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| EXECUTIVE SUMMARY |

Improved flre safety Lharacterlstlcs of alrcraft xnterlar'm terials éan'be obt ained ; 
from a gombxnatxon of lowered flame spread rate, lowered heat release rate, and’

&

fmore strlngent ignition charagterlstlcs.  The latter is of s gnlflcamce because[
'f,preventing lgnltlon w111 automatlcally brlng the flame sprea,,anu heat,release
rates to zero. = , , : :

In £ postcrash fxre scenarlo, alrgraft 31dewa11 panels and lelders are'petentlaily ""

within the fuselage. When exposed to such raalant heat, the pamel s rise in
~temperature w111 be counterbalanced by convective ‘heat transfer to the adjac€ni air
as well as by emlsszon and reflectlon of radlant heat bk the panel surfaue, 

Y

he analysxs demonstrates what magnltude 1mposed radlant heat flux s neede}
~ignition of a glven pelymer‘ Conversely,~the analySLS shows what panel thermo~i

chemical propertles are requlred to prevent 1gn1t10n for a range ofmmmposed heatm ,
fluxes. s : : i o

. The analysxs pr0v1des a technlcal framework for selectlon of polymerlc materlals
“that could re51st Lgnltlon under spec1f1ed radlatlve exposures. ~







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 1gn1tab111ty of 1arge~scale aircraft honeycomb panels 1in a vertical
orientation, , ~ G L ~ . o '

BACKGROUND.

Adircraft sidewall panels are resistant to ignition from small energy sources as
evidenced by the requlrement to pass a flammability test specified in FAR 25.853(a)
Nevertheless, a multitude of documented test programs (references 1, 2, 3, 4, and
5) have conclusively demonstrated that aircraft panels can burn 1n 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 materlals
or from a strong radiant source such as a large fuel fire. ‘

Thus, more severe flammablllty tests 1nvolve subJecthg the materlal sample to some
prescribed heat flux from an external source. Such tests are devised to measure
such diverse flammablllty 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 1mposed in ‘a particular test. If such a
test were to be used for screenlng of materials, the external radiant heat flux
would play a major role in determining what polymeric material systems could
successfully pass the screening. Thetefore, there are cogent reasons for studying
the relation of radiant heat flux to ignitability of polymeric systems from a more

fundamental point of view. ' ‘ :

OBJECTIVE.,
The obJectlve of the analyals is the determination of the radiant ‘heat: fluxes

required for 1gn1t10n of a given polymerlc system, and thereby, derive'a’relationﬁy
ship between the thermochemical properties of the polymer and the ignitability.



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 4 state where the polymeric contents can degrade and outgas
flammable species. +The analysis includes the relatlonshlp of the concentration of
these species to the lean limit of flammablllty , ;

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

Qg A ='% (T-Tg) A + hA (I-Tg) + m Ly A . ; (1)

where A 1s the panel surface area on each side, q is net radiant heat flux
absorbed by the panel, k is the panel conductivity, g 1s the panel thickness, T is
the panel surface temperature on the irradiated side, Ty is the panel backside
temperature, h is the convective heat transfer coefficient, T, is the amblent
temperature, m is the panel mass loss rate, and L, is the panel heat of gasifica-
tion per unit weight. ~If the panel 1s relatively thin, and thée 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 accuracy (appendix A). '

Thus equation 1 can be written as

Qupr = 2 h’(T—TO),+ m Ly, + 2qp (2).

and’ the net radiant flux can be further defined as

et~ Yine T IReF (3)
where 91yc 1s the incident flux to the heated surface, and 2q, 1is the radiation
emitted from the panel itself, and qppp 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 radia-
tion from the panel must be adequate to cause enough pyrolysis to form a flammable
fuel air mixture in the panel boundary layer.
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. THE TURBULENT;BOUNDARY LAYER
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Beuause the anaxysls is for large buoyancy forges and large temperature grad ents, S
the boundary layer can be shown to be turbulent. Appllcatlsﬂ of this analysis to
smaller laboratory tests mlght lnvolve sllght mOdlflC&thﬂ to the test 80 thaf the
laminar boundary layer is trlpped R - ‘

The actual polymea decomp031tlon temperature to be used inthis type ana1y81c needs
'some elaboratlon;, A typlcal thermogram of a. polymer of the type used in an air-
~craft panel i hown in figure 2. ‘iSuch thermograms:are relafively commcn data
outputs fram ”hermograv1metrlc analySLS Generally,~ e~ma30r1ty of the welght
loss occurs withis f the
grade degree: ot
“this ana1y31s, Tp Lt
point of steepest welght loss, or the p01nt where the welght loss
welght loss.u For this analysis, the latter deflnltlon will be used as
in flgure 2y The llterature on thermogravxmetrlc analysis and dlfferamtlal
scannlng ca orlmetry is alsoyuaeful in obta;n;ng:the‘heat of pyrolysis, Lp; for
thls analysxs‘ B gaRE e S s

The turbulent boundary layer must be Lharaaterlzed both for heat loss frem the~_" 
panel and: for fuel air ratio, Flgure 3 “shows the type of temperature, veloc1ty,‘r‘?
and fuel concentration ratios that might arise from a heated polymerlc 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 velogi’ty"(hence3 zero velocity gradient)
within it, a more traditional approach would result in zero mass transfer at the
velocityfpeak fTo ¢ircumvent this problem, the mass transfer will ‘be ‘tied ‘to
empirical relat ons that descrlbe the heat transfer from vertlcal surfaaes.:m .
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 Tﬁe fdllowing h"ét transfer»rélationshipgfrgm referehééf6 will‘bé“qsed 

h = k (0 13) (Gr Pr)

as phase thermal!,
and

usmng the nomenglature from reference 7. The approauh is si pllfled in that they;k,/
frelatlons are for dlfoSlOn ‘of A SLngle fuel specie through air, The turbulent,“” 

fuﬁlon of & fuel spec;e tnrough the turbulent boundary layer is glve'

dY fi;

kdy

flux, CA 1s the;molar Foncentratlon, 1 is *he turbulentfif
, 1lel to the wall at a given dlstance
v fram fram the wall Slmllarly, ;hgﬁdlffus;on _yﬂheat is glven by ~ G

g o

: fﬁquatlon 7 can be rearranged and the term replaced ﬁj‘férmé from"the'perfect;gaé'
@law to: get o : . S i
: (i:)

O
o
s
0?




;fDurlng pyroly51s JA (t) is. the mass: loss rate of th  ¢anel lelded by the averigé:
 molecular weight og the outgasing spec1es and qy;t) is known from equatlon”a'
?Thus, equatlon 9 can be wrltten as - s ~ e e e

.8 L

Ré (9f135a?¢rréf)%{g-iiéf*ff% ) 7 ff'ﬁﬂ

 §‘Thus, /a tufbﬁieﬁt analogy 'between heat and tnass ‘transfer allows ;the £lammahleg; s

specie concentratlon at the wall to be stated in terms of the .emp o
o heat transfer rate. The 31gn1f1cance of equatlon 10 is. further that!CA wfmust be 

raised to the Iean limit. concentratlon for the wall to be 1gn1ted by a pllot flame. o

Furthermore,:ln thzs analysxs T will be ‘taken as the pytalySLS t@mperature To and:

Ta>Wlll be taken as. the amblent temperaiure To i § = e Hr?'mf

On a'massfbasrs,:the;fuel a;ruratlo;ls‘wr;ctenagsf

'   f‘;”fMI6A,4* ;  Lkli}if£
g e

oL the me an: spec1e malecular welght tlmes the speCLe molar goncentratlon lelded by7f3
~ithe den31ty of air. At the wall the air . dens;t‘ : :

| s
Cp= -
o QQIURTP

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

ST B ;fj, . i  /k ?T, f“ ffY:
:  : kg SO i3) (GT Pr) (pr“ TO)?;

Now the lean 11m1t for many hydroearbons at 25 C is in the nelghbcrhosd of 45,f,5,"

E ~m1111grams per liter. However, ‘the lean limit is senSLtlve'to temperature Fromff f'

veference 8, the follow1ng expre3510n mxght be used. to typlfy lean limit varlatlon'
*thh temperature G a volnmetrlc basxs in terms af degrees centlgrade

: Lt:.._ L25° {l ”O ‘000721(T“250>] V : : (14} ‘ :

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

éS;
V:Thus, equatlon 5 can be related to equatlon ¢3 to show wheq the lean llmlt wlll be'
reached, ' ; : i , o = S

mhﬁ

pf4“0.000?21*(T~25°4«~;;f*~*

45 [1 - o 000721 (I ~298‘*K}]%
1184 S

“=ﬁLCp% o o F@(gg}k

(O 13} (Gr Pr) (T =

7:(16) L




Although the Grashof number is temperature sensitive, the terms in equation 16 are
specified by the pyrolysis temperadture, thermal conductivity, Prandt]l 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.

1/3 '
kg (0.13) (Gr Pr) (T5-T,) 45 [1 - 0.000721 (T,-298°K)]

: T\ 1184
L CPfT 1n {( P)} o
P T :
\ *o

Equation 17 is 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 1if 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 4, the
mass loss rate can be written as

. . .

; |
oo mEr g (o7 (0.13) Cer o)t
. : 1

: 0 LL

Lp P b
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 non-uniform
temperature distribution in the panel, in which case equation 18 would be rewritten

a8

9 k
s Mg (r 1) (0.13) (6r pr)t/3
L Ly b - -
D : (19)
= K (T >T.) = 9p - 48 '
e p.-B7 T T
5Lp LP Lp

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

9NeT = 29p *

1/3
e (T,-T,) (0.13) (6r Pr) {2
L , - (20)
il ot
+ 1184 P

[1 - 0.000721 (Tp~298°x)]}-,
Cp T, ln (T,/T,) , ,



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:

4 | ' - (21)

qp = EUTP

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 EGTP4 +

| 1/3
S8 (1,-1,) (0.13) (6r Pr) / {z,
L

(22)
A L
+ 1186 P o
: : 1= 0.,000721 (Tp-298°K)]}
Cp Tp In (TP/TO)
For - the purpose of this analysis, will be taken as 0.7. However, information
on at pyrolysis temperaturés for polyméeric 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 specimén. ~ This analysis assumes that the external heast
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. = Thé total expression for heat transfer per unit
area is given by

1/3
q = k& (0.13) (Gr Pr) (Tp"To) : ’ ’ (23)
- 1/3
- 3 :
where . c, 028 B(TP—TO) L (24)
’(Gr Pr)l = wkg

where p is the air density, ‘g i1s the gravitational constant, § is the expansion
coefficient, and u 1is the viscosity. 'The various properties that are temperature
dependent will be selected at the middle temperature of (T, + T,)/2; which will
be identified as Typ. The expansion coefficient g is simpgy 1/T,. From simple
kinetic theory, the viscosity will be taken as



T : ‘ (25)
and the thermal conductivity will be taken as
g “go |\l T, |

From the perfect gas law, the density is simply

T (27)
0= .....9... pO
Ty
Using equations 24, 25, 26, and 27, equation 23 can be written 4s
2/3  2/3 1/3 (1,-1,) 4/3
g = (0.13) kg £ T 176 ( Cpg) by (28)
5 -
Hg Tp+To)l/2
: 2
The actual values for use in equation 28 are as follows:
ko = 602x1077 cal em™! sec™! 9kl
uy = 1851 x 1077 & cm !l gec”!
Cp = 6.973 cal g—mole"l o1
Po = 0.00121 g cm™3
With the use of these values, ‘equation 28 can be written as
(T,-T,) 4/3
P2 (29)

= 0.0968 x 1072
. (Tp*T,) 172

where T, is 293" K (20° C€). With the use of equation 29, equation 22 is rewritten
as

L (pym1y) 43
dngr = 2 €0 T4 + 0.0968 x10 2 _P O )
(T,+1,) 1/2

L 45 L (30)

1184 P (}—0.000 721 (Tp—298)]

Cp Tp In Tp
Ty




With equatlon 30, 'all‘ the. terms needéd‘ to calculate. q E,;,are identified.  The

heat of- pyrolysxs w111 be taken as 200 Lalfg although ‘@ number like 400 to 540
, Lal/g might be more common among alrcraft panel csmponents., The analyols will show ,
that the panel flammabxllty is not too sensitive to such changee anm heat of

‘pyrolysis. Table 1 shows the values of the t&rms in equation 30 along wlth Gy as

~a function of T “On the r:ght hand 51de of equatlon 30, the first term 1§ the/

panel surface radlatlve loss, the second term is the wall turbulent convectlve heat
. loss, and the last term 1is the heat anclved in pyrolyzlng enaugh vapor for a
‘f,flammable mlxture Flgure 4 is a graph cf the values fcund in table 1
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TABLE 1. VALUE OF TERMS

T 2eaTyy102 2 q,x102 . qyx102 2q, * qy Y 1,
(k) (cal em 2 secl)  (cal em? sec!) (cal cm 2 secl) (cal cu? sec”l) (cal sec”lem™2) (°c)
393 4.525 3.44 .658 .0400 . .083 120
418 5.791 4.54 .66l .0520 21099 145
443 7.306 5.68 : .658 .0634 .1365 170
468 9.100 6.86 ~ .650 .0751 .1661 195
1493 11.206 8.08 .641 .0872 - .1993 o 220
518 13.658 9.30 . .628 .0993 . .2359 245
543 16.492 : 10.54 . .613 1115 - .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
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cusszon

. The most sallent fpatures arlslqg from equatlon 30 aqd table 1 are. the 1mportance;*"
of panel reradlatlon and. pyrolysas ‘temperature, In the overall eneray. balance, the
kenergy requlred to. generate ‘the flammable fuel-air mlxture through pyr01y51s 157* 4
cmuch less than the energy needed to balance panel reradlatlon This suggests that';f

k“advanced fire re51stant panels need a large T In the analy51s reflictLVLty of

the panel surface was 1mp1xc1tly treated thh the radlant -source term. Like the
yfem1881v1ty, the reflectivities at decompasxtlon temperatures are not well known.?*

Reference 9 uses values of em1331v1ty and reflectivity of 0. 8; to 0,72 and 0.15,
, respectxve1y, for thermochemlcal analysls of an aircraft panel. In the case of thef‘
'/reflect1v1ty, the lnCLdent hedt flux is relateﬁ to the prev10usly deflned absorbed””

1heat flux. by . ' : S . S , e

EqNET #'G”qiﬁé  U;:'  ”:   ;  " ~p:i f;'  H  *57n;f(3ﬁ)}},I
”where a %7'l'~ 8 and 3 1s the reflect1V1tyv; A hlghly reflectlve;surface would ¥

;result in decreased 1°n1tab111ty

'””Appendlx A addresses thls compl1cat10n

: The scundness of the overall analv51s would best be assessed by comparlsone w1;h/”
 *appropr1ate experlmental data‘ Table 2 glves typlcal polymer degradarlsn tempera
';tures for materlala used in current or proposed ‘aircraft . panels as well as ‘the
heat fluxes for: plloted lgnltlon from f}gure 4. The data in table 2 are taken7 
from the thermograms in references 10, 11, and 12 One dlfficulty encountered in
searching for approprlate‘flammablllt} data is. ‘the fact that test materials are
generally described generxcal}y {epoxy, phenollcg ete, ) rather than by manufacturer

',speclflcatlon number‘: As is evidenced in appendlx B, 1arge varlatlons ﬂn;m

decomp051t10n behﬂVlOr can be ev1denged by dlfferent epox1es, dlfferent phEﬂGllCS
_~€tC - : : e : Cele s : :

:[Figure 4, in conjunctlon w1th table 2, leads to a‘significaﬁt cbhrlusibn.’ To with~
stand 1gn1t10n “under Jan’ 1mposed heat flux of 5 watts cm 2,0r 1.19 cal cm 2 secT 1;Uf

 f‘the polymer decomposition temperature must be at least 560° C. iny polylmlde is

,‘clearly beyond this pclnt., ‘What figure 4 further shows is that the hxyher thqu;:'
- polymer degradatlon l:emperatures the greater 1ncremenral 1mprevement in flamma-
bility behav1or will occur w1th a given 1ncrement in polymer decomp031t10n i
temperature ~This is due to‘the 1ncreased role Gf surface radlatle ~at the higher
~apec1men surfave temperatureé” : 4 : S

fTbe 51gn1f1cance of the 5“watt cm’ 2 type flux arlses from documentatlan of heat’k‘n
flux from large external pool fires through fuselage openlngs Sas. quantlfied

. reference 13. Because the heat flux to the fuselage skin is approx1mately l5~watt~"

“cmfz, ‘large heat fluxes are involved in material exposures within the fuselage'
near the opening. Thus,,test method”afthat use. lower fluxes llke 2 5-watt cm
> really do not reflect the env;ronment found 1n a postc:ash flre - :
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TABLE 2. PYROLYSIS TEMPERATURES AND NET HEAT FLUXES (TP FROM APPENDIX B)

Tp g : : : qNET

Material (¢ v cm™2)
Epoxy : , .

Fiberite MXB-7203 . 500 3.8
Phenolic

Narmco 8250 270 5.1

Ciba~Geigy Fibredux 917G 500 3.8

Fiberite MXB-6070 530 4.3

Fiberite MAT~6032 530 4.3
Bismaleimide L

Hexcel 531 550 4.7

Rhodia Kerimid 601 ; 620 6.3

Vinylpolystyripyridine 560 4.9
Polyimide

FN 308/7-11A 620 5.3

Dupont Pyralin 3062 620 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 dgnitability and flame spread, the total heat
release of a panel at a given incident radiant flux 1s affected by other material
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
quasi-steady 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 absorptivity,
piloted ignition could involve a different incident heat flux even if the degrada-
tion temperature remains unchanged. The other aspect of the dominance 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 ignition of materials with high degradation temperatures
(500° C and higher), the analysis developed here is probably applicable to a good

13
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”radlant exposure for a glven flre scenario, materlels could be selected ratlonally,

based on thermal degradatlon chataeterlstlcsr

_ CONCLUSIONS

‘1gn1txon.f The analy51s results ‘in the follow1ng cenclu31onsg
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: APPENDIX A
1 CONDUCTION HEAT TRANSFER
“To lnvestlgate the effeuts of wall condubt1v1ty on - this analysxs, the develepment

k‘,of equatlon 22 must bhe amdlfled tc handle a backface temperatuve Tg. In this £ o
- manner, equatlon 22 becomes ‘ : ; e

 ,qNETa%»§ﬂq[T o fBél -

- kg- (TB"I ) <0 13) <cr Pr) XB%g;iji, e ;u1(3f1§f    
fFég"(Tprc) (G;l3)~(Gf Pr);13,§l + 1184 P [1 5 90&721 | } i
R e - - (r, ~298
' - Cp 1y In (1,/T, b L 4] i

‘_‘The steady state heat canductlon th:ough the wall must be equal to the heat lostﬁ_ o
from. tha~back wall by Lonvegtlon and radlatzon Tnlskcan wrxtten as fe*lows .

B \ ’ R 2 /3 S :
: ‘%;(T?"’TB) = ea-,T,B',f,' * T&:(TB_»I;O} (o,;;a} (er 0y '“{‘A*‘,‘?,- .

‘f ~where k is the panel thermal conduct1v1ty and § is the panei thlcknecs. Although
' :panel conduct1v1tles ~are not well estahlzshed the approach descrlbed in reference

: ,15 could be used here. From this typg analySLS, a panel might b@‘expected to haV@:;jwﬂ
. a thermal conductxvxty of 0.437 wfm °C. A typical panel might be nominaliy one-

k quarter ‘inch thick. The rlght and left hand sides of equation A~2 can be ptettedf 
,‘cogether as a functlen of: TB as is. shown 1n flgure A—l‘f,The left runnlﬁg linas o
represent the panel conductlon terms for various values of T,. Where a straight .
caoline 1ntersects the wall loss curve will 1dent1fy the equlllbrlum backfau
'_ temperature Tq. Thls 1ntersect10n also: marks the total ‘heat output thraugh the
backface. The correctlon to the overall analysls can “be- demonstrated xor the g
of T equal to: 500 ‘C.. On flgure Awl, the 1ntersectlon point is labeled K and thls .

;glves the actual - heat transfer through the panel . If the conduction line is thpn;" ,
dropped to poxnt L ‘and then mOVed up to poxnt ‘M, the heat transfer for the case of

a unlform panel temperature is found. Because roughly half of the heat 1@ 1Gs&ff
_kthrougn the backfage, the overall change in qNET 15 given by the fOllOWlng -

‘L,NET‘,?‘ 1/2;(1s~ Egﬁ),a o f:;.'f,,(Aég}’

gln thlS partlcular example,kthe tractlonal change comes OUt tok 25;; Thus3 in
this particular example, the absorbed heat flux requ1red,for long time 1gn1t10n7‘
would aatuaily be twenty~f1ve percent less than that predicted by equatlan 20.

'Th;s ~kind of Lorrectlon process would get sllghtly more campllcated if the paneiﬂg

ki 3had ar backlng layer of lnsulatlon

kFlgure A~2 shows the effect ef Lhanges in panel thlckness on: the backfaCQ heat',,
~ loss. A thinner panel would result in & smaller aarrectlon factor to ‘the 1gn1t1®nxf"
"heat flux predxcted by equatlon 3O : : o
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APPENDIX B

THERMOGRAVIMETRIC ANALYSIS (TGA)

/YﬁThe palymer degradatlon temperatures llsted in table 2 of the report are based on
7thermograms from the 11terature. - The- accuracy. of‘lgnltlon predlctlon from suchﬁ 
ata is dependent on the/way the Thermagrav1metr1c*é alysis (TGA) is run,'thef .
ample tested - and the i rpretatlon  For instance, the TGA is usually run :
8 i or nltrogen Slnce 1gn1tab111ty of panels &eals

‘WLth a lean limi nit s
most appreprlate, TGA devices also often use relatively 1ow heatlng rates 11ke 4 o
~ to 10° C per mlnute ' alnce'the anaLy31s for panel flammablllty 1s for slow ramp~;“ o
,_:tvpe heatlng, the typical TGA heatlng rates should be appropriate. The TG X S

~ are also affected by | ,\e f011ow1ng type sample effects: glastlelzers in t eir831ﬁ;t”"“‘
‘~Vfr331n system ingredients, and dlfferlng panel plys.k}Vlnylp@lystyrl?vrldlne (VPSP) .

is a good example £ these potentlal effects., Vlnyl is. 3dded to this resin sys*em,*

oo to attain capabi ties of curing at  lower temperatures, "The system also has
9dfblsmale1m1defas major additional ingredient. Finally, IGA analysls of a VPSP

: ]facesheet would glve‘a dlfferent result“from a. TGA analy51s of a paﬁel speclmanﬁ

pyrolysis tempera-
The mass loss midpoint is the simplest

However, even this approachﬂ"equlres that the raw
or that the data be presented in that fashlon,[ In the'

o mass 1055 mld~p01nt denote,jby m; Thus,‘Tm is the same ior both. However,
the temperature of steepest we1ght~ loss for materlal A d1ffers fr@m that fo

material B, That 15, T, is not the same as Ty. The polymer degraddtlﬁn,ﬁ&
:temperature (PDT) is deflned as the 1ntersact107’of the steepesi slope with the
100 percent line.  Figure B-1 clearly shows  that PDTA is not the same as PD?B‘f
:Because of the sen31t191ty of the heat Flux mee&ed for: lgnlt&cﬂ to changes in the
:materlal decomposxtlon temperature, thls partlcular ‘issue of data analysis becomes
very important. Optimization of this panel flammablllty analySLS would involve a
thorough evaluation of which pyroly31s temperature most effectlvely uorxeiated w1tn , E
' ;ﬁexper1ments on. panel{‘lammablllty,, L : o '

4 ' fThe remalnlng flgdres of thls appendlx present the TGA curves actually employpd 1n;-
, deve1op1ng table 2 of- thlS reporta el ~ s ~
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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 
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	potential materials s r in acent air surface. 
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	to 
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	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
	100+--------------
	100+--------------
	-

	-~----
	-·-
	-

	Y . I 
	p-2 
	80 
	:£' ~ 
	:£' ~ 
	:£' ~ 
	60 
	Yr 

	w 
	w 

	::;) 
	::;) 

	0 
	0 

	(.ij 
	(.ij 

	w a: 
	w a: 
	40 

	1
	1
	-


	J: 
	J: 

	52 
	52 

	w 
	w 

	:;:.: 
	:;:.: 

	TR
	20 


	TEMPERATURE ("C) 84-14-2 
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	FIGURE 3. TURBULENT BOUNDARY LAYER 

	The following heat transfer relationship from reference 6 will be used 
	1/3
	1/3

	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) 
	) 

	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 
	t) 
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	Comb 
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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 
	L ] 
	L ] 
	(13) Pr)1/3 (
	kg (0 .13) 

	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"~ 
	a 
	(15) 

	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
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	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) 
	( ) (0.13) (Gr Pr) (18) 

	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: 
	4 (21)
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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 
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	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
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	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. 
	REFERENCES 
	FAA-RD-70-81, 
	2. Marcy, J. F., of Air Tr Cabin Fires and Materials FAA-ADS-44, December 
	5. Sarkos, C. P., and 11, Materials against Cabin Fires, 
	John 
	8. Zabetakis, M. United States 
	9. Ramohalli, K., Thermochemical Response of Honeycomb Sandwich Panels, J. of Fire Sciences, Volume I, pp. 379-395, September/October 1983. 
	11. Silverman, B., and Norris, F., Development of Processes and Techniques for Molding Thermally Stable, Fire-Retardant, Low-Smoke-Emitting Polymeric Materials, NASA Contract Report 151862, March 1979. 
	12. M. S., 
	HC Chern Res Contract NAS 2-11529, December 1983. 
	13. 
	13. 
	13. 
	13. 
	Eklund, T. I., a Door 1n a Simulated Aircraft Fusel FAA-RD-78-135, 

	14. Harkleroad, M., Quint iere, J. • 

	15. 
	15. 
	Eklund, T. I., Rise from Aircraft Fires, 


	15 
	Figure
	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: 
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	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 
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	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. 
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