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ABSTRACT has proven effective for gases [3], fluids [4] and extrusiahss
Ultrasonic time of flight measurements have been used to es- long as direct access to the material where the temperaging b
timate the interior temperature of propulsion systems teiyo measured is available. These applications are concerriecwi

All that is needed is acoustic access to the boundary in ques- erage temperature measurements and have not, in genenal, be
tion and a suitable model for the heat transfer along the plath  used to extract transient heat fluxes.

the pulse train. The interior temperature is then deduced Heat flux has been a difficult quantity to measure directly.
change in the time of flight and the temperature dependentvel  Existing devices include thermopiles and calorimetersthese
Ity factor, which is obtained for various materials as alwaliion mere|y measure temperature differences or transient Ejg;ang
step. Because the acoustic pulse samples the entire temmgera  temperature in such a way that is presumably proportional t
distribution, inverse data reduction routines have beewstto heat flux. Normally these devices have a thermal mass that lin

provide stable and accurate estimates of the unknown temper ijts measurements of high frequency components, requiieusd
ture boundary. However, this technique is even more ini@@®s  calibration, and are intrusive devices that disturb thenphe
when applied to unknown heat flux boundaries. Normally, the ena that is being measured. An alternative approach torobdgi
estimation of heat fluxes is even more susceptible to uriogfta  heat flux is to measure temperature directly and use inversio
in the measurement compared to temperature estimates. How-techniques to recover heat flux [6]. This approach has tharadv
ever, ultrasonic sensors can be treated as extremely pggds  tage of being able to acquire measurements with less déstaeb
calorimeters where the heat flux is directly proportionattte and with high sample rates. However, heat flux estimates ar
measured signal. Through some simple one-dimensionat-anal  sensitive to measurement noise, and subsequent dataioedsct
ses, this work will show that heat flux is a more natural andlsta ~ somewhat of an art.

quantity to estimate from ultrasonic time of flight. We halsoa The present work demonstrates how ultrasonic (US) pulse
introduced an approach for data reduction that makes use of 8. pe ysed to measure heat flux directly. Ultrasonic sensin
composite velocity factor, which is easier to measure. has been used to measure average temperatures in homagene
media, but have not been used to predict boundary heat flux d
rectly. Unlike the other heat flux measurement approaches, t
ultrasonic sensor is located away from the boundary of éster
Consequently, the phenomenon that is being measured issaot d
turbed. In addition, the sample rate is limited only by theesp

of sound through the medium. Compared to inversion routines
%he heat flux is obtained as an algabraic equation involving a
easily measured quantity, namely, time of flight.

For demonstration purposes, we will limit the discussion to

Introduction

Ultrasonic pulse measurements have been used in non-
destructive evaluation (NDE) for decades with a great déal o
success [1]. Furthermore, ultrasonic pyrometry has beed s
many process control systems [2] because the sound speed is
strong function of temperature in most materials. This iéaphe
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Figure 1. One-dimensional system with thermal boundary conditions

through which an ultrasonic pulse propagates.

one-dimensional conduction domains with a single reflgatin
terface, which will be the surface where we want to know the
heat flux. The opposite boundary will be assumed known and
will be where the ultrasonic sensor is located. See Figum 1 f

a schematic of the setup. Much of the development presented

here can be extended to nonlinear, multi-dimensional prab|
which are the focus of ongoing investigation, and are not pro
vided in this preliminary look at the capability.

Development

In general, boundary temperatures can be recovered from
ultrasonic (US) pulse data from a simple inversion routipe o
erating on a suitable conduction model. The time of flight for

a pulse through an isothermal, homogeneous medium is given

asG = 2L /v, wherelL is the thickness of the medium ards

and the velocity because of the temperature dependent accur
tion of phonon frequencies. However, the two mechanisms ar
perfectly correlated, which means the effects can not bndis
guished. Consequently, in the definition of time of flighte th
two effects are usually lumped into a single paramBtédfor the
present development consider an alternative parargetehnich
describes how the time of flight changes with temperature. O
course, this parameter also lumps the thermal expansiouneand
locity effects into a single parameter, but now the time afti
can be expressed as

G2
Vo

/O "1+ £0(x)] dx. 2)

In the foregoing expression, the 2 accounts for the rouipd-tr
travel time as before, an@(x) = T(x) = To is the temperature
change relative to the reference.

The new parameter in equation 2 is defined as

dG  1dL

dT  LdT

1dv

§= 3)

1
G
The first term on the right hand side is the linear coefficidnt o
thermal expansion for isotropic materiats)( The temperature

dependence of the velocity can be approximated by writieg th
sound speed in a solid in terms of the Young’s modulus and der

sity (v=+/E/p), such that

ldv _
vdT

(4)

the speed of sound through the medium. The 2 accounts for the The second term is the volumetric coefficient of thermal expa

round trip time. If the medium contains temperature vaoiadi
then the time of flight is obtained by integrating the tempeex
dependent sound speed over the thickness.

1

L1 L
2] S 2, it pae

1)

In the foregoing expressiof®, = (1/c)(dc/dT) is the velocity-
temperature factor, which is a constant that describes hew t
velocity changes with temperatu.is the sound speed at some
reference temperatunig, and the change in temperature is rela-
tive to the reference &{x) = T(x) — To.

This expression for time of flight is a common way of de-
scribing the variation in travel time for an ultrasonic putesult-
ing from temperature fluctuations. In actuality, the lengtid
velocity both change with temperature—the length becatise o
the coefficient of thermal expansion (CTE, denotedxasere)

sion given as-3a. The temperature dependence on the Young’
modulus is considered a constant [7], which we will define
Now our time of flight correction becomes

§

S(@+),

(5)

which is constant for a large number of materials over lagge-t
perature ranges.
Now the time of flight can be expressed as

R
G_V—0+V—O/O 8(x) dx. (6)

Although the resulting integral can still not be evaluated e
actly, we recognize that the integral represents the totefgy

Copyright (© 2008 by ASME



added to the system relative to the reference energy. Foea on
dimensional control volume of a solid medium with some heat
transfer on both boundaries (see Figure 1), an energy bmatamc
the slab shows that

oo oo [ 2800
q'(x=0)=pep [ =5

(7)

For short time periods we can approximate the time derigats/
a difference such that

pcp [t

!/
At Jo AB(x)dx+qf,

do= (8)

where the subscripts 0 atdare used to identify the respective
boundaries. The integral can be expressed in termscbb-
tained from equation 6, such that

(9)
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Figure 2. The process used to analyze the US heat flux sensor ap-
proach.

Table 1. Properties of a typical metal such as aluminum were used.
Property Value
thermal conductivity ) 250W/mK
thermal diffusivity k) 1.03x 10°%m?/s
sound speed/j 4877my/s
US coefficient £) 222x 10 %m/mK

In reference to Figure 1, the side of the slab with the simu-
lated prescribed fluxx(= 0) is identified as the interior side and
the boundary ax = L is identified as the exterior wall. This ter-
minology is used because the application form which this-mea
surement approach was developed is a container with therm

Equation 9 is significant because it relates an unknown and extreme environments on the inside. The US approach is bein

presumably inaccessible heat flg) directly to a measurable

developed to measure the interior conditions from the datef

guantityAG assuming we know what is happening on the acces- the container where conditions are much more benign.

sible side (a = L). Although many alternative approaches for

For reference, the material properties used in the analysi

measuring heat flux have been devised, the proposed approactare approximately those of aluminum and are given in Table 1

offers several distinct advantages. 1) Unlike thermopéed
calorimeters, the transient response is limited only bysieed
of sound—not the thermal mass of the sensor. 2) Unlike in-
version of temperature measurements, the heat flux is cadput

from an algebraic equation, so measurement noise does hot ge

amplified. 3) Measurements can be made remotely,
vents the disturbance of the measured quantity and rembges t
sensor from the harsh thermal environment.

Analysis

Non-dimensionalization was used where possible to gemeral
the results.

Constant heating
The first case involves a slab£ 1cm) initially at a uniform

which pre- yemperature so that there is no heat transfer in the systew. N

assume that a jump in heat flugg(= 1MW/m?) is applied at

x =0 andt > 0. After small times (small Fo), the temperature
response and the heat transfex atL will be negligible because
the injected energy will not have had enough time to peretrat
the slab. Thereforey’ = 0. The temperature solution is given

To evaluate the efficacy of this method for measuring heat 5¢ 8]

fluxes, we consider several special cases where the adeessib

boundaryg]’ is known. In each case an analytic conduction so-
lution is obtained for a prescribed boundary heat flux. Frbis t
temperature distribution a simulated time of flight is ob&al by
integrating the distribution as in equation 2. The thermeappr-
ties, dimensions and ultrasound coeffici&ate assumed known.
From the simulated time of flight, a heat flux is calculatede Th
calculated heat flux is then compared to the originally pibsd

B(x,t)
S5

2 (=" .

=1-x-2y ( 2) sin[Bn(1— x*)] exp(B2Fo), (10)
n=0 I?’l'l

wheref, = (2n+1)1/2,x* = x/L, and Fo= kt /L. The temper-

ature is normalized by the steady state temperature ontiréoin

surfacefss = g’L/k. Figure 3 shows the ultrasonic calculated

heat flux and errors are estimated. Figure 2 shows the processheat flux as a function of Fo for a prescribed heat flux of unity.

In a measurement system, the heat flux is unknown, and the time

of flight for two pulses separated by a tildewould be used to
obtain the calculated heat flux directly.

For Fo< 0.05, the slab behaves like a semi-infinite slab
where the backside boundary condition does not affect tine te
perature distribution. In this limit, the flux leaving theablat
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Figure 3. Simulated comparison between ultrasonic-derived (US) heat
flux and a prescribed boundary heat flux of 1 X 106W/m2. At Fo~
0.05, the backside flux (at X = L) becomes significant enough to affect
the US flux.

x =L is negligible and the US flux is a good estimate of the inte-
rior (x = 0) boundary heat flux.

Periodic heating

A steady-periodic solution was used to explore the ability o
a US sensor to recover a varying heat flux. The prescribed flux
at the interior surface is given as

Q) _
/!

max

sin(2mt* +11/4), (12)

where time has been normalized by the periothe temperature
distribution, which results from the applied flux and which i
used to generate the time of flight, is

B(x,1)

emax

(12)

= exp(—X") sin(2rt* — x*),

whereB(x,t) = T(X,t) — Tmean andx* = x/xp is normalized by
the penetration depth parametgr= /KT/T. The maximum

heat flux and maximum temperature are related by the period of mum flux (o’

the oscillations throughy:

Omax _ V2K

% (13)

emax

The integration of the temperature distribution and subsat
determination of the time of flight follows as in the constaeat-
ing case. For the steady-periodic test case, the depth sfdabe
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Figure 4. Threshold for slab thickness to justify a zero exterior heat flux
assumption. The line produces an error ~ 0.05% Everything above the
line gives smaller errors.

which is also the distance that the US pulse travels, wasoset ¢
that the thermal oscillations did not extend to the extdsamurnd-
ary. In this way, we can use the semi-infinite solution (equa-
tion 12) for the temperature distribution. Hoe= 9xp, the effect

of the boundary (errox. 0.05%) is reduced to the point that other
numerical artifacts such as the numerical integrationwketm

the error in the estimate. Figure 4 shows the slab thickress t
gives an error less than 0.05% for the assumption dfiat 0.
Everything above the line gives smaller errors. Note that4ls
measurement approach can still be used effectively fon#rin
slabs (below the line). In this case, though, the heat ouhef t
exterior surface needs to be characterized to satisfy theggn
balance (equation 2).

For the constant prescribed heat flux, the size ofthpa-
rameter does not affect the solution because the piecewise c
stant assumption matches the actual heat flux perfectly. -How
ever, if the prescribed flux varies, as in the steady-peciodse,
the piecewise constant assumption could break down foe Istrg
Figure 5 shows how the percent error increases as a fundtion
the time between pulses normalized by the periltd & At /7).
The percent error is calculated as the maximum differenee be
tween the prescribed and US heat flux normalized by the max
= 1MW/m?):

max

- (14)

%error= 100x max
max

i /"
|qprescribed_ Uus ]

Figure 5 allows us to determine the highest frequency of ad¢-h
ing load that is resolvable for a given time between pulsestan
estimate the error associated with the measurement.
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Figure 5. Error induced in the US sensor method due to piecewise con-

stant assumption over various At* = At /T.
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Figure 6. When the time step becomes too large (At = 0.31), the US
sensor underestimates the peak of the oscillatory heat flux.

For a relatively poor choice dft* = 0.3, Figure 5 shows

that the percent error should be about 20%. Figure 6 shows the g

simulated flux estimate from the US sensor compared to the pre
scribed flux. The US sensor underestimates the magnitudie of t
prescribed flux uniformly.

Conclusions

sions as long as all conditions other than the unknown baynda
being measured are known. In addition, the approach assum
that the new parametéris a material property and is constant.
This assumption should be tested for various materials. - Nev
ertheless, we are confident that the combined pararbéteis
linear in temperature, which would suggest thét constant.

The time of flight approach is an effective remote sensing
technology because, unlike normal inverse heat conduptiain
lems, the US pulse samples the entire temperature distribiat
stead of measuring a single point temperature. As such,rjeha
in the time of flight from one pulse to the next is really a mea-
sure of the stored energy in the system. If all other heastess
are known (in particular, the generated and accessibledsoyn
flux), then the unknown heat flux can be calculated from an en
ergy balance.

Experimental tests need to be performed on these canon
cal systems to characterize the noise associated withrtteedf
flight measurement and autocorrelation of the signal. Moder
12-bit high-speed US measurement systems are capable of €
tremely high sample rates with little noise. In fact preliay
tests have shown that noise levels are easily below uncgesi
in many of the parameters used in this analysis. Nevertheles
these noise levels still need to be analyzed.
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