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ABSTRACT

The inversion of a composite governing equation for the es-
timation of a boundary heat flux from ultrasonic pulse data is
presented. The time of flight of the ultrasonic pulse is tempe
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of measuring internal heat fluxes in a harsh environment fiom
remotely mounted sensor.

Ultrasonic pulse measurements have been used in non-
destructive evaluation (NDE) for decades with a great déal o

ature dependent and can be used to predict the boundary heatsuccess [1]. Furthermore, ultrasonic pyrometry has beed ims

flux. Sensitivities of the approach are examined, resutisfr
fabricated data are presented, and example solutions ape pr
vided with actual ultrasonic temperature measurement.dake
results indicate that compared to the canonical inverse bhea-
duction problem, the additional step of resolving the tiofe-
flight data to temperature degrades the sensitivities. Nege
less, sampling the entire temperature distribution enleanihe
results. This method of using ultrasonic pulses to remately

many process control systems [2] because the sound speed is a
strong function of temperature in most materials. This mhégpine
has proven effective for gases [3], fluids [4] and extrusifbis
as long as direct access to the material where the temperatur
is being measured is available. These applications areecoad
with average temperature measurements and have not, irefjene
been used to extract transient heat fluxes.

When a sound wave propagates through a material, its prop-

termine heat fluxes is comparable in terms of accuracy to more agation speed will be a function of the local temperatureer&h

common heat flux estimation methods.

INTRODUCTION

Remote sensing of temperature—and perhaps more impor-

tantly heat flux—is critical to a number of applications sush a
wind tunnel measurements, combustion chambers and large gu
barrels. Each of these applications involve extremelytharsi-
ronments where sensors are not likely to survive or where mea
surement devices would interfere with the operation of ffe s
tem. Furthermore, these applications involve high heateflux
and fast transients. Consequently, high resolution tesmsihar-
acterization of these inaccessible thermal environmendfii-

cult. Using ultrasonic pulses through a conducting wall Bmd
verse methods, the present effort will demonstrate thelftias

*Address all correspondence to this author. 1

fore the time-of-flight for an ultrasonic pulse will be a fiion

of the temperature distribution along the pulse path [6}. (fo-
form temperature distributions, the average temperattitbeo
medium can be deduced easily from the time-of-flight calibra
tion data. For non-uniform temperature distributions, plia¢h
integral over the unknown temperature must be performed. Al
though the solution is ill-posed, a priori knowledge of thead-
tional form of the temperature distribution can providdaiele
estimates of interior temperatures [7]. Inverse methots haen
used to reconstruct steady temperature distribution®d{8Jran-
sient effects have largely been ignored.

The present analysis will show how ultrasonic temperature
measurements can be made on solid structures to extrasieinan
thermal conditions. Transient features are critical to yregopli-
cations inherent to the aerospace industry. In combustiame
bers, for example, internal instabilities need to be charamed

Copyright © 2007 by ASME



for effective design of new technologies. However, accedbd
interior is limited due to the harsh environment and becaiise
possible disruption to the operation of the device. Yet,atm
measurement without sacrificing the integrity of the contibns
wall is simply not possible with modern measurement systems
Ultrasonic measurement systems allow the sampling of takerm
loads in a wall from the presumably benign environment on the
outside of the combustion chamber. In order for an ultrasoni
measurement system to be viable for accurate characterizat
of heat fluxes, a technique to recreate the thermal histotiynef

of flight data must be developed. The present work demomstrat
this methodology and characterizes the uncertainty in the s
tion.

A solution approach can be devised from standard inverse
techniques. Solutions of the inverse heat conduction profare
predicated on the fact that a discrete number of interiopear
tures are known and an unknown boundary condition is wanted.
Unlike the traditional inverse heat conduction problem@m®),
though, the time-of-flight data does not provide local terape
tures. Instead, the data represent an integral over thestatope
distribution along the pulse path. Consequently, the appili-
ity of traditional methods is uncertain because most smhstare
ill-posed in a particular way, and methods are designed to ad
dress the instability of particular problems [9]. The preasef-
fort will demonstrate the effectiveness of a function sfieation
approach in solving this new class of problems. While actlial u
trasonic measurements, where the interior boundary isavmkn
are considered, three test cases with manufactured dataare
ined first. The manufactured data contain similar samplesrat
geometry and magnitude of heating as the actual demorstrati
data. From the test cases, we can evaluate the error ineedduc
by measurement noise and bias inherent to the functionfgyzeci
tion approach. With the real measured data, external inflegen
will be identified and explained from features in the bougdar
estimates.

FORMULATION

The inverse solution requires a forward conduction sotutio
to convert an approximate boundary condition to a tempegatu
distribution in the material. Then the temperature distidn is
used to predict the time required for an ultrasonic pulsade t
verse the medium. The difference between the calculatezldim
flight and the measured time of flight is minimized by adjugtin
the approximate boundary condition.

Heat transfer relationships

For the forward conduction solution, consider a one-
dimensional solid wall bounded on one surface by a thermally
and possibly chemically harsh environment and on the other b
ambient conditions. In the present example, the wall is sggdo

2
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Figure 1. Schematic of the one-dimensional conduction domain where
the unknown boundary flux is on the side of the harsh environment and
the measurement system (transducer) detects the interior boundary re-

motely through the wall.

to combustion products whose thermal load is to be measured.
The configuration is shown in Figure 1. The governing equatio
for constant properties is

20 _ 100 "
0x2  aot’

wherex is the position in the wall anfl is the temperature rise
above ambient conditions. The internal boundary condisaa
time-dependent function for the heat flux

00
_k& _Q(t)7 X_Ov t> 07 (2)
with a specified temperature on the external surface
6=0, x=L, t>0. 3)

Here k is the thermal conductivity of the wall, ards the thick-
ness of the wall. The initial condition is homogeneous

8=0, t=0, 0>x>L. @)

For a constant heat flux at the boundary (independent of
time), the temperature solution can be written for congpaop-
erties as [10]

29 & cogPmX)

kL m=1

B
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whereq is constanta is the thermal diffusivity, an@ny, is an equation is an expression of the travel time based on a sound

eigen-value of the kernel function d@x), given by speed in the material. If the sound speed is constant, theen th
travel time is
(2m-1)m
=7 6 2L
Bm= "5 ) Y o
Co

Because the interior temperature will span a wide range lef va

ues, the constant property assumption may introduce samme er wherelL is the traversal Iength—the factor of 2 arises because

However, this approxima’[ion is tolerable because 1) thp@";o the wave travels through and then returns before it is detected.

ties don't change dramatically over our temperature raage ( |f the sound speed is a function of temperature, then we must

proximately 10%), 2) extreme temperatures are only seen in a integrate over the length

very small location and for short times, so the impact is cedt,

and 3) other approximations in the comparison to real gua dat L dx

limit our accuracy anyway. G= 2/0 c(6(x))
In the present problem, the boundary function is arbitrary

and unknown. Duhamel’s theorem can be used with a piecewise Thg yelocity function is approximated as a linear functiétea-

constant approximation to the heat flux to generate a geseral perature with

lution. The temperature can be written as a superpositiGoof

lutions for heat flux at each time step as

(10

c(6(x)) = co(1—-PB(x)), (11)
L2 > coBmX) 0 o . .
6 (x) = Z)f(qj —Qj-i) Z —— exp(—afn(i — j)At), The relationship in equation 8 must be evaluated numeyiba!
= ki w1 P cause closed-form solutions are not forthcoming.
(7) The acoustical correction factor is determined by meagurin

where the heat flux at< O is zero and\t is the time step between  the time of flight of an acoustic wave through a known length
measurement samples. Therefore the time when the temperatu of the material at a constant temperature. A calibratioveur
taken. In general, the time step does not have to be conbtant,  temperatures. The slope of the curvéisin generaP doe snot

the foregoing analysis does not require this added contplexi  nhave to be linear in temperature. However, in the preser, cas
Rea”ze that th|S t|me iS SomeWhat ambiguous because tmobta the p|0t is |inear over a W|de range Of temperatureS, thméfo

a single measurement requires a pulse to be induced, teavers js treated as a constant.
the medium and be detected by the sensor. However, duriag thi
traversal, we assume that the thermal transients are ii#glig
As such, the thermal transients must be smaller than thedime
flight for the ultrasonic pulse. Based on an acoustic vefoafit
5096 ny's and wall thickness of.064 m, the pulse transit time is
of the order of 3Qs (see Table 1). The measured temperature
rise occurs over 3ms, which is two orders of magnitude greate S=(G-G)"(G-0) (12)
SO our assumption is justified.

Inverse method
By comparing the measured travel tin@, to a calculated
travel time,G , and minimizing the objective

an estimate of the unknown boundary can be obtained. This is

Acoustical propagation accomplished by guessing a value for the heat flux at a tinpe ste
The system considered here uses ultrasonic pulses to deducéising that value to obtai®, and evaluating equation 12. The
the transit time of acoustic energy across a solid. The ratipd ~ iterated solution is linearized with the sensitivity
time for an acoustical pulse to traverse a wall is given by
dG _ G(q+30) -G 13)
G _ 2 [t dx g dq 5
'_co/o 1-P8i(x) ®
The expression for sensitivity is normalized as
whereG; is a function of when the pulse is triggered, is the
base acoustic velocity of the materiBlis the acoustical correc- * — (d_G> " (@) < qmax> (14)
tion factor, and is the temperature distribution in the wall. This ~\dq/ \dg/ \ Gpase/’
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wheregmax is the maximum estimated heat flux value, &@dse
is the time of flight for an acoustical pulse when the systeat is
constant, ambient temperature. To maintain stability gre®d
up convergence, the heat flux estimate for the previous tiege s
is used as an initial guess for the current time step.

A naive solution approach matches the data exactly at each
time step [11]. To reduce the amplification of measurement
noise, a function specification approach is used. This agbro
relaxes the exact matching of the data and fits a presumesd func
tional form of the unknown heat flux to the measured data. In
this way a bias based on future behavior is introduced, aad th
stability of the solution is improved. Excessive bias cagrdde
the estimate, so careful studies of the effects of the nuraber
future times must be performed.

RESULTS
Verification examples

In order to validate the method, data were generated from
three assumed heat flux profiles. These heat flux input fumtio
all contained the same amount of energy’3< 10° J/m?) and
persist over the same time interval. These assumed heas fluxe
mimic the experimental conditions to be considered latdre T
forward solution was used to generate corresponding teanper
ture response in the wall. These data were integrated tinodta
time of flight for an ultrasonic pulse. These times of flightreve
then used as calibration data for evaluating the propodatiao
approach.

Figure 2 shows the idealized cases of heat flux used to eval-
uate the solution method. Case 1 is a square wave, with adperio
of 0.06s and amplitude of.85x 10°W/m?. Case 2 is a trian-
gular wave, with a period of.06s and a maximum amplitude
of 1.25x 10°W/m?. Case 3 is a reverse saw-tooth wave with a
period of Q06 s and the same amplitude as Case 2. The resulting
temperatures at the interior surface are also shown in &igur
along with the time of flight data for each case, generatethior
validation.
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Figure 2. Calibration heat flux data. Case 1 is a square wave, Case
2 is a triangular wave, and Case 3 is a reverse saw-tooth wave. Data
shown are heat flux in the first row, with associated internal temperature
and acoustic pulse time of flight respectively in following rows.
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Gaussian, zero-mean noise was added to the calibration data

to simulate the actual noise level in the ultrasonic measarg
data discussed in the experimental results section. Th&enoi
level extracted from actual measurements during steath\stes
approximately 0.5%. This value is small because of the ritatur
of acoustic measurement capabilities. This low noise lexi!
be crucial in the ability to accurately characterize thetingaus-
ing ultrasonic pulses. The simulated data with noise are/shio
Figure 3. These data illustrate how the time of flight is a fiorc

of the total amount of energy in the system and not necegsdril
the temperature distribution. After the heat has been gdted
time of flight remains relatively constant, even though a&pte
gradient exists in the wall. Equation 8 shows how the time of
flight is an integral over the entire temperature distritaitiso
this feature is not unexpected.

Figure 3. Pulse time of flight calibration data with representative noise
added.

Heat flux estimates were obtained using exact matching and
a function specification method assuming a piecewise consta
heat flux using % 6 future time steps to evaluate the appropriate
amount of bias for this particular solution.

The heat flux estimates shown in Figure 4 are the result of
applying the solution method to the noisy time-of-flightalé&ir
Case 3, the reverse saw-tooth wave. Note the extremely low
noise level in the measurements of the time of flight of theiaeo
tical pulse. Figure 4 also shows the reconstructed temyrerat
the internal surface of the system. This figure shows thdteesu
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Figure 4. Heat flux and temperature estimate comparison.
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Figure 5. Heat flux and temperature estimation RMS errors for individual
solution methods. Straight line segments between data points have been

added to guide the eye.

of the analysis using exact matching along with 1 and 4 future

times. 20
Instabilities in inverse solutions always show up where gra

dients are large. In the Case 3, the heat flux rises instamiahe

which normally results in over-estimation of the boundanxfl

and represents the worst-case scenario for an estimatiae-pr

dure to handle. The future times introduce bias and havedani -20 * * * * *

T
square —+—
triangle 1

reyerse saw, —¥—

peak flux (%)
=
o O

the ability to capture the precise peak. Figures 5 and 6 shew t 0 1 2 s 4 5 6
errors in the estimates of the peak values of both the heat flux number of future times

and the maximum temperature of the internal surface of tee sy e Square —— ' '

tem for each case using the proposed solution method. Nate th 1.2 triangle

the errors associated with estimated heat flux are largarttiea & oé reverse saw —x—

ones associated with the estimation of peak temperatures Th  © 06

is due to the ill-posed nature of the problem, in that the tiaru P

for temperature from a boundary heat flux can generally be ex- 0 1 2 3 4 5 6
pressed as a Volterra equation of the second kind. Errofseof t number of future times
solution are therefore unbounded [12], resulting in angaifon
of the measurement noise. The values shown in Figures 5 andFigure 6. Peak heat flux and peak temperature estimation errors for in-
6 reflect the observation that little bias is required to bt
acceptable solution due to the extremely low noise levehé t
measured quantity.

The rms errors shown in Figure 5 were calculated with

dividual solution methods. Negative errors indicate underestimation of
parameters with respect to quantities; positive errors indicate overesti-
mation. Straight line segments between data points have been added to
guide the eye.

\/ZE:l(anctual - LI—’est)z

Erms = N , (15) such that a positive error indicates an overestimation ofatity

and a negative error indicates underestimation.

whereN is the number of data points, addis the quantity of
interest, here either heat flux or temperature. The peakserro

were calculated with

Lpest_ l-|Ja<:tual % 100%

lJJactuaI

(16)

The sensitivity of the measured quantity to changes in esti-
mated heat flux was calculated to determine confidence adterv
for the estimates. A test heat flux case consisting of a single
time step of non-zero heat flux was input into the system, and
the resultant change in pulse transit time associated \ith t
change in flux was quantified. Since the measured quantity in
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Table 1. Material properties of Navy gun barrel used to predict heating
from ultrasonic measurements.

Property value
Material Density ) 7833kgm?®
Thermal Conductivity K) 44.5W/mK
Specific Heat CapacityCp) 475 JkgK
Base Acoustic Velocityd) 50955m/s
Acoustic Velocity Coefficient®) 55x 10 6K—1
Wall Thickness () 0.0635m

this case involves an integration over the temperatureilaist
tion, the character of this sensitivity is very differenaithsen-
sitivities of normal IHCPs. The quantity G is related more to
the amount of energy in the system and not the magnitude of the
temperature. In the case of a single pulse of energy, the @mmou
of energy in the system is constant until the energy hasgitfu
across the domain, which is much longer than the experirhenta
time considered in this example. Because the amount of gnerg
in the system is relatively constant in tim@,does not change

in time either. As a result, the sensitivity is constant meiaf-

ter the pulse. For this analysis the change in G after theepuls
(2.312x 10°s) is used in equation 13, along with the heat flux
required to manifest the change X1L0°W/m?). This ratio is
normalized as indicated in equation 14. The resulting nbrma
ized sensitivity was 227 x 10-°. This normalized sensitivity is
much smaller than is usually considered useable for mostsev
heat conduction problems. However, because the measureme
noise is so small, accurate solution are still possibleatt, fthe
95% confidence interval on the estimates is approximat&iyo

of the actual value.

Experimental example

The estimation method was applied to data collected at the
Naval Surface Warfare Center in Dhalgren Virginia. The data
were gathered during the firing of a Mark 45 Naval Gun. The
physical constants for the problem were based on the gurgbein
constructed with AISI 4340 (UNS G43400) steel.

Figure 7 shows the raw transit time data. The abrupt drop
in the transit time has been attributed to a non-relatedipalys
phenomenon of the firing of the gun system and is not related
to the thermal effects on acoustic velocity. This effectdumes
non-real cooling and temperature decreases in the catcudata
and is neglected in the context of this work.

Figure 8 shows the calculated temperature history of the in-
terior of the gun barrel. These data are calculated, alotigtive
heat flux shown in Figure 9 using 2 future time steps to reduee t

6
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Figure 7. Experimental data, time of flight of an acoustic pulse.

noise in the result. The selection of 2 future times desesuase
justification. In the present case, we are interested inhhpes

of the pulse more than the magnitude at the peak because we are
trying to identify events within the barrel over time, no¢tmaxi-
mum temperature reached, which is difficult to verify. THiere,

by adding bias (2 future times), we obtain a more faithfulralle
representation for the heat flux as suggested by the anatysis
Figure 5. Additional bias does not improve the estimatesikig
icantly. If we were interested in the peak value, then thdyana
sis in Figure 6 suggests that fewer (possibly 0) future tiares
required. Furthermore, ability to capture the peak tentpesa
through adjusting the number of future times is stronglyesep
dent on the type of heating that occurs. Therefore, we atmwil

to sacrifice the peak values in favor of low RMS errors, which
can reliably be obtained.

Based on the analysis of the calibration data, it is estithate
that the maximum heat flux is underestimated by no more than
6%, which is the percentage of the reverse sawtooth for 3dutu
times, and that the actual peak temperature°ts lbwer than
shown based on 0.5% temperature error from the sawtooth at 2
future times. Realize that the 5.6% error from test Case 3avas
worst case. Because the actual heat flux does not rise iastant
neously, a better matching of the peak heat flux is likely ioletz.

The curve shown in Figure 9 is indicative of a short duration,
high temperature event inside the gun barrel. The osdiliatin
the temperature data starting at about seconds is moreutiffic
to explain, perhaps attributable to effects of flow of contious
products out of the barrel after firing, and the associatedkzp-
tion of pressure with the ambient level. These oscillatiomsld
also be due to changes in the barrel dimensions attribut@ibe
vibration of the system as a result of the firing event. In aasec
this effect can also be seen in the time of flight data shown in
Figure 7. The maximum temperature indicated by the caledlat
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Figure 8. Temperature of internal surface of the gun barrel.
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Figure 9. Heat flux at gun bore interface.

data of 78%4°C is in approximate agreement with the maximum
estimated bore temperature of 94 This quantity is estimated
with [13]

_ Ts — 540
1.8+ 713Qi2-22m; 086y,

o8 300, (17)

Tm ax

whereTs is propellant flame temperaturmjs bore diametem.
is the mass of the propellant charge apds the projectile muz-
zle velocity. For the case presented here the data are given i
Table 2.

The maximum heat flux indicated by the data of
120MW/m? is reasonable based on predictions of the amount
of total propellant charge energy lost as heat when firingoa pr

7

Table 2. Gun parameters used to determine heat flux resulting from fric-
tion between projectile and barrel during firing.

parameter value
Vim 831mys
d 0.155m
me 8.3kg

jectile. Knowing the mass of the projectile to be 31 kg, theekic
energy of the projectile is calculated to bedMJ. A 7kg charge
contains about 32 MJ of energy. Therefore, the gun efficiency
is approximately 33%, which is typical [14]. Heat loss to bae-

rel is estimated at 66.9% of the total energy of the propglian
about 221 MJ. The integral of Figure 9 can be approximated as
the area in a triangle—9x 120MW/m? x 0.1sx = 6 MJ/m?.

If the area of the barrel is.83n? then the energy is 288 MJ,
which is less than 4% off from the estimates. Of course some
of the enthalpy in the propellant is blown out the end, and the
energy deposited is not done so uniformly. Neverthelegsaph
proximation appears to agree well with the estimates frone ti

of flight data.

CONCLUSIONS

A method for remotely determining temperature and heat
flux on an interior surface has been presented. The classbf pr
lems is new in terms of inverse heat conduction problems be-
cause the residual of ultrasonic time of flight data is mizai—
not temperature. Nevertheless, a standard inverse taghnigs
used to estimate the internal boundary condition on data- gat
ered in a field test of a naval gun. Estimates are in good agree-
ment with published predictions, and test cases suggesésha
timates of peak heat flux could be off by as little as 5%. Ad-
ditional effort needs to be devoted to examining differemtet
stepping schemes, sample rates and different geometdeaan
terial properties on the sensitivity of the estimates tessshe
utility of using ultrasonic temperature measurements éonate
heat flux determination. The preliminary evidence for the ef
cacy using ultrasonic pulse measurements to remotely amd no
intrusively measure a boundary heat flux is extremely eragpur

ing.
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