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INTRODUCTION

Knowledge of where air flowing across a body transitions ftaminar flow to turbulent flow can provide numerous benefits
to air vehicle design, thermal protection system desigd,anvehicle in-flight control [1]. At the transition betwe¢hese two
flow regimes, a change in body-surface temperature has beasured [2]. The objective of this work is to develop a method
to locate and characterize the heat flux change induced bydhadary layer transition. The solution involves a forward
conduction solution and an inverse procedure. The workepttesl here focuses on forward conduction solution, flateplat
experimentation with a known heat source, and parametatiiibation of the applied heat flux and the convection coigffit
Three inversion approaches are compared: extended Kalftem éxtended information filter, and least squares.

FORWARD CONDUCTION SOLUTION AND VERIFICATION

This work focuses first on a large flat plate heated over a sane#l with a known heat source. Consider a 61cm x 30.5cm x
.635cm stainless steel 316L plate with constant propesfigs= 15 W/m K, C,, = 500 J/kg K andp = 8,000 kg/m? (Figure
1). The heating source is fixed at the plate center, is applied= 300 sec and removed d&t= 600 sec, and has a heating
profile of ¢ = 1.7 MW /m? over 0.635 cm diameter circular area. Radiation effectsagseimed to be negligible.

The model uses a finite element mesh with smaller elements theaheat source and larger elements near the plate
edges to conserve computing resources. A grid convergdndg sias performed to ensure grid independence. This study
led to the selection of three mesh layers through the platc&ness dimension, 9,780 total elements, and 45,983dsgyf
freedom. Independent verification of the numerical solutitbtained from COMSOL Multiphysics by the COMSOL Group
was performed using a closed-form, analytical solutionesting through a circular domain without convection [3].régment
between the COMSOL solution and the closed-form solutioaciseptable with mean absolute error less thanK.5

FLAT PLATE EXPERIMENT

Eight K-type thermocouples were attached to a 61cm x 30.5€n635cm plate of stainless steel 316L. The plate was sized
such that the plate edges would not affect the temperatoféepin the plate during the experiment. Four thermocouplese
attached on one side and four on the other. With plate cemimglthe origin and thec-axis being the length (Figure 1),
thermocouples were attached(at y) locations of (1cm, 1cm), (2cm, 2cm), (3cm, 3cm), and (-1chem) on the heated side
(z = 0) and on the non-heated side=0.00635m). The desire was to have thermocouple pairs ictlgxhe same position on
either side of the plate allowing measurement of the tentpegalifference between the two sides. The thermocouples we
secured to the plate with thermal grease and Kapton tapesre@mgood thermal contact. Flat black paint was applied to a
circular area at the plate center to maximize energy abisorftom the heater. The plate was oriented vertically wiik t
positivey-axis pointing up. A Research, Inc. SpotIR 4150 heater wottuing cone was positioned approximately 2mm from
the plate surface such that its beam struck the plate cdbtperiments were conducted with the heater running atpfoler
which, according to manufacturer’s specifications, predut. 7MW /m? of heat flux on the plate in a circular area 0.635 cm
in diameter. Consequently, approximately 54 Watts of enarg being absorbed by the plate when the heater is on.

During the experiment, the heater is turned ort at 300 seconds and turned off and removed: at 600 seconds. Data
acquisition equipment was used to record thermocoupledeatyre readings every second during the experiment. A NIKR
Thermo Scan TS7302 infrared camera was used to collect #iémages of the plate and heater. Coupled with a laptop
computer, this system recorded thermal images every fivensiscduring the experiment.
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Fig. 1. lllustration of flat plate with heat source and seagaot drawn Fig. 2. Temperature response on non-heated side of the gieftsur
to scale). sensor locations.

PARAMETER IDENTIFICATION

Even with manufacturer specifications, the heat transfawden the radiative heater and the plate is not known withimuc
certainty. Further complicating matters, the heater'sjpnity to the plate implies an unknown amount of secondadjation
and convection heating on the plate. The focusing cone esatg@imperatures in excess of 2@0and the lamp is cooled with
forced air that exits the heater through the focusing coriat@d at the plate. For this initial analysis, the main heax fl
and convection coefficient are estimated. The secondaryngeia modeled with a Gaussian profile gf = 100 W/m? and
o—; = 0.0009 m. h is assumed constant and identical on both sides of the [atenatingh using free convection correlations
[4] produces an expected range W /m?K < h < 5W/m?K. Since the plate edges do not contribute significantly to the
boundary,h = 3W/m?K is assumed on all four plate edges.

Three inverse methods are compared to quantify the heat parfd convection coefficienth on the plate: least
squares, extended Kalman filter, and extended informatitar. fThe extended Kalman filter and extended informaticterfil
are members of a family of recursive state estimators, cily called Gaussian filters [5]. The extended informoati
filter is the information form of the Kalman filter. Both fil®iinearize nonlinear Gaussian systems. For the inversien,
entire experiment is treated as one event, and all temperateasurements are combined together. The 5,056 temgeratu
measurements therefore are effectively 5,056 separamorenAll three methods start with an initial guess of theesta
zo = [q h]T = [1.7TMW/m? 5.0 W/m?K]T and are processed recursively to convergence.

The least squares estimatoraig.,, = x« + (Xng)*ng(Y — T1,) where X is the Jacobian based on finite differences
obtained by independently varying the state parametef®,0vl are the experimentally obtained temperatures, @igd are
temperatures based on current estimates for the st46. The Jacobian was normalized to produce a better camaid
matrix. For the extended Kalman filter, there is no input te $iate thus the state modelds= I> and the state Jacobian is
A = I, wherel; is a2 x 2 identity matrix. The measurement modetonsists of the temperature measurements, which is a
5,056 x 1 matrix, and the measurement Jacobiuis obtained using finite differences §a056 x 2 matrix) by independently
varying the state parameters 0.1%. The state covarianaéxniatis a2 x 2 diagonal matrix usingfg = 0.1MW?/m* and
o? = 0.1W?/m*K?2. These values were chosen to achieve smooth convergenegitrekince small values for the state
covariance matrix cause the Gaussian filters to divergeewdnibitrarily large values for the state covariance mateisder
the Gaussian filters essentially identical to the least mguanethod. The thermocouples have a measurement accuracy o
+1.5°C, which translates to a measurement variance®f= 0.25 °C2. This value was used for the diagonal elements of
the measurement covariance maifjxa 5,056 x 5,056 matrix. The filter is initialized with the initial state, (stated above)
and covariance., = 0. For the extended information filtes, A, b, B, R, and @ are identical to those in the extended
Kalman filter. The extended information filter possessesdaamiage of allowing) ' to be computed once and reused for all
iterations. Because the initial state covariance maigxs inverted in the extended information filter, the filter wagialized
with ¥y = R instead of the zero matrix used to initialize the extendetinaa filter.

Figures 3 and 4 illustrate the convergence behavior fohedld methods. The extended Kalman filter and extended itaftoom
filter converge identically and are presented together. Gaassian filters converge a bit slower than the least squaeésod,
however the convergence is smoother. Once convergencechived, statistical moments were computed from the laseth
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Fig. 3. Least squares convergence. Fig. 4. Extended Kalman filter and extended information rfittenver-
gence. The filters produce identical results and are predengether.

iterations. Results are similar for all three methods. Cotatonal cost is lowest with least squares, followed byepded
information filter, and then extended Kalman filter. FigureoPnpares the temperature response measured during thénesipie
with the temperature response of the model ugirg 0.930 MW /m? andh = 3.20 W/m? K. Discrepancies between the two
thermocouple sets closest to the source [(1cm, 1cm) anch(-Hlem)] arise from sensor placement error. Agreement datw
the model and the experiment is acceptable, however impreme could be achieved through modifications to the heating
profile (e.g., secondary heating). A check of the bounddgcetrrors was conducted to ensure the plate was sizedisnffic
large. Of particular interest is in the region af4cm4-4cm) where the errors remain well below 0.5% for the entigeginent.
Even at (10cm;=10cm), the errors are below 1% for much of the experiment aagl Iselow 3% for the entire experiment.
Solution sensitivity analysis was performed to fid'/0q and 0T /0h versus time using finite differences. This analysis
indicatesq and h are not correlated angl dominates the solution.

CONCLUSIONS

Results were presented from forward conduction solutioreld@ment, flat plate experimentation with a known heat saur
and parameter identification of heat flux and convectionfeoeft on the plate. Least squares, extended Kalman filtef, a
extended information filter inversion methods producedlaimnesults. This finding is significant as future work witléamore
free parameters (e.g., secondary heating profile) and beateslocalization to the inverse procedure. Whereas tbik Wwad
no inputs to the state model, the ability to add inputs to ansee state estimator (e.g., a Gaussian filter) is antiegpto be
more robust for heat source localization and in turn for laizug layer transition localization and characterization.
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