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Ultrasonic imaging in air using fan-beam tomography
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Abstract

Air-coupled ultrasonic capacitance transducers operating at frequencies of up to 1 MHz have been employed in a fan-beam
configuration for the cross-sectional tomographic imaging of temperature fields and flow fields in air, and the location of solid
objects. Separate transmitter and receiver transducers were manufactured using thin polymer dielectric membranes and polished
metal backplates, and used to acquire through-transmission data. The fan-beam reconstruction was developed in LabVIEW® using
a re-bin routine combined with a filtered backprojection algorithm and a difference technique to generate the cross-sectional images.
The system was first used to reconstruct images showing the locations of solid objects positioned within the scanned region through
interpretation of the arrival time of the transmitted ultrasound. The technique was then extended to image the temperature fields
produced in air above a small heat source and the flow field produced by a nozzle connected to a regulated compressed air source.
Reconstructed temperatures were within 4% of the measured background air temperature and 9% of the air temperature measured
above the heat source. Reconstructed images of the flow field above a small nozzle were also presented, showing that the horizontal

component of the flow velocity could be resolved using this method. © 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction

Tomographic reconstruction [1] is a well-established
technique, by which cross-sectional images of spatial
variations in ultrasonic properties may be formed. The
region to be imaged is usually interrogated with ultra-
sound from a range of angles and positions at the pe-
riphery of the plane of interest, and an image produced
using changes in a physical variable of the transmitted
signals such as propagation time or amplitude. There
are two main techniques for this type of tomography.
Series expansion techniques [2] employ iterative meth-
ods but are computationally inefficient. Fourier trans-
form methods, such as the filtered backprojection
theorem [3], are more efficient but require a well-defined,
regular sampling geometry in either a parallel-beam or
fan-beam configuration. Tomographic imaging in air
has been limited primarily to the location of solid ob-
jects [4,5], and this lack of application has been due in
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no small part to the difficulty of producing ultrasonic
transducers that operate effectively in air and other
gases. Transducers based on an electrostatic or capaci-
tance principle have generated much recent interest due
to their ability to efficiently generate and detect broad-
band ultrasound in air at MHz frequencies, and there is
a considerable body of research into the fabrication,
characterisation and modelling of such devices (e.g. [6—
9]). In previous work by Wright et al. [10], ultrasonic
tomographic reconstruction of temperature and flow
fields was achieved in air using air-coupled capacitance
transducers and a parallel-beam geometry. In the pre-
sent study, this technique is extended to a fan-beam
geometry. This configuration was used initially for the
location and interrogation of solid objects placed within
the scan area. It was then used to reconstruct tempera-
ture and flow fields generated in air above a small heat
source and air jet, respectively. This technique could
potentially be used to remotely characterise plumes and
sources of air pollution. The reconstruction software was
written in LabVIEW® using a re-bin routine that ex-
tracted parallel-beams from the fan-beam geometry data
[11]. These projections were then scaled and interpolated
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so that a parallel-beam filtered backprojection algorithm
could be employed for the image reconstruction.

2. Sampling geometry

A typical fan-beam sampling geometry employed is
shown schematically in Fig. 1. A source transducer x is
positioned on the perimeter of a circular area of interest
and a receiver y is scanned through a number of regularly
spaced positions opposite the source to produce a fan-
shaped series of ultrasonic rays known as a projection.
This procedure is then repeated at different source posi-
tions x’ until a series of projections is obtained, from
which an image can be reconstructed. Certain rays in
different projections will be parallel to each other, e.g.
rays r; and »; in Fig. 1, and a re-bin routine may then be
employed to extract sets of parallel rays from the fan-
beam data. These parallel rays will initially be nonuni-
formly spaced in s and of different lengths. Therefore an
interpolation routine must be employed, using a refer-
ence velocity that is obtained from the propagation time
of the first ray. It is assumed that as this first ray path is at
the edge of the scanned area and away from any distur-
bances, the ultrasonic velocity along its path is also the
background velocity throughout the scanned region. The
interpolated data is then reconstructed using a filtered
backprojection algorithm, the details of which have been
discussed in earlier studies [1,3]. For any ray path xy,
both the local speed of sound and the gas flow velocity
will have an effect on the propagation time ¢,,, given by
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where ¢, is the speed of sound at any position r along the
ray path xy, v is the local flow velocity of the gas and t is
a unit vector parallel with the ray path and pointing in
the direction of integration. As the local speed of sound
is also related to temperature by the well-known relation
[12]:
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Fig. 1. Schematic diagram showing the sampling geometry for fan-
beam tomography.
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where T is the air temperature in Kelvin, a reconstructed
image of the spatial variation in slowness (¢, +v-¥)
within the scanned area will indicate the presence of
solid objects, gas flows, or changes in temperature.
Further details of this temperature and flow recon-
struction technique can be found in earlier work by
Wright et al. [10].

3. Experimental setup

The fan-beam scan geometry shown in Fig. 1 dem-
onstrates that, in order to maximise the number of rays
in each projection, a divergent source and receiver are
required. A pair of electrostatic devices, consisting of
polished convex metal backplates with a 10 mm radius
of curvature and 5 pum thick metallised PET dielectric
film, was employed for both generation and detection of
ultrasound. These devices operated at a frequency of 400
kHz with a —6 dB bandwidth of 300 kHz, and their
basic operation has been detailed elsewhere [6-9].

The experimental configuration is shown schemati-
cally in Fig. 2. The source transducer was biased using a
100 V DC supply and driven by a Panametrics pulser-
receiver (model S00PR) which delivered a negative spike
of up to —250 V with a pulse energy of up to 19.4 puJ.
The receiver was connected to a Cooknell CA6/C charge
amplifier, with a sensitivity of 250 mV pC~!, and SU2/C
power supply providing a DC bias of 100 V. The trans-
ducers were mounted on Daedal rotary stages driven
using stepper motors and custom electronics under
RS232 control to an accuracy of +0.02°. The received
waveforms were captured on a Tektronix TDS224 dig-
ital oscilloscope and transferred to a PC via an RS232
interface for storage and analysis.

Each scan consisted of 37 receiver positions at 5° in-
tervals opposite the source, and 72 source locations in
360°. Not all of this data was required for the re-bin
routine to operate successfully, but that redundancy in
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Fig. 2. The experimental apparatus employed for fan-beam recon-
structions using convex air-coupled transducers.
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the acquisition was necessary to ensure that all of the
required parallel ray paths were collected. Due to the
volume of data required (2664 waveforms), the data ac-
quisition process and transducer positioning were auto-
mated, allowing computer control via an RS232 interface
using routines written in LabVIEW®. Each waveform
was acquired in approximately 10 s, giving a total scan
time of about 8 h. This data acquisition time could be
reduced further, by using a faster interface, transducer
arrays, and multiplexing the sources and receivers.

4. Results and discussion
4.1. Solid objects

Fig. 3 shows the reconstructed image of acoustic ve-
locity (reciprocal of slowness) in the scan area with a 21
mm diameter Nylon cylinder located at the coordinates
(5, —5) mm. The reconstructed background velocity
in air was 350 ms~!, which is within 1% of the speed
of sound at room temperature (347 ms~!). The speed of
sound within the cylinder was reconstructed to be 340
ms~!, yet should be 2400 ms~!. As no waveform could
be measured travelling directly through the cylinder, the
reconstructed speed of sound within the solid is due to
diffraction of the waves in air around its edge. The larger
propagation time associated with these longer ray paths
makes the velocity within the cylinder appear lower than
the velocity in air. However, the reconstruction still ex-
tracted the true position and diameter of the cylinder,
shown by the broken white line.

Fig. 4 shows the reconstructed image with the centre
of a 25 mm square aluminium block located at the
coordinates (0, 20) mm. A threshold amplitude was
employed on the sampled data, as there were no prop-
agation times associated with occluded rays, which in-
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Fig. 3. Tomographic image with a 21 mm diameter Nylon cylinder in
the scan area.
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Fig. 4. Tomographic image with a 25 mm square aluminium bar in the
scan area.

troduced noise into the reconstruction. For this reason
the speed of sound within the object is entirely artifi-
cial and is determined by the propagation time delay
inserted to replace the occluded data. A reconstruction
with multiple objects within the scan area was also at-
tempted using two 21 mm diameter cylinders positioned
at the coordinates (20, —10) and (—30, —10). It can be
seen from Fig. 5 that the software was able to locate the
two objects and to reconstruct the background velocity,
although the shapes of the objects have been distorted as
one object occludes the other in several rays in the scan.
As the use of artificial data generated by the amplitude
threshold routine increases, the quality of the image is
adversely effected.

4.2. Temperature and flow fields

In order to image the spatial distribution of tempera-
ture within the scan area, a 6 mm diameter soldering
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Fig. 5. Tomographic image with two 21 mm solid cylinders in the scan
area.
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iron at a constant temperature of 573 K was held cen-
trally below the scanning plane. Reconstructed slow-
ness values were converted into spatial variations in
temperature using Eq. (2) and are shown in Fig. 6, and a
definite heat plume can be seen in the centre of the scan.
The background air temperature extracted from the
tomography was between 306 and 314 K, and compared
to the actual air temperature of 294 K measured using
a 1 mm diameter K-type thermocouple, gave an error
in the reconstruction of between 4% and 7%. The tem-
perature directly above the heat source was recon-
structed to be 330 K, and was measured as 362 K, which
gave an error of 9%. The physical size of the transducers
meant that considerable spatial averaging occurred to
the signals passing through the scan area, which would
affect the accuracy of the reconstruction. The back-
ground air temperature also fluctuated by +5 K during
the data collection, which means that the temperatures
would be time averaged. As a difference technique based
on the first ray of the first projection was used, any
variations in ambient temperature after this initial ac-
quisition would affect the reconstruction. It is also likely
that insufficient ray paths were used to achieve the re-
quired spatial resolution.

Fig. 7 shows a tomographic reconstruction of the
temperature field in air above two heat sources, at tem-
peratures of 573 and 473 K, located below the scanning
plane at coordinates (10, —20) and (—15, 30) respec-
tively. The image indicates a background temperature of
between 305 and 310 K and shows the two heat plumes
to be at 325 and 319 K. The higher temperature plume
can clearly be distinguished in this image, however the
shape and position of the other plume was obscured by
background noise.
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Fig. 6. Tomographic image of the temperature field in air above a 573
K heat source.
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Fig. 7. Tomographic image of the temperature field above two heat
sources at 574 and 473 K positioned below the scanning plane.
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Fig. 8. Tomographic reconstruction of the horizontal flow component
image above a vertical air jet.

Finally, Fig. 8 shows a reconstruction of the flow
profile above a 2.7 mm diameter nozzle connected to a
compressed air source with a flow rate of 0.5 Is~!
measured using a Platon A10HS flowmeter. This figure
shows the horizontal components of the flow velocity
of the air jet, reconstructed from slowness data using
a value of 347 ms~! for ¢, in Eq. (1). The maximum
horizontal component of the flow is shown to be 8.6
ms~! at the centre of the scan area, which is in good
agreement with theory outlined in previous work [10],
which predicts a maximum horizontal flow velocity of
between 8.0 and 9.4 ms~! at a height of 45 mm above
the nozzle. However the information reconstructed
within the scan area is limited by the same constraints
concerning transducer size, turbulence, time averaging,
compressibility and ray bending.
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5. Conclusions

Fan-beam tomography has been employed for the to-
mographic imaging of temperature and flow fields in air,
and the location of solid objects, using a pair of convex
electrostatic transducers. A re-bin routine that extracted
parallel ray paths from a fan-beam configuration was
combined with a filtered backprojection algorithm to
form images of the spatial variation in slowness. This
process was successful in determining the position and size
of solid objects within the scan area and was then extended
to imaging temperature and flow fields. Temperature re-
constructions were shown to give an accuracy of within
4% of the background temperature and 9% of the tem-
perature above a heat source when compared to data
gathered using a commercial thermocouple. Recon-
structed images of the flow field above a small nozzle
were also presented, showing that the horizontal compo-
nent of a flow velocity can be resolved using this method.
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