NHTSA-9§ -
[ N-9%

SIS 3565

General Motors Corporation
Legal Staff

Facsimile Telephone
(586) 492-2928 (586) 947-9212

DEC 2 O 2002

Annette M. Sandberg, Dm - %’35%5’585
Deputy Administrator .
NATIONAL HIGHWAY TRAFFIC

SAFETY ADMINISTRATION =
400 Seventh Street, S.W., Room 5220 :
Washington, DC 20590

Dear Ms. Sandberg:

Re:  Settlement Agreement
Section B. Fire Safety Research

Enclosed is a publication prepared by Robert L. McMasters IV and Indrek S. Wichman of
Michigan State University, entitled, “Compound Material Thermal Parameters for a Layered
Material Resembling an Automobile Firewall.” It relates to Project B.15 (Theoretical and
Experimental Study of Thermal Barriers Separating Automobile Engine and Passenger
Compartments).

This publication appeared in the July-August 2002 issue of Heat Transfer Engineering (Volume
23, Number 4). Note that GM was not made aware of this publication until after it was
published.

Yours truly,

A-{.Mk-ﬂww

Deborah K. Nowak-Vanderhoef
Attorney

Enclosure

Mail Code: 480-210-1G8
Vehicle Engineering Center 30001 Van Dyke Avenue Warren, Michigan 48090-9020




ransfer Measurements

ingle-Phase Pressure

Microchannel Heat’

Phase Flow Patterns of
HFC-134a and Lubricant
Oil Mixtures

Numerical Study of the
- Performance of a
Regenerative Furnace

Coupled Conduction and

intermittent Convective

Heat Transfer froma
Buried Pipe

Compound Material : R
Thermal Parameters for a R
Layered Material ' :
Resembling an
Automaobile Firewall

FORTHCOMING

Teaching Desalination—A \
Multidiscipline Engineering S
Science o

Counter Current Double-
Pipe Heat Exchanger
- Subjected to Flow-Rate
‘Step Change, Part . New
Steady-State Formulation

Counter Current Double-
Pipe Heat Exchanger
Subjected to Flow-Rate
Step Change, Part Il.
Analytical and
Experimental Transient
Response

Computational Study of

Evaporative Film Cooling

in a Vertical Rectangular
Channel

Thermal Characteristics
of Ice under Constant
Heat Flux and Melt
Removal

“Mixed Convection from
an Elliptic Tube at
Different Angles of
Attack Placed in a

:Fluctuating Free Stream

*"Drop Measurements in » h e a t t I a n S f e I
: m |

Exchanger
A Visual Study of Two- englnEEI lng




heat transfer
engineering

EDITOR-IN-CHIEF
Afshin J. Ghajar
Oklahoma State University
School of Mechanical and Aerospace Engineering
Stillwater, OK74078-5016 USA
E-mail: ghajar @ ceat.okstate.edu

Founding Editors Executive Editors

Kenneth J. Bell, Editor-in-Chief Emeritus, School of Chemi-
cal Engineering, Oklahoma State University, Stillwater, OK

Ralph L. Webb, Book Review Editor, Pennsylvania State Uni-
versity, University Park, PA 16802 USA

74078 USA

Geoffrey F. Hewitt, Imperial College of Science, Technology

and Medicine, London, UK

Ernst U. Schlinder, Universitdt Karlsruhe TH, Postfach,

Germany

Jerry Taborek, Sedona, AZ, USA

Neima Brauner

Department of Fluid Mechanics
and Heat Transfer

Tel-Aviv University

Ramat Aviv, 69978 Israe!
brauner @eng.tau.ac.it

Hisham T. A. El-Dessouky
Chemical Engineering Department
Kuwait University

P. O. Box 5696 Safat, Kuwait
eldessouky @ kucO1.kuniv.edu kw

Moo Hwan Kim

Depariment ol Mechanical Engincering
Pohang University of Science

and Technology

San 31 Hyoja-dong

Pohang, South Korea 790-784

South Korea

mhkim@ postech.ac.kr

Majid Molki

Department of Mechanical Engineering
Southern lllinois University
Edwardsville, IL 62026-1805 USA
mmolki@ siue.edu

Alfred C. Mueller
Consuttant
12314 North Oaks Drive

Satish G. Kandlikar, Heat in History Editor, Rochester Insti-

tute of Technology, Rochester, NY 14623-7710 USA

Arthur E. Bergles, Heat in History Emeritus Editor, Rensselaer

Polytechnic Institute, Troy, NY 12180-3590 USA

Amir Faghri, Thermal Storage & Heat Pipes Editor, Univer-
sity of Connecticut, Storrs, CT 06269 USA

Associate Editors

Wataru Nakayama

Therm Tech International

920-7 Higashi Koise OH-ISO Machi
Kanagama, Japan 255-0004
WatNAYAKAMA @aol.com

Kim C. Ng

Department of Mechanical &
Production Engineering

National University of Singapore
10 Kent Ridge Crescent
Singapore 119260
mpengkc@nus.edu.sg

Heicio R. B. Orlande

Department of Mechanical Engineering,
Federal University of Rio de Janeiro
Cid University, CX. Postal 68503

Rio de Janeiro, RJ 21945-970 Brazil
helico@ serv.com.ufrj.br

Panagiotis Razelos

Emeritus Professor City University of
New York residing at

20 Papadiamadipoulou Street

Athens, Greece 115 28
razel@ath.forthmet.gr

Petr Stehlik

Department of Process Engineering
Technical University of Brno
Technica 2

Brno, Czech Republic 616 69
stehlik@kchz.tme.vutbr.cz

John R. Thome

Depariment of Mechanical Engineering
Swiss Federal Institute of Technology
Lausanne, Switzerland CH-1015
John.Thome@epfl.ch

Vishwas V. Wadekar

HTFS Research Manager

Gemini Building

Fermi Avenue

Harwell, Oxfordshire OX11 0QR
United Kingdom
Vishwas.Wadekar@ hyprotech.com

Zhong-Zheng Wang

Thermal Energy Engineering Department
Tianjin University

Tianjin, People's Republic of China 300072
w-d@263.net

Ashland, VA 23005 USA

Abstracted and/or indexed in: Applied Mechanics Review, Current Contents: Engineering, Computi‘ng? and Technology; Materials Science Citation index; Research
Alert; SciSearch; Science Citation Index; Aluminum industry Abstracts; Corrosion Abstracts; and Metals Abstracts/METADEX.

Publishing and Production Offices: Taylor & Frarcis, 325 Chestnut Street, Suite 800, Philadelphia, PA 19106, telephone 215-625-8900, fax 215-625-2940, Amy
Messick, Production Editor; or Taylor & Francis Ltd., Rakine Rd., Bastingstoke, Hamshire RG24 8PR, UK. Advertising and Subscriptions Office: Taylor & Francis,
325 Chestnut Street, Suite 800, Philadelphia, PA 19106, telephone 215-625-8900, fax 215-625-2940.

Heat Transfer Engineering (ISSN 0145-7632) is published bimonthly by Taylor & Francis Ltd., 11 New Fetter Lane, London EC4P 4EE, UK. Annual 2002 institutional
subscription US $572, £347. Personal subscription rate US $169, £102; available to home address only and must be paid tor by personal check or credit card.

Periodicals postage paid at Jamaica, New York 11431. U.S. Postmaster: Send address changes to Heat Transfer Engineering, Publications Expediting Inc., 200
Meacham Avenue, Elmont, NY 11003. Air freight and mailing in the USA by Publications Expediting, Inc., 200 Meacham Avenue, Eimont, NY 11003.

Dollar rates apply to subscribers in all countries except the UK and the Republic of Ireland, where the sterling price applies. Al subscriptions are payable in advance
and all rates include postage. Subscriptions are entered on an annuat basis, i.e., January to December. Payment may be made by sterling check, dollar check,
international money order, National Giro, or credit card (AMEX, VISA, Mastercard/Access).

Orders originating in the following territories should be sent directly to: India—Universal Subscription Agency Pvi. Lid., 101-102 Community Center. Malviya Nagar
Extn., Post Bag No. 8, Saket, New Delhi. Japan—Kinokuniya Company, Ltd., Journal Department, P.O. Box 55, Chitose, Tokyo 156. USA, Canada, and Mexico—
Taylor & Francis, 47 Runway Road, Suite G, Levittown, PA 19057, USA. UK and all other territories—Taylor &Francis, Ltd., Rankine Aoad, Basingstoke, Hampshire
RG24 8PR, England.

Copyright © 2002 Taylor & Francis. Al rights reserved. Authors are responsible for obtaining permission to reproduce copyrighted material from other sources and
are required to sign an agreement for the transfer of copyright to the publisher. Printed in the United States of America. Authorization to photacopy ilems for internal
or personal use, or the intemal or personal use of clients, is granted by Taylor & Francis for libraries and other users registered with the Copyright Clearance Center (CCC)
Transactional Reporting Service, provided that the base fee of $12.00 per copy, plus .00 per page is paid directly to CCC, 222 Rosewood Drive, Danvers, MA 01923,
USA.

The publisher assumes no responsibility for any statements of fact or opinion expressed in the published papers. The appearance of advertising in Ihis journal does
not constitute an endorsement or approval by the publisher, the editor, or the editorial board of the quality or value of the product advertised or of the claims made for
it by its manufacturer. Heat Transter Engineering is owned by Taylor & Francis.

The paper in this publication meets the requirements of the ANSI Standard Z39.48-1984 (Permanence of Paper), efiective with Volume 13, Number 1. 1992.



mailto:ghajar@ceat.okstate.edu
mailto:mmolki@siue.edu
mailto:aol.com

Heat Transfer Engineering, 23:44-56, 2052
Copyright © 2002 Taylor & Francis
0145-7632/02 $12.00 + .00

DOI: 10.1080/01457630290090491 .

o & Ry
St

LCNAY,

Tepon

nged W

Compound Material
Thermal Parameters for

a Layered Material
Resembling an Automobile

Firewall

ROBERT L. MCMASTERS 1V and INDREK S. WICHMAN

Department of Mechanical Engineering, Michigan State University, East Lansing, Michigan, USA

Heat transmission through a layered compound material consisting of carbon steel backing and
insulation (either aluminized silver or fiberglass) was examined 10 determine thermal properties.
The heat flux impinged on the insulation material side of this simulated “firewall.” A heat transfer
model was developed that could, in principle, be used 10 predict the heat transfer through lavered
compound materials using techniques of thermal property parameter estimation. The parameter
estimates are based on thermocouple measurements of surface temperatures during heating on both
sides of the material. The experiment analyzed in this article involved a vertical plate exposed on the
insulation side to a transient step-applied radiant heat flux. The transient temperature
measurements were fitted to heat transfer models. Thermal diffusiviry and Biot number were

estimated using ordinary least-squares nonlinear regression.

The purpose of this research is to examine heat trans-
fer through a layered compound material that resem-
bles an automobile “firewall” under conditions similar
to those encountered when the insulation side of the
assembly is subjected to fire-level heat fluxes. This re-
search was part of a five-year project on vehicle fires
undertaken by General Motors under a settlement agree-
ment between the U.S. Department of Transportation
and General Motors Corporations, dated March 7, 1995.
Fire simulation tests were performed in which the lay-
ered material was heated by a radiant panel on the insu-

This research was funded by General Motors. pursuant to an agreement
between GM and the U.S. Department of Transportation, dated March 7.
199s.

Address cortespondence to Dr. Robert L. McMaslters 1V. Deparunent
of Mechanical Engineering. Michigan State University. East Lansing. MI
48824-1226, USA. E-mail: mcmaste7@msu.edu

lation side while temperature measurements were being
made on both sides (see Figure 1). The radiant fluxes
applied to the insulation surface were comparable to
fluxes experienced in a fire, but at no time during the
experiment was fire actually present.

In the tests, techniques commonly employed in stan-
dardized property analysis tests were not enforced.
These include thermal isolation of the tested samples,
suppression of convective flow, and minimization of
macroscopic radiation interactions with other surfaces.
The air in the test chamber flowed across the insulated
(heated) side and steel rear, and the radiant flux emitted
from the rear surface entered the ambient surroundings.
The only controlled radiant flux on the front (insula-
tion) surface occurred between heater and insulation.
On both sides, heat conduction and convection to the
ambient were upcontrolled.
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Figure 1 Schematic diagram of the one-dimensional two-layer material. The insulation is heated by the radiant flux from the left. Note the
position of the thermocouples (TC). Also note that L = L5 + L, is the thickness of the compound material. Location x = 0 is the heated

face, while location x = L is the rear surface.

Because these various heat losses are difficult to in-
clude accurately in a model, this research focuses on
the development of a “lumped” model of the two-layer
assembly across which the heat transfer occurs. The
temperature is monitored by static (fixed-point) ther-
mocouple measurements on both sides of the material
layer. The “lumped” model consists of the energy equa-
tion, initial condition, temperature boundary condition
on the heated side, heat loss condition on the rear side,
and temperature boundary condition on the rear side.
This overdetermined system enforces conformity to the
measured surface temperatures by fixing two parame-
ters: (1) assembly thermal diffusivity and (2) heat loss
coefficient from the rear surface.

The practical aim of this research is to determine
how much of the incident power (measured from the
input heat source) can be transmitted to the rear side
of the firewall and to estimate thermal parameters in
this extreme environment. This analysis employs the
practice of “applied engineering parameter estimation.”

This research has three goals. One is to estimate ma-
terial parameters for calculating heat transfer through
layered materials. The methods of parameter estima-
tion [1] are used with the measurements in order to
determine the model thermophysical parameters. The
parameters are fixed upon choice of the model to de-
scribe the experiment. They are determined by fitting
the model to the measurements. Models of varying de-
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grees of complexity are possible. The second research
goal is to determine the extent to which the layered
material can be considered as a “compound” material
with respect to its thermal properties and rates of heat
transfer. The model to which the data are fitted should
be simple enough to be amenable to engineering analy-
sis. The third research goal is to determine, if possible,
why compound materials consisting of layers of ma-
terials whose individual properties are known do not
necessarily produce accurate estimates of heat transfer
rates. In a companion study, the thermal properties for
individual insulations were estimated [2, 3]. These esti-
mations proved to be difficult and were carried out in a
50°C teniperature range between 300 and 350°C, which
is much narrower than the range examined here.
Recent estimations of thermal diffusivity include ex-
periments performed on diamond films [4]. The tech-
niques used in [4] for high-conductivity materials, how-
ever. do not lend themselves well to the experiments
examined in this article. Reference [5] describes math-
ematical methods. which may be employed in thermal
diffusivity measurements. Methods of nonlinear least-
squares minimization are described in [1]. The heat
sources and sinks described in [5] provide a novel way to
contro} heat flux in a thermal diffusivity measurement.
In this research. the heat loss occurs by convection,
conduction. and radiation to the ambient surroundings.
The multilayered materiai tested in [6] is similar to the
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multilaver material tested in the present research. In (6]
the multilayer material was heated by a laser flash, not
a continuous (and time-varying) incident radiant flux
as was used here. In summary, thermal parameter es-
timations employ a more meticulously controlled ex-
perimental setup that does not typically resemble a real
application. These tests, however, were meant to exam-
ine the nature of heat transfer across the material, not

its thermal properties.

1. EXPERIMENT

The tests employed a 32 x 32 cm heating panel to ra-
diantly heat a layer of insulation attached to a flat steel
panel 1/32 in. (~0.8 mm) thick (see Figure 1). The in-
sulation faces the “fire side” of the “firewall” assembly.
Three type K thermocouples (TCs) were intrinsically
welded to both sides of the steel panel and three TCs
were located in the insulation as shown in Figure 1.
There was no formal attachment of the thermocouples
to the insulation material; the thermocouples were em-
bedded into the insulation materials and were supported
by the material fibers themselves. The TCs were all un-
shielded. The thermocouples that were used to measure
the temperature of the metal plate were 24 gauge and
were intrinsically welded to the surfaces of the plate.
The thermocouples that were used to measure tempera-
ture in the insulating media were 30 gauge with a bead
size of approximately 51 mm. The standard deviation of
the noise in any of the TCs ranged from 1.3 to 2.2°C.
The experimental procedure involved continuous heat-
ing for the duration of the test.

Seven experiments were conducted, designated here
as test 1-7. Test 1 resulted in the detachment of the in-
sulation layer from the steel panel and was discarded
from this analysis. Tests 2-4 used a fiberglass insula-
tion of 1.9 cm thickness. Tests 5-7 used a reflective
aluminized silica insulation of 0.16 cm thickness. Both
insulations were fibrous. The degree of contact between
the TCs and the insulation was not rigorously evaluated

and may have varied between tesis {and possibly during
each test) because of material change during heating,
such as shrinkage and thermal alteration of fibers. Al-
though certain individual TCs were located under the
incident surface of the insulation layer, the temperatures
they measured were not necessarily an accurate indica-
tion of the actual insulation surface temperature. Exper-
iments were conducted at separation distances (between
heating panel and steel panel) ranging from 9 to 12 cm.
The heater was utilized at three intensities, 25%, 50%,
and 100% of the 15-kW maximum power. Table | shows
the radiant intensities for each test. These intensities are
representative of “firelike” conditions, with values be-
tween 10 and 100 kW/m?>. Separate tests of the radiant
panel using heat flux gauges indicated that the radiant
heat flux varied less than 5% over an area of approxi-
mately 10 cm x 10 cm at the center of the panel. As
shown in Figure 1, the panel directly faced the heater.
Both panel and heater were vertical. Temperature and
heat flux measurements-were recorded at 1-s intervals
during each experiment. Heat flux data were not used
in this analysis.

The challenging, and unresolved, problem of quanti-
fying the contact resistance between two different ma--
terials can produce large disparities between predicted
and actual behavior [7]. However, contact resistance is
often negligible when considering insulation material,
and at worst, does not have a large effect. In addition, itis
very difficult to estimate thermal properties for fibrous
materials accurately, because of the problems of locat-
ing TCs, of proper packing density, and for many rea-
sons described in publications such as [2, 3, 8]. Finally,
insulations are sometimes lined externally with a poly-
meric material added for ease of handling, referred to
as a “scrim’” [9]. As an added complication, the “scrim”
can, for high radiant fluxes, burn off the face of the in-
sulation, exposing the insulation beneath directly to the
radiant flux. One is left with the somewhat inaccurate
(but robust) option, if engineering results are sought, of
modeling the material layer as a single compound ma-
terial, regardless of one’s intuitive understanding that

Table 1 Estimated parameters (Direct Model 1)
Biot Residual  Temperature  Average incident
Diffusivity number std. dev. rise AT intensity for 0-5
Material Test {cm?/s) (unitless) (*C) rC) min (kW/m?)
Fiberglass, 1.96 cm thick 2 0.00939 .649 2.568 171 435
3 0.00894 .359 8.590 33 64.3
4 0.00521 182 2.107 66 14.5
Aluminized silica, 0.16 cm thick 3 0.000705 .307 2.265 63 38.
6 0.000202 527 2.359 26 141
7 0.000824 331 2,741 156 67.1

This table shows each test number with estimated diffusivity. Biot number, and residual standard deviation. The
quantities AT and incident intensity are experimental parameters. Note that their magnitudes follow idealized trends.
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such an approach :$ scientincaly mvalic., The therme-
£1

physicai properiies of the “scrim” are generailv differ-
ent than those of the insulation it protecis.

2. COMPOUND MATERIAL MODELS

In orderto estimate the heat transfer through the com-
pound material, a model for heat conduction through
the material is needed. Precise mathematical models
for compound materials are quite complicated and are
difficult to solve even numerically; see [8]. All real
materials have temperature-dependent thermophysical
properties. In addition, fibrous insulating materials may
allow radiation to penetrate the irradiated surface before
being fully absorbed. Contact conductance between im-
perfectly joined materials can be estimated only empir-
ically. It is postulated here that the “scrim” absorbs the
incident radiant flux at the surface and that no radiation
penetrates the surface. In Section 2.2 another model is
examined in which insulation and steel layers are con-
sidered separately. :

The modeis used here are based on the equation for
conservation of energy in the material. In general,

3T 8 [ @T
pc—=—(k > (1

In the derivation of Eq. (1), the conductive flux k37 /8x
and its first derivative must be continuous functions of
position. Constancy of pc is not required.

The approach used here will be to formulate two
separate models which are “fitted” to the experimental
data in the hope that they will indicate the most use-
ful means for modeling such compound materials. This
work illustrates the difficulty associated with making
heat transfer estimates in practical engineering situa-
tions. The compound properties derived are produced
by a combination of the separate materials, the contact
resistance, the material property changes, and the vari-
ous heat exchanges at the boundaries. The formulation
of a second separate model is intended to demonstrate
the attempts made toward accounting for inadequacies
in the first model. Despite the simplicity of the first
model (Model 1), it will be seen that it is more robust
and generally the most dependable model of those ap-
plied to the data.

2.1. Direct Model 1: Homogeneous Compound
Material

Constant & is assumed and constant « with respect
to 7, x, and 7. It is apparent from this analysis that
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these approximetions are not vaiic. Mevertheless, the
constani-property model provides & rational basis for
estimating compound material properties. Equation (1)
becomes

T 32T
P = ka3 (2)

subject to the boundary conditions

T,1) = T() 3
——(kﬂ> =h[T(L.1)—-T.
o), " 1[T(L.1) — Te) | 4

and the initial condition T'(x, 0) = T, Dividing Eq. (2)
by k and Eq. (4) by k/L yields the parameter groups «
and Bi. In the definition of Bi,L =L, + L is the width
of the compound material.

Since the thermophysical parameters contained in
« and Bi do not appear individually in the mathemat-
ical model, parameter estimates for &, p, ¢, h cannot

" be made independently. If, for example, the conduc-

tive heat fiux at the front surface of the insulation were
known, the boundary condition could be written as
~(kdoT /0x),—o = g(0,1). In this case the k value of
the compound material could then be estimated as a
separate parameter. Here the surface heat transfer at
the front boundary includes incident and emitted ra-
diation, natural-convection losses, and conduction into
the insulation. It was not possible to isolate the
conductive flux, therefore only o and Bi were
estimated.

The solution of Egs. (2)—(4) is found using a finite-
difference method described in [10]. The solutions were
verified with a conductive heat transfer program devel-
oped independently by Professor A. Haji-Sheikh of the
University of Texas at Arlington [11].

2.2. Direct Model 2: Separate Panel and Insulation

In model 2 the thermal properties of the insulation
layer are assumed constant. The thermal properties of
the steel Jayer, considered known, are ks =49.2 W/m K,
(pc)s =3.93 x 10° J/kem®K, [12], so that as=
0.124 cm?/s. The initial condition is given as in Section
2.1. The temperature distribution on the heated surface
1s given by Eq. (3), while the boundary condition at the
back surface is given by Eq. (4).

Now a description is given for the two boundary con-
ditions at the interface of the insulation and steel. The
first condition is continuity of temperature. The second
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condition arises by writing Eq. {1)aspc 87/01 = —64/82
with ¢ = —k 67 /5x and then discretizing to fing
(pe)s 8x, + (pe)sAxs | jmt K1 i
2Nt ! A.X/ =t
n ky + ks (pc)rAxy + (OC)SA-"{S_I o
Ax;  Axg 2AL I
ks _; <
" R ®
5

where separate step sizes (Ax; and Axg) are used on
the two sides of the interface. In the process of pa-
rameter estimation separate « values are employed in
each material. In the case Ax; = Axs= Ax when oy
and og are fixed and k; and ks are specified, the re-
sulting pc values are also fixed. The preceding Eq. (5)
contains only the ratios as/o; and (pc)s/(pc);. Indi-
vidual values of & and pc in each material cannot be
evaluated separately. Consequently, this parameter es-
timation technique evaluates only «; and «s and Bi
at the back surface. At the back surface the boundary
condition is written in discretized form as

(pe)sAxs/ ot (T — T]71)
= (T, = T)Yks/Axs + h(TL — 7)) (6)

n—1

which can be rearranged to give

o1 Ax?  hAXN

n—1 as At ks “
Ax? hAx

=71/ 7, b
ashtr " ks *® )

showing that only «s and Bi = AAx/kg can be esti-
mated. The parameter Bi is defined with respect to the
properties of the steel.

3. PARAMETER ESTIMATION

The parameters « and Bi can be estimated by com-
paring the measured temperatures to the computed tem-
peratures at the near face x = L = L, + L; (see
Figure 1). Parameters « and Bj are determined by min-
imizing the sum of squares of the difference between
computed and measured temperatures. The expression
to be minimized through an iterative nonlinear regres-

¢ heat transier engineering

S=Y (-1 (8)

In order to refine parameter estimates between suc-
cessive iterations it is necessary to compute the sensi-
tivity coefficients. These are obtained by differentiating
the solution for the T with respect to « and Bi. Since
the solution is obtained numerically, the derivatives are
approximated from the solution using a finite difference
approximation. Figure 2 shows “modified” sensitivity
coefficients, which are derivatives multiplied by the ap-
plicable parameter, i.e., X, = p,07/3p,,, where X,, is
the modified sensitivity coefficient and p,, is the param-
eter. Magnitudes of the X,, can be compared directly
because they all have units of temperature. Since the
solution for this particular analysis is computed numer-
ically through finite differences, the sensitivity coeffi-
cients are necessarily computed in this way as well.

3.1. Direct Model 1

The estimated parameters are shown in Table 1. There
is variation in the estimated o between experiments with
the same material. This may be due to the variations in
heating caused by changes in the insulation in the sep-
arate tests under different heat fluxes. Physical changes
in the insulation may alter the corresponding thermal re-
sponse for the separate experiments in Table 1. Variation
in the contact resistance may also cause the differing
values. The high temperatures may cause the material
to sag, deform, and erode during the experiment. These
behaviors of the materials under heating can generate
experimental variations.

There is a variation with temperature rise of the prop-
erty o from the data in Table 1. Between tests 2 and 4,
the value of «increases from 5.2 x 1072 cm?/s fora AT
of 66°C109.0 x 107* cm?/s for a AT ranging from 171
t0 336°C (tests 2 and 3). A similar rise of o with respect
to AT is found in tests 5-7, with o = 2 x 107% cm?/s
when AT = 26°C (test 6) up to « = 8 x 107 cm?/s
when AT = 156°C. In both cases, most of the varia-
tion appears when AT is in the vicinity of 50°C. Beyond
AT = O(100°C). relatively little « variation is observed
(compare tests 2 and 3 and tests 5 and 7). The value of
Bi varies throughout each series of tests. For the tests
with fiberglass, with approximately 10 times larger o,
the variation of Bi is more pronounced as a greater rel-
auve amount of front-surface thermal energy reaches
the back surface. For the aluminized silica, whose com-
pound « 1$ approximately 10 times smaller than that
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Figure 2 Sensitivity coefficients for the compound panel using the Direct Model of Section 2.1. The sensitivity coefficients are computed
by finite differences, using the temperature solution at x = L, for test 2 data. Note that the functions are linearly independent. That is, a
constant, whether positive or negative, multiplied by one function does not reproduce the other.

of the fiberglass compound material, the A7 and Bi
variations are lower.

The standard deviation of the residuals is a measure
of the absolute variation discrepancy between the model
predictions and the experimental data. A more accurate
indicator of the agreement, however, is the ratio of the
standard deviation of the residuals to the total temper-
ature rise above ambient A7 [1], sometimes called the
“coefficient of variation.” These values are presented
in Table 1. For example, the standard deviation of the
residuals for test 6 is smaller than for test 3 by a factor
of 4. When comparing these quantities with respect to
the AT during each test, however, the theoretical curve
for test 3 is understood to be a more accurate model of
the measurements than the same theory applied to test
6. The reason is that the chief means of comparison is
the ratio of the standard deviation of the residuals to the
total temperature change. In this example the ratio for
test 3 is 8.59/336 = 0.0256, which is smaller than the
same ratio for test 6 given by 2.36/26 = 0.0908. The
latter ratio is bigger than the former by a factor of 5.

Figures 3 and 4 provide graphical plots of the resid-

uals for tests 2—4 and 5-7, respectively. These graphs
show that there is generally no systematic pattern m
the residuals when comparing the experimentis to one
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another. There appears to be some correlation in the er-
rors in the measurements for test 3, but the pattern is
not repeated in the other tests. This correlation may be
caused in part by the burn-off of the “scrim.” In this test
the thermal damage to the exposed face and underlying
glass fiber was the most visually severe. One of the TCs
was also noted to be in open air during part of the test
(the data from this TC were not used). These data may
manifest themselves in correlated errors when they are
fitted into a theory based on Eqgs. (2)—(4).

Figures 5 and 6 show plots of the two estimated pa-
rameters versus incident intensity. As a general trend,
the estimated « is a monotonically increasing function
of the incident intensity, whereas Bi exhibits an inverse
relationship. For this plot, the intensity values were ob-
tained by averaging the incident intensity over the first
5 min of the experiment.

Both behaviors can be explained by the appearance
of the conductivity k& 1n the numerator of o (which
increases) and the denominator Bi (which decreases).
This implies that the compound material conductivity
increases with increasing temperature rise. The product
o Bi = hl/pc, however, is not constant. This quantity
changes as shown in Figure 7. If L and p are nearly
constant during heating, and it 1s assumed that ¢ is also
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Figure 3 Residuals for tests 2—4. The lack of a systematic pattern between ex

periments indicates random errors rather than a misapplication
of the model [1]. This sug

gests that the parameters derived are applicable to these tests in the manner that they were derived in Egs. (2)—(4).
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Figure 4 Residuals for tests 5-7. As with tests Z—4. there is no observable sysiem
fit [1} between the mathematical modei
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atic error between experiments. indicaiing a reasonable
and the experimentat measurements.
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Figure 5 Plot of parameters versus temperature rise A7 for tests 2—4. The diffusivity is generally monotonically increasing as a function
of intensity whereas Biot number decreases monotonically. These changes suggest that the parameters are in fact functions of temperature
because the temperature rise in the material is related to the incident radiant intensity (see Table 1).
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Figure 6 Plot of parameters versus temperature rise A7 for tests 5-7. Although the material used in these tests has a much Jower diffusivity,
the trend for both parameters as functions of time is the same as in tests 2—4.
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Figure 7 Plot of the logarithm of the product of o Bi as a function of incident intensity. This product essentially represents the heat transfer

coefficient, assuming constant L, ¢, and p.

nearly constant, then these graphs represent the varia-
tion of & with temperature rise. As seen from Figure 7,
the functional behavior of « Bi is opposite for the two
materials: monotonically downward for tests 2—4 and
monotonically upward for tests 5-7. An explanation of
the behavior of Bi solely in terms of & is not sufficient.
The explanation of a in terms of k is sufficient if the
variation of p¢ with T is much smaller. It is noted that,
for all cases, temperature rise and heating intensity show
qualitatively similar variations (see Table 1).

It is clear that Bi contains a “k part” and an “h part.”
The “k part” represents heat conduction through the
compound material, whereas the “h part” represents
convective heat transfer and radiant transfer to the am-
bient air behind the material. The latter can be changed
independently of the material, for example, by blowing
air with a fan across the back of the steel plate. In the
experiments, there were no forced variations of 4. An
estimate of the dependence of 4 on temperature is ob-
tained from the laminar free-convection Nusselt number
correlation Nu, = 0.59(GrPn)!'/4 (10* < GrPr < 10%)
as given in [13]. All properties are for the gas (air)
rather than the solid plate. Using Nu, = hy/k, with v
the local vertical position on the plate (see Figure 1),
it is noted that, for constant k, Nu,/Nus = hy/hy =
(AT /AT»)'/4, where AT is the temperature difference
between the plate and the ambient air. The numerical
subscripts here denote the separate tests. It is assumed
that negligible variations occur in Pr and (3. If the latter
variation is included, it can be shown instead that &, /A5
= (AT /AT (w2 /v)'? or hy/ha = (AT /AT)V?
(To/T)3*, since v &~ T*/? for diatomic gases [14]. Be-
tween tests 2 and 4, the ratio of heat transfer coefficients

(%]
[A%]
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is ha/hs = (171/66)"/% (339/444)%* = 1.04, between
tests 6 and 5 theratio is hg/hs = 0.87, and between tests
6 and 7 the ratio is Ag/h7 = 1.19. Using these relations
yields Bi;/Bi; = (h;k;/h jk;), which gives Bi»/Biy =
0.43 = 1.04ks/ k2, Bis/Big = 0.86 = (1/0.87)k¢ / ks, and
Bi7/Bis = 1.02 = (1.04)ks/k7. These estimates give
k4/k> = 0.4, which implies that the compound conduc-
tivity between tests 2 and 4 decreases by 60% as AT
diminishes from 171 to 66°C;. k¢/ks = 0.75, which
indicates that a 25% decrease as A7 diminishes from
68 to 26°C. Finally, ks/k7 = 1.0, yielding no change in
compound conductivity even though the AT of the back
face changes from 68 to 156°C.

These calculations suggest that the largest part of the
Bi variation between tests is caused by the variation of
k. From the k ratios and the « values of Table 1, it is
possible to estimate the c¢ ratios. Thus, c4/c2 = 0.72,
cg/cs = 2.61,and cs/c7 = 1.17. The data for tests 5-7
suggest that as AT increases, ¢ decreases, since c5/ce =
0.383 and ¢7/cq = 1.4, and AT2/ ATy = 171/66.

3.2. Direct Model 2

The parameters estimated are shown in Tables 2 and 3.
For these tests, data from the first 5 min of the exper-
iment were used. which includes the transient portion
of the experiment. The Biot number estimate uses the
conductivity and thickness of steel, e L =~ Ls =
0.08 cm, & = ks = 49.2 W/mK in Bi = AL/k. The
heat transfer coefficient &, of course, is fixed for a given
experiment and 1s independent of the assumptions made
regarding the definition of the Biot number. For these

yoi. 23 no. 4 2002



Tabie 2  Estimatecd paramelers: msuiation onlyv. 300 ¢ (Direc
fodei Z;
Diffusivity  Biot number  Kesidual sid.  Temperature
Test (cm?/s) (unitless) dev. (<C) rise
2 0.009471 0.0075 2.737 171
3 0.00918 0.0011 7.784 336
4 0.00516 0.0096 2.145 66
5 0.000573 0.0026 27227 68
6 0.000144 0.00075 2.420 26
7 0.000698 0.0032 2.702 136

Diffusivity estimates resemble those of Table 1. but the Biot
number estimates differ by three orders of magnitude. This is due
to the use of k; (thermal conductivity of steel) in the definition of
the Biot number rather than conductivity of the overall compound
material.

reasons, the Bi values computed here differ by approxi-
mately three orders of magnitude from those in Table 1.
The wide range of temperatures makes suspect the as-
sumption of constant parameters throughout the exper-
iment. For this reason, it is advantageous to analyze
separately the early portion of the experiment, which
corresponds to a relatively small temperature rise. The
assumption of constant properties is more appropriate
over this shorter time interval (Table 3).

The advantage of analyzing this early portion of the
experiment can be seen by examining the standard de-
viation o of the residuals (the quantity ¢ is defined in
the Nomenclature). The most drastic results are those
of test 3. The residuals associated with this test are
shown to develop a profound signature beyond 100 s in
Figure 8. This signature in the residuals indicates a dis-

Table 7 Estimied norameicrs: msiwtion onby, 100 ¢ (Model 2
Diffusivity  Biot number  Residual sic.  Temperature
Test (cm?is) (unitless) dev. *C rise (< C)
2 0.0116 0.018 1.916 (3.2%) 56
3 0.0107 0.013 1.683 (4.2%) 40
4 0.0325 0.45 1.820 (26%) 7
b 0.000467 0.019 2327 10
o (0.00953 0.15 3.053* 10
7 0.000593 0.0028 2,178 33

Same as Table 2 except the experiments were analyzed for only
100 s. The Bi values are still smaller than Table 1 but not as small
as those 1n Table 2. This s due to the increased heat losses at the
higher temperatures. *Reguired 180 s of data to converge.

parity between the experimental measurements and the
mathematical model. Since this signature is present only
in test 3, however, the disparity is thought to be caused
by a failure in that particular experiment, such as a de-
lamination of the insulation and the steel. As can be
seen in Figures 3 and 4, there is no signature of any sig-
nificance in the residuals from any of the experiments,
with the exception of test 3.

The results for the analysis of the diffusivity of the
insulation, for the case when the diffusivity of the steel
was known, are consistent with the results for the dif-
fusivity of the compound material when both materi-
als were lumped together. Between Tables 2 and 3, the
o values for tests 2—4 differ by about 1%, but those be-
tween tests 5-7 differ by 18-40%. The trends, however,
are similar. The low conductivity and greater thickness
of the insulating material, in comparison to the steel,
dominates the numerical results. This means that there

20
15 1 —+— 100 second test
—o—300 second test
10 1
5 ~

Residuals {C)
(=

-10
& &
-15 4 O\c
C
-20 - . - " —
o] 56 100 150 200 250 300 350
Time {sec)

Figure 8 Residuals comparing 300-s interval to 100-s interval for test 2. Note that when the experimental data covering 300-s is analyzed, a
distinct pattern becomes evident. indicating inadequate conformance of Direct Model 2 (300-s version) to measured data {1]. This is possibly
caused by the variation of the material thermal properties during the course of the expenment.
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Figure 9 Sensitivity coefficients for the three-parameter case. The property labeled “Diffusivity I” pertains to the insulating material,
whereas “Diffusivity S” is for the steel plate. Note the unacceptable correlation between Bi and Diffusivity S.

was little numerical difference in the results for tests
2—4, whether the insulation was considered separately
or both materials were considered as one compound
material. For tests 5-7 there were quantitative but not
qualitative differences, and the orders of magnitude re-
mained the same.

4. CONCLUSIONS

The least-squares method was used to estimate ther-
mal parameters from data measured in radiant heating
experiments using flat panels of various compositions
exposed to different radiant heating intensities. The
thermal parameters estimated from these measurements
were « and Bi.

The results of the parameter estimation were pro-
duced by enforcing agreement between measured back
surface temperatures and computed back surface tem-
peratures. The estimated thermal parameter values var-
ied between experiments because of the variation in
measured temperatures. Other phenomena such as ma-
terial breakdown and loss of contact between layers of
the compound material may also have produced dis-
agreement.

Models can be developed in which temperature vari-
ation of the thermal properties is accounted for, but
these are much more complicated and consequently
tend to be less robust. In addition, they invoive esti-
mation of more parameters. which is challenging. An
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attempt was made to estimate three parameters simul-
taneously by solving the coupled energy equations in
both insulation and steel panel. These three param-
eters were Bi, «;, and xs. When the sensitivity co-
efficients were plotted, however, a strong correlation
was formed between Bi and «s. For this reason, no
subsequent parameter estimates were made using this
model. Using the combination of model equations and
experimental data, to estimate simultaneously four sep-
arate material properties for the insulation/steel plate as-
sembly, parameter estimation results were not possible.
Figure 9 shows the sensitivity coefficients for the three-
parameter model. The correlation between Bi and « is
obvious.

A detailed discussion of Bi was presented. The de-
pendence of Bi on the combined insulation and steel
thermal conductivity was described. In Section 3, the
detatled 7 -dependence of Bi was examined. The be-
havior of Bi was in all cases consistent with physical
predictions, except for test 3, as discussed. The results of
the three models show identical trends, since the thermal
diffusivity of the fiberglass insulation is approximately
an order of magnitude larger than that of the aluminized
silica.

The experimental apparatus used in the GM tests was
not designed for thermal property parameter estima-
tion. Nevertheless, in order to compute the heat trans-
fer to and from assemblies such as those in Figure 1,
estimates of compound material thermal properties are
needed. This study has demonstrated that estimates of
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propriately maiched with the computation. :
ous scientific and engineering limitations of this type of
modeling have been discussed.

A major question in this method of solution arises
when one considers that the material layer is subjected
to radiant fluxes at the front surface. If the radiant fluxes
for the two materials (fiberglass, aluminized silica) are
exactly identical, it is likely that the net heat flux passed
into the materials differs because the material absorptiv-
ities and reflectivities differ. The glass fiber mat, which
is black, absorbs more of the incident radiant flux than
the reflecting aluminized silica cloth. This potentially
difficult issue has been avoided by using only the tem-
perature data at the front surface in the computations.
That is, though the tests also measured the incident radi-
ant flux, these data were not used because the reflected
and absorbed portions could not be accounted for. If
indepth absorption of the radiant flux is not known,
accurately, the temperature of the front surface, as mea-
sured in the GM experiments, represents an accurate
boundary condition for the heat conduction computa-
tion. Consequently, in principle (and subject only to
the hypothesis that in-depth absorption of the radiant
flux was negligible), the TC temperature measurements
produce data that can be used reliably in the numerical
simulations. Nevertheless, attaching and fixing the lo-
cation of the TCs in the experiments was difficult: in
response to the high incident fluxes, in one case (test 3)
the “scrim” on the glass fiber mat burned off, rendering
these data suspect. Given these qualifiers, the general
order-of-magnitude agreement between test groups 2—4
and 5-7 is encouraging.

Research goals 2 and 3 identified in the introduction
are now discussed (research goal 1 was discussed ex-
tensively throughout the article). For research goal 2
(the extent to which layered material can be considered
as a single compound material) it was observed that the
compound model (Model 1) generally functioned bet-
ter than Models 2. Because of the applied-engineering
nature of the experiments and the data gathered, the
compound material approximation led to better results.
Ideally, many more tests should be included in an analy-
sis. For research goal 3 (why individual property models
do not produce accurate predictions), it is noted that,
though the two materials’ properties may be known,
a “third material” is created when the first two come
into contact. This "matenial” is the boundary between
the other two and, as has been discussed, its influence
can be significant. 1t is also difficult to model and to
understand. Discrete miodeling in terms of the arrayed
strands (for the fibrous material) holds promise. Studies
using continuum ideas may proceed along ensemble av-
eraging lines established in [8]. This is a major ques-
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tion that this research Canndi possibiv angwer, bul un-
der whose infiuence many of the resuiis were obtainec
and interpretec. The problem of heat transfer through
finite-thickness fibrous materiais near boundaries is one
of ongoing significance.

NOMENCLATURE

Bi  Biot number (= hL/k)
¢ specific heat, J/m* K

g acceleration due to gravity, m/s’

Gr  Grashof number (= gx3BAT /v?)

heat transfer coefficient, W/m? K

thermal conductivity, W/m K

material thickness (= L; + L3), m

number of measurements

Nu Nusselt number

p  parameter value

Pr  Prandtl number (= v/x)

g  heat flux, W/m?

S sum of squares of errors

t time, s

T  temperature, K

T ambient temperature, K

T!  temperature calculated at x = L at time step i at
location j, K

spatial dimension, m

modified sensitivity coefficient, K
experimenially measured témperature measured
attime step i, K

thermal diffusivity (= k/pc), m%/s

coefficient of thermal expansion, K™

kinematic viscosity, m?/s

density, kg/m*

standard deviation of the measurement errors

[: JUMTE - m?],x

>~

=

QD < ™K

Subscripts

increment of time
insulation
parameter number
steel

surroundings

R(q: -~
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