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Kalman filter are investigated for a transient heat NOMENCLATURE

transfer problem in which a heat source is applied @
on one side of a thin plate and ultrasonic time Cp
of flight or temperature is measured on the other £
side of the plate. A forward conduction solution is G
developed using finite element methods and veri-f
fied using closed-form analytic solutions and val-
idated using thermal conduction experiments. Pa-k
rameter identification of experiment heating source L
magnitude and convection coefficient is conducted?”
with least squares, extended Kalman filter, and T’
extended information filter. Comparisons of six t
heating source localization measurement modelsV
are conducted where temperature or ultrasonic time?
of flight readings provide the measurement update$
to the extended Kalman filter. For each quantity of
interest being investigated, two different measure-
ment models are implemented: 1) directly using
the quantity of interest at the sensor locations as
the measurement vector and 2) indirectly obtaining
distance from the quantity of interest and then
using these obtained distances as the measureme
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INTRODUCTION
Knowledge of where air flowing across a body
Hlansitions from laminar flow to turbulent flow can

vector in the extended Kalman filter. For the direct Provide numerous benefits to ar vehlcle_ de5|gn,
models, the Jacobian required by the extendedthermal protection system design, and air vehicle

Kalman filter is obtained numerically using fi-

in-flight control [1]. At the transition between these

nite differences from the finite element forward ™O flow regimes, a change in body-surface tem-

conduction solution. For the indirect models, the
derivatives of the distances with respect to the
state variables are obtained in closed form. Heating
source localization results and convergence behav
ior are compared for the six measurement mode

perature has been measured [2]. The objective of
this and follow-on work is to develop a method
to locate and characterize the heat flux change
induced by the boundary layer transition. The so-
idution involves a forward conduction solution and
an inverse procedure. The work presented here
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Figure 2. Number of mesh layers for best accuracy.

illustrates the results of this study for the num-
ber of layers. The grid convergence study led to
the selection of three mesh layers through the
plate’s thickness dimension, 9,780 total elements,
and 45,983 degrees of freedom. Independent ver-
focuses on forward conduction solution, flat plate ification of the numerical solution was performed
experimentation with a known heat source, param-using a closed-form, analytical solution of heating
eter identification of the applied heat flux and the through a circular domain without convection [3].
convection coefficient, and comparing six measure-Agreement between the COMSOL solution and
ment models for heating source localization. the closed-form solution is acceptable with mean
absolute error less than 0I%.

Figure 1. lllustration of flat plate with heat source
and sensors (not drawn to scale).

FORWARD CONDUCTION SOLUTION

This work focuses first on a large flat plate FLAT PLATE EXPERIMENT
heated over a small area with a known heat source. Eight K-type thermocouples were attached to a
Consider a 61cm x 30.5cm x .635cm stainless steel61cm x 30.5cm x 0.635cm plate of stainless steel
316L plate with constant propertiesiof= 15 W/m 316L. The plate was sized such that the plate edges
K, C, = 500 J/kg K andp = 8, 000 kg/m? (Figure would not affect the temperature profile in the plate
1). The heating source is fixed at the plate center, isduring the experiment. Four thermocouples were
applied at = 300 sec and removed at= 600 sec,  attached on one side and four on the other. With
and has a heating profile gf= 1.7 MW /m? over ~ plate center being the origin and theaxis being
0.635 cm diameter circular area. Radiation effectsthe length (Figure 1), thermocouples were attached
are assumed to be negligible. at (x,y) locations of (1cm, 1lcm), (2cm, 2cm),

The forward conduction solution leverages COM(3cm, 3cm), and (-1cm, -1cm) on the heated side
SOL Multiphysics by the COMSOL Group and (¢ = 0) and on the non-heated side=0.635cm).
uses a finite element mesh with smaller elementsThe desire was to have thermocouple pairs in
near the heat source and larger elements near thexactly the same position on either side of the plate
plate edges to conserve computing resources. Aallowing measurement of the temperature differ-
grid convergence study was performed to ensureence between the two sides. The thermocouples
grid independence. Both the number of elementswere secured to the plate with thermal grease and
in the plate’s x-y plane and the number of layers Kapton tape to ensure good thermal contact. Flat
in the plate’s thickness were considered. Figure 2black paint was applied to a 1.5 cm diameter area
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w“ ‘ ‘ ‘ ‘ ‘ ‘ PARAMETER IDENTIFICATION
N 7 Even with manufacturer specifications, the heat
transfer between the radiative heater and the plate
is not known with much certainty. Further compli-
cating matters, the heater’s proximity to the plate
implies an unknown amount of secondary radiation
and convection heating on the plate. The focusing
cone reaches temperatures in excess of °200
and the lamp is cooled with forced air that exits
the heater through the focusing cone pointed at
the plate. For this initial analysis, the main heat
200 0 6‘?’?me (Sescé)o 00 1200 1400 flux and convection coefficient are estimated. The
secondary heating is modeled with a Gaussian
profile of ¢ = 100 W/m?* ando? = 0.0009 m?.
The heat transfer coefficiehtis assumed constant
and identical on both sides of the plate. Estimating
h using free convection correlations [4] produces
an expected range 8fW /m?K < h < 5 W/m?K.
at the plate center to maximize energy absorptionSince the plate edges do not contribute significantly
from the heater. The plate was oriented vertically to the thermal load) = 3 W/m?K is assumed on
with the positivey-axis pointing up. A Research, all four plate edges.
Inc. SpotlR 4150 heater with focusing cone was  Three inverse methods are compared to quan-
positioned approximately 2mm from the plate sur- tify the heat flux ¢) and convection coefficient
face such that its beam struck the plate center. Ex{") on the plate: least squares, extended Kalman
periments were conducted with the heater runningﬁlter, and extended information filter. The extended
at fu”-power which, according to manufacturer’s Kalman filter and extended information filter are
specifications, produces IMMW /m? of heat flux ~ members of a family of recursive state estima-
on the plate in a circular area 0.635 cm in diameter.tors, collectively called Gaussian filters [5]. The
Consequently, approximately 54 Watts of energy €xtended information filter is the information form
are being absorbed by the plate when the heater i®f the Kalman filter. Both filters linearize nonlinear
on. Gaussian systems. For the inversion, the entire ex-
During the experiment, the heater is turned Perimentistreated as one event, and all temperature
on at¢ = 300 seconds and turned off and re- Measurements are combined together. The 5,056
moved at = 600 seconds. Data acquisition equip- temperature measurements therefore are effectively
ment was used to record thermocouple temperaturé:056 separate sensors. All three methods start
readings every second during the experiment. AWith an initial guess of the statey = [¢ h]" =
MIKRON Thermo Scan TS7302 infrared camera [1.7MW/m? 5.0 W/m?K]" and are processed re-
was used to collect thermal images of the plate andcursively to convergence.
heater. Coupled with a laptop computer, this system ~ The least squares estimatorig.., = = +
recorded thermal images every five seconds during X5 X5) "' X (Y — T1,) whereX is the Jacobian
the experiment. Figure 3 illustrates the temperaturebased on finite differences obtained by indepen-
data recorded during the experiment. Discrepanciegiently varying the state parameters 0.1%,are
between the two thermocouple sets closest to thehe experimentally obtained temperatures, dfg
source [(1cm, 1cm) and (-1cm, -1cm)] arise from are temperatures based on current estimates for
sensor placement error. the statexr [6]. The Jacobian was normalized to
produce a better conditioned matrix. The algorithm
for the extended Kalman filter is listed in Table
1 where X, is the predicted statey(Uy, X; 1)

Temperature Change, T-Tinf (K)

Figure 3. Temperature response on non-heated
side of the plate at four sensor locations.
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is the state model based on the infgtand the
previous stateX;_;, A is the state JacobiaB; is
the uncertainty estimat€), is the state covariance,
K, is the Kalman gain,B; is the measurement

sium

Table 1. Extended Kalman filter algorithm.

JacobianpR; is the measurement covarianggX ;)

is the measurement transition function and repre-
sents the predicted measurements from the forwarg
conduction solution based on the predicted state
and Z; represents the actual measurements. Thg
filter represents the belief at tinteby the stateX;

and the covariancg;. For the flat plate considered

Step Operation
1 Xt = Q(Ut, thl)
y 2 X = étzt—lA;f_‘f' Q1
3 K, :&BtT(BtZtBtT +_Rt)*1
4 XtZXt+Kt(Zt__b(Xt))
5 e = - K;By)%
6 Return to step 1 if solution not converged

here, there is no input to the state thus the state

model isa = I, and the state Jacobian i =

I, where Iy is a 2 x 2 identity matrix. The
measurement transition functidnis a 5,056 x

1 matrix of the predicted temperatures from the
forward conduction solution, and the measurement

Table 2. Extended information filter algorithm.

JacobianB is obtained using finite differences
(a 5,056 x 2 matrix) by independently varying
the state parameters 0.1%. The state covarianc
matrix @@ is a2 x 2 diagonal matrix usingfg =

0.1 MW?2/m* and o3 0.1W?/m*K?. These
values were chosen to achieve smooth convergenc|
behavior since small values for the state covariance

Step Operation

1 Xa= Q, L
2 Q= (AQ AT Q) !

= 3 ﬁ = Qta(Ut,thl)
4 Xy=a(U,Xi)
5 =0+ BTR™'B - o

6 ¢ =0 +BR[Z —bX,) + BX:]
7 Return to step 1 if solution not converged

matrix cause the Gaussian filters to diverge while
arbitrarily large values for the state covariance ma-
trix render the Gaussian filters essentially identical

to the least squares method. The thermocouplesilters converge a bit slower than the least squares

have a measurement accuracy4ef.5 °C, which
translates to a measurement variancesof =
0.25°C2. This value was used for the diagonal
elements of the measurement covariance matrix
ab, 056 x 5,056 matrix. The filter is initialized with
the initial statex, (stated above) and covariance
Yo = 0. For the extended information filter (Table
2),a, A, b, B, R, and@ are identical to those in
the extended Kalman filter. The extended informa-
tion filter possesses an advantage of allowing the
inverse of the measurement covariance magrix
to be computed once and reused for all iterations.
Because the initial state covariance mafiy is
inverted in the extended information filter, the filter
was initialized with¥y = R instead of the zero
matrix used to initialize the extended Kalman filter.
Figures 4 and 5 illustrate the convergence be-
havior for all three methods. The extended Kalman
filter and extended information filter converge iden-

method, however the convergence is smoother. Once
convergence was achieved, statistical moments were
computed from the last three iterations. Results are
similar for all three methods. Computational cost
is lowest with least squares, followed by extended
information filter, and then extended Kalman filter.
Figure 3 compares the temperature response mea-
sured during the experiment with the temperature
response of the model using= 0.930 MW /m?
andh = 3.20 W/m? K. Agreement between the
model and the experiment is acceptable, however
improvement could be achieved through modi-
fications to the heating profile (e.g., secondary
heating). A check of the boundary effect errors
was conducted to ensure the plate was sized suf-
ficiently large. Of particular interest is in the re-
gion of (+4cmt4cm) where the errors remain
well below 0.5% for the entire experiment. Even
at (+10cm;+10cm), the errors are below 1% for

tically and are presented together. The Gaussiammuch of the experiment and stay below 3% for
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Figure 4. Least squares convergence. Figure 6. Heat flux sensitivity.
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Figure 5. Extended Kalman filter and extended Figure 7. Convection coefficient sensitivity.

information filter convergence. The filters produce
identical results and are presented together.

the problem. Analysis and algorithm development

can proceed using these restrictive assumptions
the entire experiment. Solution sensitivity analysis and then assumptions can be relaxed in stages to
was performed to finddT /0q andhdT /Oh versus achieve the end result of source localization and
time using finite differences (Figures 6 and 7). characterization. The assumptions for this work
These figures indicate and i are not correlated are:

andq dominates the solution. 1. Source in fixed position (location unknown)

HEATING SOURCE LOCALIZATION 2. Source applied at timé = 300 sec and
Locating and characterizing a heating source removed at = 000 sec _
depends upon many factors such as heating source 3: ¢ = 0-930 MW/m* over 0.00635 m diame-
movementsin time, heating source magnitude changes  €r circular area while source applied (value
in time, and other transient behaviors. Fairly re- obtained in parameter identification above)

strictive assumptions can be imposed that simplify ~ 4. Secondary heating is characterized by a Gaus-
sian with magnitudey, = 100 W/m? and
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variancecrg = 0.0009 m? while source ap-  Temperature M easurement Model

plied In this model, temperatures are measured using
5. Convection coefficient = 3.20 W/m2K  four thermocouples on the non-heated side of the

on both sides of the plate (value obtained in plate. Expected temperatures and the partial deriva-

parameter identification above) tives are obtained directly from COMSOL to form
6. Convection coefficient = 3W/m2K on  the measurement transition functibfX ;) and the
the plate edges JacobianB;.
7. Thermal conductivitye = 15 W/mK 9,
8. Specific heat’;, = 500 J/kgK and density _ by
p = 8,000 kg/m? b(Xy) = B, 1)
9. Positions of sensors arg-4cm, +4cm) on 04
the non-heated side A
X i 8951 ayl
The following six measurement models have _2_52 _g@
. o - - " m
been identified for analysis: B, = _a_@j _a_@i (2)
Oz Oys
1. Temperature measurement model 90, 804
814 8y4

2. Radius from temperature measurement model

3. Ultrasonic pulse-echo time of flight measure- where ¢ is time in seconds with a time step of
ment model 1 secondf is the change in temperature relative
4. Radius from ultrasonic pulse-echo time of to a reference if the heating source is located at
flight measurement model (xs,ys), and (z;,y;) with i = 1,2,3,4 are the
5. Ultrasonic pulse one-way time of flight mea- locations of the four thermocouples. The Jacobian
surement model B, is constructed using the derivatives with re-
spect to sensor position for convenience since this
information can be obtained with one COMSOL
simulation. The derivatives are obtained directly
These measurement models represent differenfom COMSOL. Based on the flat plate experiment
ways to collect measurements (sensors) and dif-2P0Ve, Sensor noise is assumedh@.045 K and is
ferent ways to process the data. Two measuremengormally distributed ¢* = (0-045/3)2_ =2225x
models are based on thermocouple sensors and fouk0™* K?). The measurement covariance matrix is
models are based on ultrasonic transducer sensord? = 2-225 X 107 K2 1.
Comparison of the six measurement models is per-
formed using the extended Kalman filter (algorithm
in Table 1) to locate the sour¢e,, y,). For all six ;
measurement models, the stateXis = [z, y,]” in that temperatures are measured using thermo-

and there is no input to the state thus the state modefuP!es. While temperatures are measured with
isa = I, the state Jacobian i$ = I». Sensitivity the thermocouples, COMSOL is used as a lookup

of the state variance was compared for values fromtable to coEvert temperatures to a radius from each
o2 = 0.01m? to 0.000001m? with the lower ~ SENSOrtothe source.
values providing a damping effect. A state variance 3 3

. X J— R L 3
of 02 = 0.0001 m? provides a good compromise ri = V@i = e + (- ve) (3)
between damping and stability and WI|| be_ use_d where (z;,y;) is the location of sensaifor i =
for all measurement model comparisons in this 1,2,3,4 and (z,, y,) the heating source location.

work. Thus, the state covariance matrix@ =  The Jacobian is based solely on geometry, which
0.0001 m? x I, wherel, is a2 x 2 identity matrix.

6. Ellipse from ultrasonic one-way pulse time
of flight measurement model

Radius From Temperature M easurement M odel
This model is similar to the previous model
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may reduce errors. material thickness, reflects off the boundary, and
5 ) returns to the transducer. The time of flight is [7]
Ti 2 2\~ 2
=35 i — Ts)” + (yl - ys) )
oa, "3 L) o .

(Loiorme) @ Grwlred) o

€Xr; — 4l;T X

Oz, " e s

where L represents the material thickness, is
the speed of sound in the material at a reference

Ori L — B Ori _ys— i (5)  temperature is the ultrasonic time of flight factor

Oz ri o Oys Ti which is material dependent, arddis the change
The measurement transition functiefX ;) and the  in temperature from the reference temperature. The
JacobianB, are then ultrasonic pulse time of flight measurement model
consists of obtaining expected temperatures from
V(@ —26)? + (y1 — ys)? COMSOL, computing the average temperature be-
o \/(xz 22+ (Y2 — 45 )2 tween the transducer angl the bqundary, and then
b(X,) = 5 > (6) computing an expected time of flight using equa-
Vi(ws —2:)” + (ys — ys) tion 8 to form the measurement transition function
V(s —25)% + (ys — ys)? b(X:) (equation 9). The Jacobian partial deriva-
eeezr e tives are obtained using time of flight difference
U when moving the source in theandy directions
Ta—tz M2 independently (equation 10).
Bo=| . Lo @ p y (eq )
T3 T3
IST4I4 ysr4y4 gl
— Go
wheret is time in seconds with a time step of 1 b(X:) = G ©)
second;; with i« = 1,2,3,4 is the radius from G,
the sensor to the source if the source is located 5G, e
at (zs,ys), and (z;,y;) with i« = 1,2,3,4 are T 9z1 om
the locations of the four thermocouples. Based on — gfz — 6852
the flat plate experiment above, sensor noise is B, = 352 3%1 (10)
assumed be- 0.045 K and is normally distributed COz3 Oys
(02 = (0.045/3)% = 0.000225K?). Since mea- i

sured temperature is being related to radius, sensor

noise must be converted into radius noise. Thewheret is time in seconds with a time step of 1
complication in this conversion arises from the fact second(G; withi = 1,2, 3, 4 is the expected ultra-
that radius is a non-linear function of temperature sonic pulse time of flight with the heating source at
and time. If a slope dr/0T) of 0.015 m/K is  location(zs,ys), and(x;, y;) withi = 1,2, 3,4 are
assumed, the radius noise 4s 0.000675 m and the locations of the four transducers. The Jacobian

is normally distributed > = 5.06 x 10~®m?). B, is constructed using the derivatives with respect
The measurement covariance matrix, therefore, isto sensor position for convenience since this infor-
R =15.06 x 1078m? x I,. mation can be obtained with one COMSOL simula-

tion. The derivatives are obtained from COMSOL
Ultrasonic Pulse-echo Time of Flight Measure-  ysing finite differences by independently varying
ment Model the z and y positions of all sensors by 0.0001m.
This model uses ultrasonic pulses to measureBased on the flat plate experiment above, sensor
the average temperature through the material thick-noise is assumed b&2.3 x 1019 seconds and
ness at each sensor location. In the pulse-echds normally distributed¢? = 5.88 x 10~2! sec?).
method, the ultrasonic pulse travels through the The measurement covariance matrix, therefore, is
R =5.88 x 1072 sec? x I,.
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Radius From Ultrasonic Pulse-echo Time of transducer, one transducer can transmit the pulse
Flight M easurement M odel and another transducer can receive the pulse. The
In this model, ultrasonic pulse-echo time of time of flightis
flight is measured using four transducers on the Rij i
non-heated side of the plate. Similar to radius Gij = (1+ §9avg|i) (14)
from temperature method, this method converts ) e
the measured time of flight to a radius using the WhereZi; is the distance between transducers (m).
COMSOL model as a lookup table. TemperaturesTh'S measurement model consists of obtaining ex-
in the plate are related to time of flight through Pected temperatures from COMSOL, computing
equation 8. Equations 3 to 5 develop the geometrythe average temperature between the transducers,
behind the measurement transition functi¢ ) and then computing an _expected time of flight to
and the Jacobiaf, which are form a(U;, X;—1) (equation 15). For the current
analysis, the average temperature is based on the

2

\/(:61 —25)% 4+ (y1 — ¥s) line on the plate surface between the two sensors.
o V(s — xs) T (y2 — ys)? The Jacobian partial derivatives are obtained using
b(X,) = 5 (11) time of flight difference when moving the source in
V(s —2)? + (s — ys) thex andy directions independently (equation 16).
\/(I4 —25)? + (Y4 — ys)? red
Ts—Xxq Ys—Y1 . 62
T T = Ju—
N b(X+) e (15)
B, = z:—2m3 ysrfys (12) Gy
" " oG oG
Isrzﬂu ys;yél _ azl1 _ ayf
_9Gy _9Gs
wheret is time in seconds with a time step of 1 B = | 0= 0y2 (16)
o . . t _9Gs 9Gs
second;7; with i« = 1,2,3,4 is the radius from 0wy Ous
the sensor to the source if the source is located _gG _%_64
T4 Ya

at (zs,ys), and (x;,y;) with ¢ = 1,2,3,4 are
the locations of the four thermocouples. Based onwheret is time in seconds with a time step of 1
the flat plate experiment above, sensor noise issecond,G; with i = 1,2,3,4 is the ultrasonic
assumed be-2.3 x 10~1% seconds and is normally pulse time of flight with the heating source located
distributed 2 = 5.88 x 102! sec?). Sensor noise  at (zs,ys), and(z;,y;) with ¢ = 1,2, 3,4 are the
in terms of temperature can be expressed as locations of four transducers. The Jacobinis
constructed using the derivatives with respect to
Onoise = ——— = 0.84 K (13) sensor position for convenience since this informa-
218 tion can be obtained with one COMSOL simula-
If the same average slope of 0.015 m/K that wastion. The derivatives are obtained from COMSOL
used to relate radius noise to temperature noise irusing finite differences by independently varying
the radius from temperature measurement modelthe x andy positions of all sensors by 0.0001m.
radius noise for the radius from ultrasonic pulse Based on the flat plate experiment above, sensor
time of flight measurement model is 0.0126 m  noise is assumed he1.05 x 10~8 seconds and is
and is normally distributecb® = 1.76 x 10~°m?).  normally distributed ¢ = ((1.05 x 107%)/3)?
The measurement covariance matrix, therefore, is1.225 x 10717 sec?). The measurement covariance
R, =176 x 10~°m?2 « I,. matrix, therefore, iR = 1.225 x 1017 sec? « I4.

Gnoise Vo

Ultrasonic Pulse One-way Time of Flight M ea-
surement M odel Flight M easurement Model

Instead of sending an ultrasonic pulse through  In this model, a particular ultrasonic pulse time
to a boundary and receiving the echo at the originalof flight means that the source could be anywhere

Ellipse From Ultrasonic Pulse One-way Time of



Inverse Problems, Design and Optimization Symposium
Joao Pessoa, Brazil, August 25-27, 2010

tion b(X;) and the Jacobiaf; are then
C1
d . o
¢ b(X,) = (23)
c3
i j “
Oc1 Oci
Oxs  0ys
Oca Dca
oz, Oy,
Bi=| oci oo (24)
S Oxs  0ys
Ocy  Dca
oxs 9yYs

: : : (25)
Figure 8. Ellipse properties.

wheret is time in seconds with a time step of

. . 1 second,c; with i = 1,2,3,4 is the ellipse
on an elliptical shape around the Sensors. Flgureparameterif the source is located at, y, ). Based
8 illustrates the geometry of an ellipse. The wo on the flat plate experiment above, sensor noise
sensors are assumed to be the focus points f0||rS assumed be-1.05 x 10~* sec and is normally

the ellipse. Since the distance between sensors ISiistributed 62 — 1.22 x 10~7 sec?). The sensor

known, ellipse parame_tec&andd can be related to _hoise in terms of temperature can be expressed as
each other and the ellipse can be represented with

just one parameter. Groise
J P Onoise = —2220 _ 609K (26)
Lg
Tis T Tjs = 2¢ = \[17; + 4d? (17) _
' Using the same average slope of 0.015 m/K that
wherei and;j are sensors andis heat source. was used to relate radius noise to temperature

1 noise in the radius from temperature measurement
c= —w/rfj +4d? = Tis + Tjs (18) model, ellipse noise for the parameter from ul-

2 2 trasonic pulse time of flight measurement model
ris =V/(@i —2s)2+ (i —ys)>  (19)  is £ 2.04e-4 m and is normally distributed =
-9 .,2
e \/(xj Tt (20 4.62 x 107" m?).
oci 1 [ze—m  x4—x; Extended Kalman Filter Conver gence Behavior
or, 2 { Tis + Tis ' } (21) Extended Kalman filter convergence behavior
—y for all six measurement models are compared in

dei _ 1 [ys — Y j] (22)  Figures 9 through 12. With the heating source
Oys 21 Tis Tis located inside the sensor grid (Figure 9), all mea-
The parameter: is measured indirectly by first Surement models converge to the correct location,
measuring the one-way ultrasonic pulse time of NOwWever both temperature measurement models
flight. The forward conduction solution is used €Xhibit rather noisy convergence. With the heat-
to get time of flight for a range of values and N9 source located at the edge of the sensor gr!d
interpolated using the spline method to obtain  (Figure 10), all measurement models once again
for the measured time of flight. Theparameter is ~ CONVerge to the correct location and both temper-
analogous to radius and is the orthogonal distance?tureé measurement models and the radius from

from the ultrasonic path between two sensors andultrasonic pulse-echo time of flight measurement
the source at. The measurement transition func- model exhibit undesirable convergence behavior.
With the heating source located outside of the

sensor grid (Figure 11), none of the measurement
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Figure 9. Extended Kalman filter convergence for
all six measurement models with source at (2 cm, T e ™
0 cm) and initial guess of (0 cm, 0 cm).

Figure 10. Extended Kalman filter convergence for
all six measurement models with source at (4 cm,

models converge to the correct location, however 0 cm) and initial guess of (0 cm, 0 cm).

the ellipse from ultrasonic pulse one-way time of
flight and radius from ultrasonic pulse-echo time
of flight measurement models converge to within 1
cm of the actual location. These examples started
with an initial guess of (0 cm, 0 cm) for the
heating source location. Figure 12) illustrate the
convergence behavior for all six models using an
initial guess of (8 cm, 8 cm) for the heating source
located at (2 cm, 0 cm). Interestingly, the direct
models fail to converge to the correct location in
this scenario.

CONCLUSIONS ; o ‘ . [—e—TcTem
Results were presented from forward conduc- W s | T

tion solution development, flat plate experimenta- T Crcror

tion with a known heat source, and parameter iden- Yo

tification of heat flux and convection coefficient on

the plate. Least squares, extended Kalman filter,

and extended information filter inversion methods ‘ ‘ ‘ ‘

produced similar results. This finding is signifi- %0 %5 ey 2 %0

cant as future work will add more free parameters

(e.g., secondary heating profile) and heat sourcerigyre 11. Extended Kalman filter convergence for

localization to the inverse procedure. The extended g six measurement models with source at (6 cm,

Kalman filter convergence behavior was compared 0 cm) and initial guess of (0 cm, 0 cm).

using six measurement models. The one-way ultra-

sonic pulse measurement model produced the best

results when considering accuracy of converged

solution, ability to converge to the correct solution

Estimated x location (cm)
IS

Estimated y location (cm)
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Figure 12. Extended Kalman filter convergence for [5]
all six measurement models with source at (2 cm,
0 cm) and initial guess of (8 cm, 8 cm).

[6]

given different initial guesses, and smoothness of
convergence behavior. Whereas this work had no
inputs to the state model, the ability to add inputs [7]
to a recursive state estimator (e.g., a Gaussian
filter) is anticipated to be more robust for heat
source localization and in turn for boundary layer
transition localization and characterization.
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