Ultrasonic tomographic imaging of temperature and flow fields
in gases using air-coupled capacitance transducers

William M. D. Wright?
Department of Engineering, University of Warwick, Coventry CV4 7AL, United Kingdom

David W. Schindel
Institute for Aerospace Research, NRC, Montreal Road, Ottawa, Ontario K1A OR6, Canada

David A. Hutchins and Peter W. Carpenter
Department of Engineering, University of Warwick, Coventry CV4 7AL, United Kingdom

Dion P. Jansen
Ontario Hydro Technologies, Toronto, Ontario M8Z 5S4, Canada

(Received 25 July 1997; revised 5 August 1998; accepted 18 Augusj 1998

A pair of air-coupled ultrasonic capacitance transducers with polished metal backplates have been
used to image temperature and flow fields in gases using ultrasonic tomography. Using a filtered
back-projection algorithm and a difference technique, cross-sectional images of spatially variant
changes in ultrasonic attenuation and slowness caused by the presence of temperature and flow
fields were reconstructed. Temperature fields were produced in air by a commercial soldering iron,
and the subsequent images of slowness variations used to reconstruct the air temperature at various
heights above the iron. When compared to measurements made with a thermocouple, the
tomographically reconstructed temperatures were found to be accurate to within 5%. The technique
was also able to resolve multiple heat sources within the scan area. Attenuation and velocity images
were likewise produced for flow fields created by an air-jet from a 1-mm-diam nozzle, at both 90
and 45 degrees to the scanning plane. The fact that temperature and flow fields can be measured in
a gas without the need to insert any measuring devices into the image region is an advantage that
may have many useful applications. 998 Acoustical Society of America.
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PACS numbers: 43.58.Dj, 43.35.Zc, 43.38.Bs, 43.60[BLE]

INTRODUCTION coupled to a material through an intervening air layer. Such
transducers have been shown recently by the authors to be
Tomographic reconstructidiis a well-established imag- well suited for noncontact tomographic imaging of sofds.
ing technique that allows spatial variations of a physical vari-  Ultrasonic tomography has not yet been extended in any
able in a material to be determined using only measurementsppreciable way to the characterization and imaging of gases
made at the periphery of the area of interest. This may béhemselves, which may be due in part to the lack of suitable
accomplished by propagating ultrasonic waves or x-raygas-coupled transducers in the past. However, the air-
through the material in many different directions in the im- coupled ultrasonic capacitance transducers used previously
aging plane, and using information extracted from this datdy the authors for noncontact tomographic inspection of
to reconstruct a cross-sectional image. In the case of ultrasolids® are ideally suited for developing tomographic imag-
sonic tomography, measurements of wave amplitudes anidg applications within gases themselves. As a direct result
propagation delays are usually used to produce cros®f their ability to generate and receive ultrasonic waves in
sectional images of ultrasonic attenuation and slownesgjases over a large frequency bandwitttil00 kHz to 2.25
These acoustic properties are in turn related to other materiéliHz), these devices are ideal for accurate measurements of
properties of interest, such as temperature or flow velocitypropagation delay and frequency content. It will be shown in
as will be demonstrated in this work. the work to be described here that such broadband air-
Ultrasonic tomographic imaging has already beencoupled transducers can now be used to image temperature
widely investigated, especially for the inspection of solidand flow fields in gases using ultrasonic tomographic imag-
materials such as silicon dioxide ingétsyood? and solid  ing.
rocket propellanté. Techniques for speeding up the collec-

tion of data have also been studied, including automated data

acquisitioi~” and noncontact wave transductfoi! one - THE TOMOGRAPHIC RECONSTRUCTION
. S . THEOREM
promising form of noncontact transduction is the air-coupled

ultrasonic transducéf, ** in which ultrasonic energy is Of the two main types of algorithm used to reconstruct
cross-sectional images from boundary data, iterative tech-

ANow at Department of Electrical Engineering and Microelectronics, Uni- N1qUES 16029 Senes expansion methods are the r_nOSt
versity College Cork, College Road, Cork, Ireland. popular.>~" The widespread use of these algorithms arises
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o o PROJECTION of applying the filtered back-propagation algorithm is an im-
- TN

- —e— — — — — — — g;@ age showing spatial variations in slowness. Although tomog-
Qj%/v - % raphic imaging has been described in terms of propagation
******** . delays and slowness function, other acoustic wave properties
L :, T ﬂ such as signal amplitude and frequency content can be used
\7 . s o to reconstruct images of other useful functions such as at-
= -4 tenuation, as will be demonstrated.
=
‘ g/ — fﬁ Il. TOMOGRAPHIC IMAGING IN CASES
AR VS . In the specific case of ultrasonic tomographic imaging of
N b E the properties of a gas, the “object” in Fig. 1 may consist of
b DECENER a region with either(a an appreciable flow velocityb) a
NEW PROJECTION variation in the local sound speéd.g., due to a change in
FIG. 1. The tomographic scanning geometry. temperature or pressyr®r (c) a combination of botlta) and

(b). To consider these effects, the effective sound spged
from their ability to correct for ray bending, anisotropy, and any distancer along the lineab between the source and
irregular sampling geometries, although such methods aréeceiver may be given approximately by
computationally intensive. Transform meth6‘bf§? which Co=C 4 VP, @
use Fourier analysis are quicker and more efficient, but are
not as versatile and require a precise sampling geometry. F¥fherec, is the local sound speed.is the local flow velocity
this reason, Fourier transform methods have been less pop@f the gas(a vector quantity andr is a unit vector parallel
lar. In the work to be presented here, a filtered backWith the ray path and pointing in the direction of integration.
projection algorithm using Fourier transforms was used tol he dot-product in E¢(2) ensures that the appropriate com-
reconstruct tomographic images. This method has been d@onent of flow velocity will be added to, or subtracted from
scribed in detail elsewhefd,but for completeness a brief the local sound speed. Note that at high flow velocitigs,
outline of the technique will be given. will also vary with the gas flow speed, and so EB) is a

Consider the sampling geometry shown in Fig. 1, wherdinear approximation which is reasonably accurate provided
an ultrasonic source and receiver with a fixed separatton that |v|<0.3c.
are scanned together in a linear path over the object to be With a substitution of Eq(2), Eq. (1) thus becomes
imaged. At regular spatial intervalss, a waveform or “ray” f dr
is recorded by the receiver and the source—receiver propaga- tab:f -, 3
tion time-delayt,, is extracted to form one point on a “sil- raCrtyv-r
hquette” or pro_ject.ion :_;u an angiethrough the center of the \\hich shows that the propagation dely will vary with
object (the projection in Fig. 1 plots the result fa&=0).  gpatial variations in both the local sound speed and gas flow
Assuming a linear ray path alorap, the propagation delay ye|ocity. Since the local sound speeg is known to vary

tap is given by with temperature according to

rodr T
tap=] —, 1) = A ——
ab e c,=331.31 57316 4

wherec, is the sound speed at any distamcalongab. The  whereT is the air temperature in degrees Kel¢fnspatial
integrand is more commonly known as the slowness. When ®ariations in air temperature may also be extracted from the
single projection has been completed, the transducer@air information contained in the measurements of propagation
the object of interegtis then rotated through small angular delay.
incrementsA#, and the scanning process repeated at each In most ultrasonic tomography experiments, absolute
angle so that a series of projections is built up, each oneneasurements of propagation delay or signal amplitude
passing through the center of the object like the spokes of along known ray paths are usually required for the recon-
wheel. When a full 180 degrees has been scanned, the prstruction of images. However, unknown delays and attenua-
jections may then be reconstructed into a cross-sectional intion effects may be introduced by the pulser/receiver, while
age of all the slowness variations anywhere within the scathe exact propagation path between the source and receiver
area. may be difficult to determine. In order to reduce the effect of
The projection theorem states that the one-dimensionauch uncertainties, a form of difference tomography was em-
Fourier transform of a projection passing through the objecployed in this work, in which the values obtained from each
at an angled is equal to a section through the two- ray were normalized with respect to the first ray in each
dimensional Fourier transform of the slowness function afrojection (taken in a region of ambient temperature and
the same angle. By substitution and manipulation, this renegligible flow velocity. In this way, a comparative image
duces to a filtered back-projection which is a simple convowould be formed of only thehangesn a physical variable
lution of each projection with a kernel function in the Fourier induced by the presence of local sound speed variations or
domain. If data is then taken in specific geometries, the resuftow effects.
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In the present application, comparative measurement can MODULYNX | 4 g -ass b | 1BM PS/2 | 4 ieec ass 5| TEKTRONIX
. L . . STEPPER 2430A
be included by rewriting Eq(3) in the following form: MOTOR e Pl DIGITAL
CONTROLLER GPIB GPTB OSCILLOSCOPE
M dr
tap— Lrer=
~ ROTARY STAGE
ra Crert AC, +(Viert AV) - T ] [
L 9
"o dr PANAME TRICS ‘_1— L;NEAR STAGAE ‘ COOKNELL
— _ (5) SOSSPR CAG/C
. PULSER/ CHARGE
Ta Creft Vyer I RECEIVER SDUMEIVER AMPLIFIER

wherec,s andy,¢ are the values of, andv corresponding to
the first ray in each projection, antic, and Av are the 100V

. . . D.C. BIAS D.C. BIAS
deviations from those values found ratlong ab. Provided
that|Ac,+ Av-T|<|Cef+ Vier- T, then to a good approxima-
tion Eq. (5) further reduces to

FIG. 2. Schematic diagram of the tomographic scanning equipment.

o AC,+AV-T region. A sound wave traveling through a gas flow may be
tap—trer™ — J r, (6)  diverted from a direct path between the source and receiver
' by flow velocity components acting in directions perpendicu-
which describes what will actually be recorded in the experidar to the wave propagation. Similarly, temperature varia-
ments to follow. tions causing a local change in sound spémad also gas

In many applications of practical interest, the flow ef- density and specific acoustic impedanesll produce non-
fects can be considered negligible such that]<c. and linear ray paths and divert further sound energy away from

™2
a (Cref+ Vref’ r)

|Av,|<Ac,. In such cases, Eq6) may be simplified to the receiver. Rather than developing mathematical relation-
ships for each amplitude effect, their effects will simply be
tab—tref”—%erACr dr, @ dispussed as they become apparent in the work to be de-
Ciofd Ta scribed.

where it has been assumed that the reference ray is chosen

well away from the region containing sound-speed variadll. THE SCANNING SYSTEM
tions. Equation(7) shows that a distribution in sound-speed

variation can, in principle, be imaged by means of ultrasonic_ .~ "~ . o .
topography. One specific example in this case is the variatiof'd '" aI" 1S shown schematically in F'g' 2. 'Ultra.sonlc waves

in sound speed due to the existence of a temperature field ifere both generated and detected in air using a pair of

air, where slowness variations may be converted to a recor?_apacnance-type air-coupled transducér&ach transducer

struction of the actual temperature field using E@3.and consisted of a thin polymer filr{2.5-um-thick Mylar) which
(4), was placed upon a brass backplate whose surface had been

olished to a roughnes$g, of 0.02 um. The upper surface of
%e Mylar film was metallized so that a capacitive structure
was formed with the conducting backplate, to which a bias
voltage was applied. In order to generate ultrasound in air, a
n AV-T transient voltage was superimposed upon the bias voltage,
tab—tref”—J - dr, (8) causing motion of the film via electrostatic forces; similarly,
' when acting as an ultrasonic receiver, an incident ultrasonic
which shows how tomographic reconstruction of a flow fieldwave in air caused the film to move and vary the charge
in a gas should also be feasible using only measurementgpon the backplate of the capacitive structure. Both the
made around the periphery of the flow. It is important totransmitting and receiving transducers had a 10-mm-diam
point out, however, that not all flow velocity fields can be aperture, which will have an effect on the spatial resolution
uniquely reconstructed using equations such as(&8¢>?®  of the reconstructed images, due to averaging of the signal
The flow field must be “divergencelesgWwhich means that across the transducer aperture in both the horizontal and ver-
the flow-velocity field must satisf¥-v=0). Such a diver- tical directions.
genceless flow field is ensured when the fluid is incompress-  The air-coupled capacitive source was driven by a Pana-
ible and has no sources or sinks of flow within the imagemetrics 5055PR pulser/receiver, which delivere@50-V
plane. However, as air is a compressible fluid, not all flowtransients with a rise time o£10 ns. A dc bias voltage of
velocity fields in air can be uniquely reconstructed usingl50 V was superimposed upon this transient voltage using a
ultrasonic tomographic method$,although reconstruction capacitive decoupling circuit. Received signals, resulting
of other flow parameters such as vorticity is still from charge variations at the air-coupled receiver, were de-
possible?®-28 tected using a Cooknell CA6/C charge amplifier. This charge
In the preceding equations, only the expected effects chmplifier had a sensitivity of 250 mV/pC, and applied its
temperature and flow on propagation delays have been coown well-regulated dc bias voltage of 100 V. The resulting
sidered, yet the amplitude of the ultrasonic waves will alsooutput waveforms were captured on a Tektronix 2430A digi-
be affected as they traverse the temperature- or flow-affectetdl oscilloscope, and then transferred via an IEEE-488/GPIB

The experimental apparatus used for tomographic imag-

There are also many gas flows of practical interest wher
|Av,|>|Ac,|, i.e., where the variations in local sound speed
are negligible. In such cases, H) reduces to

2
a (Cref+ Vet I‘)
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interface to an IBM PS/2 model 30 286 computer. This com-
puter was also used to position the transducer pair using .
rotary and linear Daedal stages, which were driven by a i
Modulynx stepper-motor controller. The positioning system
had an overall precision af0.01 mm per 50 mm of travel. .
The distance between the source and receiver was fixed at
165 mm, whereas the height of the scanning plane could be
manually altered. Unless stated otherwise, the dimensions of
each scan were 100 mm in 2-mm steps and 180 degrees in
steps of 3 degrees, giving 61 projections of 51 rays each.

0.0

Amplitude (mV)

-40.0

Static air

,,,,,,,,,, Heated air

TR I

IV. EXPERIMENTAL RESULTS AND DISCUSSION
80.0 T )

A. Imaging temperature fields in air 460.0 470.0 480.0 4900 500.0
. . (a) Time (ps)
In order to verify that the effects of temperature in a

gaseous medium could be tomographically imaded.,
when |V, <€Cf and|Av,|<|Ac,|), a temperature field was
created in air above a 15-W miniature soldering iron, and the ]
ultrasonic slowness field was imaged using tomographic re- :
construction. The soldering iron, whose long axis had been 0.8 —
clamped vertically in the center of the scan area, was insu- ]
lated cylindrically using flexible glass-fiber high-temperature
sleeving so that only the top 1-mm length of the 3.5-mm-
diam tip was protruding. The soldering iron had a constant
tip temperature of 340 °C.

Typical waveforms obtained in this arrangement are ]
shown in Fig. 8a), with the signal traveling through the 0.2
heated column of aifdashed lingbeing lower in amplitude
than the signal traveling through the surrounding ambient N
atmosphergsolid ling). This reduction in amplitude of the 0'000' e e 12 AR
ray passing through the heated air is attributed to a combi- (b) ' ' Frequency (MHz) ' '
nation of refraction of the waves away from the receiver, and
the mismatch in specific acoustic impedance between th IG. 3. (8 Typical waveforms through static afsolid line) and heated air

. . dashed ling (b) Normalized frequency spectra of waveforms showfain
heated air and the ambient atmosphere. From property
table$® and Eq.(4), the specific acoustic impedance of air
can be shown to change from 480 -ky?s ! to 354

Static air

1 P e Heated air

Normalised amplitude

The fact that the amplitude image in Figa#shows a larger
affected area suggests that the ultrasonic amplitude is more

kg-m~2.s7! for a change in air temperature from 300 K to . .
400 K, respectively. This corresponds to a reflection Coeffi_susceptlble to refraction and aperture effects than the propa-
! tion delays used to reconstruct the slowness image. The

cient at the interface between the heated and ambient regimgg

of 0.5%. Diffraction of the waves will also have occurred as_attenuaﬂon images thus complement the slowness images by

the diameter of the air column above the soldering i indicating the presence of a temperature affected area which

proximately 3.5 mmwas only five times the wavelength in may not necessarily produce a measurable change in arrival
air at the frequencies of interegit 500 kHz,\=0.7 mm) time. Note that values of attenuation greater than zero are

Note that the heated wave also arrives sooner since the u?—bta'ned in Fig. @ due to noise both in the experlmente}lly
trasonic velocity is higher in the heated air as predicted b cqw.re.d ?.COUS.IIC data, and in th? reco_nstrucuon algorlthm.
Eq. (4). The corresponding normalized frequency spectra ob- 0 minimize thls effect, a Hamm!ng yvmdow was used in
tained from these waveforms are shown in Figy)3where it con;unpﬂon Wlth the kernel function in the filtered back-
can be seen that the frequency content of the heated Wa\PéOJeC“On algorithm.
has also reduced slightly. This was also attributed in part to ) _
refraction of the wave through the heated air which would!- Effécts of temperature-driven convective flow
cause the higher frequencies to arrive at an afigde inco- It is important to point out that the soldering iron will
herently across the receiver aperture. produce a column of hot air that will be rising vertically due
A full tomographic reconstruction of the soldering iron to convective (or buoyancy forces® This temperature-
temperature field was also produced, using waveforms takedriven convective flow field may have an effect on the re-
in a horizontal plane at a height of 10 mm above the verticatonstructed tomographic images, an effect that is indepen-
tip. The results may be seen in Figaxfor signal amplitude dent of the temperature effects already discussed. A simple
(dB-mm™1) and Fig. 4b) for slownesgnsmm™2). Itis evi-  theoretical calculatiofl was therefore used to predict the
dent that the area immediately above the tip was most afmaximum vertical flow velocity due to natural convection
fected, as would be expected from a rising column of hot airfor a cylindrical heat source of 3.5-mm diameter, with a con-
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tive flow, which at a maximum vertical flow velocity of 0.3
m-s~ ! would deflect the ultrasonic beam vertically by only 4
um; quite obviously, this is negligible compared to the
10-mm transducer aperture. As a result, the dominant effects

_ o2 in the attenuation image of Fig(a@ may therefore be attrib-
£ 06 uted to a combination of impedance mismatch, ray bending,
g 1.0 and refraction arising from temperature variations, and not
g 4 convective flow. Similarly for propagation delays, the flow
g ;Z velocity was primarily perpendicular to the velocity of the
26 ultrasonic waves and so such effects would only become
-3.0 important if there were an appreciable horizontal flow
dB/mm component® Therefore, Eq(7) should be a good approxi-

mation, since the changes in propagation delay used to pro-
duce the slowness image in Figb#t were predominantly
due to the increased air temperature as described bEq.
and not changes in flow speed.

2. Reconstructing temperature fields from ultrasonic
slowness fields

The ultrasonic slowness data of Figib# was further
converted to a tomographic image of temperature within the
image plane, by means of Edd) and(7). Using an ambient
air temperature of 26 °@299.16 K and thus an ambient air
sound velocity of 347 ns %, a temperature image in °C of
the scan area was reconstructed as depicted in Fg.Here
it can be seen that the maximum reconstructed air tempera-
ture at a height of 10 mm occurred immediately over the tip
00 200 400 600 800  100.0 center and was 126.5°C. Once again, values less than the
ambient temperature were a result of noise introduced during
the reconstruction.

In order to verify the reconstructed temperatures in Fig.
4(c), the air temperature was independently measured using a

Y position (mm)

120.0 1-mm-diam miniature K-type thermocouple and a Maplin
1;88 “Precision Gold” M-1300K thermometer. As the instanta-
s 90.0 neous air temperature was found to fluctuate wildiften by
£ iy 20°C or morg, an average of seven readings was taken at
% jggg 20-s intervals, and a delay of 2 min was left between moving
> 200 the thermocouple and taking the readings to allow the system
Hoae to stabilize. Figure &) shows the temperature profile mea-
100 sured in a line through the image plane at a distance of 10

mm above the soldering iron tip, with the tip center located

‘ at a distance of 5 mm. Figurel§ shows the temperature

D0 200 | 40 600 800 1000 profile measured in a vertical line starting at the tip center,
(c) X position (mm) - where the temperature can be seen to fall from 340 °C at the

tip to a temperature of 134.5°C at a height of 10 mm. It is

FIG. 4. (a Attenuation image in dBnm™%, (b) slowness image in apparent from these two figures that the air temperature does

nsmm™%, and(c) temperature image in °C, taken 10 mm above a verticalnot vary with height to the same extent as with horizontal

15-W soldering iron. distance.

It can also be seen in Fig(& that the maximum tem-
stant surface temperature of 340 °C in ambient air at 26 °Cperature recorded in the image plane by the thermocouple
This calculation resulted in a maximum vertical flow veloc- was 165.4 °C directly over the center of the tip, a value
ity of approximately 0.3 ms %, which, although small, may somewhat higher than that produced by the ultrasonic data.
still affect received signal amplitudes, since the ultrasonidHowever, the measurements by the thermocouple were effec-
wave will be diverted away from the axis of the receiver. Thetively at a single point, whereas the ultrasonic measurements
magnitude of such a diversion effect was further calculatedvere averaged over a 10-mm axea., both horizontally and
as follows. The diameter of the convective region in Fig.vertically) due to the aperture size of the transducers. There-
4(b) traversed by the ultrasonic wave was approximately Sore, in order to make a meaningful comparison, the tem-
mm. This means that the ultrasonic beam spends approxperature profiles measured by the thermocouple were aver-
mately 5 mm/350 s *=14.3 us in the region of convec- aged over 10-mm distances centered about the tip of the iron.
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FIG. 6. Temperature images in °C at different heighédove the soldering
iron.

-
N
o

height. This lack of horizontal temperature spread was veri-
fied by introducing a source of smoke at the tip, and observ-
ing a narrow well-defined column of heated air.
Other studies undertaken with temperature fields sought
to image more complex temperature profiles. Figure 7, for
RIS o example, shows the reconstructed images when two separate
80.0 1200 160.0 200.0 2400 280.0 320.0 thermal sources were present in the scan area. A 15-W iron
(b) Averaged temperature (°C) in di | di h fth
3.5 mm in diameter was located in the center of the scan as
FIG. 5. (@) Horizontal and(b) vertical temperature distribution measured before, while a 2,5_W ron 4.5 m,m m_ diameter was _added’
over the soldering iron tip with a thermocouple. offset by 20 mm in bothx andy directions. The amplitude
image in Fig. 7a) in dB-mm™ ! has clearly reconstructed the

When this was done for the horizontal data of Figa)5the ~ WO sources, and the temperature image in F) ghows a
“measured” temperature by the thermocouple becomeddrger affected area for the 4.5-mi®5-W) iron when com-
132.2°C, while for the vertical data of Fig(l§ an average pared to_the 3.5-mm 15-W iron. There |s_con5|derable_ noise
value of 133.9 °C results. As both of these average measurdf€Sent in these images, however, possibly dugXdori-
values are within 5% of the reconstructed temperature ofontal velocity components in the air columiis) the use of
126.5°C obtained through ultrasonic tomographic imaging@" insufficient number of rays or projections, (e air tur-

it can be concluded that the tomographic system can measupyllence caused by the close proximity of the two heat
temperature profiles with reasonable accuracy. This ability ofCUrces. Such additional sources of noise also appeared in a
the air-coupled transducers to measure the temperature prat!dy that produced Fig. 8, where the 15-W iron was unin-
file in air without the need to insert any object into the tem-Sulated and clamped horizontally to give a845-mnf rect-

. . . _1 .
perature field is an interesting application that merits furthe@ngular heat source. The attenuation image innoi@ " in
investigation. Fig. 8@ does give an indication of the size and shape of the

heat source, but the temperature profile in Fidp) $ias not
been correctly reconstructed, perhaps due to the sources of
noise just mentioned. Investigations are currently underway

A second experiment undertaken with the single verticaly getermine the best technique required to image various
soldering iron involved reconstructions at different heightsynes of temperature fields.

above the tip. A series of five tomographic reconstructions
was taken at 5-mm vertical intervals between 10 and 30 m
above the tip, and the results are shown in Fig. 6. Note tha
in this axial region from 10 to 30 mm, the reconstructed Experiments were performed in order to verify the ear-
temperature above the iron tip varied between 131.3 °C anlier prediction that flow fields could be imaged using ultra-
87.1°C, which is in good agreement with the thermocouplesonic tomographyi.e., when|v,e|>C.e and |Av,|>|Ac,|).
measurements, and indicates that there is very little horizoriFo do so, the soldering iron was replaced by an air jet having
tal spread in the temperature distribution with increasinga nozzle diameter of 1 mm and an air flow rate of 15 I/min

> o ®
o o o

g
=1

Height above tip center (mm)
o
(=]
Hllll!!ll}ll\‘\\H\\H\[HH‘HI!'IIIIMH\\HI

g
=

3. Other experiments involving temperature fields

. Imaging flow fields in air

3451 J. Acoust. Soc. Am., Vol. 104, No. 6, December 1998 Wright et al.: Temperature and flow fields in gases 3451



o4
0.2
- —-0.0
E £ 0.2
g 8 -0.4
= 3 -0.6
g g
> > -0.8
-1.0
1.2
1.4
dB/mm
(a) (a)
100.0
90.01
160.0
80.01 100.0 Lls0.0
70.0+ 28;8 _ 40.0
£ 70.0 £ 30.0
£ 60.0+ 60.0 = 20.0
= 50,0 8 10.0
S 50.0- 40.0 3 0.0
37 30.0 g
-10.0
2 400 200 > s
> 10.0 .
30.0- 0.0 30.0
l‘ -10.0 -40.0
20.0- ©-20.0 -50.0
-30.0 i
10.0- °C
0.0 IR P
o e B R B 2 0.0 20.0 40.0 60.0 80.0 100.0
’ ’ ’ ’ ’ ’ (b) X position (mm)
(b) X position (mm)

o ) . ) ) FIG. 8. (a) Attenuation image in dBnm™* and (b) temperature image in
FIG. 7. () Attenuation image in dBnm™~ and (b) temperature image in  °C, taken 20 mm above a horizontal soldering iron.
°C, taken 20 mm above two vertical soldering irons.

semi-empirical constarits(with A=5.9, anda equal to ei-

(as measured using a Platon A10HS flowmet&rtomogra- ther —0.5d or —3d). For a distancg=20 mm above the
phic scan was performed at a vertical height of 20 mm frormozzle(i.e., 2a), Eq.(9) suggests that. equals either 96 or
the nozzle tip, with the scanning plane perpendicular to thd11 ms 1, depending on which value afis used. Thus to a
direction of flow, and the results are presented in Fig. 9reasonable approximation it can be assumed that the center-
Figure 9a) shows the attenuation image in dBm ! for the  line flow speed will have dropped to about 100 5 * at
air jet, while Fig. 9b) shows an image of the effective sound the scanning plane, which means that the basic assumption
speedc,, as reconstructed from the slowness data using #&ading to Eq(2) is still valid (namely|v|<0.%).
sound speed af, =347 ms™ L. Recall that the reconstruction It is apparent from Fig. @) and(b) that the diameter of
of ¢, in Fig. 9b) includes only the horizontal components of the air jet is much larger than the 1-mm diameter of the
the flow velocity[see Eq.(2)], which in this case will be nozzle. This was not unexpected, as such an air jet is known
much smaller than the vertical flow velocity of the air jet. to spread radially outwards in an approximately linear fash-

In order to interpret the results of Fig. 9, certain theoret-ion with distancez from the nozzle exit, according to the
ical aspects of the flow-field produced by a vertical jet mustfollowing semi-empirical formul&?*
be considered in some detail. For the nozzle dimension and
flow rate described, the maximum vertical flow velocity at ﬂzi (10)
the nozzle exit ¢,) was calculated to be 319 -1 1. How- d zc'
ever, the flow _velocny n such a jet reduces at a rate "™in this equationd,, is the diameter at which the flow speed
versely proportional to distance from the nozzle exit, and S%as fallen to half its centerline val andz. is the lenath
the following semi-empirical formuf& was used to predict ue, ¢ 9

. . : . of the so-called potential core, typicallyd4to 5d. As the
the centerline flow speed. for a circular jet as a function of : ) S . L
: o velocity profile of the air jet is approximately Gaussian in
distancez from the nozzle exit:

shape, the total diameter of the jed;) is actually about
Ve d 2d),, and thus Eq(10) givesd;=0.4z or 0.5z (depend-

=A o (9 ing on the value of.). Forz=20 mm, the beam diametey
Ve is therefore expected to be approximately 8—10 mm, which
In Eqg. (9), d is the nozzle exit diameter, araland A are  is in good agreement with the reconstructed images in Fig.
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Fig. 9b) was obtained fronmime-averagecropagation de-

lay data and, accordingly, should represent the time-averaged
horizontal component of the velocity field, which should be
small compared witlv .. Moreover, the time-averaged hori-
zontal flow velocity should be directed radially inward to-
wards the vertical axis of the jet, such that for any particular
ray ab the contributions to slowness on opposite sides of the
jet would tend to cancel. A perfectly symmetric jet would not
be expected to exhibit any variation in slowness. The data of
Fig. 9b) is not inconsistent with these ideas, as the measured
variations in horizontal flow speeds were about 4w (i.e.,

only 4% ofv.), but whether Fig. &) truly provides a mea-
sure of the horizontal flow components requires a more de-
tailed future investigation. This is particularly necessary
when one recalls that the flow velocity field cannot always
be uniquely reconstructed from tomographic time-of-flight

Y position (mm)

00 200 = 400 600 = 80.0  100.0

100.0+
. data for a compressible fluiths previously discussgdand
w00l may be complicated by the existence of invisible ffovt
’ g:gg The need to investigate the effects of compressibility on
700 RS E tomographic reconstruction can further be seen in the follow-
£ 600 zzg ing way. At the relatively high maximum flow speéabout
§ 500, 348.0 100 ms ! at the measuring plahethe variation in sound
- . 347.5 speedc, across the jet is around 3-81%, using estimates
ey VM 347.0 . . . . .
346.5 based on the isotropic flow relations. Accordingly, E2).is
%00 r ggg a less good approximation than at low flow speeds, such that
2001 w50 the variation in slowness reflected in Figb®could be ex-
10.01 mis plained by the variation in local sound speed owing to com-
0. LR L S R S R i e pressible flow effects. It is also possible that ray bending
00 200 400 600 800 1000 contributed to some of the measured variations in slowness.
(b) X position (mm)

Whatever the explanation for the variations in slowness, it
FIG. 9. (a) Attenuation image in dBnm™* and(b) velocity image in ms™* does_ appear from F'g(lg) that the expeCted dimensions of
taken 20 mm above a vertical air jet. the jet (8—10 mm in diametgrare faithfully reproduced,
which is a remarkable result considering the relatively large

9(a) and (b). Thus, these images clearly demonstrate that éize of the transducers. Therefore, until further research is
' ' undertaken, it is safe to say that air flows can be reliably

region of high flow velocity can be successfully imaged in a. dt hically by ai led ult ic t q
gas from both ultrasonic signal amplitudes and propagatiorlrnalge omographically by air-coupled ultrasonic transduc-

delay data. ers, but that quantitati\{e information a_bout the actual recon-
Note that the maximum vertical flow velocity of 100 structed parameters will not necessarily be accurate.
m-s ! for the air jet is far higher than the convective flow ) ) ) ]
velocity calculated earlier for the temperature field above the- Other experiments involving flow fields
soldering iron. This means that over the 10-mm region af-  Other experiments with different flow field configura-
fected by the air jet as seen in FigaPand(b), the ultrasonic  tions were additionally carried out. To produce a definite
wave will have been diverted by approximately 3 mm, whichmeasurable horizontal component of the flow velocity, the
is a significant offset distance when compared to the 10-mnair jet was inclined at an angle of 45 degrees to the scanning
aperture of the transducers. For this reason, the amplitudglane. The flow rate was also reduced from 15 to 10 I/min, so
variations of Fig. @a) may be attributed primarily to the thatv reduced to 213 rs L. In this way elliptic, rather than
ultrasound being diverted away from the receiver by thecircular, jet cross sections were produced. At a height of 20
flow. mm above the nozzle exit, the jet axis cuts the scanning
It is also important to point out that the flow field will be plane at a distance a= 20y/2=28.3 mm from the nozzle.
turbulent in the case of the air jet, and so highly unsteadyln this case Eq(9) gives an estimated maximum flow speed
Even though the flow is predominantly in the vertical direc-v. of approximately 45.2 to 49.7 ra 1 (at 45 degrees to the
tion, turbulent jets can still have instantaneous horizontakcanning plane The corresponding horizontal component
flow-velocity components that reach levels approachinghould therefore be about (42)/\/2=33+1.4ms %, and
0.2%..%! The maximum horizontal component of flow ve- so this should be the expected range of velocity variations.
locity due to turbulence is actually expected at the jet  Figure 1Qa) shows the reconstructed amplitude image in
periphery®! and would be of the order of 20-30-s1tinthe  dB-mm ! for the tilted air jet. As expected, the jet cross
present case. Therefore, in principle, substantial propagatiosection is elliptical. The corresponding velocity contours,
delays could be recorded by the tomographic system due toased on Eq(8), are further plotted in Fig. 18). Note that
the instantaneous horizontal turbulent components. Howevethe range of flow velocities obtaine@bout 34 ms™) is
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V. CONCLUSIONS

Tomographic imaging of temperature and flow fields in
00 | 400 | 600 800 | 1000 air was carried out using a pair of capacitance-type ultrasonic
X position (mm) transducers with polished metal backplates. Using a filtered
back-projection algorithm and a form of difference tomogra-
FIG. 10. (a) Attenuation image in dBnm ! and (b) velocity image in phy, images of both attenuation in dBm " and slowness in
m-s~* taken 20 mm above an angled air jet. nsmm ! were obtained. The values of slowness were con-
verted into air temperatures in °C and the temperature fields
produced by commercial soldering irons were plotted at dif-
similar to the estimate given abovelthough compressible ferent heights above the tip. The reconstructed air tempera-
flow effects and ray bending may again be signifigast ~ tures were found to be in good agreem#) with average
further selection of velocity profiles through the jet, taken atif temperatures measured with a miniature thermocouple.

5 mm vertical intervals between 20 and 40 mm above theThe technique was also able to resolve more than one heat

nozzle tip, is included in Fig. 11. Here, the jet cross sectiorpOUree n the scan area. In terms of imaging flow fields,

is seen to increase in size and the velocity range reduce I%ttenuation and velpcity Images were r_sllso su_ccessfully.pro-
, : ) duced of cross sections through an air jet at different heights

amphtu.de. as the height of the scanning plane above thﬁbove a 1-mm-diam nozzle, and at both 90 and 45 degrees to

nozzle is increased, as expected. the flow direction. In this way we have demonstrated that it
Note that a more accurate reconstruction of the flowis possible to use ultrasound measurements in gas flows to

profiles would have resulted in the above images if a fullproduce tomographic images of temperature and flow fields,

360-degree angular range had been scanned, since this wowlgthout the need to insert any measuring device into the

have produced projections of slowness for ultrasound propdiow. Such a capability should have many interesting and

gated both with and against the horizontal flow componentsiseful applications.

Such a method would have made it possible to either elimi-

nate the effects of the flow or the effects of the variation in 1A C. Kak and M. SlaneyPrinciples of Computerized Tomographic -
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approach has not yet been employed, it will form part of e, ST Bt A e R e poles using uita
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