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Compound Mater ia l  
Thermal Parameters  f o r  
a Layered M a t e r i a l  
Resembling an Automobile 
Firewall 

ROBERT L. McMASTERS IV and INDREK S. WJCHMAN 
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 01-fiberglass) was examined 10 determine thermal properties. 
The heat flux impinged on the insulation material side of this simulated “jirewall.” A hear transfer 
model was developed that could, in pririciple, be used I O  predict the heat transfer through lavered 
compound materials using techniques of thermal properry parameter estimation. The parameter 
estimates are based on thermocouple measurements of surface temperarures during heating on both 
sides of the material. The experiment analyzed in this article involved a vertical plate exposed 011 the 
insulation side to a transient step-applied mdianr heat flux. The transient temperature 
measurements were fitted to heat transfer models. Thermal difilsivity and Bioi 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 azreeinent 
between GM and the U.S. Department ot’ Transportation. dated March 7. 
1995. 

Address correspondence to Dr. Robert L. McMasiers IV. Departinent 
of Mechanical Enpineei-ing. Michigan State Univrrsiry. Easi Lansing. MI 
L I S S Z J -  i226. USA. E-inail: nicmasrsi@msu.ecs 

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 surroundinss. 
The only controlled radiant flux on the front (insula- 
tion) surface occuned between heater and insulation. 
On both sides, heat conduction and convectior? to the 
ambient were iii?con;!-olled. 
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Figure I 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 I  is the thickness of the compound material. Location x = 0 is the heated 
face, while location .r = L is the rear surface 

Thermocouple Locations -- Ls- (Typical) 

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: ( I )  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 i n  
this extreme environment. This analysis employs the 
practice of “applied enpineering parameter estimation.” 

This research has three poals. One is to estimate ma- 
terial parameters for calculating heat transfer throu@i 
layered materials. The methods of parameter estima- 
tion [ I ]  are used with the measurements in  order to 
determine the model thermophysical parameters. The 
parameters are fixed upon choice of the model io de- 
scribe the experiment. They are detei-mined 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 tenipei-ature 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 [ I ] .  The heat 
sources and sinks described in [ 5 ]  provide a novel way to 
control heat flux in a thermal diffusivity measurement. 
In this research. the heat loss occurs by convection, 
con d i i  c t i on. and rad i at i on to the ambient s un-ou nd i n g s . 
The multilayered material tested in [6] is similar to the 
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‘ multilayer material tested in [he p!-esei:t i-eseai-ch. ia [6] 
the multilayer nateriai was heated by 2 laser flash. iior 
a continuous (and time-varyingj incident radiant f lux 
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 & 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 

Table 1 Estimated parameters (Direct Model 1) 

sr;d ma\; h a w  vai-ied beween i e s ~  (an6 pGSSibl)‘ during 
eack resr) because of materiai change during heating 
such as shrinkage and thermai 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, 2570, 5070, 
and 100% of the 15-kW maximum power. Table 1 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, i t  is 
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 

Material 

~ ~~ _ _  
Biot Residual Temperature Average incident 

Diffusivity number std. dev. rise AT intensity for 0-5 
Test (cm’ls) (unitless) (’C) (’C) min (kW/m’) 

Fiberglass, 1.96 cm thick 2 0.00939 2.649 2.568 171 13.5 
64.3 3 0.00894 0.359 8.590 ->>6 

4 0.00521 6 .  I82 7. I07 66 14.5 
Aluminized silica, 0.16 cm thick 5 0.000705 1.307 2.265 65 38.6 

6 0.000202 1.527 2.359 26 14.1 
7 0.000824 1.331 2.74 I 156 67.1 

_ In  

This table shows each test number with estimated diffusiviiy. Bioi numbzr. and residual stanaard deviation. The 
quantiiies A 1 and incident intensity are experimental parameters. Note that their magniiudes follow idealized trends. 
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2. COMPOUND MATERIAL MODELS 

In order to estimate the heat transfer throuzh the com- 
pound material, a model for heat conduction throush 
the material is needed. Precise mathematical models 
for compound materials are quite complicated and are 
difficult to solve even numerically; see [SI. 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 models used here are based on the equation for 
conservation of energy in the material. In general, 

pc- aT = -@E) 
a t  ax 

In the derivation of Eq. ( I ) ,  the conductive flux kaT/ax  
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 I ) ,  i t  will be seen that i t  is more robust 
and generally the most dependable model of those ap- 
plied to the data. 

2.1. Direct Model I :  Honzogeneous Coinpound 
Material 

aT a’T 
PC- = k -  

a t  ax’ 

subject to the boundary conditions 

T ( 0 ,  r )  = T ( r )  (3) 

(4) 

and the initial condition T ( x ,  0) = T,. Dividing Eq. (2) 
by k and Eq. (4) by k / L  yields the parameter groups cr. 
and Bi. In the definition of Bi, L = L, + Ls  is the width 
of the compound material. 

Since the thermophysical parameters contained in 
a and Bi do not appear individually in the mathemat- 
ical model, parameter estimates for k ,  p, c, h cannot 
be made independently. If, for example, the conduc- 
tive heat flux at the front surface of the insulation were 
known, the boundary condition could be written as 
-(ki3T/ax),,o = q(0, t ) .  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 (x and Bi were 
estimated. 

The solution of Eqs. (2)-(4) is found using a finite- 
difference method described in [ lo]. 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 [ 1 11. 

2.2. Direct Model 2: Separate Panel and Insulation 

I n  model 2 the thermal properties of the insulation 
layer are assumed constant. The thermal properties of 
the steel layer, considered known, are ks = 49.2 W/m K. 
c p c ) ~  = 3.93 x I O 6  J/kgm3 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 
is given by Eq. (3 ) .  while the boundary condition at the 
back surface is given by Eq. (4). 

Now a description is siven for the two boundary con- 
ditions at the interface of the insulation and steel. The 
first condition is continuity of temperature. The second 

Constant k is assumed and constant c[ with respect 
to i. x. and T .  It is apparent from this analysis that 
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condition arises by writin? Eq. ( i  i as pc 3Tl6r = -2oi2.r 
with q = - k  ?Tiax and then discretizing IO fine 

where separate step sizes ( A x ,  and A x s )  are used on 
the two sides of the interface. In the process of pa- 
rameter estimation separate a values are employed in 
each material. In the case Ax1 = AXS = Ax when C X ~  

and as areJired and k l  and ks are specijied, the re- 
sulting pc values are also$fixed. The preceding Eq. ( 5 )  
contains only the ratios as/cq and (pc)s/(pc)/. Indi- 
vidual values of k and pc in each material cannot be 
evaluated separately. Consequently, this parameter es- 
timation technique evaluates only a/ and as and Bi 
at the back surface. At the back surface the boundary 
condition is written in discretized form as 

which can be rearranged to give 

(7) 

showing that only as and Bi = h A x / k s  can be esti- 
mated. The parameter Bi is defined with respect to the 
properties of the steel. 

3. PARAMETER ESTIMATION 

The parameters cy and Bi can be estimated by com- 
paring the measured temperatures to the computed tem- 
peratures at the near face x = L = L ,  + is (see 
Figure 1). Parameters cy and Bi 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- 

N 

In order to refine parameter estimates between suc- 
cessive iterations i t  is necessary to compute the sensi- 
tivity coefficients. These are obtained by differentiating 
the solution for the T with respect to a 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 n  aT/ap , , ,  where X,,  is 
the modified sensitivity coefficient and p n  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 I 

The estimated parameters are shown in Table 1. There 
is variation in the estimated a 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 inTable 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 cx from the data in Table 1. Between tests 2 and 4, 
the value of cx increases from 5.2 x lo-' cm"s for a A T  
of 66"Cio 9.0 x IO-' cm'/s for a A T  ranging from 171 
to 336°C (tests 2 and 3). A similar rise of (x with respect 
to AT is found i n  tests 5-7, with 0: = 2 x cm'/s 
when A T  = 26°C (test 6) up to a = 8 x cm'/s 
when A T  = 156°C. I n  both cases, most of the varia- 
tion appears when A T  is in  the vicinity of 50°C. Beyond 
A T  zz O( I 00°C). relatively little OL variation is observed 
(compare tests 2 and 3 and tests 5 and 7). The value of 
Bi varies throu~hout  each series of tests. For the tests 
with fiberglass. with approximately 10 times larger CX, 

the variation of Bi is more pronounced as a greater rel- 
ative amount of front-surface thermal e n e r ~ y  reaches 
the Sack surface. For the aluminized silica, whose com- 
?ound K is 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 linearlv independent. That is. a 
constant, whether positive or negative. multiplied by one function does not reproduce the other. 

of the fiberglass compound material, the A T  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 A T  [ 11, 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 A T  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 8.59/3?6 = 0.0256, which is smaller than the 
same ratio for test 6 given by 2.3226 = 0.0908. The 
latter ratio is bigger than the foi-nier by a factor of 5 .  

Figures 3 and 4 provide graphical plots of the resid- 
uals for tests 2-4 and 5-7: I-espectively. These graphs 
show that there i s  generally no systematic pattern ir, 

the I-esidual: when comparing the experiments to O I ~ S  

heat transfer engineering 

another. There appears to be some correlatjon in the er- 
rors in the measurements for test 3, but the pattem is 
not repeated in the other tests. This correlation may be 
caused in part by the bum-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 Eqs. (2)-(4). 

Fi$ires 5 and 6 show plots of the two estimated pa- 
rameters versus incident intensity. As a general trend, 
the estimated (x 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 in  the numerator of (x (which 
increases) and the denominator Bi (which decreases). 
This implies that the compound material conductivity 
increases with increasing temperature rise. The product 
a BI = IzL/pc, however, is not constant. This quantity 
changes as shown in Figure 7 .  If  L and p are nearly 
constant during heating. ana i t  is assumed that c is a l s ~  
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Figure 3 Residuals for tests Pi. The lack of a systematic pattern between experiments indicates random errors rather than a misapplication 
of the model [ 11. This suggests that the parameters derived are applicable to these tests in the manner that they were derived in Eqs. (2)-(4). 
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Figure 4 Residuals for tests 5-7. As with iests 2 4 .  there is no observabie sysiemaric error between experiments. indlcaiing 2 reasonable 
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Figure 5 Plot of parameters versus temperarure rise A T  for tests 2 4 .  The diffusivity is generally monotonically increasing as  a function 
of intensity whereas Biot number decreases mono~onically. These changes suggest that the parameters are in fact functions of temperature 
because the temperature rise in  the material is related IO the incjdent radiant intensity (see Table 1). 
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Figure 6 
the trend for both parameters as functions of t ine  i s  the same as  in tests 1- 

Plot of' parameters versus temperattii-e rise A T  ioi- tests 5-5. Plithotiyh the material used i n  these tests has a much lower diffusivity. 
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Figure 7 
coefficient, assuming constant L, c,  and p. 

Plot of the logarithm of the product of OL Bi as a function of incident intensity. This product essentially represents the heat transfer 

nearly constant, then these graphs represent the varia- 
tion of h with temperature rise. As seen from Figure 7, 
the functional behavior of (x 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 k is not sufficient. 
The explanation of (x in terms of k is sufficient if the 
variation of pc 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 h.  An 
estimate of the dependence of h on temperature is ob- 
tained from the laminar free-convection Nusselt number 
correlation Nu, = 0.59(Gr Pr)’I4 ( 10‘ < Gr Pr < 1 09) 
as given in [13]. All properties are for the gas (air) 
rather than the solid plate. Using Nu,. = h y k ,  with .v 
the local vertical position on the plate (see Figure l ) ,  
it is noted that, for constant k ,  Nu I /NU? = h I /  122 = 
(AT1 /A T2)1/43 where AT is the temperature difference 
between the plate and the ambient air. The numerical 
subscripts here denote the separate tests. I t  is assumed 
that negligible variations occur in Pr and p. If the latter 
variation is included. i t  can be shown instead that h I / /z? 

( T ? / T I ) ~ ’ ~ >  since u 2 T’/’ for diatomic gases [ 141. Be- 
:ween tests 2 and 4. the ratio of heat transfer coefficients 
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= ( A T , / A T ~ ) ~ / “ U ~ / V ~ ! ] : ~  or /7 = ( A T , / A T ? ) ~ / ~  

is h2/h4 = (171/66)1/4 (339/444)3/4 = 1.04, between 
tests 6 and 5 the ratio is h6/h j = 0.87, and between tests 
6 and 7 the ratio is h6/h7 = 1.19. Using these relations 
yields Bi;/Bi, = (hikj /hjki) ,  which gives Bi2/Bi4 = 
0.43 = 1.04k4/k2, Bis/Bi6 = 0.86 = (1/0.87)kb/k5, and 
Bi7/Bij = 1.02 = (1.04)kj/k7. These estimates give 
k4/k2 = 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;. k6/k j  = 0.75, which 
indicates that a 25% decrease as A T  diminishes from 
68 to 26°C. Finally, kj/k7 FZ 1 .O, yielding no change in 
compound conductivity even though the A T  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 a values of Table 1 ,  it is 
possible to estimate the c ratios. Thus, C4/C2 = 0.72, 
cg/cg 7 2.61, and c ~ I c ~  = 1.17. The data for tests 5-7 
suggest that as ATincreases, c decreases, since q / c g  = 
0.383 and C7/C6 = 1.4, and AT?/ATJ = 171/66. 

3.2. Direct Model 2 

The parameters estimated areshown inTables 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, i.e.?’ L % L s  = 
0.08 cm, k 2 k s  = 49.2 W/m K in Bi = h L / k .  The 
heat transfer coefficient h ,  of course, is fixed for a given 
c!xperirnent and is independent of the assumptions made 
regardin: the definition of the Biot number. For these 
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Diffusivjty estimates resemble those of Table I .  11\11 Ilic 13io1 
number estimates differ by three orders of ma;iiiiudc. T l i i x  is tluc 
to the use of k2 (thermal conductivity of steel) i l l  ihe tleiiniLion o i  
the Biot number rather than conductivity oi' the overall compound 
material. 

reasons, the Bj values computed here differ by approxi- 
mately three orders of magnitude from those in Table I .  
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 CJ of the residuals (the quantity cs 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- 

~~ 

c Diffusivii> Bioi : i t!~i?bti- Resiauai sic .  ;eniperaui.i-e 
ccm'is: (uniiless i dev. i'- C ; !'IS? (LC) 

0.01 16 0.01s 1.916 (3 .2%)  59 
0.0 107 0.013 1.683 (4.2%) 40 
0.0325 0.45 1.820 (26%) 5 
0.000467 0.019 2.327' 10 
0.00953 0.15 3.053' 10 
0.000593 0.0028 2.178 33 

Smile as Table 2 except the experiments were analyzed for only 
IO0 5 .  The Bi values are still smaller than Table 1 but not as small 

a s  ihoac in Table 7 .  This is due to the increased heat losses at the 
higher teniperaiiii-es. 'Required 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 
a values for tests 2 4  differ by about 10/0, but those be- 
tween tests 5-7 differ by 1840%. 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 

-75 -I 

-20 1 
G 5c 106 150 200 25G 300 350 

Time (sec)  

Figure S Residuals comparing 300-s inlei-val i o  IOU-.\ inlerval for- test 2 .  Note i h a i  when the experimental data covei-in? 300-s is analyzed, a 
disLinci pattern becomes evident. indicaiing inadequate conformance of Direct Model 2 (300-s version) 10 ineasui.ed data [ I]. This is possibly 
caused by the \miaiion of the marerial therinal properties during the cotirhe of. the experiment. 
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Figure 9 
whereas “Diffusivity S” is for the steel plate. Note the unacceptable correlation between Bi and Diffusivity S. 

Sensitivity coefficients for the three-parameter case. The property labeled “Diffusivity I” pertains to the insulating material, 

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 cx and Bi. 

The results of the parameter estimation were pro- 
duced by enforcing agreement between measured back 
surjace temperatures and computed back surjhce 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 involve esti- 
mation of more parameters. which is challenging. An 

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, c q ,  and as. When the sensitivity co- 
efficients were plotted, however, a strong correlation 
was formed between Bi and cxs. 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 cx 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 
detailed T-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 fi berzlass insulation is approximately 
an order of map i tude  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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ous scientific and erisinee 
modeling have been discussed. 

A major question in this method of soiution arise?: 
when one considers that the material layer is subjected 
to radiant fluxes at the front surface. If the radiant f luxes 
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 radian1 f lux  than 
the reflecting aluminized silica cloth. This po~entjally 
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 I 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) i t  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 mateial 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), i t  is noted that, 
though the two materials’ properties may be known, 
a “third material’‘ is created when the first two come 
into contact. This “material” is the boundary between 
the other two and, as has been discussed, its influence 
can be significant. I t  is also difficult to model and to 
understand. Discrete modeling in terms of the arrayed 
strands (for the fibrous material) holds promise. Studies 
using continuum ideas may proceed along ensemble a\’- 
erazing lines established in [8]. This is a nzjor- ques- 

heat trs nsf e r E ng i neerinc 

e;-. 2i!l LlE- 

&e:- whose in6uericf I;?&?? C f  iiie TCSUiIS we1-e obtain& 
and interpreted. Tile probiem of heal transfer ihroush 
finite-thickness fibrous materiais near boundaries is ofie 
of ongoing significance. 

NOMENCLATURE 

Bi 
C ’  

0 

GI- 
ll 

k 
L 
N 
Nu 
P 
Pr 
4 
S 
t 
T 
TOC 

Tj’ 

x 
X 
yi 

cx 
B 
V 

P 
CJ 

Biot number (= h L / k )  
specific heat, J/m3 K 
acceleration due to gravity, m/s’ 
Grashof number (= g x 3 p A T / u 2 )  
heat transfer coefficient, W/m’ K 
thermal conductivity, W/m K 
material thickness (= L1 + L’), m 
number of measurements 
Nussel t number 
parameter value 
Prandtl number (= V/R) 

heat flux, W/m2 
sum of squares of errors 
time, s 
temperature, K 
ambient temperature, K 
temperature calculated at x = L at time step i at 
location j ,  K 
spatial dimension, m 
modified sensitivity coefficient, K 
experimentally measured temperature measured 
at time step i, K 
thermal diffusivity (= k l p c ) ,  m’/s 
coefficient of thermal expansion, K-I 
lonematic viscosity, m’/s 
density, kg/m3 
standard deviation of the measurement errors 

= , , / ( l / N ) ~ ~ ’ l  ( Y ;  - T,)’ , K 1 
Subscripts 

i increment of time 
I insulation 
17 parameter number 
S steel 
K surroundings 
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