against transducer
location. The result is shown in Fig. 7 as the lines with
small negative slope. The difference in magnitude of the
slopes of the lines for the stable and turbulent cases is
striking. For the stable case the slope is as expected, a
simple linear temperature profile. In the case of turbulent

convection the absolute value of the slope is much lower
over the core of the chamber, the region probed by the
transducers. This is consistent with other experiments in
the literature (Takeshita et al. 1996; Zhang et al. 1997),
which show that for very large Rayleigh numbers the core
of the flow is nearly isothermal, while the bulk of the
temperature variation occurs in the thermal boundary
layers at the top and bottom of the chamber. Our mea-
surements using ultrasound thermometry are consistent
with this observation, although the slopes are not van-
ishingly small as might have been expected. Of course, our
technique gives only an average measurement across the
chamber, and near the side walls one does not expect to
see the same isothermal core profiles as in the interior.

6
Conclusions
We have shown that ultrasound thermometry is feasible
for small-scale laboratory experiments on convection,
including convection in a liquid metal. Our results have
been validated by using the technique on a roll pattern in a
transparent fluid where a conventional approach was also
feasible. In addition, our results are consistent with the
predicted behavior in the case of a liquid metal for both a
simple conduction state (quiescent) and a turbulent flow.
The temperature sensitivity varies depending upon the
magnitude of the variation of the sound speed in each
liquid, but for our cases we have achieved resolutions on
the order of 0.1 C. The spatial resolution is on the order of
the transducer diameter.

The next step in the development of this technique will
be to modify the array to include more and smaller
transducers. In addition we will add computer-controlled
traversing mechanisms to allow for rapid 2D scans, scans
that should yield images of the flow comparable to the
shadowgraph images obtainable in transparent fluids.

Fig. 7. Temperature profiles for heating from above (solid square
9.5 C; solid triangle 7.2 C; solid diamond 3.9 C) and heating from
below (solid circle 9.5 C; inverted solid triangle 7.2 C; left-
pointing solid triangle 3.9 C). Heating from below gives rise to
turbulent convection. In that case, the temperature differences
correspond to the following Rayleigh numbers:
9.5 C fi Ra=4.39·106, 7.2 C fi Ra=3.33·106, and
3.9 C fi Ra=1.80·106

Fig. 8. Time traces from the uppermost transducer in Fig. 7, for
no convection (solid square 9.5 C) and for turbulent convection
(solid circle 9.5 C, Ra=4.39·106). The error bars represent the
approximate measurement precision based on finding a peak
using a built-in LabView routine
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Eventually it may be possible to produce localized thermal
field measurements using tomographic reconstruction, as
has already been done in large-scale gas systems (Green
1985). As the technique becomes more fully developed, it
should prove a useful diagnostic in a variety of flow
problems involving liquid metal convection with various
boundary conditions, solidification studies, and other sit-
uations in which the usual diagnostics simply do not work
or work in a very inconvenient or intrusive fashion.
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