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EXECUTIVE SUMMARY 

Improved fire safety characteristics of aircraft interior materials can be obtained 
from a combination of lowered flame spread rate, lowered heat release rate, and 
more stringent ignition characteristics. The latter is of significance because 
preventing ignition will automatically bring the flame spread and heat release 
rates to zero, 

In a postcrash fire scenario, aircraft sidewall panels and dividers are potentially 
exposed to large radiative heat flux from external fuel fires and burning materials 
within the fuselage. When exposed to such radiant heat, the panel's rise in 
temperature will be counterbalanced by convective heat trans fer to the adjacent air 
as well as by emission and reflection of radiant heat by the panel surface. 

This analysis relates heat and mass transfer processes to basic thermochemical pro­
perties of typical aircraft panel materials to develop piloted ignition criteria. 
The analysis demonstrates what magnitude imposed radiant heat flux is needed for 
ignition of a given polymer. Conversely, the analysis shows what panel thermo­
chemical properties are required to prevent ignition for a range of imposed heat 
fluxes, 

The analysis provides a technical framework for selection of polymeric materials 
that could resist ignition under specified radiative exposures. 
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INTRODUCTION 

PURPOSE. 

The purpose of this analysis is the development of a model that relates polymeric 
material properties to ignitability. The model .is developed for an idealized fire 
test for ignitability of large-scale aircraft honeycomb panels in a vertical 
orientation. 

BACKGROUND. 

Aircraft sidewall panels are resistant to ignition from small energy sources as 
evidenced by the requirement to pass a flammability test specified in FAR 25.853( 
Nevertheless, a multitude of documented test programs (references 1, 2, 3, 4, and 
5) have conclusively demonstrated that aircraft panels can burn in a realistic 
fire scenario. These test results are in keeping with fleet experience where 
aircraft have been destroyed from ramp fires, in-flight fires, and postcrash fires. 

The reason that self-extinguishing panels can burn in an aircraft is the change in 
material exposure conditions. The process of burning involves evolution of flam­
mable gases from a material surface with subsequent chemical reaction with oxygen 
from the surrounding air. Heat feedback from this gas phase combustion to the 
material must be adequate to continue the evolution of flammable gases. Other­
wise, the combustion region becomes starved of fuel and the fire stops. 

Most polymeric material systems require more heat to evolve flammable gases than 
their own flame is able to provide them, That is why they are self-extinguishing, 
However, they can burn when they get additional heat from nearby burning materials 
or from a strong radiant source such as a large fuel fire. 

Thus, more severe flammability tests involve subjecting the material sample to some 
prescribed heat flux from an external source. Such tests are devised to measure 
such diverse flammability indicators as heat release rate, flame spread rate, mass 
loss or gas injection rate, and time for ignition. Nevertheless, these indicators 
will be affected by the external heat flux imposed in a particular test. If such a 
test were to be used for screening of materials, the external radiant heat flux 
would play a major role in determining what polymeric material systems could 
successfully pass the screening. Therefore, there are cogent reasons for s 
the relation of radiant heat flux to ignitability of polymeric systems from a more 
fundamental point of view. 

OBJECTIVE. 

The objective of the analysis is the determination of the radiant heat fluxes 
required for ignition of a given polymeric system, and thereby, derive a relation­
ship between the thermochemical properties of the polymer and the ignitability. 

1 



ANALYSIS 

CASE DESCRIPTION. 

Figure 1 shows an idealized simple: test setup. Radiant heat is externally applied 
to one side of an aircraft panel. Some of this applied heat flux is reradiated and 
reflected from the panel. Some of the heat is transferred to a buoyant boundary 
layer of air on each side of the panel. If degradation of the panel constituents 
is occurring, some heat may be absorbed in endothermic material processes. The 
analysis of the test setup is quasi-steady, in that, a slow ramp-type growth in 
heat flux is assumed. Another way to describe this approach is that the analysis 
is done for the lowest applied heat flux that could result in piloted ignition of 
a panel after a warmup period of many minutes, In this manner, transient conduc­
tion effects in the panel interior can be neglected, and the analysis can be done 
with steady-state equations. The analysis is developed to relate the applied heat 
flux to panel flammability. When enough heat is applied to the panel, the surface 
temperature will reach a state where the polymeric contents can degrade and outgas 
flammable species. The analysis includes the relationship of the concentration of 
these species to the lean limit of flammability. 

The overall energy balance for figure 1 can be written as follows: 

qNET A = l (T-TB) A + hA (T-T0 ) + m Lp A 
6 

(1) 

where A 1.s the panel surface area on each side, q ET is net radiant heat flux 
absorbed by the panel, k is the panel conduct1.v1.ty, f 1.s the panel thickness, Tis 
the panel surface temperature on the irradiated side, TB is the panel backside 
temperature, h is the convective heat transfer coefficient, T0 is the ambient 
temperature, ~ is the panel mass loss rate, and Lp is the panel heat of gasifica­
tion per unit weight. If the panel is relatively thin, and the heating is slow 1 

the panel will be assumed to be thermally thin within the context of the analysis 
in order to develop a first approximation. This means that the temperature is 
uniform across the panel cross-section and that the radiative and convective heat 
losses from the panel will be identical on each surface. This approximation will 
be examined further as to accuracy ( appendix A). 

Thus equation 1 can be written as 

(2) 

and the net radiant flux can be further defined as 

(3) 

where qINC is the incident flux to the heated surface, and 2qp is the radiation 
emitted from the panel itself, and qREF is the incident heat flux reflected by the 
panel surface. 

Equations 1, 2, and 3 will be developed in such a manner that when the panel 
temperature meets the polymer decomposition temperature, TP.' a heat balance will 
be set up with the following characteristics. The material is exposed to a certain 
heat flux. The surplus incident heat flux over that lost by convection and radia­
tion from the panel must be adequate to cause enough pyrolysis to form a flammable 
fuel air mixture in the panel boundary layer. 

2 
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FIGURE 1. IDEALIZED TEST CONFIGURATION 

Because the analysis is for large buoyancy forces and large temperature gradients, 
the boundary layer can be shown to· be turbulent. Application of this analysis to 
smaller laboratory tests might involve slight modification to the test so that the 
laminar boundary layer is tripped. 

The actual polymer decomposition temperature to be used in this type analysis: needs 
some elaboration. A typical thermogram of a .polymer of the type used in an air­
craft panel is shown in figure 2. Such thermograms are relatively common data 
outputs from thermogravimetric analysis. Generally, the majority of the weight 
loss occurs within a relatively small temperature range of the order of 100 centi­
grade degrees, though there are a few exceptions to this. For the purpose of 
this analysis, Tp might be chosen as the point of. ten percent weight loss, the 
point of steepest weight loss, or the point where the weight loss is half the total 
weight loss. For this analysis., the latter definition will be used as illustrated 
in figure 2. The literature on thermogravimetric analysis and differential 
scanning calorimetry 1.s also useful in obtaining the heat of pyrolysis., LP, for 
this analysis. 

THE TURBULENT BOUNDARY LAYER. 

The turbulent boundary layer must be characterized both for heat loss from the 
panel and for fuel air ratio, Figure 3 shows the type of temperature, velocity, 
and fuel concentration ratios that might arise from a heated polymeric vertical 
panel, In many boundary layer problems, the mass transfer is relat.ed to the 
velocity profile through a Reynolds analogy approach. However, because a natural 
ventilation boundary layer has a peak velocity (hence, zero velocity grftdient) 
within it, a more traditional approach would result in zero mass transfer at the 
velocity peak. To circumvent this problem, . the mass transfer will be tied to 
empirical relations that describe the heat transfer from vertical surf aces. 

3 
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The following heat transfer relationship 

1/3 
(0.13) (Gr Pr) 

where h is the convective heat transfer coefficient, kg the gas phase thermal 
conductivity, Lis the height of the vertical panel. Gr is the Grashof number, and 
Pr is the Prandtl number. In reference 6, the experimental observation is stated 
that for turbulent boundary layers on h.eated vertical panels. the heat transfer per 
unit area is independent of height. This observation suggests that the pyrolysis 
rate will also be invariant with height. • 

The analogy between heat and mass transfer will be developed .in the following way 
using the nomenclature from reference 7. The approach is simplified .in that the 
relations are for diffusion of a single fuel specie through air. The turbulent 
diffusion of a fuel specie through the turbulent boundary layer is given 

JAy(t) is the molar flux, CA is the molar concentration, 1 is !:he turbulent 
mixing length, and vx is the mean velocity parallel to the wall .at a given distance 

from from the wall. Similarly, the diffusion of heat is given by 

121 dvxl dT 
PCp .dy· .. ~ 

(6) 

where qy(t) is the heat transfer per unit area, P 1.s the gas phase density, Cp 
the gas phase specific heat, and T is the mean gas temperature at a given distance 
y from the wall. Combining equation 5 and equation 6 allows the mixing length and 
velocity gradient to cancel out, 

Equation 7 can be rearranged and the term 
law to get 

.....£. C 
RT P 

replaced by terms from the perfect gas 

Equat i.on 8 can be integrated from the wall to infinity to get 

5 



During pyrolysis JAl( t) is the mass loss rate of the panel divided by the average 
molecular weight o the outgasing species and - (t) is known from equation 4, 
Thus, equation 9 can be written as 

.;_. I 
CAjw 

I 

M 
L 

kg (0.13) (Gr Pr)
113 

(Tw - Too) 

. . 
Thus, a turbulent analogy between heat _and mass transfer allows. the .flammable 
specie concentration at the wdl • to be stated· in terms of the empirically known 
heat transfer rate. The significance of equation 10 is further that· CA!w must be 

raised to the lean limit concentration for the wall to be ignited by a pilot flame. 
Furt~ermore, in this analys!s Tw will be taken as the pyr.olysis temperature Tp and 
Too will be taken as the ambient temperature To. 

On a mass basis, the fuel air ratio is written 

f 
a 

or the mean specie molecular weight times the specie molar concentration 
the density of air. At the wall, the air density can. be written as 

p = _L 
RTP 

so that equation 10 can be used to write the fuel air ratio at the wall 

f: 
a m 

L Cp Tp 

kg (O .13) - T ) 0 

(11) 

02) 

Now the lean limit for many hydrocarbons at 25° C is in the neighborhood of 45 
milligrams per liter. However, the lean limit is sensitive to temperatuni. From 
reference 8, the following expression might be used to typify lean limit 
with temperature on a volumetric basis in terms of degrees centigrade 

Lt = Lz5° [ 1 - 0.000721 (T-25°)] 

This can be rewritten on a mass basis for standard atmospheric pressure as 

f "" 45 [ ( 0 )l a 
1184 

l - 0.000721 T-25 j (15) 

Thus, equation 15 can be related to equation 13 to show when the lean limit will 
reached, 

li~
4 

[1 - 0.000721 (Tp -298° K)] 

= m 
L Cp Tp 

6 



Although the Grashof number is temperature sensitive, the terms in equation 16 are 
specified by the pyrolysis temperature, thermal conductivity, Prandtl number, and 
ambient temperature. Use of the turbulent analogy leads to an explicit relation­
ship yielding the mass loss rate of the panel required for piloted ignition. A 
simple rearrangement of equation 16 shows this more clearly. 

kg (0.13) (Gr 45 
1184 

Equation 17 1s the critical building block for finding the required heat flux for 
piloted ignition. The factor 45/1184 will be carried explicitly in the analysis 
because a more accurate lean limit parameter could be chosen if the outgasing 
species of a given polymer were specificaly known. 

ENERGY BALANCE. 

Equation 17 relates the mass flux from the surface to the fuel air concentration 
needed for piloted ignition. To generate this required mass flux, there must be 
enough heat input to the material to pyrolyze the material at the appropriate 
decomposition temperature according to equation 2. Using equations 2 and '+, the 
mass loss rate can be written as 

m = (18) 

This is for the case where within the context of the problem, the panel is consid-
ered uniform in temperature. A more complex approach would involve 
temperature distribution in the panel, in which case equation 18 would be rewritten 
as 

m = qNET _ ~ 
LLP 

- k 
oLp 

(19) 

where k is the thermal conductivity of the panel, o is the panel thickness, and 
is the panel backface temperature. Equating equation 18 to equation 17 leads to 

qNET :::: 2qp + 

1/3 
{2 (Tp-T

0
) (0.13) (Gr Pr) 

L (20) 

45 
LP 

+ 1184 
(Tp-298°K)] r [1 - 0.000721 

Cp Tp ln (Tp/T0 ) 
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The left side of equation 20 is the net heat absorbed by the panel. The right 
hand side of equation 20 includes the radiation emitted from the panel surface and 
this term is explicitly written as follows: 

(21) 

where is the emissivity of the panel surface and is the Sefan-Boltzmann 
constant. Combining equation 20 and 21 allows definition of the heat flux from an 
external source needed for piloted ignition of a panel with pyrolysis temperature 
Tp. 

qNET = 2 E oTp 4 + 

~ (Tp ) (0.13) 1/3 { (Gr pr) 2 
L (22) 

45 
LP 

+ 1184 

Cp Tp ln (Tp/T0 ) 

[1 - 0,000721 (Tp-298 ] } 

For the purpose of this analysis, will be taken as 0. 7. However, information 
on at pyrolysis temperatures for polymeric systems is scarce. It should also be 
noted that in real test apparatuses, as the specimen heats up and provides feedback 
to the external heat source, that heat source may get hotter and increase the 
incident levels to the specimen. This analysis assumes that the external heat 
source is controlled so that the incident heat to the test sample is accurately 
known. 

CALCULATIONS. 

Use of equation 22 to calculate the external heat flux required to allow piloted 
ignition is predicated on the knowledge of the Grashof-Prandtl number grouping as a 
function of temperature as well as knowledge of the gas conductivity, specific 
heat, and the heat of pyrolysis. The total expression for heat transfer per unit 
area is given by 

where 

1/3 (Gr pr) 

1/3 

(23) 

(24) 

where p is the air density, g is the gravitational constant, S is the expansion 
coefficient, and µ is the viscosity. The various properties that are temperature 
dependent will be selected at the middle temperature of (TP + T0 ) /2; which will 
be identified as Tm· The expansion coefficient 13 is simply 1/T0 . From simple 
kinetic theory, the viscosi will be taken as 
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JJ = 

and the thermal conductivity will be taken as 

From the perfect gas law, the density is simply 

p = 

Using equations 24, 25, 26, and 27, equation 23 can be written 

The 

With 

2/3 P 2/3 1/6 
:::: (0.13) ko q 0 To 

actual values for use in equation 28 

ko = 

JJo = 

cP = 

Po = 

the 

602xl0-7 cal cm-1 sec-l oK-1 

1851 X 10-7 g cm-1 sec-1 

6.973 cal g-mole-1 oK-1 

0.00121 g cm-3 

use of these values, equation 28 

q = 0.0968 X 10-2 
(T -T) 4/3 p 0 

(Tp+To) 1/2 

( ~:gr3 

(T -T) 4/3 p 0 

(Tp:T0 y/2 

are as follows: 

can be written as 

(25) 

(26) 

(27) 

as 

(28} 

(29) 

where T0 is 293° K (20° C). With the use of equation 29, equation 22 1s rewritten 
as 

(T -T) 4/3 
= 2 E o Tp4 + 0.0968 xlO-z __ P_0 

__ 

(T +T) 1/2 p 0 

9 
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With equation 30, all the to calculate qNET are identified. The 
heat of pyrolysis will be cal/g although a number like 400 to 500 
cal/g might be more common among aircraft panel components. The analysis will show 
that the panel flammability is not too sensitive to such changes in heat of 
pyrolysis. Table 1 shows the values of the terms in eciuation 30 along with qNET as 
a function of Tp· On the right hand side of equation 30, the first term 1.s the 
panel surface radiative loss, the second term is the wall turbulent convective heat 
loss, and the last term is the heat involved in pyrolyzing enough vapor for a 
flammable mixture. Figure 4 is a graph of the values found in table 1. 
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TABLE 1. VALUE OF TERMS 

Tp 2e:aTP 4xl02 2 qtx:102 qvxl02 2qt + qv qNET Tp 
(°K) (cal cm-2 sec-1) (cal cm-2 sec-1 ) (cal sec-1) (cal cm-2 sec-1) (cal sec-1cm-2) 

393 4.525 3.44 .658 .0400 .0853 120 
418 5. 791 4.54 .661 .0520 .1099 145 
443 7.306 5.68 .658 .0634 .1365 170 
468 9.100 6.86 .650 .0751 .1661 195 
493 11.206 8.08 .641 .0872 .1993 220 
518 13 .658 9.30 .628 .0993 .2359 245 
543 16.492 10.54 .613 .lll5 .2764 270 
568 19.745 11.80 .598 .1240 .3215 295 
593 23.458 13.06 .582 .1364 .3710 320 
618 27.671 14.34 .566 .1491 .4258 345 
643 32.427 15.62 .550 .1617 .4860 370 
668 37. 772 16.88 .532 .1741 .5518 395 
693 43.752 18.16 .515 .1868 .6243 420 

'""" 718 50.416 19.46 
'"""' .499 .1996 . 7038 445 

743 57 .813 20. 74 .482 .2122 .7903 470 
768 65.993 22.04 .466 .2251 .8851 495 
793 75.017 23.32 .450 .2377 .9879 520 
818 84.934 24.60 .433 .2503 1.0996 545 
843 95.863 25.88 .417 .2630 1.2210 570 
868 107 .683 27.16 .402 .2756 1.3524 595 
893 120.635 28.44 .386 .2883 1.4947 620 



DISCUSSION 

The most salient features arising from equation 30 and table 1 are the importance 
of panel reradiation and pyrolysis temperature, In the overall energy balance, the 
energy required to generate the flammable fuel-air mixture through pyrolysis is 
much less than the energy needed to balance panel reradiation. This suggests that 
advanced fire resistant panels need a large Tp· In the analysis, reflectivity of 
the panel surface was implicitly treated with the radiant. source term. Like the 
emissivity, the reflectivities at decomposition temperatures are not well known. 
Reference 9 uses values of emissivity and reflectivity of 0.87 to O. 72 .and 0.15, 
respectively, for thermochemical analysis of an aircraft panel. In the case of the 
reflectivity, the incident heat flux is related to the previously defined absorbed 
heat flux by 

or 

where o. = l - B and B is the reflectivity. A highly reflective surface would 
result in decreased ignitability. • Further sophistication of this quasi-steady 
analysis would involve specific inclusion of the thermal conductivity of the panel. 
Appendix A addresses this complication 

The soundness of the overall analysis would best be assessed by comparisons with. 
appropriate experimental data., Table 2 gives typical polymer degradation tempera­
tures for materials used in current or proposed aircraft panels as we 11 as the 
heat fluxes for piloted ignition from fi.gure 4. The data in table 2 are taken 
from the. thermo grams in references 10, 11, and 12. One difficulty encountered in 
searching for appropriate flammability data is the fact that test materials are 
generally described generically (epoxy• phenolic, etc.) rather than by manufacturer 
specification number. As is evidenced iri • appendix B, large variations in 
decomposition .behavior can be evidenced by different epoxies, different I>henolics, 
etc, 

Figure 4, in conjunction with table 2, leads to a significant conclusion. To with­
stan(i ignition under an imposed heat flux of 5 watts cm-2 or 1.19 cal cm-2 sec-1 
the polymer decomposition temperature must be at least 560° C. Only polyimide is 
clearly beyond this point. What figure 4 further shows is that the higher the 
polymer degradation temperature, the greater incremental improvement in flamma­
bility behavior will occur with a given increment in polymer decomposition 
temperature. This is due to the· increased role of surface radiation at the higher 
specimen surface temperatures, 

The significance of the 5-watt cm-2 type flux arises from documentation of heat 
flux from large external pool fires through fuselage openings as quantified in 
reference 13 Because the heat flux to the fuselage skin is approximately 15-watt 
cm-2 , large heat fluxes are involved in material exposures within the fusela~e 
near the opening. Thus, test methods, that use. lower fluxes like 2,5-watt cm- ; 
really do not reflect the environment found in a postcrash fire. • 
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TABLE 2. PYROLYSIS TEMPERATURES AND NET HEAT FLUXES (Tp FROM APPENDIX B) 

Material 

Epoxy 
Fiberite MXB-7203 

Phenolic 
Narmco 8250 
Ciba-Geigy Fibredux 917G 
Fiberite MXB-6070 
Fiberite MXT-6032 

Bismaleimide 
Hexcel 531 
Rhodia Kerimid 601 
Vinylpolystyrlpyridine 

Polyimide 
FN 308/7-llA 
Dupont Pyral 3062 

500 

570 
500 
530 
530 

550 
620 
560 

620 
620 

3.8 

5.1 
3.8 
4.3 
4.3 

4.7 
6.3 
4.9 

6.3 
6.3 

This analysis addresses only panel ignitability. Two other flammability aspects, 
flame spread and heat release rate, are not included. While reference 14 shows 
empirical relationships between ignitabili and flame spread., the total heat 
release of a panel at a given incident radiant flux is affected by other mater 
parameters. These parameters may include the density of the panel, the volatile 
mass fraction, and the calorific values of the volatilized mass. The rate of heat 
release will also be affected by the panel conductivity and the growth of insula­
ting char layers. Transient heat transfer effects will play an important role in 
the time history of the heat release rate, 

What the quasi-steady analysis of aircraft panel flammability yields is a conserva­
tive approach for selecting panel materials for various locations as a function of 
anticipated fire exposure conditions, The approach is conservative because empir­
ical studies like those described in reference 14 show that more and more heat flux 
is required for ignition as the material heating rate is increased. Thus, the 
quas teady analysis represents a worst case condition in this regard. That is, 
higher heat fluxes are needed to attain piloted ignition in shorter time. 

The dominant role played by radiative heat transfer has some significant implica­
tions. The first has to do with char-forming type materials. While it has been 
correctly postulated that these materials offer improved heat release characteris­
tics due to both decreased evolution of volatiles and growth of an insulating 
char layer, potential improvements in ignitability have been less obvious. How­
ever, if char development changes the material surface emissivity and absorptivi 
piloted ignition could involve a different incident heat flux even if the degrada­
tion temperature remains unchanged. The other aspect of the of radiation 
has to do with analyses of ignitability of horizontal or off-vertical surfaces, 
Because the convective heat transfer becomes such a small portion of the overall 
heat transfer during ign1.t1.on of materials with high degradation temperatures 
(500° C and higher), the analysis developed here is probably applicable to a good 
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approximation, regardless of the material orientation. Thus, given a postulated 
radiant exposure for a given fire scenario, materials could be selected r,ationally 
based on thermal degradation characteristics. 

Finally, it should be noted that the conductivity correction of appendix A results 
in a twenty-five percent lowering of the incident heat flux for igm.t.ion.. Inclu­
sion of the reflectivity explicitly in the analysis would raise the incident heat 
by twenty-five percent from the defined net absorbed heat if the reflectivity 
were twenty-percent. Thus, to some degree, these refinements -counterbalance one 
another. 

CONCLUSIONS 

A quasi-steady analysis of aircraft panel flammability leads to an algebraic 
equation relating polymer degradation temperature to minimum applied heat flux for 
ignition. The analysis results in the following conclusions: 

1. Use of panels with high polymer degradation temperatures improves fire­
worthiness. 

2. Radiative heat transfer is the dominant energy transaction that controls the 
ignitability of state-of-the-art honeycomb panels. 

3. The higher the polymer degradation temperature of a panel, the less signifi­
cant is the heat of pyrolysis in flammability. 
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APPENDIX A 

CONDUCTION HEAT TRANSFER 

To investigate the effects of wall conductivity on this analysis, the development 
of equation 22 must be modified to handle a backface temperature, TB· In this 
manner, equation 22 becomes 

45 
1184 

The steady state heat conduction through the wall must be equal to the heat lost 
from the back wall by convection and radiation. This can written as follows: 

k (Tp-TB) = e:o TB
4 

+ 
~ 

' 
~g (TB-T0 ) (0.13) (Gr Pr/

13 
\B 

.. 

(A-2) 

where k is the panel thermal conductivity and f, is the panel thickness. Although 
panel conductivities are not well established, the approach described in reference 
15 could be used here. From this type analysis, a panel might be expected to have 
a thermal conductivity of 0.437 w/m 0 G. A typical panel might be nominally one­
quarter inch thick. The right· and left hand sides of equation A-2 can be plotted 
together as a function of TB as is· s.hown in f'igure A-1. The left running li_nes 
r~pres.ent the panel conduction terms for _vari~us v~lues oX Tp'. ~he~e ,a stra.fa.ht .. 
line intersects the wall loss curve will identify the equ1l1br1um backface • 
temperature Tg. This intersection also marks the total heat output through. the 
backface. The correction to the overall analysis can be demonstrated for the case 
o~ Tp equal to 500° C. On figure A-1, the intersection point is la~eled_K a~d this 
gives the actual heat transfer through the panel. If the conduction line 1s then 
dropped to point L and then moved up to point M, .the heat transfer for the case of 
a uniform panel temperature is found, Because roughly half of the heat fa lost 
through the backface, the .overall change rn qNET is given by the following: 

8qNET 

qNET 

In this particular example, the fractional change comes out to 0.25. Thus, in 
this particular ~xample, the absorbed .heat flux required for long time ignition 
would actually be twenty-five percent. less than that predicted by equation 30. 
This kind. of correction process would get slightly more complicated if the panel 
had a backing layer of insulation. 

Figure A-2 shows the effect of changes in panel thickness on the backface heat 
loss. A thinner panel would result in a smaller correction factor to the ignition 
heat flux predicted by equation 30. 

A-1 



,..., 
...... 
l u 
t.il 
C./j 

N 
I 
::t: u 

..J 
w 
z 
~ 
c. 0 4 J: • 
C) 
:, 
0 
a: 
J: 
t­x 0.3 
:::, 
-1 
u. 
t-
ct 
w 
J:0.2 

6 = 0.25 inch 

500 

BACKFACE TEMPERATURE (°C) 
84-14-Al 

FIGURE A-1. EFFECT ON DEGRADATION TEMPERATURE ON PANEL HEAT TRANSFER 

A-2 



200 

T = 500° C p 

500 

BACKFACE TEMPERATURE (°C) 

FIGURE A-2. EFFECT OF PANEL THICKNESS ON PANEL HEAT TRANSFER 

A-3 

84-14-A2 





APPENDIX B 

THERMOGRAVIMETRIC ANALYSIS 

The polymer degradation temperatures listed in table 2 of the report are based on 
thermograms from the literature. The accuracy of ignition prediction from such 
data is dependent on the way the Thermogravimetric Analysis (TGA) is run, the type 
sample tested~ and the interpretation. For instance, the TGA is usually run wi.th 
the sample exposed to either. air or nitrogen. Sinc.e ignitability of panels deals 
with a lean limit environment, TGA data with air flowing over the sample should be 
most appropriate. TGA d.e:vices also often use relatively low heating rates like 4 
to 10" C per· minute, Since the analysis for panel flammability is for slow ramp-'­
type heating, the typical TGA heating rates should be appropriate. The TGA results 
are also affected by the following type sample effects: plasticizers in the resin, 
resin system ingredients, and differing panel plys. Vinylpolystyrlpyridine (VPSP) 
is a good example of these potential· effects. Vinyl is added to this resin system 
to attain capabilities of curing at lower temperatures. • The system also has 
bismaleimide as a major additional ingredient. Finally, TGA analysis of a VPSP 
facesheet would give a different result from a TGA analysis of a panel specimen 
including a Nomex core along with the VPSP. 

·The· interpretation of the data. also affords variations in the pyrolysis tempera­
tures used in the flammability analysis. The mass loss midpoint is the simplest 
to extract from a TGA curve, However, even this approach requires that th,e raw 
TGA curve be, available, or that the data be presented in that ·fashion. In the 
literature, the TGA data is actually reported often as the temperature of steepest 
weight loss or as a polymer degradation temperature derived from this slope. 

· Figure B-1 shows two hypothetical curves for materials which might have the s.ame 
mass loss mid-point denoted by m. Thus, Tm is the same for both. However, 
the temperature of steepest weight loss for material A differs from that: for 
material B. That is, Ta is not the same as Tb. The po'lymer degradation 
temperature (PDT) is defined as the inter.se► t ton of the steepest slope with the 
100 percent line. Figure B-1 clearly shows that PDTA is not the same as l?DTB. 
Because of the sensitivity of the heat flux needed for ignition t:o changes it1 the 
material ·decomposition temperature, this particular issue of data analysis becomes 
very important. Optimization· of this panel flammability analysis would involve a 
thorough evaluation of which pyrolysis temperature most effectively correlated with 
experiments on panel flammability. 

The remaining. figures of this appendix present the TGA curves actually employed in 

developing table 2 of this report. 
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	EXECUTIVE SUMMARY 
	EXECUTIVE SUMMARY 

	Improved fire safety characteristics of aircraft interior materials can be obtained from a combination of lowered flame spread rate, lowered heat release rate, and more stringent ignition characteristics. The latter is of significance because preventing ignition will automatically bring the flame spread and heat release rates to zero. 
	In a postcrash fire scenario, aircraft sidewall panels exposed to large radiative heat flux from external fuel thin the fuselage. When exposed to such radiant temperature will be counterbalanced by convective heat as well as by emission and reflection of radiant 
	In a postcrash fire scenario, aircraft sidewall panels exposed to large radiative heat flux from external fuel thin the fuselage. When exposed to such radiant temperature will be counterbalanced by convective heat as well as by emission and reflection of radiant 
	In a postcrash fire scenario, aircraft sidewall panels exposed to large radiative heat flux from external fuel thin the fuselage. When exposed to such radiant temperature will be counterbalanced by convective heat as well as by emission and reflection of radiant 
	and dividers fires and heat, the transfer to heat by the 
	are panel 
	potential materials s r in acent air surface. 

	This 
	This 
	analysis 
	relates heat 
	and 
	mass 
	transfer processes 
	to 
	basic 
	al pro
	-



	perties of typical aircraft panel materials to develop piloted ign1t1on criter The analysis demonstrates what magnitude imposed radiant heat flux is needed for ignition of a given polymer. Conversely, the analysis shows what panel thermo­chemical properties are required to prevent ignition for a range of imposed heat fluxes. 
	The analysis provides a technical framework for select ion of polymeric materials that could resist ignition under specified radiative exposures. 
	Figure
	INTRODUCTION 
	INTRODUCTION 
	PURPOSE. 

	The purpose of analysis is the development of a model that relates po material properties to ignitability. The model developed for an ideal test for ignitabi of large-scale aircraft honeycomb panels in a ve:rtical orientation. 
	Aircraft sidewall panels are resistant to tion from small energy sources as evidenced the requirement to pass a flammability test specified in FAR 25.853( Nevertheless, a multitude of documented test programs (references 1, 2, 3, 4, and 
	5) have conclusive demonstrated that raft panels can burn in a real t fire scenario. These test results are in keeping with fleet exper where aircraft have been destroyed from ramp fires, in-flight fires, and postcrash fires. 
	The reason that self-extinguishing panels can burn in an aircraft is the change in material exposure conditions. The process of involves evolution of flam­mable gases from a material surface with subsequent chemical reaction with oxygen from the surrounding Heat feedback from this gas phase combustion to the material must be adequate to continue the evolution of flammable gases. Other-
	e, the combustion region becomes starved of fuel and the fire s 
	Most polymeric material systems require more heat to evolve flammable gases than 
	own flame able to provide them, That is why they However, can burn when they get additional heat from or from a strong radiant source such as a large fuel fire. 
	Thus, more severe flammability tests involve subject the material s to some prescribed heat flux from an external source. Such tests are devised to measure such diverse flammability indicators as heat release rate, flame spread rate;, mass loss or gas injection rate, and time for tion. Nevertheless, these indicators will be affected by the external heat flux imposed in a particular test. If such a test were to be used for screening of materials, the external radiant heat flux would ay a or role in determini
	OBJECTIVE. 
	OBJECTIVE. 

	of the 1s is the determination of the radiant heat fluxes for ign1.t1on of a given polymeric system, and thereby, derive a relation-between the thermochemical properties of the polymer and the abil 
	ANALYSIS 
	ANALYSIS 

	CASE DESCRIPTION. 
	Figure 1 shows an idealized simple: test setup. Radiant heat is externally applied to one side of an aircraft panel. Some of this applied heat flux is reradiated and reflected from the panel. Some of the heat is transferred to a buoyant boundary layer of air on each side of the panel. If degradation of the panel constituents is occurring, some heat may be absorbed in endothermic material processes. The analysis of the test setup is quasi-steady, in that, a slow ramp-type growth in heat flux is assumed. Anot
	The overall energy balance for figure 1 can be written as follows: 
	qNET A = ~ (T-TB) A + hA (T-T) + mLp A (1) 
	0 

	0 where A 1.s the panel surface area on each side, q ET is net radiant heat flux absorbed by the panel, k is the panel , ~ 1.s the panel thickness, T is the panel surface temperature on the irradiated side, TB is the panel backside temperature, h is the conve,ct ive heat trans fer coefficient, is the ambient
	conduct1.v1.ty

	0 
	0 
	T


	temperature, m is the panel mass loss rate, and Lp is the panel heat of gasifica­tion per unit weight. If the panel is relatively thin, and the heating is slow, the panel will be assumed to be thermally thin within the context of the analysis in order to develop a first approximation. This means that the temperature is uniform across the panel cross-section and that the radiative and convective heat losses from the panel will be identical on each surface. This approximation will be examined further as to ac
	Thus equation 1 can be written as 
	(2) 
	(2) 

	and the net radiant flux can be further defined as 
	(3) 
	(3) 

	where qiNC is the incident flux to the heated surface, and 2qp is the radiation emitted from the panel itself, and qREF is the incident heat flux reflected by the panel surface. 
	Equations 1, 2, and 3 will be developed in such a manner that when the panel temperature meets the polymer decomposition temperature, T, a heat balance will be set up with the following characteristics. The material is exposed to a certain heat flux. The surplus incident heat flux over that lost by convection and radia­tion from the panel must be adequate to cause enough pyrolysis to form a flammable fuel air mixture in the panel boundary layer. 
	2
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	FIGURE 1. IDEALIZED TEST CONFIGURATION 

	Because the analysis is for large buoyancy forces and large gradients, the boundary layer can be shown to be turbulent. Application of this is to smaller laboratory tests might involve slight modification to the test so that the laminar boundary layer is tripped. 
	The actual polymer decompos temperature to be used in this type 1s needs some elaboration. A typical thermogram of a polymer of the type used in an aircraft panel is shown in 2. Such thermograms are relative common data 
	-

	from avimetric analysis. Generally, the or1 of the we: loss occurs within a relatively small temperature range of the order of 100 centi
	-

	degrees • there are a few exceptions to this. For the purpose of this analysis, might be chosen as the point of ten percent t loss, the point of steepes weight loss, or the where the weight loss is half the: total we loss. For this analysis, the latter definition 11 used as illustrated in figure 2. The literature on thermogravimetric ana sis and differential scanning calorimetry is also useful in obt the heat of is , for this analysis. 
	1 

	THE TURBULENT BOUNDARY LAYER. 
	The turbulent boundary layer must be characterized both for heat loss from the panel and for fuel air ratio. Figure 3 shows the type of , veloci , and fuel concentration ratios that might arise from a heated po ric vertical panel. In many boundary layer problems, the mass transfer is related to the velocity profile through a Reynolds analogy approach. However, because a natural ventilation boundary layer has a peak velocity (hence, zero veloci gradient) within it, a more traditional approach would result in
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	The following heat transfer relationship from reference 6 will be used 
	1/3
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	h =kg (0.13) Pr) 
	(4) 
	(4) 
	L 

	where h ~s the convective heat transfer coefficient, is the gas e thermal conductivi , L is the height of the vertical panel, Gr is the Grashof number, and Pr is the Prandtl number. In reference 6, the experimental observat is stated that for turbulent boundary layers on heated vert panels, the heat transfer per unit area is independent of height. This observation suggests that the pyro ~s rate will also be invariant with height. 
	The analogy between heat and mass transfer will be developed 1n the fol ng way using the nomenclature from reference 7. The approach is s ified in that the relations are for diffusion of a single fuel specie air. The turbulent diffusion of a fuel specie through the turbulent boundary layer is given as 
	t) 
	t) 
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	where JAy(t) is the molar flux, CA is the molar concentrat 1 ~s the turbulent 
	length, and vx is the mean velocity parallel to the wall at a distance y from from the wall. Similarly, the diffusion of heat is 
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	ion 7 can be and the term replaced by terms from the t gas law to get 
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	Thus, a turbulent analogy between heat and mass transfer allows the flammab specie concentration at the wall to be stated in terms of the empirical known 
	heat transfer rate. The s icance of equat 10 is further that CA must be raised to the lean limit concentration for the wall to be ignited a flame. Furthermore, in this is will be taken as the pyrolysis temperature and 
	will be taken as the ambient t To· 
	On a mass basis, the fuel air ratio 1s written 
	(11)
	(11)
	f 
	:::: 
	a 


	or the mean specie molecular we times the specie molar concentration d the density of air. At the wall, the air density can be written as 
	p = (12)
	RTP 
	so that equation 10 can be used to write the fuel aLr ratio at the wall 
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	(13) Pr)1/3 (
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	Now the lean limit for many rocarbons at 25 o C is in the neighborhood of 45 milligrams per liter. However, the lean limit is sensitive to temperaturE!. From reference 8, the fol expression might be used to lean limit ation with temperature on a volumetric basis in terms of degrees cent ade 
	(14) 
	(14) 

	can be rewritten on a mass basis for standard atmospher pressure as 
	f = 45 
	f = 45 

	~ -0.000721 (T-25"~ 
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	Thus, equation 15 can be related to equation 13 to show when the lean limit ll be reached. 
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	Although the Grashof number is temperature sens1t1ve, the terms equation 16 are specified by the pyrolysis temperature, thermal conductivity, Prandtl number, and ambient temperature. Use of the turbulent analogy leads to an explicit relationlding the mass loss rate of the panel required for piloted 1on. A 
	-

	of equation 16 shows this more clearly. 
	of equation 16 shows this more clearly. 
	[1 -0.000721 ( -298
	m== 

	17 1s the critical building block for finding the heat flux for 
	ignition. The factor 45/1184 will be carried explicit because a more accurate lean limit parameter could be chosen species of a polymer were specific known. 
	ENERGY BALANCE. 
	ion 17 relates the mass flux from the surface to the fuel a1r concentration needed for loted ion. To generate this mass flux, there must be enough heat input to the material to pyrolyze the material at the appropr e 
	ion temperature accord to equation 2. Using equations 2 and '+, the mass loss rate can be written as 113
	( ) (0.13) (Gr Pr) (18) 
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	This is for the case where within the context of the problem, the panel is considered uniform in temperature. A more complex approach would lve dis ion in the panel, which case equation 18 be rewritten as 
	-

	• qNET 1 
	) (0.13) (Gr Pr) 
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	where k is the thermal conductivi of the panel, o is the s, and 1s the panel backface temperature. Equating ion 18 to 1on 17 leads to 
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	The left side of equation 20 is the net heat absorbed by the paneL The t hand side of equation 20 includes the radiation emitted from the panel surface and this term is icit written as follows: 
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	where 1.s the emissivity of the panel surface and is the Sefan-Boltzmann constant. Comb equation 20 and 21 allows def wn of the heat flux from an external source needed for piloted ion of a panel 1s 
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	For the purpose of this analysis, will be taken as 0.7. However, information on at pyro is temperatures for po ic systems is scarce. It should also be noted that in real test , as the specimen heats up and feedback to the external heat source • that heat source may get hotter and increase the 
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	CALCULATIONS. 
	Use of equation 22 to calculate the external heat flux to allow p ed 
	ion is predicated on the knowledge of the Grashof-Prandtl number grouping as a function of temperature as rlilell as knowledge of the gas conduct , speci heat, and the heat of pyro 1s. The total expression for heat transfer per unit area is given 
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	where p is the air dens • g 1s the gravitational constant, a is the expansion coe ient, and J..l is the viscos The var that are ature dependent will be selected at the middle of (T + /2; will be identified as The expansion coefficient S is s imp~y 1 From s kinetic theory, the viscos will be taken as 
	ll ::::: 
	ll ::::: 
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	and the thermal conductivi 11 be taken as 
	(26) 
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	From the perfect gas law, the density is simply 
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	Using 1ons 24, 25, 26, and 27, equation 23 can be written as 
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	The actual values for use I.n equation 28 are as follows: = 602xlo-7 cal cm-oK-1 
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	where 293° K (20° C). With the use of equation 29, equation 22 rewritten as 
	-(T -T ) 4/3 = 2 EaT4 + 0.0968 xlO p {2
	qNET 
	p
	2 
	0 

	(Tp+T) 
	(Tp+T) 
	0 

	(30)
	45

	+ 1184 
	[1-0.000 721 (Tp-298)] Cp Tp 
	[1-0.000 721 (Tp-298)] Cp Tp 



	1\~=1 
	1\~=1 
	With equation 30, all the terms needed to calculate q are identified. The heat of pyrolysis will be taken as 200 cal/g although ~Elriumber like 400 to 500 cal/g might be more common among aircraft panel components. The analysis will show that the panel flammability is not too sensitive to such changes in heat of pyrolysis. Table 1 shows the values of the terms in equation 30 along with a function of Tp. On the right hand side of equation 30, the first term panel surface radiative loss, the second term is th
	1.5
	1.5
	-

	1.4
	-

	1 1.3-' 
	.,. 
	u 
	UJ 
	1.0--, 
	"' 
	N 
	::;: 
	u 
	0.9~ 
	0.9~ 
	"' iso 0.8X ::;, ..J u.. 0.7~ 1<( I.U 
	..J 
	-
	i 
	-

	:r 0.6-' z 0.5z 
	0 
	i 
	E 
	-

	Q 
	0.4--i 
	0.3-' 
	I 
	I 
	0.2....: 
	i I
	0., _... 


	o.o4-
	o.o4-
	-

	100 
	200 300 400 500 600 100 
	DEGRADATION TEMPERATURE ( C} 
	FIGURE 4. IGNITION HEAT FLUX 
	TABLE 1. VALUE OF TERMS 
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	DISCUSSION 
	The most salient features arising from equation 30 and table 1 are the ance of panel reradiation and pyrolysis temperature. In the overall energy balance) the energy required to generate the flammable fuel-air mixture is is much less than the energy needed to balance panel reradiation. This suggests that advanced fire res tant panels need a large In the analysis, of the panel surface was icitly treated wi the radiant source term. the 
	) the reflectivities at decompos ion temperatures are not well known. Reference 9 uses values of Sl.Vl. and reflect of 0.87 to .0.72 and 0.15, respectively, for thermochemical analysis of an aircraft panel. In the case of the reflectivity, the incident heat flux is related to the defined absorbed heat flux by 
	Sl.Vl.ty

	(31) 
	or 
	(32) 
	where a = 1 -8 and 8 is the reflectivi A highly reflective surface would result in decreased ignitabili Further sophist ion of this quasi-s analysis would involve specific lusion of the thermal conduct of the panel. Appendix A addresses this complication. 
	The soundness of the overall is would best be assessed by appropriate experimental data.. Table 2 al po a­tures for materials used in current or proposed aircraft panels as well as the heat fluxes for piloted ignition from figure 4. The data in table 2 are taken from the thermograms in references 10, 11, and 12. One di encountered searching for appropriate flammability data is the fact that test materials are generally described generically (epoxy, phenolic, etc.) rather than manufacturer specification numb
	Figure 4, in conjunction with table 2, leads to a s icant conclus s t ignition under an imposed heat flux of 5 watts cm-2 or 1.19 cal the polymer decomposition temperature must be at least 560" C. Only po 1s clearly beyond this point. What figure 4 further shows is that the the polymer degradation temperature, the greater al improvement in flammabili behavior will occur with a given increment in po r decomposit temperature. This is due to the ed role of surface rad ation at the h specimen surface temperatur
	-

	The significance of the 5-watt cm-2 type flux arises from documentation of heat flux from large external pool fires through fuselage ified in reference 13. Because the heat flux to the fuselage skin is 15-watt cm-2, large heat fluxes are involved in material exposures within the fus near the opening. Thus, test methods, that use lower fluxes like 2.5-watt real do not reflect the environment found in a postcrash fire. 
	TABLE 2. PYROLYSIS TEMPERATURES AND NET HEAT FLUXES ( FROM APPENDIX 
	Material 
	Fiberite MXB-7203 500 3.8 
	Phenolic Narmco 8250 570 5.1 
	Fibredux 917G 500 3.8 MXB-6070 530 4.3 MXT-6032 530 4.3 
	Bismaleimide Hexcel 531 550 4. 7 Rhodia Kerimid 601 620 6.3 
	idine 560 4.9 
	620 6.3 3062 620 6.3 
	addresses panel tabili Two other flammabili aspects, and heat release rate, are not included. While reference 14 shows between ignitabili and flame spread, the total heat 
	release of a panel at a incident radiant flux is affected other mater 
	These parameters may lude the dens of the panel, the volatile mass fraction, and the calorific values of the volati The rate of heat release will also be affected by the panel of insulat Transient heat transfer ay an ant role in the time of the heat release rate. 
	-

	What the quas is of aircraft panel flammabili yields is a conserva­panel materials for various locations as a function of exposure conditions. The is conservative because those described in reference 14 show that more and more heat flux 
	ion as the material heat rate is increased. Thus, the is represents a worst case condition 1n That is, are needed to attain piloted 1on in shorter time. 
	The dominant role pl by radiative heat transfer has some significant l.ca­tions. The first has to do with char-materials. While it has been correct postulated that these materials offer improved heat release characteristics due to both decreased evolution of volatiles and of an at char layer, s 1.n abili have been less However, char deve the material surface emissivi and 
	-
	-

	loted ignition could involve a different incident heat flux even tion remains unch The other aspect of the of radiation has to of ignitabili of horizontal or off-vertical surfaces. Because the convective heat transfer becomes such a small portion of the overall heat transfer dur of materials with high degradation atures (500° C and h ) , the is developed here is probab applicable to a 
	approximation, regardless of the material orientation. Thus, given a postulated radiant exposure for a given fire scenario, materials could be selected rational based on thermal degradation characteristics. 
	Finally, should be noted that the conduct correction of appendix A results 
	in a twenty-five percent lowering of the incident heat flux for ignition. Inclu­sion of the reflectivi icit in the analys would raise the incident heat by twenty-five percent from the defined net absorbed heat if the reflectivi were twenty-percent. Thus, to some degree, these refinements counterbalance one 
	another. 
	CONCLUSIONS 
	A quasi-steady analysis of aircraft panel leads to an ion relating polymer degradation temperature to applied heat flux for The analysis results in the following conclus 
	l. Use of panels with h polymer degradation temperatures fire-worthiness. 
	2. Radiative heat transfer is the dominant energy transaction that controls the tabili of state-of-the-art honeycomb panels. 
	3. The higher the polymer adation temperature of a panel, the less s cant is the heat of pyro is l.n £1 lity. 
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	APPENDIX A CONDUCTION HEAT TRANSFER 
	To investigate the effects of wall conductivity on the deve of ion 22 must be modified to handle a backface In this manner, equation 22 becomes 
	::::: E: IJ
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	The s state heat conduct the wall must be to the heat lost from the back wall by convection and radiation. This can written as follows: 
	k ( ( (0.13) (Gr Pr) 1 )
	I
	B
	L 
	where k is the panel thermal conductivi 6 is the panel thickness. panel conduct ties are not well establ the described in reference 15 could be used here. From this type be expected to have a thermal conductivi of 0.437 w/m °C. be nominal 
	inch thick. The r and left be ther as a function of as shown in f the panel conduct terms for various values of Where a $tr line intersects the wall loss curve will identi the uilibrium backface• 
	This intersection also marks the total heat the The correct to the overall is can be demonstrated for the case to 500" C. On f A-1, the intersection labeled K and this heat transfer the If the conduct line 1s then to L and then moved up to point M, the heat transfer for the case of form panel ature is found. Because half of the heat is lost 
	backface. the overall 1n the fol 
	1 
	) 
	In this particular example, the fractional change comes 0. 25. Thus • 1n this particular example • the absorbed heat flux t would actually be five percent less than This kind of correction process would get s l t icated if had a b layer of insulation. 
	F A-2 shows the effect of changes panel thickness on the backfac:t:o heat loss. A thinner panel would result in a smaller correct factor to the 1on heat flux ed by equation 30. 
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	APPENDIX B 
	THERMOGRAVIMETRIC ANALYSIS ( 
	The polymer degradation listed in table 2 of the are based on 
	ams from the literature. The accuracy of ion from such data is dependent on the way the Thermogr Analysis is run, the l_S usual run th the s exposed to either air or rogen. S abili of panels deals 
	s e tested, and the ation. For instance, the TGA 

	th a lean 1 t environment, TGA data with air f should be most appropriate. TGA devices also often use relative low rates like 4 to 10" C per minute, Since the analysis for flammabil 
	heating, the typical TGA heating rates should be appropr are also affected by the following s effects: ast res • resin system ingredients, and differing panel (VPSP) 
	a example of these ial effects. is added to this resin system to attain c lit of curing atures. The system also has bismaleimide as a major addit Final TGA of a VPSP facesheet would a different result from a TGA is of a panel specimen includ a Nomex core along with the VPSP. 
	The ation of the data also affords variations in the is tures used in the flammability analysis. The mass loss the s to extract from a TGA curve. However, even this that the raw TGA curve be available, or that the data be presented in that fashion. In the 
	• the TGA data ly reported often as the t loss or as a polymer degradation t from 
	B-1 shows two hypothetical curves for materials t have same mass loss mid-po denoted by m. Thus, is the same for both. However, the ature of steepest weight loss for mater A differs from that for material B. That is, Ta is not the same as The p 
	(PDT) is defined as the t the s s 100 percent line. B-1 clearly shows that is not the Because of the sensitivi of the heat flux needed for mater decomposit temperature, this part very important. Opt at of panel fl 
	ion of which pyrolysis temperature most effective correlated experiments on panel flammability. 
	The of appendix the TGA curves actual in deve this 
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