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NOMENCLATURE 

B Pre-exponential constant for thermal degradation of polymer 
(sec-1) 

c Specific heat (cal gm-1 oc-1) 

D Heat of degradation (cal gm-1) 

E Activation energy for thermal degradation of polymer (cal mole-1) 

FS Remaining number of monomer units of degraded polymer 

k Thermal conductivity (cal cm-1 sec-1 oc-1) 

N Remaining number of polymer bonds normalized with respect to the 
number in the unaffected state 

q Heat flux (cal cm-2 sec-1) 

r Linear regression rate of polymer solid (em sec-1) 

R Universal gas constant (cal g-mole-1 K-1) 

t Time (sec) 

T Temperature (K) 

w Weight (gm) 

x !-dimensional coordinate, i.e., depth from surface (em) 

P Density (gm cm-3) 

A The normalized regression rate eigenvalue ( « 1/r2) 

Subscripts 

1, 2, 3 Pertaining to each of multilayers 

s Front (hot side) surface of a layer 

c Rear (cold side) surface of a layer .. 

o Undisturbed state 

L Thickness of a layer 

Superscripts 

+, - A point immediately beyond and before, respectively 

vii 



EXECUTIVE SUMMARY 

The purpose of this effort was the evaluation of the fire performance of seat 
blocking layers for urethane seat cushions. Because urethane cushions have been 
demonstrated as highly flammable under aircraft post-crash fire conditions, seat 
blocking layers have been proposed as a method of protecting the urethane from 
involvement with the fire. Many hypothesis have been proposed to explain the 
manner_in which fire blocking layers achieve their desired effect, but such 
hypothesis have not been verified in any quantitative sense. 

A condensed phase thermochemical modeling theory previously developed for single 
component aircraft materials was modified to handle multi-layered materials. The 
model is based on analytical heat and mass transfer relationships. Required 
experimental inputs into the model are material thermal properties typical of heat 
transfer calculations. Additionally, the analysis technique known as thermogravi
metric analysis is used to establish the parameters that describe the thermal 
breakdown of the plastic material when exposed to fire. 

Parallel to this analytic work, experimental tests were conducted on sample block
ing layer materials in a modified smoke chamber of National Bureau of Standards 
(NBS) variety. The samples were exposed to specified heating rates and both their 
weight loss and thermal behavior were measured. This measured behavior is compared 
with the predictions of the analytic evaluation. 

The findings of the investigation are that the thermochemical model can predict 
the effectiveness of seat blocking layers within a limited range of fire exposure 
conditions. Additionally, the NBS Smoke Chamber is a useful small scale test for 
screening candidate seat blocking layers. 
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1. INTRODUCTION 

Aircraft cabin fire safety has been one of the major research and 
development activities for the Federal Aviation Administration (FAA) for 
more than 30 years in the past (reference 1). The reasons for such a 
long-term commitment are the fatalities observed, unique environment in an 
aircraft (such as small space, high density of people, limited access for 
egress, etc.), and the complexity in fire phenomenon itself. 

In general, fire potential in a passenger aircraft can be due to jet fuel 
and cabin interior materials. However, a fire involving only the interior 

materials can occur in-flight or on the ground. In the case of a postcrash 
fire, a jet fuel fire can ignite interior materials, and the hazards arise 
from interaction of the fuel fire with interior materials (reference 2). 

As planned earlier (reference 4), this work is on the prediction of 
material burning phenomena through condensed phase thermochemical modeling, 
and does not involve gas dynamic modeling. These two approaches may well 
be bridged in the future (reference 3) with sufficient progress. 

Among the cabin interior materials such as carpet, seats, window screens, 
sidewall panels, ceiling and partitions, one of the most flammable 
materials, seat cushion, is the subject of the current work. Previous 

work, last year, (reference 4) was on wool carpet and polyurethane foam 
treated as single layer materials. 

In this work, the seat is treated as a system of multilayered polymeric 
materials, consisting of a seat cover fabric, polyurethane foam cushion, 
and a fire blocking layer. 

In addition to analytically predicting the burning behavior of multilayered 
systems as a function of heat flux and layers• thicknesses, burning tests 
are conducted in a modified NBS density chamber to verify the temperature 
profile and weight losses predicted by the model. 

- 1 -



2. THEORETICAL 

The thermochemical model used in this work is an extension of the model 

developed earlier for a single-layered material. As a matter of fact, the 
approach used in predicting the burning rate of wool carpet with a char 

layer on its top (reference 4) is a particular form of such an extension. 
Another earlier work (reference 5) applied to the study of burning rate of 

composite materials is also referenced for the generalized extension. 

(a) The Applicability of the Steady-State Model 

There are two aspects of this time-independent model which should be 
recognized. One is the coordinate transformation (a la Spalding 

(reference 11)) that enables us to treat the regressing surface as if 
it were stationary and the other is the more fundamental argument on 

the relative time scales. 

(1) The assumption of time-independent degradation enables one to see 

that d/dt can be written as r • d/dx. This transformation, the 
authors believe, was first introduced in combustion theory by 
Brian Spalding (reference 11) in his treatment of laminar flame 

propagation in premixed gases. The point is that the 11 transient 11 

propagation can be viewed as steady-state in another coordinate 

frame. 

(2) In any case, the assumption a/at= 0 implies that the charac
teristic heat transfer time is small compared to the characteris
tic 11flow 11 or thermal wave propagation time. The time needed for 
the establishment of the fully developed temperature profile in 

the solid is, of course, infinity from the first order nature of 
the equation•s; recall 

where Tx is the temperature at any depth x (from the surface), 

T0 is the initial temperature, Txs is the steady-state 
temperature at depth x, is the thermal diffusi vity 
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( = k/ pc), t is the time. Thus the time-independence 
assumption in our treatment relies on a small value for the 
characteristic time L2ja for its validity. In the case on 
hand, the following approximate numbers lend credence to this 
approach. Typically a= 10-3 cm2jsec. The 11Characteris-
tic11 thermal depth, i.e., the distance from the surface to reach 

1/e of the full temperature difference is 0.2 em (for example 
from figure 11, first plot) at 120 seconds (2 min.); or 

t Cl' ::::30 7 . 

leading to 

1 - exp (- at/x 2) > 0. 9 

Thus the steady-state assumption is valid in our case of heating 
rates. 

(b) Mathematical Formulation 

As in the previous work, the geometry under consideration is one

dimensional, and the steady-state condition is assumed throughout the 
analysis. The following mathematical analyses for a multilayered 
system are divided into three parts: the first part is for the case 
where a single-layered material is so thick that the rear surface 

(cold side) temperature is undisturbed; the second part is the same as 
above except that the rear surface temperature has been raised 
substantially, and the third case is the extension for a layer which 
is on top of the above two layers and has as many colder layers under
neath it as determined by the configuration. 

-3-



In all three cases, the governing equation for each layer is the same, 
that is, 

k d
2
T + per dT = DpNB exp ( -E/RT) 

dx2 dx 

The right-hand side of this equation is the heat sink term 
corresponding to the first-order degradation reaction described by 

1 dN 
N dt = B exp {-E/RT) 

(1 ) 

{2) 

The symbol N represents the number of rema1n1ng bonds per unit mass, 
normalized with respect to that of fresh, unburned material. The 
symbol D, the heat of degradation, is 11positive 11 when the degradation 
reaction is endothermic and .. negative .. when exothermic. 

The boundary conditions, however, are different for each case. 

( 1) First case, i.e., T = T 0 at x = oo 

X 

T0 at x=oo 

Figure 1. Geometry considered ;n the first case where T = T0 at x = oo 

-4-
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c 

When the rear surface (co 1 d side) temperature is undisturbed, the 
boundary conditions for equations (2) and (3) are, respectively, 

T = Ts at X = 0 (3) 

T = To at X = oo 

N = at X = 0 (4) 
FS 

N = at X = oo 

The symbol FS stands for fragment size, an average number of monomer 
units of degraded polymer. 

Assuming constant values of material properties, the solution for r, 
surface regress.ion rate, has been obtained (reference 6) by singular 
perturbation methods with matching the solution for the inner 
(surface) and outer (deep solid) regions. For the steaqy state 
system, r is given as: 

(k/pc) B exp (-E/RTs) 

r = 

And the integration of equation (1) will show that the conductive heat 
flux at the hot surface is 

(6) 

if there is zero heat flux at the rear surface. Thus, all the thermal 
energy flowing into the layer can be said to be totally consumed 
within the layer. 
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(2) Second Case, i.e., T = Tc (> T0 ) at x > 0 

X 

Tc at x•xl 

Figure 2. Geometry considered in the second case where T • Tc at 

X • XL 

This is the case when the front {hot) and rear surface tempera
tures of a layer are substantially higher than the unperturbed 
condition of T0 • The governing equations are the same as 
above, i.e., equations (1), (2), and the boundary conditions are 

T = Ts at X = 0 (7) 

T = Tc at X = XL 

N = 1 
_1 

FSs 
at X = 0 (8) 

N = _1 at X = XL 
FSc 

Assuming that Tc is close toTs, that is 

{9) 
< o. 1 

the solution for r is given by 

{k/pc) B exp (-E/RTs) 

r = {l 0) 

-6-
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The details of this derivation is shown in appendix A. 

The integration of equation (1) in the region between the front 
and rear surfaces will give the net heat flux, that is, the 
incoming heat flux at the front surface minus the one at the rear 
surface. 

q net = P r [c {T s-T c ) + D f _sl - Fsl }] l..F s c 
( 11) 

In other words, the above equation determines the net heat 
consumed within the layer volume, as sensible heat and heat of 
degradation. 

(3) Third Case of a multilayered system 

In the above two cases, the analyses are for a homogeneous single 
layer for which thermal, physical and chemical properties are 
constant and uniform in every part of the layer. If a system 
consists of more than one material, like the example of a cover 
fabric - blocking layer - foam, those properties are widely 
different and hence will be treated as a multilayered system. 

Strictly speaking, even a single component material should be 
treated as a multilayered system, if the temperature drop from 
the front to the rear surface is so large that the thermal, 
physical and chemical properties can not be considered constant 
and uniform within the layer. 

In other words, when a material of certain thickness is burning, 
.it is a multilayered system from the view point of thermochemical 
behavior. As shown later, B and E of any single material 
employed in this studY do not remain constant over the tempera
ture range of interest but vary considerably. 
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For this reason, each component material of a multilayered seat 
cushion system is in itself considered multilayered, divided by 
temperatures at which any of the thermal and/or thermochemical 
properties changes substantially. Hence, the total number of 
layers, i.e., thermochemical layers, of a seat cushion system 
become equal to the sum of the thermochemical layers of each 
component material. 

For the ease of analysis, first suppose that a system of three 
layers is undergoing pyrolysis reaction, as depicted in figure 3. 
The same analysis can be extended to any system with more than 
three layers with the change in subscripts. 

X x•x 
3 

Tc 

Figure 3. Geometry of the third case, a three-layered system 

The conductive heat flux at the top surface (x=O) should be the 
sum of all the energy, i.e., the sensible heat and the heat of 
degradation, required for the pyrolysis of all three layers in 
this 1-D approximation. The energy required for each individual 
layer is shown in equation (6) or equation (11). Then, the 
incoming heat flux at the top surface of the first, second, and 
the third layer is, respectively, 

-8-
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dT [c3 (Fs~ 3 -Fs:J] -k3 dx = P3 r3 (T s - T c ) + D3 
x=o+ 3 3 

+ P2 r2 [c2 (T s - T c ) + D2 ( FS:2 -Fs:J J (12) 
2 2 

+ P1 r1 [cl (Ts - Tc ) + D1 (Fs:l -FS~l )] 1 1 

dT [c2 (Fs~ 2 -FS:2 )] -k2- P2 r2 (T s - Tc ) + D2 dx = 
x=x3+ 2 2 

[cl (-1 _1 )](13) 
+ P1 r1 (T s - T c ) + D1 FSs - FSc 

1 1 1 1 

and 

dT [cl + 01 (Fs~ 1 - Fs:)J (14) -k1 dx = P1 r1 (T s - T c ) 
x=x2+ 1 1 

There are however, two kinds of physical constraints applied at 
each interface. The first kind is that 

TC3 = Ts2 

T C2 = Ts 1 

and the second is that 

dT 
-k3 dx 

dT 
-k2 dx 

x=x2-

= 

= 

(15) 

dT 
-k2 dx 

x=x3+ 
(16} 

dT 
-k1 dx 

x=x2+ 

-9-



The above two conditions are to satisfy the continuity of 
temperature and heat flux at interfaces. 

In the expression of equations (12), (13), or (14), each r is 
implicitly defined. In other words, the heat fluxes at the upper 
and lower boundaries of each layer are used in obtaining the r of 
that layer (as shown in appendix A), and are in turn used to 
define the heat fluxes [as shown in equations (12), (13), and 
(14)]. This poses no problem in actual calculations since any 
iterative method leads to fairly rapidly converging answers. The 
significance of this fact is, however, that the calculation of 
r's should proceed layer by layer, from the rear (coldest) to the 
front (hottest), or from the front to the rear. 

(c) Computer Program 

Based on the theory discussed above, two computer programs are 
developed and listed in appendix B. The first program, (Computer 
Program A) takes the interfacial temperatures as the input data, and 
the second (Computer Program B) takes the temperature and the conduc
tive heat flux at the front surface as its input. The choice among 
these two programs is dictated firstly by the available boundary con
ditions, and the other may be used as a complementary to obtain 
additional information. 

(d) The Overall Logic and Characteristics of the Model 

The model was originally developed to account for the host of 
inconsistencies in polymer degradation and burning rate data. The 
most important distinguishing characteristics are the recognition that 
the mean molecular weight of the vaporizing molecules need not be 
equal to the monomer molecular weight. Instead, a vapor pressure 
equilibrium criterion was used to unambiguously specify the mean 
molecular weight at the surface. This procedure not only removed an 

-10-



annoying arbitrainess at the surface, but also checked well, in terms 
of results, with data from various classes of polymer combustion. 
Under the assumption of first order Arrhenius kinetics for the degra

dation of the subsurface polymer, the model, in its present state, 

cannot handle cases where extensive degradation beyond the monomer 

stage takes place before vaporization. This is not as severe a 
limitation as it may seem. It has been documented (e.g., see Stanley 

Martin, X Symposium (International) on Combustion) that many of the 
the degradation reactions actually take place after the major precur

sors (i.e., products of partial degradation) have left the surface. 

The model also assumes that the thermal wave front moves at a uniform 
speed in the solid. This thermal wave can be associated with the mean 
surface (and hence the wave speed is indeed the burning rate or 
"regression rate") only when all of the solid (condensed phase) gets 

transformed into vapor. This is indeed the case in the burning of 
simple plastics (e.g., plexiglas, polyethylene, polyurethane ••• ). 

In the case on hand, substantial charring occurs indicating that the 
familiar "regression rate" needs careful interpretation. For example, 

it is a familiar fact that in wood burning the reactive portion 
(cellulose and hemicellulose) leaves the solid framework of lignin 

char. In such cases of charring solids, the regression rate is more 
appropriately associated with the velocity of the thermal wave in the 

wake of which the reactive portion gets vaporized and leaves the char. 

Thus, it may appear that the surface is not really regressing in the 

physical sense, although the reactive portion is. Up to this point, 

the interpretation of the regression rate of this model is clear. The 

interpretation gets more complex as multilayered materials are 

concerned. Hence, clearly, the regression rate of the IT 1 ayer, if 

interpreted literally, will give rise to a 11 void 11 or separation 
between the bottom of the I layer and the initial position of the][[ 
1 ayer top surface. 
recognizes that the 

the thermal wave in 

However, the complexity is removed when one 
regression meant here is really the movement of 

the solid layers while the char framework (end 

- 11 -



product of the degradation) is stationary in the laboratory frame of 
reference. The appropriate way of handling this situation mathemati
cally is to keep the density of the material Pas a variable. For 

example, p final would not equal :zero but would equal the 

char density which itself is equal to the (P initial -

P reactive •) 

With this interpretation, the regression rate r is really always 

associated with the mass flux P r where P is not the density of the 
solid but is only the density of the reactive portion of the solid. 
However, in the evaluation of the properties such as the thermal 

diffusivity of the reacting solid, the full density has to be used. 
Also, the heat transfer through the char is characterized by a thermal 

conductivity coefficient of the char, and the volatiles convection 
(flow) through the char. This has been highly simplified in the 

present analysis which considers the temperature to be constant (and 
equal to the temperature of the bottom surface of the immediate layer 
above). Clearly, more work is needed to mathematically incorporate 
into the model, the realistic char formation, flow and heat transfer. 

The 11 VOid 11 that is mentioned in the experimental portion is not the 

same on this void or separation. Experimentally it is found that the 
mechanical movement of the volatiles frequently causes a void in the 

assembly and physical separation of layers. This is a very complex 
process mathematically. 

Considering all of these complexities, the agreement between the 

theory and experiments in this study is thought to be encouraging. 

3. EXPERIMENTS 

The experiments of this work consist of two parts; one is to obtain the 

kinetics constants using thermogravimetry (TG) and the other is, through 
actual burning tests, to determine the temperature profile established 
within a seat cushion assembly and the weight loss during pyrolysis. The 
experimental results are compared with the model predictions. 

-12-
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(a) Thermogravimetry 

This experiment heats up a small sample suspended inside a furnace and 

records the weight change as a function of temperature. The kinetics 
constants, B and E, are deduced then from an Arrhenius plot, a plot of 
log {(1/w) • -(dw/dt)} versus reciprocal of absolute temperature 
( 1 IT). 

It was known from previous work (reference 4) that the ambient gas 
composition, more precisely the oxygen concentration, affects the 
kinetics constants. This is a very important point. It has long been 

recognized that even minor (~1%) concentrations of certain oxidative 
species can significantly alter (by almost an order-of-magnitude) the 
degradation rates of polymers. And yet no detailed study seems to be 
available in this area. One study that addressed this question 
specifically stopped short of actually demonstrating the effects but 
had to make valid (but indirect) deductive arguments to point the 
importance. In any combustion situation, especially with flow of 
gases over the surface (a very common aircraft fire scenario), the 

oxygen concentration at the burning surface appears to be around 
0.1%-1% (Wooldridge and Muzzy (reference 8), Kulgein (reference 9), 

Fennimore and Jones (reference 10). This measured non-zero 
concentration is significant, because earlier JPL work under FAA 
sponsorship (reference 4) indicated that actual aircraft interior 
materials exhibited a strong dependence of the kinetics constants of 
degradation on small concentrations of oxygen in a stream of oxygen in 
an inert. When it is realized that turbulent transport offers a 
mechanism for the availability of small concentrations of oxygen at 
the burning surface, it is easy to see that these oxygen concentration 
effects could be important in predicting full-scale burning behavior. 
Full-scale diffusion flames would be large enough to be fully 
turbulent. 

Nevertheless, all the present TG experiments are performed in pure 

nitrogen except for seat cover fabric, due to the limited scope of the 
work. 

-13-



The TG diagrams of the cover fabric, fire blocking layers (Vonar®, 
LS-200, and Preox® ), and foams (polyurethane and polyimide) are 
shown in figures 4, 5, and 6, respectively. The Arrhenius plots of 
figures 7, 8, and 9 show that the pyrolysis of each of these materials 
cannot be described as a single first-order reaction. Thus, the 
entire reaction temperature range is subdivided into multiple segments 
in each of which the reaction rate is reasonably accurately described 
by the first-order Arrhenius expression. Figure 7 shows how it is 
done for the cover fabric, as an example, with six subdivided 
segments. Each segment comprises one thermochemical layer as 
discussed in the previous section. 

Kinetics constants obtained along with other thermal and physical data 
of the materials used in this study are shown in Table I. These are 
used as input data for the computer program shown in Appendix B. 

(b) Burning Tests 

In order to measure the temperature profile and weight loss of 
samples, a modified NBS Smoke Density Chamber is used. The radiative 
heat flux was provided by a high heat flux furnace (Mellen furnace 
Model No. 10, with the maximum heat flux of 12 W/cm2 or 10.6 
BTU/ft2 sec). The originally equipped furnace for the NBS chamber 
could provide 2.5 W/cm2. For the temperature distribution measure
ment, nine thermocouples (Pt vs. Pt-10% Rh) were connected to a 
multichannel recorder (Leeds and Northrup•s Speedomax Model 251, 12 
channel, with resolution time of 1 second for each reading}. The 
weight measuring device was a transducer-type cantilever beam, 
connected to an amplifier and then to a strip-chart recorder. 

The furnace is heated up to, and maintained at, 850°C during the 
tests. After the furnace has reached a steady state, a radiation 

shield is removed and the seat cushion is exposed directly to the 
furnace. The radiative heat flux is around -1.6 Btu/ft2 sec. 
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Table I(a). Fundamental Properties of Seat Cushion Component Material 

c k* 

Density Thennal 
g Specific Heat Conductivity 

cal cal 
cm3 g.~~c em. sec. 11C 

Seat Cover Fabric 0.4 0.3 0.0001 

Fire Blocking Later 

LS-20~ 0.12 0.3 0.0002 
Vonar 0.146 0.345 0.0002 
Preox 0.62 0.3 0.00034 

Foam 

Polyurethane 0.03 0.4 0. 0001 (}..{). 00034 
Polyimide 0.023 0.2 0.0001 

(b) Kinetics Constants and Heat of Degradation 
of Subdivided Thermochemical Layers 

T B E 
Tempera-

ture Pre Exponential Activation 
Range Factor Energy 

(K) (1/sec) (cal/mole} 

848-898 2.13 X 104 24800 
Seat 813-848 5.06 X IQ-8 -20300 
Cover 763-813 2.24 X 1Q13 56500 
Fabric 689-763 2.51 X IQ-1 7800 

602-689 7.30 X 10-6 -6500 
523-602 1. 57 X 102 13700 

XL 

Thickness 

em 

0.1 

1.2 
0.8 
0.1 

10.6 

D 
Heat of 
Degrada-

tion 

(cal/g) 

-2.9 
-2.9 
-2.9 
-2.3 

-16. 
-16.3 

* Source: NASA Ames Research Center -- Handbook of Chemistry ondPhysics 
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LS-200 

Vonar® 

Preox® 

(b) Kinetics Constants and Heat of Degradation 
of Subdivided Thermochemical Layers (Cont•d) 

T 8 E 
Tempera-

ture Pre Exponential Activation 
Range Factor Energy 

(K) (1/sec) (cal/mole) 

877-923 1.17 X 10-5 -3857 
767-877 7. 17 X 10-11 -24770 
723-767 5. 17 X 101 16818 
698-723 1.04 X 10-4 -2020 
673-698 8.28 X 10-14 -31083 
648-673 6.56 X 10-3 2475 
623-648 2.46 X 106 27897 
598-623 1. 61 X 1o-17 -38190 
573-598 2.11 X 107 27800 
548-573 2. 01 X 10-1 6772 
473-548 7.83 X 103 18279 

881-923 3. 37 X 1o-4 1043 
766-881 1.66 X 10-7 -12285 
709-766 8. 94 X 10-2 7800 
661-709 2. 37 X 10-12 -26532 
623-661 2. 75 X 104 22078 
591-623 3. 94 X 10-13 -25933 
473-591 2.33 X 104 19435 

873-908 5. 42 X 10-6 -13061 
848-873 8. 55 X 1020 91578 
748-848 1. 55 X 102 18860 
683-748 9. 85 X 1o-3 4500 
623-683 1. 43 X 10-5 -4365 
573-623 5. 87 X 10-3 3085 
498-573 5. 94 X 100 10963 

Polyurethane 644-688 8.44 X 1019 
101 

65760 
Foam 598-644 6.17 X 12335 

573-598 1. 77 X 10-2 2646 
544-573 2. 60 X 105 21435 
448-544 6. 00 X 100 9900 

1006-1073 3. 06 x 10-5 -4763 
973-1006 3. 12 X 10-14 -46170 

Polyimide 915-973 1. 80 X 10-7 -16070 
Foam 854-915 1. 33 X 101 16860 

796-854 6. 11 x 1o-6 -7890 
711-796 I 1.07 X 107 36705 
673-711 7.63 X 10-3 6938 

-22-

D 
Heat of 
Degrada-

tion 

( ca 1 /g) 

o. 5 
9. 6 

-8.4 
-19.1 
-16. 7 
-8.4 

-20.3 
7. 9 

71.9 
24.9 
54.9 

1. 0 
9. 6 

-23.9 
-28.7 
-28.7 
50.9 

107. 5 

o. 5 
o. 5 
o. 5 

-13.9 
-13. 9 
-13. 9 

0. 5 

3. 1 
11.9 

2. 5 
2. 5 
0. 5 

0. 5 
o. 5 
o. 5 

-7. 3 
-7. 3 

-7. 0 
-0.3 



(c) A Note on the Heating Rates 

The actual heat fluxes encountered in aircraft crash situations can 
approach 10 W/cm2 -- a fact that led investigators to recognize that 
the NBS smoke-density chamber, with its original 2.5 w;m2 furnace, 
may have to be modified for realistic simulations. In the present 
effort, the heat fluxes meant for the FAA samples were planned to be 
gradually increased from a low value (1 W/cm2) to the full value of 
6-10 W/cm2. It was the plan to verify the model at low heat fluxes 
first in a logical sequence of increasing heat fluxes. Thus, at the 
time of the present reporting the lower heat fluxes have been 
investigated. The capability exists for the higher heat fluxes. 
However, the actual tests await future research support. 

Since the initial setup of equipment and trial runs, several modifica
tions and improvements have been made on the sample preparation and 
run procedure, in order to obtain meaningful and reproducible test 
results. These are listed in appendix C for future reference. 

A pair of thermocouples are placed at every interface, including the 
front surface. And additional five are placed within the polyurethane 
foam, 0.5 inches apart from each other along the axis. A test is 
always run in duplicate; one to measure the weight loss and the other 
for the temperature profile. This is because the thermocouples have 
such stiffness that their use would not allow free movement of the 
cantilever beam and the accurate measurement of weight change. 

4. RESULTS AND DISCUSSION 

(a) Burning Test Results 

The pictures of the burned samples and the equipment used in this work 

are shown in appendix 0 for visual examination. The results of the 
burning tests in the modified NBS Smoke Density Chamber are 
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shown in figure 10. These are the temperature changes obtained from 
the multiple thermocouple readings placed at different positions 
within the seat cushion assemblies and the weight change with time, 
for the runs with and without the fire blocking layers. 

The weight change data show that the sample without a fire blocking 
layer suffered the largest mass loss, and that the effectiveness of a 
fire blocking layer, if judged from the mass loss data, can be rated 
in increasing effectiveness on Preox<B>, Vonar<E), and LS-200. The same 
order is observed when the burnt samples were examined visually. 

The thermocouple reading at the sample surface facing the furnace, 
however, should be corrected for the caused by radiation and convec
tion. The energy balance for the thermocouple bead can be shown as 

h (T - T ) rad furnace bead 

where hrad and hconv are the radiative and convective heat transfer 

coefficient, respectively, and Tfurnace' Tbead' Tgas film are the 
temperatures of the furnace, thermocouple bead, and film stagnant 
gas film surrounding the bead, respectively. The estimated error 

(Tactual - Tbead) is in the range of 25°C to 35°C under the current 
experimental conditions. Further detailed error analysis is not 
attempted here due to the lack of precise information on emittance, 
sample surface condition, and thermal contact between the bead and 
fabric fibers, which are necessary to estimate the heat transfer 
coefficients with sufficient precision. 

Other than this, the thermocouple data lead to a few important 

observations. 

(1) The first one is that the front surface temperature measured by 
the thermocouple No. 1 reaches a steady state in about three 
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minutes, and then registers essentially the same temperature 

thereafter. When a fire blocking layer of Vonar®or LS-200 is 

used, however, a very sli.ght increase of the front surface 

temperature is observed. The temperature just behind the cover 

fabric, measured by the thermocouple No. 2, trails that of the 
front surface by about l5°C. 

(2) There is a further temperature drop across a fire blocking layer. 

This temperature drop is indicated by the vertical distance 

between the thermocouples No. 2 and No. 3 readings, as shown in 

figure 10. In the figure, LS-200 allows the largest temperature 
drop, Vonar®medium, and Preox®the least. Incidentally 
this is exactly the opposite order as the one observed in total 

mass 1 oss. 

(3) The temperature-rise histories within the polyurethane foam, 

measured by thermocouples No. 4, 5, 6, and 7, hardly represent 

steady-states. Most of the measured temperatures simply keep 

rising steadily, as shown in figure 10. 

In some cases, however, a plateau seems to appear after such 

monotonic increase in temperature, implying a steady-state condi
tion attained within the foam. This behavior is believed to be 

caused by the formation and existence of a void or dome filled 

with relatively hot pyrolysis gas products in a convective flow 

motion. This explains why such a plateau shows up and why then 

these plateaus are close to each other - in other words, the 

temperature gradient is small. It is particularly serious when 
no fire blocking layer is used, because under the condition of 

high heat flux, the polyurethane foam liquefies and drips before 
complete burnout occurs. This eventually leaves an ever-growing 

void filled with the hot pyrolysis gas product. The hot gas of 

the void may flow freely and contribute to the rapid temperature 

rise at the rear surface. 
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(4) The use of a fire blocking layer helps maintain lower 

temperatures at the rear (colder) side essentially by reducing 
the heat transfer. This can be seen easily by comparing the 
temperatures measured by the thermocouples with the same number. 
For example, after 6 minutes of exposure, the thermocouple No. 5 
reaches 321 K with LS-200, 323 K with Vonar®, and 463 K with 
Preox®, while it reaches 546 K without a fire blocking layer. 

There is, however, a compensating effect near the front (hot) 
surface. That is, the front attains higher temperatures with the 
fire blocking layer than would be observed without the fire 
blocking layer. Figure 10 shows the front surface temperature is 
701 K with LS-200, 695 K with Vonar®, 691 K with Preox®, 
and 643 K without one, respectively, after 10 minutes exposure. 
This leads to an observation that a fire blocking layer functions 
as if it is a reflector for heat flux. 

This results in lowering the rear side temperature while 
maintaining the higher front side temperature. 

(b) Predictions by Thermochemical Model 

The temperature profiles obtained by the thermochemical model, in 
comparison with the experimental data, are shown in figure 11. The 
profile for each configuration (with and without a fire blocking 
layer) is calculated every 2 minutes using the Computer Program B of 
appendix B. (Note: The conductive heat flux at the front surface, 
needed as the input for the Computer Program B, was the one predicted 
by Computer Program A of appendix B.) In general, the calculated 
results are in good agreement with the experimental data. The differ
ence is often less than l0°C, with a few exceptions of 25°C as the 
maximum difference. However, the predicted temperatures within the 

polyurethane foam show significant deviations from the measurements. 
The negative deviations, i.e., temperatures measured lower than 
predicted, are seen when the exposed time is small and/or 
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where the depth is large. The positive deviations, i.e., temperatures 
measured higher than predicted, are seen wherever the void is observed 
inside of the polyurethane foam. This is again believed to be caused 

by a convective flow of hot combustion gas within the void, which 
leads to increased heat transfer to the colder side. 

The weight losses calculated by the model are compared with the 

experimental data, as shown in figure 12. The figure shows that the 
calculated weight loss is about 15 to 95 percent higher than the 
measured values in all cases, but the order of the mass loss is in 
agreement with the experimental data except for the control (without a 
fire blocking layer). This again is due to the presence of the void 
formed inside of the foam, which is clearly the physical state this 
thermochemical model is not aimed to be used for. 

5. SUMMARY 

The work on the prediction of thermochemical performance of multi- layered 

seat cushion materials leads to four conclusions: 

1. The concept of thermochemical sublayers is applicable to describe the 
complex pyrolysis behavior observed for many of the currently used and 
proposed aircraft interior polymeric materials. 

2. The thermochemical model of the past can be extended to handle such 
multilayered systems analytically. 

3. The model predicts reasonably within a factor of 2 both the weight loss 
due to burning and the temperature profile established within the seat 

materials. 

4. The thermochemical model, can be used with the minimum number of input 

data determined by experiments for the thermochemical performance 
prediction of other multilayered materials under fire conditions. This 
analysis coupled with experiments in the NBS Smoke Chamber offers a 
useful small-scale test procedure for evaluating candidate blocking 

layer materials. 
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APPENDIX A Derivation of r 

The differential equations are 

k d2T + Per dT = DPNB exp ( -E/RT) 
dx2 dx 

_ 1 dN 
N dt = B exp (-E/RT) 

and the boundary conditions are 

at x = 0 T = Ts 

N = Ns = 1 - 1 

FS 5 

T = Tc 

N = Nc = 1 1 -
FSc 

By introducing the dimensionless terms, 

and 

Then Eqs. 

y = Per x 
k 

(A-1) and (A-2) become 

d2T + dT = kDPNB exp {-E/RT} 
dy2 -

(Per) 2 ( T s-T 0 ) dy 

dN . dT = k c P NB exp { -E/RT} 
dT dy (Per) 2 

Al 

(A-1) 

{A-2) 

(A-3) 

(A-4) 

(A-5) 

(A-6) 

(A-7) 

(A-8) 



Further use of dimensionless variables, 

p = dr 

dy 

h = 0 

c(Ts-To) 

and A = kB 

Pcr2 

convert the Eqs. (A-7) and (A-8) to 

pp' + p = Ah N exp (-E/RT) 
pN' = A N exp ( -E/RT) 

where a prime denotes d/dr. 

The boundary conditions are accordingly 

r = 1 , p = Ps, N = Ns 

T = T c' P = Pc ' N = Nc 

The Eq. (A-13) can be combined to Eq. (A-12) to yield 

pp' + p - pN'h = 0 

Assuming p :f 0, then Eq. (A-16) becomes essentially 

_Q_Q. + 1 - dN = 0 
dT dT 

(A-9) 

(A-10) 

(A-ll ) 

(A-12) 

(A-13) 

(A-14) 
(A-15) 

(A-16) 

(A-17) 

If Eq. (A-17) is integrated using the boundary conditions of Eqs. (A-14) and 
(A-15), then 

N = (p + T - Ps - 1 + h Ns )/h 
or N = (p + T - Pc - Tc + h Nc)/h 

A2 

(A-18) 
(A-19) 

• 



.. 

Then substituting Eq. (A-19} into Eq. (A-12) gives 

pp• + P =A(p + T- Ps- 1 + h Ns) exp (-E/RT} (A-20} 

This is the differential equation to be solved with the boundary equations 

(A-14) and (A-15). 

If the T is close to Ts, then as an approximation, Eq. (A-20) can be written 

as 

pp I + p = (p + T- Ps - 1 + h Ns) A exp { - e [1 + X ( 1-T)] } (A-21) 

where e= E 
RTs ' 

(A-22) 

and X = Ts-To 

Ts 
(A-23) 

Let -*= A exp (- E>) (A-24) 

and g = -p s- + hNs (A-25) 

then, the Eq. (A-21) is 

pp• + p = (p + T + g) l.exp [- E> X (1- ;) ] (A-26) 

Further defining 

17 = 1-T 
e (A-27) 

~ = p + T (A-28} 

~ = e-A- (A-29} 

where e = 1 
ex (A-30) 

A3 



enables rewriting Eq. (A-26} as 

or 

- (~-1 +E7J) f = ( ~ + g)).exp {-77) 

d~ 

~ + g 

The boundary conditions for this equation are 

77 = 0 ~ = ~ s = Ps + 1 
77=77c ~= ~c = Pc+Tc 

(A-31) 

(A-32) 

(A-33) 
(A-34) 

Integrating now with respect to ~ and 77, in the region between two surfaces, ~ 

and c, is 

(A-35) 

to give the result as 

Then ). is simply given by 

A= (1 _\-~C) · {(~s- ~c)+ (1 +g) 1n~!:: :)} (A-37) 

By combining Eq. (A-29), (A-30), (A-22}, (A-23) and (A-11), r can be shown in 
more familiar terms, 

(k/Pc) B exp {-E/RT5 ) 

r = 
). (-E) (Ts-To) 

RTs Ts 

(A-38) 
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APPENDIX 8 Computer Program 

l* C PROGPAM A 
2• C THJ~ PiiGGRLt-: TAKES THE P·'TERFACIAL Ht'.PERATURfS CB.C.•SJ •s TilE lt~PUT 
3• C DATA A~D THE\ CALCULATES THE BUR~l~G ~ATEo hEAT FLUXt TEMPE~ATUP( PROFJL 
4• C &NO WflGHT LPSS OF MULTI-LAYERED POLYMfRIC ~ATEPJALS (J~CLUCI~G 

~· C THf FIRE ~LOCKJ~G LAY[~) USED FO~ AJ~CRAFT SEAT CUSHIO,S. 
t• C THE un':'lnr·~s USED J!, P'lS PRC.GFd.r. /.:<f G~A)Io GI(~~··"CLEt O·CE'LSIUSt 
7• C CALCif\Jf, Cl~t f·'·D SEC'l~l1. 
f. c .,.. 

lc.• 
11• 
11• 
l3• 
14• 
1'5• 
16• 
17• 
Le• 
lC* 
2C• 
21 .. 
2.2• 
23• 
2"1* 
25• 
26• 
27• 
28• 
29• 
3Co• 
31• 
32• 
33• 
3'1• 
35• 
36• 
37• 
3e• 

c 
c 
c 

fJYE~SIO~ ANAYrTc7o2) 0 ¥~( 7) 9 ~T~fGC 7J,KTC7o11J 9 CPTC7tll>t 
PH~TC7ollJ,hTC7tllJoETC7ollJtDTC7tllJ,~[~TRTl7tll)t 

T~LDC7oll)oTKHJC7ollJoTLOlllJoTrllCllJo 
fKLOC7tllJoFK~lC7tll>tFLbCll)of~l(ll>t 
~KLOC7tll)o~~~lC7oll>t~L0(ll>t~nlCllJt 

JSTARTlll)oJE~DCll>oHEAOl~ll'l)tlUCll>t 
~SlllJoNrtll>tA~AME1llo2JtTlll)oKlllJtCPfll),RH0Cll>tRCll)t 
[(]l),nCllJoHE~TRAfllJtF~SCllJtF~ClllJtRBCll>tClNlll)tO~UTcllJo 
QNEllllJt TP(lltll>tNSSPllltllJtTSlARllll)oTl~TVCll) 

GI~l~5IO~ TPLDTcl21JoiPLGTcl2l)o~h!(lltllJ,DXOTclloll)oQYllltllJ 

rJ~fNSIO~ Xllltll) 
QJ~E~SIO~ HCl]),PScllJ,PCcll>,YlSCll)t~ICCll>oTHET~cll),[TACcll) 
DlME~SICN ENCCll)tl~~5UAlll)tCH1lll)oALPHAllll 

DIMENSION lJCtll)oRORClll),~lll)oGCllJtRBTlll) 
P~ AL K T tK ti'IWt ~S,NC tl~'< LOtNKHl tii:LIJti•Hlt Llo!"BDA 

PEAC IN T~( IN,REDIE~T ~ATEPIAL PROPE~TY A~D PRJ~T OUT 

f!E'All C5t"OU )TOTAL 
901 FORMH (J2) 

00 100 IJ:],JTOTAL 
RfA3 f5o902) ltA~A~[Tllol)oANAM[Tllo2)t~WCJ),NlR[,(J) 

q02 FOR~ATCl2t~A5tF10.2tl2> 

NTR=NTR~GCJ) 

READ ( 5 t 9 0 3) CT K L 0 C 1 , J ) , T K hJ t J , J > t K T C J , J )o CPT C 1 t J) t R t-10 T I J t J) , 
BTIJ 0 J) 9 flcJ,J)o0TcJ,J),~fAlRTtltJ),J:l,~TR> 

~0~ FOR~AT f2F5olo 7ll0.3) 
100 CC.NTJNUE 

~~~ J H f6t q'lfl> 
9~8 FORMAT ClHlo 25Yt •BUR~JNG ~ATE fklOICTlD~ F~G KULTJ-LAY~~(D' 

Bl 



• - ' AIRCPAfT SEAT CUSHIO~• I 26X, e3c•:•)t I 
• ~X, •MAT~RIAL PROP[RTY•I 21Xt •TfHPo RANGE. THER~AL•• 5~, 

• - •HEAT•, &Xo'Jf~SITY ~~EEXP. ACTIVATION HEAT OF HEAT•, 
'* - 5>- I 36Xt 'COI'w!:lUCTIV. CAPACITY 0 ,13Xo 'fACTOR E~EI\GY•, 
;• - 7"1t •OfCO!"POSo R.t.Tf't I 
• -26Xt 0 (KJ•, 5"1e'CCAL/r~.S.CJ CCtLIG~oCJ CG~/C~3l't 13Yo 

•• -'CCAL/P'OL!:) COLIC:.~) Ci:lfG C/SrCP /) 
.• DO H'2 I=l• ITGTAL 
•• NTR:r, TREC f 1 J 
:• !.'i\JH C&,951) I,tfi:M1f.TCJ,l),~r.t.ME:Tllt2l 
I• 951 FOR~:t.T f51tol2t2)t2A::.J 
l• ol"'lTE fC.'?53J CTIILOlltJhTKHlfloJJt 
• K T f I , J J , C F T c I t ,J J tIt It~·· T f I , J) t P T C I t J J , E T C I , J) , D T C I t J) , liE A l ~ T C 1 , J J , 

'• J=lt\TRJ 
I• 9 53 fOR II I. T f l 7 X , I' 7 • l t '-' , F., .1 t 1" t 
·• flC.5o3Yt F6o3t 3~• F6o3t 2Yt Ello3t ~Xt F9o0t FlOolt FlCo2J 
;. 1C2 CO'JTINLI( 
•• c '* C f))' CC..I~STA~!TS l1SED IN TrlJS PROGRH~ 
;• c 

;. c 

r:1 .o 
P.=l.9P.717 
Pf-::A2o06 
CI-'C,AS:0.3f\2 
[PS LON:O,'? 
~1(,~·-=1.~55[-12 

ro=2e5.o 

1• C CALCULATE N A~O FS AT TJO END TEMPERATURES OF KINETIC RfGJM[S 
~· C THE CI.LCULI.TIOI'II SEQUENCE 1St BY LCGJC, FRO~ LOW TO hiGH TLMP(I'\I.TURE 
h c 
) • WR I T f C 6, 0 !. 5) 
l• 955 FCP~AT ClHlt lOX, •NJR~~LIZED FFt.G~E~T SIZE AT [~0 TE~PS Dr•, lYo 
?• - 'KI~ETIC ~E~IMES'• I, llXt 56l'='lt /) 
3• DO 200 I=ltiTOTn 
~· WRITf C£,,951) It I.NAMETCJ, llt A~A~~TClt2J 
5• ~TR=~TR[~(J) 

:.• 

1• c 

I'IIKLO f I t•¥TR ):J.O 
FKLOCJ,~TPJ:lO~QQ, 

DCI 205 JJ:l,NTR 
J=~·iTR+l-JJ 

CALL FPAGrT C~TCitJJ,[T(J,JJtTI(LOCitJ>tTI<HJcl,J>. 
HEATPTCJ,JJ,~KLOCltJJ,~KHIIltJJ) 

IF tJ.NEolJ NI(LOCI,J-l):NK~lCltJ) 
lf C~KLOCJ,J)o(GoloCJ NKLOfltJ):0.999~~99 
FKLnCJ,J) : loOICl.O-~KLOlltJ)) 
IF CNK~JCJ,JJ.EQoloOJ ~KHJCJ,J):Q,99~9S99 

FKHJCltJ) : loOICl.O-~~HJCJ,J)) 

W~JT[ C~t~5eJ T~LOCI,JJtTKHlCltJ)t~KLOCltJ),NKHJCJ,JJ 
958 FOR~~T t22~t F7olt '-'• F7olt SXt flloDt 2Xt •--•, lXt Fll.6) 
205 CONTI l.fU( 
2CCI CO~TH.:ur 

2• C JNlTIALLJZE A f[w VAFJABLES FOR CO~PUTlR PLOTTING 
3• c 

~·P·A G[ :'? 
NPLOT=l 

B2 



; .. 
1• 
j• 

1• 

O• 
l• 
2• 
3• 

"* 5• 
6• 
7· .. B• 
9• 
u• 
1• 
2• 
3• 
4• 
5* 
6• 
7• 
3• 
'?• 

"'* 1• , .. 
'3• 
4• 

'5* 
'6• 
·7• 
~ 8 .. 
~ c;. 
iO• 
11• 
12• 
~3· 
14• 
15• 
~6· 

n• 
HH 
~'?· 
\0• 
'1 .. 
\2• 
"3• 
lf4• 
ItS• 
"6• 
It 7• 
ltB• 
4'h 
~C• 
51• 
52• 

c 
c 
c 
c 

c 

c 

l?LOT:C 
CALL RGI•PL T 

P.EAD IN TEMPERATURE OATA, I.E., 
HMP. OF TOP SURFACf OF EACH LAY(Fi t.!l.r RE4R SURFACE CCOL~) 

1111 CO~'TJ NU[ 
W~JH C6tR98) 

898 FORM~T C1H1t 25Xt '~U~~~~~ RATE PREQICTlO~ FCR HULTI·LAY[R[~' 
- ' f.. J R C R A F T SEAT C U Sf-> I G 'J' I 2 (,X t ~ 3 C' :' > t I ) 

P.EAD C~t904oE'I.D=lll2) TBACII.oCII[Auli.Cl>tl=ltl4) 
FOR~AT CF1Co0tl4A5) 
~hJTf C6,e99) lHEADJ~CTJtl=1o14J 

fORI~~T l40Xt 14tA5t Ill 
5Yt •MATERIAL ' 7~t ·~URF&CE 

DE~SITY PR(E)Po ACTIVATION HE~T OF 
·21Xt •TEMP. CuNDUCTJV. CA~ACITY 

DECOMPOS. R~TE'tl 

THER"'~L 
HEAT 
HCTOR 

·?1Yt •CKJ't 5Xt'lCAL/C~.S.CJ lC4L/G~oC> CG~ICM3J•, 13~t 

-•cCALIP'I'LE) CCAL/C"'J <DEG CnECJ• //) 
1=1 

1C5 CO'<T !'WE 
FE~D C5tq0ttEH0=11CJ ItCIJ,THltiJ 

9D6 FO~MAT Cl2tF10.2> 
1=1+1 
c;c; TO lC~ 

1 1 C C U 'iT IN U E 
1\:LAYG=I-1 

t\LAYG1:NLAYG·1 
DO 115 I=1tNLAYG1 

11~ TLOCJJ:THJCI+1~ 

TLOCNLAYG>=TBACK 

HEAT 
'• I 

fiJEFiGY 

C ~OW CALCULATE THE FRAGMf~T SIZES AT THE T~O BOUNCAkJ[S OF l~CH 
C GfN[RJC LAYER 
c 

00 300 l=1tP;LAYG 
IOE.NT:JDCI> 
~TIQ=~TRfC(J~E~T) 
JF CTLOCJ>.GEoTKLOCJDENTt~TJO)) GO TO lC1 
JSTARTCl>=I~TJO 
1\:LOCl>:loO 
FLOU >=10000. 
GO TO 30'1 

301 CONTINUE 
00 3C2 J:1,~TIO 
IF &TLOCJ>.GE.TKLOCJDE~T,JJ.A~J.TLOCJ).LToT~HJCIOE~T,J)) 

GO TO 305 
302 CO~TJNUf 

WRIT£ C 6,9f.U J 
961 FORHAT C5Y,•FOR '• l2t 'lt' LAY[Ih TLO JS OUT OF 80U~0') 

GO TO 30lt 
3Co5 JSTARTclJ:J 

CALL FPAG~TC~TCJOENTtJ>tETCJDENTtJJtTKLOCJO£NTtJ>tTLOCJ), 
Hf.ATRTCIDENT,JJtNKLOCIOE~T,J)tNLOCJ)J 

FLOC!) : 1.0IC1.0•NLOCJ)) 
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·3• 
''~* 
:s. 
;6* 
17* 
,g. 
f9* 
'c.• 
1• 
2• 
3• 

~If* 
iS* 
>6• 
:7• 

·~· ,q .. 

'0• 
'1• c 
'2* (' 

'3• c 
'If* c 
'5• c 
r6• c 
r7• 
78• 
rc;. 
lO• 
H• 
12* 
~3· 
3'1• 
~5· 
~ 6• 
B 7• 
EB• 
f.Cj• 
EHi• 
91· 
92• 
~3· 
11?4• 
~5· 
J; f.• 
~1* 
9P.• 
99• 
OG• 
01• 
02• 
03• 
0'1• 
05• 
06• 
07• 
06• 
09• 

3 Cit CO~ T I'JUE 
IF CTHl(l).Gf.TI'LO(}DENTtNTlD)) GO TO 306 
JEfi:OC I >=~HID 
I\!IUCIJ=1o0 
FHI fi ):lOOCOo 
GO TO 300 

306 COII.TJNUE 
C 0 3 0 7 J: 1, ~.' T I :J 
IF ClHlCIJ.~f.TKLCClDE~T,JJoA~~.THICIJ.LT,TKHIClO[~l,JJJ 

r,o TO 30~ 
307 CO~TlNUf 

WRITE Cf,9E:2J 1 
'%2 fOR•!AT C5lt.t tFUi< '• l2t •TI1 LAYt:R, THI IS OUT OF RC'llf~D'J 
30~ Jf~OCJ>=J 

CALL fPtG~TC&TCID[~T,JJtETClOE~T,JJ,TKLOCID[ST,JJ,THJClJt 
~EATkTCTrENT,JJt\KLOflDENTtJJt~hlCIJJ 

r HI t I J = 1. 0 I C 1 o C • ~ 11 I (J J ) 
3 C r C 0 !IJ T I ~JU ~ 

~[~EFlfi:E ~~D ~[~U~6~R THF SU~DIVJOED MULTILAYER$, BASED ON THE 
TfMFERATUkf ~~NGE~ CF T~(RMOCHEMlCAL FEGl~ES AND ALSO Qq THf ~f~[~JC 
D J V I S 1 0 '\ S 
SE~lJE~CE or JJ IS FROII" FR.O'!T ChJTl(STJ Lt.Yrr< fC: ~C::t.R cCOLOESTJ L.:.YER 

)J: 0 
DO :510 I=lt!~LAYG 

lDENT:JCCIJ 
~•E~Ol=JHJCCIJ 

JSTAJ:JSTAI<TCJJ 
lJ=lJ+l 
TCIJJ:HtiC]) 
~~A~FClJtlJ=A~AM[lCl~~NTtlJ 

~~AMECIJt2J=ASAMfTCIOENTt2J 
DCJJJ:OTClDENTtJE~DIJ 

C?CIJJ:CPTCirENTtJENJIJ 
RHC.ClJJ:~HnTCIO[NT,JE~DlJ 

EClJ):[f(JOE~T,JfNDJ) 

ecJJ):BTClDENT,JE~OIJ 

KCJJ):KTClDE~TtJENDJJ 

HE~TRAClJ):HEATRTCIOENTtJE~OlJ 

1-;S liJJ:Ni-11 CI) 
FSSClJJ:FHIClJ 
~CCIJJ=~~L~CIDf~T,JENOIJ 
FSCCJJ):FKLOCIDENT,JENDIJ 
IF lJE~DioEO.JSTAIJ NCCJJ):~LOCIJ 
IF CJf~DI.EQ.JST~IJ FSCCJJJ:FLOCJ) 
IF CJE~DJ.EQ.JST~IJ ~0 TO 310 
JEND I l:JfNDI + 1 

DO 311 J=JENOiltJSTAl 
lJ:IJ+l 
TCJJ):TKHICIDlNT,J) 
ANAMECIJtl>=A~AMETCIOE~TtlJ 

ANA~ECIJt2J:A~AHETCIOENTt2) 

OlJJ):OTCJDENTtJJ 
CPfiJJ:CPTCIOENT,J) 
RHOClJJ:RHOTCJOENTtJ) 
ECIJJ:ETCIDE~TtJJ 

84 



1C• BfJJ):PTCIDE~T,JJ 

11• KtJJ):KTCJCENT,J> 
12* HEATRACJJJ:HfATATCIDENTtJJ 
13* NSCIJ>=~KHICIDENT,J> 

14• fSSClJ>=FK~lCJDENToJ) 
15• NCCIJ>=~KLDCIDE~T,J> 

16• FSCtJJJ:FKLOtiDENTtJ) 
17• IF CJ.EO.JSTAI> ~CCJJJ:NLOtTJ 
16• IF tJ.fC.JSTAI> FSCCJJ):fLOCIJ 
1G• 311 CO~TINUE 

20• 310 CONTI~UE 
21• ~LIYER=IJ 
22• TCIJ+1J=T~tCK 

23• 
2'1* 
25• 
26• 
27• 
2b• 
29• 

IIPITE ((,.'30CJ (J,A!\:A'HfltlltA',At,£tlt2)t TtJh KCJ)t CPCIJt R"iOCih 
- B C I J , E t I J , n C J J , tlf f. 1 R A C I ) t 1 = 1 t 1J LAY f.~ J 

~DC FORM~T C~Xt l2t2Xt 2A5, F6olt 1v, f10o5t 4Y, F6.3t 5it FGo3t 
El4.3, 3~, F~.O, '1XtF7.CtFG.3 ) 

WFJT[ C6,907J Tb~CK 
9(7 FOPI"/.T f 0 ),, •k[AF: SURF•, FIS.Ot II 

IJ~ I TE c bo Clll' J 
30• ~10 FOP•'AT t5/t 'PR[('lCHD EIURIIJl"u RAT[' lllt20Xt 'BURt< f'ATE' 
31• ' SURFACE TE~P. HEAT' 
32* - • FLUX JN HEAT FLU). OUT t!OT COr~SUMCD FS-TilP SURFACE• 
33• fS-~nTTt~' I 21Xt •cC~ISEC>'• 7Xt •tK>'• 7Xt 
~'I• - 3C 'CCALIC~2SEC>'• 3Y. Jo II) 
35• NLAY1 : NLAYfk - 1 
36• tCALC : 0 
37• c 
3P• C CtLCULATf TH[ pur~J~& RATES FLR THE FIRST T1~E ASSUMING THAT THE BURN 
3':'• C PATE ARE THE SAI'IE FOR EVERY LAYfP 
'IG• C 
It 1• DO :!>33 l:J t II:LAYfR 
42• TIOCIJ : Tel> - TO 
43* 1-'(1) : O(J > I CCPCI) • fTClJ-TQJ) 
'14• ALPHACJJ: KCJJ I CRHOCIJ•CPIIJ ) 
'+5• C!-'ICIJ: CHJ>-Tt> ITIJJ 
46• THfTACJJ : [CJJ/CR•TCJJ) 
47• XJSCJ) : -t-ICI> IFSSCJJ 
ltB• liiCCJJ: -H(JJ IFSCCIJ 
49• TAUC: CTCJ+1J - TCJ ltTCJJ - TCJ 
50• JF CTCI+1J.Lf.30G.J GO TO 337 
51• ETACCJ) : THETACI) • CHICIJ • floC - TAUC) 
52• E~CCIJ ~ EXPC-[TACflJJ 
53• PYJCS:(HCJ)+YICCJJ) I CHCl) + ~JSClJ J 
54• LAP'IBDACJJ: CXISClJ-Y.JCCJJ + Cl.C+IHJ>J•tLOGIHXICSJJICl.O-EtJCCUJ 
55* PSG: KCIJ • ECJJ * r.~PC-THET~fJ)) I C~HOCJ>•CPCIJ• LA'-BOACIJ• 
56• TH£TAllJ * CHICIJJ 
57• JF CRSG.LT.O.CJ wRJTEC6,q~OJ J,RSG,LAMHDAIIJ 
5P• IF IRSG.LT.O.G> RSG:-RSG 
SCI• 
60• 
61• 
e. 2• 
63* 
64• 
65• 
66• 

GO TO 5 00 
337 co~:TJNUE 

RSQ: ALPHACJJ•BCJJ•E~PC-THfTACIJJ/CTHETACIJ•CHICIJ•CCl.O+~IJJJ• 
ALOGCFSSCIJ/CFSSIIJ-1.0JJ + XISCJJ)J 

lF CI\SG.LT.O.OJ WklTE Cbtq50JltHSQ,FSSCJ) 
JF tRSQ.LT.O.OJ RSQ=-RSG 

"itO CONTINUE 
R~CIJ : SCRTCRSGJ 
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f,7• 
6!'• 
f9• 
7CJ• 
71• 
72• 
7:3· 
74• 
75• 
7£..• 
77• 
ilf:• 
79• 
.t; 0. 
f> 1• 
e2• 
~3· 
~~~-
1!5• 
,:66• 
~7· 
;& !:! • 
.-=.'7• 
,<; (,• 

-':1• 
92• 
c; 3• 
04• 
9~· 

C:6• 
5~· 

':18• 
99• 
CO• 
C1• 
C2• 
~ 3• 
(4* 
(5• 
C6• 
07• 
CP• 
Q .,. 

1 ()• 
11• 
12• 
13• 
1'+• 

1 ~· 
lf,• 
17• 
lP• 
1 '?• 
2C• 
21• 
22• 
23• 

c 

PSCIJ : •1o0 + XISC}) 
Gl~CJJ :•PSCJ) * TIOCJJ •RRCJJ•~HDCIJ•CPCIJ 
F·CCJJ: ·TAUC + l(JCCIJ 
OOUTCIJ =·PCCIJ• TJOCl> * RFCJJ ·~HOCIJ • CPCIJ 
Q~ElCJJ : OINCIJ - ~OUTCIJ 

333 CCNll~Uf 

C CJLCULATE PUP~l~G RATES Sl~ULTANEOUSLY FJR ALL THf LAYEPS 
c 

c 

379 CO~TH~UE 

3Fl 

I F cr. C A L C • E Q .1 0 0 ) G 0 T 0 717 
DO 381 I=1tNL~YE~ 

RflT(J) : RRCIJ 
~C~CCIJ : ~PTCJJ • RHGCIJ * CPCJJ 

AClJ = I<O~CCJJ•fTCIJ•TCI+l)) + OfJhgHOCJ)•PbTCIJ 
* (1,/FSSCIJ • lo/FSCCIJ ) 

COtH JI~UE 
WRITE C6t'::?4J 

c 924 
c 

FOIP'AT Cl/4);,•}•, f~•'PS 1 t11't'lr.JS•, ll,;,•PC't 11lt•.<IC•, 11Y,•5•, 
11Xt•ENC 1 t 11Yt•CK•t 11Yt•LA~BDA•J 

ro 382 II=1t\LAY1 
J : NLAY1 + 1 • 11 

F'SCJJ : 0.0 
ro 3~4 J:}, ~LAYER 

fSCJJ : PSCJ) + AfJJ 
PSflJ: ·PSCJ> I CTJOCIJ•RJPCCJJ) 

GCJJ:- CfSCIJ + 1.0 • HCIJ•Cl.O • l.OIFSSCJJ J J 
XJSCIJ : PSCIJ + 1,(; 
PCCI>: PSCJ) + ACIJ/ CTIOCJJ•RC.RCCJJ J 
't(JCCIJ: PCCJJ + CTCI+lJ•TO)IlJDCIJ 
ETACCJ) : CECIJIRJ•CTCIJ-TC1+1JJ/CTClJ•TClJJ 
E~CCIJ : fYPC-[TACCIJJ 

GXJCS=CGCIJ+XICCTJJ I CGCIJ + XJSCIJ ) 
IF C~lr.ICS.LT.C.OJ ~~ITE C6t91rl> J,GXICStGCJJtYICCIJtXISClJ 
IF CGYJCS.LT.C.OJ CIJ TO 777 

"!le FOI\M/.T nox,•r-xiCS c• ,J2,•>='•f15.bt •xic=• ,t 15.6t'l!JS='•[l5.6> 
LAM~DACI> = CIJSClJ-XlCClJ + Cl.C+GCJ))•ALOGCG(JCSJ)/(1,~-E~CCJ)) 
RSQ: ALPHACJJ•t'CJ)•f"lr.PC•THETAClJJICLAMH!'lACJJ•THrTACIJ•CI1 JCJJJ 
JF CRSQ.LT.O.OJ PSQ:-RSO 
RBCIJ = SQkTCRSCJ 

RORCCJJ: RB CJ) * RI-!OCIJ *CPU) 
ACIJ: RORCCJJ•CTCI>-TCI+lJJ + DCJJ•RHOCIJ•~9 CJJ 

* C1.1FSSfl) • 1./FSCCIJ ) 
C Wi?JH C6t925> I tPSCIJ p.JSCI ltPCCJ Jt)C}C(lhGCJ ltE.NC(I )e 

C - LAMRDACl) 
C 925 FO~M~T C3Xt I2t ~C3X,(l0e5) ) 
C QI~CJ) :- PSCJ) * CTClJ·lOJ•RBCJJ•RHnCIJ•CP(J) 
C QOUTCIJ : ·PCCIJ•CTCJJ-TCJ • RBCJJ •RHOCIJ • CPCIJ 
C G~ETfJ) : QI~fJJ - Q~UTCJJ 

3R2 CONTINUE 
C WRJTE. C£:.,920> Clo ANAMECitl>t A~A~E.Cit2Jo ~BCIJ, Ttl), 
C QINCIJt QOUTCIJt QNETCIJt FSSflJt FSCCIJol=ltNLAYEPJ 
c 
C STOP IF CONVERGED E~OUGH OR KEEP ITERATIVE CALCULATION 
c 

DO 386 J:l,NL.YER 
JF cAeStRRTflJ/RPfiJ•leO).LT.O.OlJ GC TO 386 
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~C.LC : ~CALC + 1 
G0 TC 379 

38e. CG~TJNUE 
771 CC'.iTI"'UE 

WRITE C6t92SJ ~C.LC 

2'+• 
25• 
n• 
27• 
2f• 
29• 
3 (I• 
31• 
~2· 
~3· 
3'+• 
:35• 
3f• 
3 7• 
38• 
39• 
~0• 

tl• 
+2• 
+3• 
+4• 
~5· 
H,• 

c;l2e FOR"'AT C2Y.t ttJO OF ITE~ATJON: '• l3t /) 
DO 3£18 l=1tNLt.Y[R 
Qlr\'C]) :- F'S.CJ) • CTCI>-TCJ•Rf:lCJ)•R~'lnJ•Crtl l 
COUTClJ : •PCCIJ•CTCJJ-TCJ * R~(l) •~HOtll • CPCJJ 
G~fTCIJ : Ol~CIJ - QOUTCIJ 

368 CONTl'JUf 
I.'RJH Cft920J (J, ANA"'EfitlJt ~:'-4/.Mlllt<nt I<:·C]), TCUt 

QJ"./C!Jt QOUTclJ, QI\I[TClJt f~Sllh F._CCUtl=1tNLAYEI-i) 
Q20 fOR~AT C~Xtl2t2X,2A5,F10o5t 2Xt F1C.1t 3't fl~.~. bY, Fl0o4t ~~. 

Fl0o4t pv, ll0o5t 8~, [10.5 /) 
950 FORM•T C10Xt'RSG t 1 tl2t '): •, E13o5t 10Xt fl3.5l 

~LOS~:C.O 

DO 3!3 I=1tNLAYfR 
303 I.LCSS=~LOSS+R~CJJ•PHCCIJ•C1.1FSSCTJ-1o/FSCCIJ> 

~RITE Cbt927J WLOSS 
~27 FDR~AT C// 1 • ~EIGHT L0SS PREDICTED gy THE.~jOEL'• lt3't34C•:•> 

-, It 4CX 1 F10.5t ' G~I.M/SEC.C~2 Of euR~ING SURFACE t ) 

c 
~7• C PRELJ~INARY CALCULATit~ PEFORE PLOTTING T VS X 
ltfl• c 
'+9• DO 1120 1:1,~LAYE~ 
5 O• T 1 NT V C I J: C T (] J- T CJ + U J I Fl 0~ TC 1 C J 
51• TP C J tlJ :H lJ 
52• 0~ 11?1 J=ltlC 
53 • T P t I • J + 1J = T C I J- T tr~ TV C I J • F L 0 AT C J J 
5'1'* 1121 CQqJNUE 
55• 1120 CC~TJ\UE 
56• DO 1'10 I=1t~L~Y[~ 
57• N~SPllt11J=NCCJ) 

5A• 00 1220 JJ=2t11 
5~· J=12-JJ 
~C• lFCTPll 1 JJ.Lt.TSTARTti)J ~SSPci,J):1.0 
61• JFCTPll,J).LE.TSTARTCJ)) ~0 TO 122l 
62• CALL FR~G~TlBlJ),[Cl)•TPCltllJ•lPtltJ),HE~TR,CJ)tNSSPCJ,1l)t 
63• - NSSPCltJ)) 
6'+• 1220 CONTl~UE 
65• 1210 CO~TI~UE 
66• ~HSCNLAYfR,11)=0.LOOC1 
67• DC 1310 ll=1t~LAYEF 
~8• I=~LAYER+1-I1 
69• RH~RB :RHOCl)•RBCJ) 
70• PO 1320 JJ:2e11 
71• J=12-JJ 
72• OTO~K=RHORB•CC~CIJ•CT~CltJJ-TPCI,J+1)) 
73• + OCJ)•C\SSPCl,J+1J-~SSPCl,J))J 
7~• PHSCltJ):DTOXK+FHSCleJ+lJ 
75• OXOTCJ,J):KCJ)/~HSCitJJ 

76• 1320 CONTINUE 
77• RHSC1-ltl1J:PHSCJ,J) 
78• 1310 ro~TINUE 
79• suM=o.o 
eo• D~ 1330 II=1t~LAY[R 
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91• 
t'2• 
8:3• 
8'4• 
B5• 
86• 
& 7• 
il8• c 
i'9• 
c;o. 
91• 
?.2• 
q3• 
9'4• 
'j!J• 
96• 
97• 
98• 
9r;• 
c 0• 
01• 
02• 
0:3• 
0'4• 
05• 
Of• 
07• 
OP• 
09• 
1 0• 
11• 
12• 
1:3• 
1'4• 
15• 
16• 
1 7• 
18• 
19• 
2 C• 
21• 
22• 
·2:3• 
2'4• 
25• 
26• 
21• 

l=~UYf:R+l•I1 

ov 13:30 JJ=1.c;,2 
J=l2-JJ 
0 \ I I , J- 2) : c 0 >-' D T c 1 , J > + If. • D;; 0 Tt I , J- 1 J + D o: 0 T C I , J- 2 > ) • T IN T V c 1 ) 13. 
SU~:SUM+OYCI,J•2) 

XCJ,J•2)=SUI" 
13:30 CU~TI NUE 

CLEAR THE MEMORJfS OF XPLOT AND TPLOT 
DO 1 :3:3 B I :1 , 1 21 
XPLOTCU=O.O 

13:38 TPLOTCJ>=O.O 
00 13110 l:l,II;LAYE~ 

rc 1340 JJ=l•~ 
l •·:i):t I-1 )e5 + JJ 
._I:JJ•2•l 
X~LOTIINDJ:SU~ • XCltJ> 
T~LGTfl~DJ:TPiltJ) 

1:'40 CC~JTJNUE 
J\D=l';O+l 
>:PLOT I 1 ·~D) =SUM 
TFLOTCJ~"):TPCitJ+2) 

lPLOT=lPLOT+1 
If CIPLOT.GTo5) IPLOT=1 
I~ CIPLOT.lGoloAND.NPLOT.~[.~PAGEJ CALL AOVPLT 
CALL PLFOR~ c•LI~Ll~'•2o5t2o75J 
CALL PLABfL f'Tf~PfRATU~[ PROfiLE'• Ot 

•DEPTH FROM SURFACE fC~)'• Ot •TE~PERATUPf C~)t, OJ 
CALL PLSCAL fCOoOtlOoCJt2tlOCDCOti300.C,SC0.0),2tlOOOOO> 
C~LL PLCSIZCO.O~,C.OJ 
&n TO Cl341o134~,1343t13~4tl345Jt !PLOT 

1:341 CALL ORIGl~ C1oCt4o3) 
f.C TO 134 P 

1!42 C~LL OPILl~ 13oOtOoOJ 
GO TO 134E 

1343 CALL ORIGI~ 13oCtOo0) 
r.CJ TO 134<, 

1344 CALL ORIGIN C-~.0,-3.1> 
r.n TO 134 ~ 

1345 CALL ORIGl~ C3o0t0o0) 
l\:PLOT:NPL nT +1 

1~4E C6LL PLLRAF 
CALl PLCU~V CY.PLOTtTPLCTt121t0t'+ 1 ) 

GO TO 1111 
1112 CONTINUE 

C t l L E rJ UP L T 
STOP 
f•JO 
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1• 
2• 
3• 
4* 
5* 
6• 
1• 
8• .,. 

10• 
11• 
12* 
13• 

SUPROUTINE fRAG~T(S~tSE,SlltSlF,SH~tSNl,SNFJ 
DOURLE PPECISICN SY.ltSX~tSYl,SY~tDEI 
STHI=Sf/ll.9e717•ST1> 
STHF=Sf/Cl.98717•STF> 
SAl:EXPC•STHf)•STF - EXPC•STHI)*STI 
SXl : ·STHJ 
SX2 = -STHF 
SYl=N.JCSXl) 
SY2=DE I CS;(2) 
SA2= SY2•SY1 
S Nf =~tJJ •E.XP C- C SA l•S E 11.9 P 111 *SA 2 l * SB/ S HR) 
~ ET URN 
END 
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BU~NING RATE PREDICTION FOR MULTI•lAY[RlD AIRCkAFT SEAT CUSHIO~ 
=============================================================== 

MATERIAL PROPERTY 
TEMPe RANG£. THERMAL HEAT DENSITY PR[[XP. ACTIVATION HEAT OF HEAT 

CONDUCTIV • CAPACITY FACTOR [N[IIGY OECOMPOS • RAT[ 
(K) CCAL/CMoSeC, lCALII>MoC, lGH /CM 3, lCALIMOLO CC AL IG M, CDEG C/SEC, 

1 COVER FABR 
8 .. 8.2· 898.2 .00010 .600 ... oo .213+05 2'11100. -2.q .33 
813o2• 8 .. 8.2 .00010 .600 •"00 .506•07 •20300. -2.9 o33 
763o2• 813.2 .00010 o600 ... oo o22""1" 56500 • •2o'f • 33 
689.2• 763o2 • 00010 .600 •"DO .251+00 71100. -2.9 .33 
602.2- 689.2 .00010 .600 o'IOO .730•05 •6500. ·16. J o33 
523.2- 602.2 .00010 .600 ... oo .157+03 13700. •16 .3 .33 

2 VONAR 
1181. o- 923.0 .00020 • 3'15 ol46 .337•03 1 Dlt3o 1o0 .33 
766.0• 881.0 • 0 002 0 e31t5 ollt6 o166•06 ·122115. 9.6 o33 
709.0- 766.0 o00020 .3"5 .1'16 o8 9 .. • 01 71100. •23 .9 .33 
661.0• 70'Jo 0 .00020 o31t5 • 1'16 .237•11 •26532. •211o7 o33 
623.0- 661.0 otl0020 o3'15 o1'16 .275+05 22078. •28o7 .33 
591.0• 623.0 .00020 .3 .. 5 .1 .. 6 .3q'l•12 ·25933. 50.9 .33 
"73o0• 591o0 .00020 .3'15 • 1'16 .233+05 19435. 107.5 .33 

3 LS 200 
876.6• 923o0 .00020 .300 o120 .117-0'I •3857o .5 .33 
766o6• 876.6 • 00020 .300 .120 • 717•1 0 ·2'1770. 9.6 o33 
723.0- 766.6 .00020 .300 o120 .517+02 16818. •llo'l .33 
6911. o- 723·0 .00020 .300 .120 o101t•OJ ·2020. •19.1 • 33 

tD 673o0• 698o0 • 0002 0 .300 o120 oll28 •13 •31083. •lf>. 7 o33 .... 6""• o- 673.0 .OC.020 .300 .120 .&56•02 2'1 75. •8o'l .33 0 
623.0• 6'18.0 .o 0 02 0 o300 .120 .2'16+07 27897. -20.3 .33 
598.0• 623o0 o00020 .300 • 120 o161•16 •311190. 7.9 o33 
57 3o o- 598o0 .00020 .300 .120 o211+011 27800. 71o7 o33 
5 .. 8.0· 573.0 .o 0020 .300 .120 o201+00 6772. 2 ... 9 .33 
.. 73.0• 5'18o0 .00020 .300 .120 .783+0'1 18279. 5'1.9 .33 .. PREOX 
ll73.0• 908.0 .00010 .300 • 620 • 542•05 •13061 • o5 .33 
1!'18.0- 873.0 .00010 .300 o620 .855+21 91578. .5 .33 
7411. o- 848.0 .00010 .300 .620 .155+03 18860. .5 .33 
6113.0• Ha.o o00010 .300 • 620 .9115•02 4500. •13.9 .33 
623.0• 6&3.0 o00010 .300 o620 .143•04 •4365. •13o'f o33 
573.0• 623.0 .00010 .300 o620 .5117•02 30115. •13.9 .33 
498. 0• 573.0 .00010 .300 .620 .594+01 10963. .5 .33 

5 PU FOA" 
6 .. 4.0• 688.0 .00010 .400 • 030 .84'1•20 65757• 3.1 o33 
598.0• 644.0 .00010 ... oo • 030 o&17+02 12335. 11.9 o33 
sn.o- 598.0 .00010 .4 00 • 030 .171•01 26'16. 2o5 o33 
54 ... 0- 573.0 • 0C010 ... oo • 030 .260+06 21"35. 2o5 .33 
4'18. o- 54 ... 0 .00010 .400 .030 o600+01 9900. .5 .33 

6 IMIDE FOAM 
1006.0• 1073.0 o00010 .200 • 023 o306•0'I ---763. .5 o33 
973.0• 1006.0 .00010 .200 • 023 .312-13 •'16170. .5 o33 
915.0• 973.0 • 00010 .200 • 023 .180•06 •16074. o5 .33 
1154.0• 915o0 .00010 .200 .023 .133+02 161162. -7.3 .33 
796. o- e5 ... o o00010 .200 • 023 .E-11-05 •711tl9o -7.3 o33 
111. o- 796.0 o00010 .200 • 023 • 107+08 36705 • -7.0 .33 
673.0- 711.0 .00010 .200 .023 .7&3-02 69311 • -.3 o33 
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IIIORIIIALJZEO fRAGP'!fNT SIH AT l!\10 tr '1PS OF K I t.:rt I C R!:Gl~t:S 

======================================================== 
1 COVER fAI:IR 

523.2 .. bCI2o2 1.000000 .821322 
(:(12. 2- f/19o2 of:2D22 • 602H3 
b':l9o2• 763o2 o6021!l3 o't671l61 
763.2- 813.2 o'l678bl o19377(l 
813.2- b4R .2 .1'~3770 .O~'J56b 

84Po 2• A.itlo2 • 059566 .007!107 
2 VONU 

473.0• 5°1.0 1o000000 .&651:'5(1 
5qlo0• 623.0 .66511~·0 .·t'i3(,(1(, 
623o0• 6!.1.C • 793600 o71'156fs 
6&1.0- 7(;<1.0 o71P.56d o64'173:~ 

7C9o0• 7F-f,.O • "'"" 733 o593173 
766.0- l!llloC. .5qfll73 .~354~6 

f481o0• <;23.0 .53!)'156 .522°0() 
3 lS 200 

473.0- 54Po0 1oOOODOCi • .Jt. 7l'P2 
51tll.O• 57J.O .?&70112 .93'11(,3 
573. o- 5911.[' o9.H163 o'i71b7't 
598.0• £.23.0 oR71674 .'320223 
623.0- f>4Ao0 • 820223 • 1111'1 '?9 
6'18.0- 673.0 ol!ll't99 o1252M, 
673o0• 6"1Po0 .725211£, o681i'l95 
6<1P.o- 723.0 o681:!'195 .666312 
723.t- 766ofo obbb312 .61~2'12 

7n6 .6• 87f-o6 .615,'12 • 5503?4 
f'7f,.6• 923o0 .550394 • 5'1 265R 

4 PRF:OX 
"'q~ .o- 573.0 1oOOGOCO .9!5-3137 
sn.o- 623.0 .953137 ofl92!)03 
623.0- 683.0 o8<l2503 oR2j126 
6P.3oU• 748.0 .~21!126 o76354R 
74R .o- Rlt8ol' o7C.354R o542'1Eo0 
81t8o0• 873.0 o5'121f60 o3b711~2 

£173. o- 90Ao0 • 367&52 ol46867 
5 PU fOAiil 

""~ .o- 54'1.0 1.000000 o9188b~ 

5114.0- 573.0 .916683 ot134678 
573.0- 59Ao0 oRJ't67fl o727~52 

59R .o- 61tltol' .727952 o4"10399 
C.44o0• 68f!o0 .490399 o00631fl 

6 IMIDE f(IAIII 
673.0- 711.0 1o000000 o9'i4404 
71loC• 1qb.O o994404 o0 17053 
7'3E> .o- R5'1o0 • '717053 ol\0390£ . 
fl51to0- 'H! .• O ok03906 .&79453 
<ll5o0• 97~.0 • £:.7" '153 o5Ht~Of-

Q7J.o- lC06oO • 574f..Oil .!)4675 .. 
l(I(J6.0- 100.0 .~4t.751j o5139e3 
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CD ..... 
N 

PUR'il~G 1\AH Pk[(lJCfll.'\1 FUR I'ULTI•LH~"[O AIRCRAFT SEAT CUSHIO'II 

=============================================================== 

MATF:R IAL SURFACE 
1[ "P• 
liO 

1 COVE A FAI!R 691o0 
2 COVER FARII 6S9o2 
3 LS 200 (, 11.0 
41 LS 200 1013.0 
'5 LS 2 00 64111.0 
6 LS 20C 623.0 
1 LS 200 '598.0 
8 LS 200 '573.0 
9 LS C:OO '54111.0 

10 PU FOAl! 41'5q.o 
REAR SURF 291. 

PREDICTED BURNING RAT£ 

RUPI ~0. l'l Oo5 I~CH LS-~GO 1=6 ~~· 

THERI!IL 
CO~JOIIC T IV • 

ccu1c~•.s.c• 

• 00 01 c 
• 00 (; 1 0 
.00020 
.00020 
.00020 
o0Cil20 
• 00020 
.00020 
.ooozo 
• 00010 

lifAT Dfr-SJTY 
CA 0 ACIT\' 
CCIL/GI .. CJ lGI'/CI!.H 

.600 • 41 DO 
• 60 0 .4100 
.3tJ 0 .1~0 
o3GO .120 
• ~r o • 120 
• 30 c o12G 
.300 o12C 
• 30 0 .120 
• 300 o120 
oiiOO • 0!10 

Pllrt .~Po 
FHTOfl 

·2'51•00 
o13C•0'5 
.828-13 
o6'5&•C2 
• 2116+ ()7 
o1f:1•16 
• 211+08 
o2C.l+OO 
• 76 3• 041 
.600• 01 

ACTIVATION 
[I,;:RGY 
lCAL/I'OLf) 

7A00o 
•6'500. 

•.51 Otllo 
2417'5. 

211l'J1o 
•381c;l0o 

27800 • 
6772. 

18279. 
9900 • 

HCAT OF 
!lf:CIJ"POSo 

CCAL/GMJ 

-.5. 
•16. 
·17. 

•Ao 
-zo • 

"· 72 • 
2'5. 
'5'5. 

1o 

HE A 1 
RATF 

COFG C/S[C) 

.333 
• 3 33 
• .533 
.333 
.3.53 
.333 
.3 '3 

·' 33 
.333 
.333 

llUIIh MATE SURFACE TEI!Po H[IT FLUX IN H£ AT FLUY OUT HEAT COI\ISUMF:O FS•TOP '>URFACE 
CCI'/SFO fK) lCALICI!2HC I I CAL /CM2SEC) ICAL/CM2SECI 

No or ITERATION : '5 

1 COVER FABR o000fl3 691.0 .o.-oo .03'l6 .ooo.- .2119641+01 

2 CC'Vfll FAP.R .ocoa.- 61:1'.:'.2 • 0396 .o 37 2 .00241 .2'5137+01 

3 LS 200 .oouo E.77.0 o036'1 • 03~ 1 .0002 .35333+01 

" LS 200 o00181 673.0 .0!16 1 .03'5~ o0Cl1'5 .364101+01 

'5 LS 200 o00191 '""·0 .03'52 • 0 337 .oots o415766+il1 

E. LS 200 o00194 623.0 .0337 .0318 .0018 .5'56241+01 

1 LS 200 o0021'5 5911.0 .O.H9 .ou & .0031 .77926+01 

8 LS 200 • 002 311 '573.0 o028b .02611 .0023 ol'51A9+02 

9 LS 2(1(.1 o002P1 !:J41Ao0 .02b5 .016~ • 0096 .~C37Q+02 

10 PU FOAM • 00(1 3C. 41'59.0 .01741 oDOOf. .0168 .297811 •03 

WFIGHT LOSS PRE~JCT£0 HY TH£ I'Orfl 
================================== oClOOOH '~Ar/~[CoC~~ Cf ~URNlNG SURFACE 

& 

FS•BOTTOI' 

.2'51.57+01 

o2641-3+01 

.36"01+01 

.41'5766+01 

.5'56241+ 01 

.77926+01 

.1'5189+02 

.~o:Hq•02 

.10000+0~ 

·10000+0~ 



1• 
2• 
3• 
4• 
5• 
6• 
7• 
e• 
c.;. 

lC• 
11• 
12• 
13• 
14• 
15• 
l 6• 
17• 
1P• 
1':1• 
20• 
21• 
?2• 
2:!1• 
24• 
?5• 
?6• 
?..,... 
?EI * 
2'3• 
50• 
51• 
~2· 
53* 
54• 
55• 
56• 
H• 
5El * 
59• 
'0* 
H• 
'2* 
'+3• 
'4* 
'5* 
H,• 
n• 
u•• 
~q. 

ro· 

C PR ('lG PAM A 
C THIS PROGRA~ TAKES THE TE~PERATURE AND CO~DUCTJVE HEAT FLUX AT THE 
C FRO~T CHOT> SURFACE C!.[., B.C.'S) AS THE l~PUT DATA A~O THE~ CALCULATES 
C T~E nukNI~G RATE, TEMPE~ATU~[ PR0FJL[, A~D WEIGHT LOSS ~~ ~ULTI-LAY~REO 
C POLY~fRJC KAl(R!ALS ClN~LUDING FIRE DLOCKJ~G LAYER> USED FDP AIRCRAFT 
c SEAT cus~Io~s. 
C THE DJMf.NS10''$ UHD I~ THIS Pf!OGFd.M A~( GRA"', GPt."''-~~OLEt u-CE.LSTUSt 
C CALCIRlEt C"• Ar\0 SECCNO. 
c 

c 

co~~ON ITCAAl1A~A~flClt2),~WC 7),tTRfGC 7),KTC7tll)tCPTC7,ll>t 
1 RHOTC7tll),PTC7tll)tETC7tll),QTC7tll)tHCATPTC7tll>tTKL0c7,11), 
2 TKHJC7tll>tTSC2Cl>t~C20l>tFSC2ClltOSC2Cl)t~PC20l),~C20l)t 
3 ill K L 0 f 7, 1 1 ) • '' K H l C ·1 t 1 1 ) t " K L 0 C 7 , l 1 ) t F K til C1 , 1 1> , l 0 Ul ) , T HI C t< ( 1'1 ) , 
4 PHCC201) tLA'~PCAtRtltl<JitTCtJl 
~fAL Klt N, NKHit N~LUt l~MBDAt~~ 

:)JI''.[NSlO"' ltEADJ~'Clb),WLOSSCH 

C READ ]N THE l~GPEDJENT MATERIAL PkOPERTY A~O PRI~T OUT 
c 

c 

READ cs,eol> JTOTAL 
901 FOR~1AT (J2) 

DO 100 Il=ltlTOTAL 
READ C5,902) ltA~AMETClt1>t~NAKETflt2)tMWCl)eNT~EGCI) 

~~2 FO~~ATCl2t2~5,rlCo2tl2) 
~Tk=II;HEGCl) 

READ C5,~03>CTKL0fltJ)tTKP1CltJ>tKTCitJ)tCPTCleJ),~HOTfltJ), 
eTcJ,J),[TCI,J>,rTtleJ)tH[ATRTCltJ),J:l,~TR) 

~03 FOR"''AT f2F~olt 7E10.3) 
100 CCf'.iTI NUE 

wRl H f6e94t-l 
948 FOR~~T C1H1t ?SXt 'bUR~l~G RATl PRfDJCTIDN F0~ MULTJ-LAYrPlJ• 

• ' AIRCRAFT ~(AT CUSN]P.~' I ~&Vt 63f':')t I 
5Yt t~ATERlAL FROFERTY 1 1 21Xt •TrMPo PANG[. TH(HYAL't ~(, 

- •HE~T•t ~·•'"(NSITY PRfE\~. ACTIVATIO~ HEAT OF H~AT 1 t 
- 5X I 3t>X, •Cvi<DUCTJV. CAF·ACITY'tl3Xt 1 FACTOR [I.EP.GY't 
• 7X, •DECO~POSo RATE•t I 
•26Xt t(K)•, 5X 1 •CCALICM.S.C) CCALIG~.C) CG~IC"'13)'• 13X, 
• 1 CCALI~OLE> CCAL/GM) tDEG CIS(C)' I) 

00 102 I=ltlTOTAL 
NTR :NTREGC I) 
WRITE C6t951) It~NA~[Ttlel>tA~AMETCle2) 

951 FOFIII,AT C~Xol2t2Xe2A5) 

W~ITE Cbt953l CTKLOCitJleT~HICleJ)t 
KTCitJ),f.PTC],J),RHOTCltJ)tRTCltJJ,[TCltJ)tOTCitJ)eHEATRTCJeJ), 

J:1,NT~) 

953 FORMAT Cl7Y.t r7.lt '·'• r7olt lXt 
F10e5t3~, F6o3t 3v, r6.3t 2~• E11o3t 4Xe F9o0t F10.1t F10.2J 

102 COII;TJNUE 

C FIX CO~STA~TS USED IN THIS PROGRA~ 
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51• c 
5:?• P:l oO 
53• R:l.96717 
54• R~:82o06 

55• C~GAS:0.382 

56• fr5LON=Co9 
~7• Slfc~~=1.35~E-12 

58• TC=2~5o0 
59• c 
60• C CALCULATE ~ ~~0 ~S AT T~n E~D TE~PERJTU~CS OF KI~ETIC KEGI~E~ 

61• C T~E CALCULATJO~ SEGUE.NCE 1St BY LCEICt FROM LOW TO HIGH TEMPERATURE 
6:?• c 

•riTE lf,. 0 55> 63• 
64• 
65• 
66• 
67• 
66• 

955 FCRI'.AT ClHlt lCXt tf,;:>Rf1tll7ED FRAG•'[rH SIZE AT E'W Tr.r>lPS OF', l"t 
- '~INETIC REGlHES't It llXo 56t'= 1 Jo /) 

DO 200 l=lolTOTAL 
WRITE C6o951) Io ANAMET<lt lJo A~A~Eltlo2) 

NTR= I•TR EG C l) 
69• ~KLDiloNTRJ:l.O 
70• FKLOflo~TRJ:1CDOuo 

71• DO 205 JJ:loNTR 
72• J=~T~+l-JJ 

73• Ct.LL FRJIGt'T CHTtl 0 J)oE.TtJoJJtli(L0tJ 0 J),TKHltl,J)o 
74• HEATPTtJ,J>o~KLOtloJ),NKHilioJ)) 
75• If fJ.NEol) ~KLOti,J-l):NKHifloJ) 
76• IF CN~LOCioJ).EQoloOl NKLOlioJ):0,9999~99 

77• FKLOCloJ) : loOICloO-NKLOCJ,J)) 
78• IF C!\Kt-:lCioJ)o[QeloO) ~KiilfloJ):0,9999S99 
79• FKHICloJ) : l.Oifl.O-NKHl&loJJ) 
80• WRITE Cbo95Rl TKLOfioJloTKHitloJ),NKLOCioJ),~KHICioJ) 
81• 958 FOR~AT t22~t t7olt •-•, F7.1t ~v, Fllobt 2~t '--•, 1Xt F1lo6) 
e2• 205 CONTI~UE 
P3• 200 CO~TI~UE 
R4• C 
~5• C I~JTIALLJZE A FE~ VA~IA8LES FOR COrPUTER PL~TTI~G 
86• c 
87• ~nGE=9 
88• ~DLOT=l 

PS• IPLOT:O 
~0* CALL PGNPLT 
91• c 
92• C READ IN THE 1\PUT DATA, I.E., TOTAL ~UM9ER OF LAYERS A~D THEIR DRCER 
~3• C THICK~ESS OF EACH LAVER CC~), AND FPO\T SURFACE HEAT FLU~ 
94• C A~~ FRONT SURF~CE TE~PERATURE (K) 

,95• c 
96• 1112 CONTINUE 
97• C CLEAR THE ~EMORIES OF PLOT 
9P• DO 1338 I=lt201 
99• X(J):O.O 
DO• 1338 TS(J):Q,O 
01• PEAD t5o907oE~D=ll10) CH[ADI~(I)ol=lel6) 

02• 907 FORMAT (16~5) 
03• READ f5 0 90~) NLAYGotiDfJ),J:l,~LAYG) 

04• READ C5o905) CTHICKll Jol=l.NLAYG) 
05• READ (5,906) GS1oTS1 
~06• 904 FOR"~AT (1615> jo7• 905 FORMAT f8FlO.CJ 
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18• 9C6 FORMATC2FlOoOJ 
i9• lr.'RIT!: C6t~5~J CHODI\CIJtl=t,lf:J 
,0• ~59 FORrAT ClHlo20Xtl6A5/J 
L 1 * \.' F\ 1 T E C 6t 9 £0 > 
L2• 960 FORMAT flOXt 'M~TEPIAL I THICK~ESS•,IJ 
L3• DO 250 I=ltNLAYG 
1-• lDI=IDCJ) 
15• 250 WRJTf C6t96l) ANAMETflDltl>t A~A~ETCJDit2Jt THICKCIJ 
16• 361 FOR~AT C2DY, 2~5t 5Xt F5elt ' C~•,/) 
17• Wi<.I TE Ht9f:4) CSloTSl 
18• 96~ FORMAT ClOv, 'FOU~DA~Y CONDITIDN'tlt 20Xt 'HEAT FLUX CCO~QUCTIV!:J• 
L9• • •' ='• FlCo4t ' CAL/C~2.SEC•t /, 20Xt 'SURFACE TiMPERATURE :•, 
~0• F6olt ' K't /) 
?1• c 
!2* C THf Dl~L~SIO~S FrR TSt ~, QSo ~' R8 HAV~ TO ~E LA~GE ENOUG~ TO COVEP T~[ 
'3• C WHOLE lErPfRATUPE DROP F~OM T~E fRO~T TO REAR SURFACE IS COVERED 
~4• C ~ITH THE TEMPfRATUF.E l~TlRVAL CTI~TV) AS SHOWN BELOW 
~5· c 
!6• 1I~TV=4.0 
? 7• I: 0 
?8• TSflJ:TSl 
29• 0-SClJ:GSl 
~c.· ,.,l>=o.c 
31* STHICK:C.O 
32• TwLT=o.o 
33• DO 251 II\:G=lt7 
3-• 251 ~LOSSCI~G>:O.C 
35• ~RITE C6o965J 
36• 965 FOR~AT CllXt'l't ~~, ·~~·, 5Yt •TSCIJ - TSCl+ll't SX, •nt•, 
37• SXt 'XCJ)- YCI+1J't 5t, 9 QSC1J QSCI+1l't lOX,•NCIJ ~CI+1J'/J 
3P• DO 500 JII:lt!I:LHG 
39• 11=1•1 
~0• IDI=TOCIIlJ 
41* VPITE C6o970J Illt A~~METC1Dlt1>t A~A~[TCIDlt21 
1+2• 970 FORMAT C3>: 9 13 9 3;r,2ASJ 
1+3• ~TR=~TRFGClDI> 
4 4 • q H 1 C K: S H' I C K + T H 1 C I< Cl 1 I ) 
~5• 5C2 CO~TI~UE 
1+6* J:I+l 
1+7• TSCI+l):TSCJ) - TINTV 
~8• 5~4 CO~TINUE 

4a• IF CTSCI•U.LT.TO> TSCJ•l>=TO 
50• IFCTSCIJ.LE.TKLDCIDI,~TRJ) NCIJ:l.O 
51• IFCTSCIJ.LE.TKLOCIOitWTRIJ GP TO 310 
52• DO 307 J:l,NTR 
53• IF fTSClloGT.TI"LOCIDltJ>.ArlQ.TScJJ.L[oTKHICIDitJJ) GO TO 3De 
54• 307 C~~TINUE 
55• 308 Jl=J 
56• IF CTSCJ+lJ.Ll.TKLOCJOltJl)) TSCI+l>=TKLOCIOI,Jl) 
57• C~LL FRAG~T CPTCIQJ,JJ,ETClDitJ>tTKLOCIDltJJ,TSII)t 
58• 1 HEATRTCIDl,J>tNKLOCIC'ItJlt~IJ)) 
59• I~ C~CIJ.fQa1oO> rsci>=lOOtO. 
60• TF CNCIJ.NEe1e0) FSCJ):l.O/Cl.O•NCJJ) 
61• CALL FRAGMT ff-TCIDitJ>tf.TClDltJ>tTKLOClDltJ>tlSll+l)t 
62• 1 HEATRTCIDI,JJtNKLOCIDltJ>tNCI+1)) 
63• IF CNCl+lJ.EQ.l,D> FSCI•l>=lOGCO • 
. 6-• IF CNCI+1>.~E.l.OJ FSII+lJ=l•CI<l·O-~CI+lJJ 
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f:S• 
66• 
67• 
(,8• 
69• 
70• 
71• 
72• 
73• 
J't• 
75• 
16• 
'11• 
7e• 
79• 
BO• 
bl• 
ez• 
8 3• 
8'+• 
85• 
,€6• 
El7• 
{38• 
,~9· 
13 0. 
'31• 
9.2• 
:9 3• 
94• 
95• 
96• 
97• 
':?fl• 
99• 
OC• 
c 1• 
02• 
C3• 
(Ill• 

05• 
06• 
07• 
Of'.• 
09• 
1 O• 
11• 
12• 
13• 
14 * 
15• 
H• 

·1 7• 

1

18• 
1<;• 
.20• 
.21• 

c 
C C~LCULATE THE PURNI~G RATE R USI~~ THE ~EAT FLUX AT THE FRG~T 

C AND THE ASSUMED HEAT FLUX C~lA R[AR SURFACE TlMPERATUR[) 
c 

CALL BUR~RT 

R~O(J):RH0TCJDltJ1) 

DTDY:QS ll l IKT ( IOI,Jl) 
[lX:(TSCll•TSfl+l)liDT~X 

f:1 TO If 05 
310 CO~HINUE 

JF CTSCJ+lloL[.TKL0ClDlo~lRl> NCl+l>=l.O 
DfNO~:KHOTCI~I,NTRl•CPTCJDlt~TPl•CTSllJ•TO> 
R~CJ):QSCJ)/DENOM 

D~=KTCIDit~·T~l•CTSCil•TSCI+ll)/CDE~"A•~BClll 

R~0(Jl=RHOTCIDJ,NTR) 

CS(l+l):QSCl>-RHOTCIDl 1 ~T~>•Rttll•CPTIIDit~TP)•CTSIIl•TSCI+1ll 
405 CGNTP'UE 

HI+l):X(l)+D> 
IF fA~SCXCI+lliSTHIC~-1.Cl.LT.0.01> GG Tn 4~9 
IF C~~S(P.Sfl+lll.LE.l.~E-Cltl GO TO 499 
JF (AfSCT~CI+1l/TO-l.O>.LT.O.CC35l G~ TO '199 
I~ CXC1+1l.LToST~ICK.,ND.GSCI+lloCT.OoOl WRITf C6o372l ltP~CI>t 

TSCil,TSCJ+lltD~oYfiJtXfl+lltOS(lltGSfl+llt~Cilt\fi+1) 

S72 FOR~ATC1CX, 13, Fl0,5, 3Xt F6elt 1 --•, r6olt 5Xt ff:o2t F8o4t 1 • 1 t 
f€o4t 2t, F10o4t Fl0.4o 2v, Fl0.5oFlOo5l 

IF lY(J+l),LT,SHq("l(,t.NO,OScl+l),GT,O.Ol GO TO 502 
JF (YCI+ll.GE.STHICK> PFACT:ISTHJCk-~ClJl/OX 
IF CGSCI+1JoLf.G,el PF~CT=Q~CIJ/CG~C!)•QS(l+1l> 

TSfl+l>=TSfil-CTSCI>·TSCI•lll*PfACT 
G:J H' 504 

499 COt~TTNUE 

wRITf C6,972> J,RBfiJ,TSC1>tTSCI+1>, 
1 C' I. , )( c I > , X f I + 1l , ~ S C I > , a S C I • 1 > , r, l I > , 'II C I + 1 l 

C •••UOTE*** ~CI•1> rF ABOVE ~ILL BE REPLACED BY THE FIRST OF THE ~EXT LAY! 
12=1 
D G 6 0 0 J: I 1 tl 2 
~LT:RPCJ)•RHOCJJ•C~(J+1)·~fJ)) 

I~ f~LToLToCoOl ~RITfC6,~76) Jt~LT,WLGSSCIJI) 
976 FrP~'T ClOYt 1 ~LTC 1 t I2t 1 l= 1 of10.5t ' WLOSS='tf10.5J 
600 WLOSSciJI>:WLOSSCIII>+WLT 

TwLT=TWLT+WLCSSCIIll 
5 co cor.; T IPJuE 

WRITE C6 1 9f2J CIIl,WLDSSCill>oiii=lt~LAYGJ 

qp2 FOP~AT ClCX, •MASS LOSS fOP. '• l3t ' LAYER=•, El1e4tl 
•(21fXt l3t ' LAYER='tE1lo4/)) 
W~ITE (~,977> TWLT 

977 FORMAT C2Xt5f'•'>• • TOTAL MASS LOSS =•tElle4t 1 GM/SEC.C~2 OF 1 

•~URNJNG SURFACE•> 
I P L G T: I PL C T + 1 
IF (JPLOT.GT.~J IPLOT=l 
IF CIPLOT.EGoloAND.NPLOT.'IIE.~PAGE> CALL ADVPLT 
C~LL PLFORM ( 1 LJ~LlN 1 t2o5t2•75) 
C~LL PLABEL C'TEMP[RATUR£ PROFILE•, Ot 

•DEPTH FPOM SURFACE CCMl't Ot 'TE~PERATURE fK>'• OJ 
C~LL PLSCAL CCOoOt10oOlt2tlOOCOGtf300o0t~OCo0)t2t100000J 
CALL PLCSIZCC.06,0.0J 
&0 TO C1341o1342tl343t1344ol345), IPLOT 
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?2• 1341 
23• 
~4· 1342 
~5· 
te.• 1343 
~1· 
~8· 13114 
29• 
)C• 13115 
~~· 
&2• 134P 
!13• 
54 .. 
~5· 111C 

.. H* 
~7· 

5~· 

1• 
2• 
3• 1 
II• 2 
5• 3 
6• " 7• 
8• 
9• 

1 O• 
11• 377 
12• 
1~· 
14• 
15• 
16• 
17• 

CALL f, R Jr.!'\' (1,0,4.3) 
GO TO 13l!R 
rALL OR I G Ir< c3.o,o.o> 
60 TO 134 II 
CHL ORI 61 'I C3o0t0o0) 
(;(\ TO 1:3411 
CHL Ofll(;H· c-e..c,-3.1) 
GO TO l34P 
OLL C'Rir-1'-: C3e0tOoC> 
Nr>LrT=II:PLOT+l 
CtLL PLGP.H 
CALL PLCURV C>.tTSt20lt0t'+') 
c;r, TO 1112 
C0t.TI'-IUE 
CHL f~DPLT 
STG P 
[I.D 

~UrRCUTI\r FFAC~TCSPtSEtSTI,STF,SHRtS~It~~f) 
DOUbLE PPECISit~ SXltSX2,SYl,SY2tDEI 
STHI=SE/11,9P717•~TJ) 

STHF:S(/Ilo9e717•STF) 
~Al=EXPC-~THr)•STF - E~PC-STHI)•STI 
SV1 = -ST'-11 
5"2 : -STI-'F 
SYl :[IE I CSXl) 
SY2=Dr.tCSY2) 
SA<:: SY2-<;Yl 
S~F=S~I•E~PC-C5Al+SEI1.98717•~A2)•SB/SHR) 
R ~ T UR 'I 
f~.JD 

SUGROUTJ'IE BU~~RT 

COMMD~ /TCM1/A~A~FTC7t2)tM~l 7)t~TREGC 7)tKT17tll)tCPTC7tll)t 
flHGTC7tll)t~TC7t1l)t~TC7tl1)tDTI7t1!)t'-1fATPTI7t1l)tTKL~C7tl1lt 
TK~-'IC7tl1)tTSI2~l)t~C20l)tfSC20l)t~<;C~~l)tR~C20l)tXC201)t 

~~LOC7tll)t~KHII7tll),FKL017tl1)tf~HIC7t11)tlOC9)tTHIC~CP), 
RHOC20l>tL~~HDAt~tltiDltTO,Jl 

RFAL KT, N, NK~-'It N~LOt LAMbDAt~W 
IF CI.EQ.l) RhCl):Q,OGl 
IF CI.NE.l) RRCl):RP.CJ-1) 
IF Cl\fCJ).[Cl.l.O) GO TO 378 
cor, TJ ~~:ur 
R!lT:RIHD 
PS=-QSII)/CCTSCJ)-T0)•RPII>•RH~TCIDI,J1)•CFT<IDltJ1)) 
H=DTCJDltJl)/fCPTIIDitJl)•CTSCJ)-10)) 
G:-PS-l.O+H•NIJ) 
THrTA:ETtinitJll/IP•TSClll 
ETAC=lETIIGltJl)/R)•lTSCY)-TSII+l)J/ITSCI )•l~Cl)J 
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lP• 
l'O* 
?0• 
21• 
2 2• 
2:3• 
2lf• 
25* 
~6* 
~7· 
~e· 
29• 
30• 
~l* 

32• 
.33• 

[t;C:!:.XP!-ET~Cl 

CHI:tTSCil-TCl/T~CI> 

ALP H L: K T ! I 8 I , J l ) I C R H() T ( l II I , J 1 ) * CPT C I D 1 o J 1 l l 
lt~qor:.:fH•C~IIl-\CI+lll+Cl.O+~l*ALOGC~CI+l)/~IIll)/ll.r-ErC> 

RSQ:ALPHA•PTCIDloJll•lXPC-THflAl/CLA~PD,•THETl•CHIJ 

IF C~SQ.LToDoDl ~RlTf C6,9lo> IoTSClltTSti+l>tRSQ 
918 FOR~AT C3Xo•I=•oi3o t TStiJ=•oF&.l, 0 TSCI+ll='• F6olt t RSQ:•, 

l [lQ.lf/) 
TF CRSC..LT.O.C'l RS(I:-RSQ 
H'·l !>=SORT CRSQI 
IF (I.!:ISCR!"T/Rflll>-l.Ol.LT.O.Cu5> c,;; TO .377 

378 CCNTH:Uf 
r. S t I +1 l :Q SCI> -R IH I ) •R H 0 T t I D I, J 1 > • (( f.'T C I D I , ,J 1 > * C T S t I>- T S C I+ 1 > > 

1 +DT!IrJitJll•l'dl+lJ-!';(J))) 
RfTUR'! 
END 
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PUP~· lllr. R6H PRfOIClll;l\l fO~ MULTI-LAYEREO AIRCRAFT ~fAT CU~HI'l'll 

=============================================================== 
11A1rRUl PROHRTY 

l[ HP, RA"'GEo Ht[R"Al It£ AT [l['IISI TY .. RfEx.,, ACT IVA TID 'II HEAT OF H( AT 
C O~OUCT IV, CAPAC TTY FACTOR fi\I[RI.Y DECO'IPO<;, RATE 

CIO ICAL/C~oSoC I C CAL fl,l" oC I IG"/C~131 CCAL/MOlf I CCAL/G'II CO[Ii C/SfCI 

COVER Fl~R 
Bo\11,2- 1198,:.> .00010 ,300 • II 00 o213+05 2'11100. -2,'l .:53 
111J.2- llo\Ao2 .00010 .:500 • "00 ,506-07 -20JOu. -£.9 ,:5:5 
7&:5.2- 1'13.2 ,[10010 .:500 • '1[10 o22'1+lo\ 56500 • -2,'1 .:5:5 
6R'J, 2- 7f.3.2 • 00010 ,300 • o\00 o251+(10 7liCO, -2,4 .33 
60?.2- 6119.2 ,GOOlD o30CI oo\00 o7JO-C5 •&50Jo -16.3 .~3 
5:t 3. 2- 602.2 .00010 .300 oltOO o1'57+0j 1J7CU, -16.3 .33 

2 VO,_Afl 
IIRJ,O- '123.0 • c 0 02 0 .~ .. 5 o1o\6 .337-03 10'13o J,o .33 
7f,f. • o- Ill! 1o0 ,(10020 olio~ olo\1'> o1Eo!.-06 -122115. '1,6 ,,, 
7oo;,o- 766.0 oli0C20 .3115 o1o\& ,1:!94•01 71!00. -2 3,'J .:n 
Eo6J,o- 709.0 , OCO.:>O .3115 • 1 4(, .237-11 -2&5:52. -:?11.7 o3J 
62 ,, o- H1o0 oC002C • 345 • 1 •H, o275+05 2207'l. -2e.1 o33 
5"11.0- 623.0 • 0 0 02 0 • 345 olo\6 .394-12 -25'133. 50,'1 .JJ 
4173.0- ~~1.0 .00020 .3'15 o1o\6 o2J3+05 1'i'IJ~. 107."1 .33 

3 LS 200 
1176.6- '123.0 , 0 0 C2 0 o300 o12il ol17•041 -31157. .s o33 
76E,. 6• 67E:.6 o0002C .300 o120 .117-11! -?.'1770. 9,6 oJ3 
72~.0- 766.6 ,OC020 ,300 .120 o517+C:i: 1&Ald, -8.41 .3J 
6" P. o- 723o 0 , t' OG20 .300 o I 2C o1041•03 -2020. •19ol .33 

D:J 673.0- 698o0 .00020 o300 ·120 • 82!1-13 -31083 • -16.7 oJJ ..... 6o\R,o- 673o0 .OOC20 o303 o120 .&56-02 2'175. -8.11 ,,, 
\0 623.0- 6411io0 • 0002C ,300 o120 .2416+07 27R97, -20.3 .33 

59F. o- 623.0 o00020 ,JOO ·120 o1f.1•11; -381"0· 7.9 .:5:5 
513o o- 5911o0 oCOCI2C • :50 0 o120 o21l+Oe 27R00o 71.7 .33 
54111,0- sn.o • (j c 02 0 ,300 o120 o201+00 6712. 241,9 .JJ 
o\7 3. o- !.o\l!oO .o OO.<D .300 o120 o7IIJ+OII 1112 79. 5o\,9 .JJ 

41 PR[OX 
1!73,0- 90l'o0 o0003o\ oJOO • €.20 o5o\2-05 -13061. .. s oJJ 

. """· o- 117 3o 0' .000311 .300 ou2C .855+21 9157!!. .s ,3:5 
7H,G- 1111 R.o 0 , 0 OO~o\ .3 00 • £.2 0 o155+C3 19R6ilo ,5 .:53 
6t'3o o- 71o8. 0 o0003o\ .~oo • 620 ,o;f15•02 o\500. -13,q .~3 
623.0- 6&3.0 .0003~ o3DCI • 620 olo\3•041 •o\3&5. -13.9 .:53 
573.0- 623o0 oOOOJlf o3 DO o620 .5&7-02 3085. -13.9 o:53 
4911,0- 573.0 o0003o\ .300 .&20 ,51)'1+01 1C9Eo3o o5 .33 

5 PU FOAM 
6o\lfo0• 6118.0 oOCD341 olt OCI • 030 o841o\+20 6!"J757o -3.1 .33 
sc:a~o. o- f.o\41o0 o000:'-4 ,It DC • 030 .&17+02 12J3'.), -11,9 o3J 
~73,0- !:IJ&oO oCOII34 ... 00 • 030 .177-01 2646 • 2.5 .:53 
!lo\4o0• 573o0 .00010 .~oo • 030 .::60+06 21o\35o 2o5 o3J 
"~t~. o- 5414o0 o00(110 o4100 • 030 o6C0+01 9900 • .s oJJ 

6 IMIDf FCa~ 

1006.0- 1073.0 .CIOC1C .200 o02J o:!-06•011 -'1763. .s o33 
'73.0• 100&o0 .OOOJC o200 • 023 oJl~-1:5 -116170 • ,5 .33 
915o0• 973oC oOtOJO .200 • 023 o1P0•06 -1607'1 • o"i • 33 
8!;o\,O• 910,.0 ,OOClO ,;:oo oC2:5 .133+02 16862. •7. ·' •. D 
7'1t...c- e!:> ... c .OHl ~ ,;:co • 02:5 o61l·O~ -7'~""· -7.1 • .33 
711.0- 7'l6o 0 ,OOC10 o<'OO • 02~ .107+011 Jf.705o - 7. 0 .33 
673.c- 71Jo0 .COClC o::!OC • 023 .7&.3-02 69.3'! • -.~ • :5:5 



NORMAL 11En FIIAF~fNT S!7[ AT nm TEMPS l>F l<lt1ETIC P.f('.IMES 

======================================================== 
1 covrR FA fiR 

523.2- 602.2 loOOGOOO .821322 
602.2- 6£.9.2 .A21J22 .b02183 
6119.2- 763.2 o6021R3 olt6 71!61 
763.2- 813.2 o't67H61 .1'13770 
813.2- 848.2 .193770 • 05?5f.b 
ett8.2- 898.2 .0~9566 .007R07 

2 VOPIAR 
it73.0- 591.0 1.000000 oR65A50 
sn. o- 623.0 ollb5850 • 7'J3600 
623.0- 661.0 • 793601: • 71 H~61' 
f-,61.0• 709.0 o71R56b .6ttlt733 
709. o- 766.0 o61tlt733 .598173 
7£:.6.0- 8t~1.0 .5<1~173 .5.~51t56 

HbloO• 923.0 .535'+56 .522'l00 
3 lS 200 

it73.0- Sit!'. C l.OOCCJOO .'l670B2 
stt~.o- 573.0 .96701!2 • 'J 31t163 
573.0- 5~P.O .'l31tl63 ol:l71b7lt 
S'l~.o- 623.0 o87lt>71t .1!20223 
623.0- 61tAo0 el\21.'223 o7A1499 
61tl'.O• 613.0 .78111'19 • •t: 52 1:)(, 

&73.0- 69Ao0 .725286 • bll Bit 'l5 
6qP.O• 723.0 o 61HIIt95 .666312 
723.0- 766.6 o66E.J12 o61521t2 
766.6- 876.6 o61!:>21t2 .5503911 
876.6• 923.0 .550394 .5426511 .. PRE OX 
'19'1.0- 573.0 1oOOOOCCI o'l531.57 
573.0- 623.0 .C:53137 .1:192~03 
623 .o- 6P3.0 oH<;<:503 o82ti126 
E:a 3. o- 711Ao0 o821l126 o76351tH 
71tA.O• AltA eO .7&351tA o51t21t60 
Pltfi.O• 873.0 .Stt21tf>O o3b7852 
873.0- 908.0 .3E:7852 .lltbl\67 

5 PU FOA" 
ltltP..o- 51tlto0 loOOOOOO o'lU18!.'3 
5H.O• 573.0 o'l1RB83 .83'1678 
573 .o- 598.0 .1131t678 • 727952 
59P. .o- 61t4o0 .727'l52 olt'l03'j9 
6111t .o- 66floD elt9039S o00631R 

6 I"IDE FOAf4 
673.0- 111.0 leOOOOOO .991tlt 04 
711.0- 7<J6.0 o9'Hit01t o917053 
7<J& .o- P54e0 o911053 o803<J06 
8!:4.0- 915.C .80.5906 

. 
o679't5j 

915.0- 973.0 oL194~d o5HROB 
"73.0- lOOf.O .!JH!IOo .51t675lt 

1006.0- 1073.0 e51t6754 o51.59S3 
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, 

RUN "40o 18 Oo5·1~C'f LS•2DC n=~ ,..,,, 

MAT[RIAL I THJCK~[SS 

COY rR F AOR .1 Cl' 

u; 200 1o 3 CM 

f'U FOAM 10o0 Cll 

BOUNOARY CONOITION 
HEAT FLUII I CONDUCT IV[) : .0~00 CAL/C~2.S[C 
SURF~C£ T£MP£MATUP[ = 691.0 I( 

RB TSfl) • TSIT•U ox nn - '(1)+1) OS I I) o~ 1 l•u N I J) I'HI+l) 

1 CtlV[R FA811 
1 .00084 611lo0 •• 6P9o2 .oo .o:.oo- o00'15 oOHID .0~98 .:59'1112 .60218 
2 .ooo"4 6!l9o2 •• 6115,2 o01 .O~It5• • 01115 • 0398 o0-''15 o6 021 II .60837 
3 oODOil4 685o2 •• 6!11o2 • 01 • D l It!!• oa2~7 • 03q5 o03°l o60A~7 • 611t ~ 0 
~ .00085 681o2 •• f.77o2 .01 .02~7- • 03~ 0 oCJq1 .0~'<7 o614'10 o621'1'1 
5 .000116 677.2 -- 673.2 .01 .o 3~9- .0~52 • 03!17 .0383 .621'19 o6::>81t4 
6 o000ll7 673o2 •• 66'1o2 oC1 o0'152• o0557 • o;,s ~ .03110 o6211'1~ o6356'l 
7 .oooe7 669o2 •• f.65o2 o01 .0557• o0662 • 038 0 .o 376 .635611 o61t323 
8 o00088 665o2 •• f.b1o2 • 01 o0bf.2• o0/6'1 o037E: o0372 o61tl23 .6~10~ 
9 • 00089 661.2 -- 657.2 .01 .0769• o OR 76 • 0372 .03&11 .&5109 .65'129 

10 .00090 E:s 1. 2 -- 6 53. 2 .01 .oq76· o09"5 • 03611 o0361t .6592? o6f>7A!J 
co 11 o00091 653o2 •• 652o6 .oo .os S5· o100C • 036~ .036'1 o667~5 ol:-690'1 
N " LS 200 ...... 

12 • 0 01 p 3 652o6 •• 6~1!.6 .02 • 1 o o o- o1220 • 03~'1 o0j61 • 7 71 06 • 71'0 Of> 
13 .oo1e~ 64Bo6 •• 6'11lo0 100 o12a- ·1255 o0361 o0-'61 • 7!!006 o7P150 
14 .0018~ 6~8.0 -- 6~~.0 • 02 .u~s5- oH77 • 0361 • 0.~59 .78150 o7A997 
1::, o00185 6'14.0 -- 6'10.0 .02 o1'1 77• o1700 • Cl35'l .0357 • 711'l97 • 7 ':17"" 
16 .00186 6'1 0 0 0 • • 6 J6 I 0 102 o1700• o192'1 • 035 7 o03!H .7?71t4 o 1\04 01 
17 .00187 636o0 •• f>32o0 o02 o192~• 12150 • 035'1 • 0 ,,<;2 oROII01 o A 09 711 
18 .00189 632o0 •• 62Po0 .02 o2150• o2378 o0-'5~ oO.H9 .1!0978 oA1'1112 
19 o00190 628o0 •• 62~o0 I 02 o237S• I 2~ 07 • 0311 q oOl't 7 • 814 A2 1111922 
20 • t'0191 62~.0 -- 623.0 1C1 o2607• o266~ o03117 • 0 3116 o8H22 1P::>022 
21 .00192 62Jo0 •• 61qoC .02 o2b6~· o2696 o0311b I 03'13 .82022 oil :.''160 
2~ .0019~ 619o0 •• 615o0 .02 o21i96• oJH9 • OJ 'I J 103'10 o821160 ol\29911 
23 ,00195 615o0 •• 61lo0 .02 .~1~'1- o3364 • 034 0 10337 18 2q'111 • ~ 3663 
2~ .00197 61lo0 •• 607o0 .~2 o336~- • 36 C1 • (!~;!> 7 o03JII .83663 o'i'IIIR7 
2~ .00199 607.0 -- 603.0 .02 o3f>Ol• .J~~o • 03J4 o03JI o'l 44117 .8~~13 
~6 o00201 603.0 -- 5~9.0 • 02 13£.4 o- .~Of<:! .0331 10J211 .85513 oP6797 
27 o00203 59'io0 •• 5'JP.O 1C.1 .~Ok2• olt1113 o0321! • 032 7 o!I67'H o!l7167 
211 .00204 511J8o 0 •• 5'1'1o 0 102 oU43• olll3k7 o0327 10322 oil7167 • e p5qc; 
29 .00207 5q4,0 •• 5'10o0 .02 .431< 7- ~~6J5 • OJ22 10317 ollll595 • 8 <;8 31 
3C • 00210 5'1 0. 0 -- "i 8 6. 0 .03 o46J5• 1'1flat! I 031 7 o0312 oH'Itl-'1 o'1CII'lfl 
Jl o OC21 Ill 51!6o0 •• 5il2o(i • 03 ~~i\1!11· I 'H ~5 10J12 .0307 .~011'111 ·Q1814 
32 .00217 5!12.0 •• 57Po0 .OJ o5H5• .:;,~ ~~~ .0:0.1!7 10302 .;111111 ~9~r,•H 

33 .00220 571!o0 •• !.7410 .03 o54C~· 1 56 7(1 .(,302 .02':1il .;2~'!1 o9.32f.f> 
;\If • 0022 J 57'1o0 •• 573oC .01 .~670- o57:'-7 I 02911 .0217 I CJ32 I:J(, oCJ:H16 
3~ .00224 573o0 •• !-611Jo0 .OJ .~7 :'17- o60H .~297 .04':1:'1 ,9JII 1(, ,a Y~Q6 
36 • OC.2 2 7 56o;.o -- 5t5.o • (jj of.Otb• .(,27Q .:129~ .02'10 I') 3'1'•6 o'J'I!'i55 
:0.7 • OC2 29 56!o0 •• !\floO .03 el2 7Q• • b~ 5~. • 02'10 • oae. .l; lf':'t55 o'l'\0911 
:'Ill .Ot2J2 561o0 •• 557o0 .03 .65~~- o61JJ5 o02~t oll21J2 ,q5~<J11 .9~612 
Jlj • 002 35 s~·,.o -- 5!l3o0 .03 ob6~5- • 71H • 021' 2 o0279 ,95~ 12 o9f,111 



40 .00238 553.0 -- 549.0 o03 • 7118- o7405 o0279 ·027'5 o96lll .96'591 
41 .00242 549o0 •• 548o0 .o1 oH05• • 74 78 • 0275 e02H o96531 .9670~ 
42 .00243 5411.0 -- 544.0 .03 .7471!• .7771J .0274 o0270 .96708 .97148 
43 • 00246 544e0 •• 540.0 o03 o7770• .8067 • 027 0 o0265 .97148 .97538 
44 .00251 540e0 •• 536o0 o03 .8067- .11369 o0265 o0261 .97538 .97883 
45 o00254 536.0 -- 532.0 .03 e83M1• o8675 .0261 .0257 .97883 .98187 
4r. .002'59 532.0 -- 528.0 .03 .8675- .8986 • 0257 .0253 .98187 .91!455 
47 .00263 528.0 •• '524o0 o03 .8966- .9302 • 025 3 • 0249 .911455 e9P691 
48 .00268 '524.0 -- 520.0 .03 o'l302• • 9624 • 0249 .0244 .98691 .9!1897 
49 .00272 520.0 -- 516.0 .03 .'l624- .9951 .V244 .0240 .98897 .99078 
50 .00277 516.0 -- 512.0 o03 .•Hsl- 1· 02tl4 • 0240 .0236 o99078 .99236 
51 .00282 512.0 -- 508.0 o03 1.0284• 1.0623 o0236 .0232 .99236 .99373 
52 .00287 508.0 -- 504.0 .03 lo0623• 1.0968 .0232 .02?7 .99373 .9'1492 
'53 .00293 504.0 -- 500.0 .04 1.09611- 1.1320 • 0227 .0223 • 994 92 .99595 
54 • 00299 500o0 •• 496o0 • 04 1ol320• 1ol679 oil223 o0218 .995"5 • "9684 
55 .00305 496.0 -- 4"2.0 o04 1.1679• lo2046 • 0218 • 0214 o996114 o99761 
56 .00311 492.0 -- 41111.0 • 04 1.2046- 1.2420 • 0214 .0209 .99761 .99827 
'57 • 003111 488.0 -- 4114.0 o04 lo2'120• lo 28 02 o0209 .0205 o99827 .991183 
'58 .00325 484.0 -- 4~0.0 .04 lo21i02• lo3193 .0205 .0200 .99883 .99932 
59 .00333 480.0 -- 476.0 • 04 1.3193- 1.3593 .0200 o0195 .99932 .99973 

3 PU FDA" 
60 .00172 476.0 -- 472.0 o02 lo35<:'3• lo3799 .0195 o0194 .98945 .99140 
61 • 00172 472.0 -- 468.0 .02 le3799• lo'1005 .0194 • 0193 ·""140 .99318 
62 .00172 468.0 -- 464.0 .02 1.4005- 1.11212 • 019 3 .0192 .99318 o'l91t80 
63 • 00173 464.0 -- 460.0 o02 lo4212• lo4420 • 0192 .01':12 • 994 80 .99629 
64 .00173 460.0 -- 456.0 o02 lo4420• 1o4628 .0192 .0191 • 996 29 .99765 co 65 .00174 456.0 -- 452.0 .02 1o'1&2ll• 1. 41138 o0191 • 0190 .99765 .99888 N 

N 66 • 00175 452.0 -- 448.0 .02 1.4838- 1.50'19 • 019 0 .0189 .998118 1eDOOOO 
67 .00967 448.0 -- 4'14·0 .02 1o50119• lo5260 .0189 o01114 loOODDO 1o00000 
68 • oe96 1 444.0 -- 440.0 .02 1.5260- lo5477 • 0184 .0180 1.00000 1o00000 
69 .00967 4110.0 -- 436.0 .02 1.5477• 1. 5700 • 018 0 .0175 loOOOOD 1o00000 
70 o00967 '136o0 •• 432o0 • 02 1.5700- 1o5928 .0175 .0171 loOOODO 1.00000 
71 .00967 432o0 •• 428o0 .02 1o5928• 1. 6162 .0171 o0166 1.00000 loOOOOO 
72 .00967 428.0 ·- 424.0 .02 1.6162- lo640'1 .0166 o0161 1.00000 1o 00000 
73 .00967 424.0 -- 1120.0 .02 1.6'1 04- lob652 .0161 .0157 1.00000 1.00000 
74 • 0096 7 420o0 •• 416o0 .03 lo6652• 1o 69 07 .0157 .0152 1.00000 loOOOOO 
75 .00967 416.0 -- 412.0 .03 lo6907• 1.7170 • 0152 • 014 7 1o00000 1. 00000 
76 • 00967 412.0 -- 408.0 .03 1o 7170• 1o7'1'12 • 014 7 • 01113 loOOOOO 1.00000 
77 .00967 408.0 -- 404.0 .03 1.7'1112- 1.7722 • 014 3 .0138 1.00000 1.00000 
78 .00967 404o0 •• 400o0 o03 1.7722- 1o8012 • 0138 .0133 1o00000 1.00000 
79 .00967 400.0 -- 3CJ6.0 .03 1.11012- 1o 8312 • 0133 o0129 1.00000 leOOOOO 
80 .00967 396.0 -- 392.0 .03 1.8312- 1o8622 o012CJ .0124 1.00000 1.00000 
81 .00967 392o0 •• 3118.0 .03 1oflb22• 1.8945 • 0124 .0119 1.00000 1.00000 
1'2 o00967 3118o0 •• 3fl4o0 o03 1ol!945• 1o 9279 • 0119 o0115 loOOOOO loOOOOO 
83 .00967 384.0 -- 31lo.o • 03 loc:t279• lo962A • 0115 • 0110 1.00000 t.ooooo 
84 .00967 380.0 -- 376.0 .04 lo9628• 1.9991 • 0110 o0106 1.00000 1.00000 
85 .00967 376.0 -- 372.0 .04 lo9991• 2.0370 .0106 oOlOl 1.00000 1.00000 
86 .00967 372o0 •• 36Ao0 • 011 2o0370• 2o07E-6 • 0101 .0096 1o00000 lo 00000 
87 .00967 368.0 -- 364.0 o04 2o0766• 2.11 Ill o0096 .0092 1.00000 loOOOOO 
88 .00967 364.0 -- 360.0 oOII 2.1181- 2ol618 .0092 .0087 loOOOOO loOOOOO 
89 .00967 360.0 -- 356.0 .05 2olbl8• 2.2078 • 008 7 .0082 1.00000 1.00000 
90 • 0096 7 356.0 -- 352.0 .os 2o2078• 2.2563 .008 2 .0078 1.00000 1.00000 
91 .00967 352.0 -- 3411.0 .05 2.2563- 2.3078 .0078 .007J 1.00000 lo 00000 
92 • 00967 3"8.0 -- 344.0 .os 2.3078- 2. 3625 .0073 o0068 loOOOOO loOOOOO 
93 • 0096 7 344.0 -- 340.0 o06 2oJ625• 2.4210 .0068 .0064 loOOOOO 1.00000 
94 oOO<t67 340o0 •• 336o0 o06 2.4210- 2o4837 .0064 o0059 1o00000 lo 00000 
95 .00967 336.0 -- 332.0 .07 2.4837- 2.5513 .0059 .D0 55 1.00000 loOOOOO 

G 



••••• 

CD 
N 
w 

C)t) o00967 
97 • Oli967 
~6 .00'167 
99 0 0096 7 

100 .00967 
lli1 o00967 
1 C2 .ot•H.7 
103 o009E.7 
lll4 o009E.7 
105 • 009 67 
106 o00967 
107 .00967 
~ASS LOSS FOR 

TOTAL "ASS LOSS : 

332o0 -- 32~o0 o01 2o5513- 2ob24£. 
32Bo0 •• ~24o0 .o~ 2o624E.• 2o 70'16 
324o0 •• J20o0 oli9 2o1048• 2.7'132 
32t.o -- 316.0 olD 2o7'?32• ~oll917 

316.0 -- 312.0 ol1 2oH'H 1• 3.00JO 
312o0 •• 3l"'•0 • 13 3.0030- 3ol307 
30Ro0 •• 304.0 .15 3ol3C7• 3o28C6 
304.0 -- ;5(1().0 .18 3.4:BOE.• 3olfE.21 
3 0 0 • 0 - - 2 '16 • 0 .2J j.4t21- 3o692C 
296o0 •• 2'12o0 .31 3.6q20· 4. 0054 
292.0 -- 2118.0 .49 4 .o 0511• 4olt'l80 
2AB.O •• 26~.0 ot16 ..... 980· S.J&OO 

1 LAY£R: .21120-04 
2 LAYER: o5P51•01t 

3 LAYFR: o54E:4•06 

.8325•04 GK/SEC.C~~ OF ~URNI~G SURfACE 

~ 

0 (iQ';,:, .o~so 1.000:10 loOCIOOO 
• 005 0 .0045 lo:IOOOO loOCOOO 
o0Clt5 .o 041 1oOOO:lO loDOOOO 
• OOH .0036 J.ooooo 1o00000 
• OCJ; ooo:n 1.00000 1.00000 
o01131 .0027 1.ooooo 1o00000 
• 0027 .0022 1.00000 lo0(i000 
.00::'2 .OJ17 1.00000 t.ococo 
• 0017 oOOlJ 1.00000 1.00000 
• 0013 .oco" 1.00000 loOOOOO 
oOOOI\ o0003 1o00000 1o 00000 
o00:13 .Oi!UO 1o00000 1o 00000 



APPENDIX C Some Comments on Burning Tests Procedure 

The burning tests of multi-layered seat cushion assemblies were conducted in an 
NBS Smoke Density Chamber. The orginial radiative heat source is replaced by a 
Mellen furnace Model 10, to provide a high heat flux, and further supplemented 
with a cantilever beam coupled to a transducer, to measure weight changes of 
suspended samples. 

In addition to these, there were several modifications on the procedures of 
sample preparation and it's burning. These were instated following the detec
tion of unsatisfactory conditions during the initial trial runs. These are 
summarized below. 

Symptom Diagnosis Remedy 

A} Uneven heating 1. Misalignment of 1. Align correctly 
(Severe 2-D effect} sample with furnace 

2. Use of stainless 2. Eliminate the frame, 
steel fram as sample i.e., large heat 
holder sink item 

3. Loss of heat on four 3. Use of light, thick 
sides insulator on four 

sides, also as 
sample holder 

4. Buoyancy of hot gas 4. No remedy unless 
formed in foam {open sample positioned 
cell} horizontally 

B} Irregular surface High pressure exerted Cover fabric cut 
shape by the gas product larger than the 

during intumescence surface area, folded 
(or disengaging the over the sides and 
cover sheet in the stapled 
worst case} 

C} Temperature rise at Single sheet of radia- Use double layers 
the sample surface tion shield -- not (with a1 r-gap in 
before removing enough between) of shields 

Cl 



Symptom Diagnosis Remedy 

D) Furnace temperature Change in Characteris- Adjust the power 
change on and after tics of reradiation to the furnace 
removing the shield from the shield and manually to maintain 

the sample surface the same furnace 
temperature 

E) Non-linear signal Electronic feature Make and use a 
response of trans- of the equipment used calibration chart 
ducer 

F) I rreproduci bl e Irregularly distri- Hold the entire 
weight measurement buted loading on the sample by a single 
of sample cant 11 ever beam wire and load it at 

the fixed point of 
the beam 

G) Step changes in Interference by the Duplicate the run 
weight measurement thermocouples without thermo-
during the burning inserted into the couples purely for 

sample weight change 
measurement 

.. 
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No. 

APPENDIX D Photographs of Equipments and Burned Samples 

Remarks 

1. Thermogravimetric Analyzer {TG) 
The thermograv1metric analyzer is shown in the right side of the pic
ture, connected to a pair of flowmeters and a mixer, plus a vacuum 
gauge (vacuum pump not shown). The assemblage of a chart recorder, a 
microprocessor, a heater controller, and a weight suppressor are shown 
in the left side on the table. 

2. 
canning Auto Zero) on its top. The 

deck on the left side. The DSC is 

3. NBS Smoke Density Chamber 
The NBS Smoke Density Chamber is shown at left rear. A newly installed 
Mellen furnace is seen through its window. The multichannel recorder 
(Leeds & Northrop, Speedomax Mode 1 251} is shown at the top of the 
front cabinet. 

4. Sample Preparation 
Th1 s picture shows each seat cushion sample is prepared for the burning 
tests in the NBS Smoke Density Chamber. The front cover fabric is cut 
larger than the face area and folded over the sides and stapled. The 
entire sample is surrounded by four !"-thick insulator panels (Kaowood-
30000 Board, by Pyroengi neeri ng Co.). 

5. 
here 
by ~ 

6. Visual Comparison of the Burned Seat Cushions 
Each seat cushion system was suddenly exposed to the Mellen furnace 
preheated and maintained at 850°C and then remained so for 10 minutes. 
This pictures shows that the effectiveness of the fire blocking layer 
can be rated, based on this test only, in decreasin~ order: LS-200 
{1/2 11 thick) > Vonar (3/16" thick} > Preox (11 oz/yd ) > No blocking 
1 ayer. 

7. Comparison of the Degree of In-Depth Burning 
Same as above, but this picture shows the degree of in-depth burning, 
with the samples oriented in the same way as in the NBS Smoke Density 
Chamber. 

8. Comparison of LS-200 and Vonar as a Fire Blocking Layer 
In this picture, LS-200 is shown more effective as a fire blocking 
layer than Vonar when tested with the same thickness. 
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APPENDIX E Comparison With Factory Mutual's Numerical Model 

The thermochemical model (TCM) of this work is compared with a numerical model 

developed by Factory Mutual Research Corporation. The numerical approach is 

described in Appendix A, "A Numerical Model for One-Dimensional Heat Conduction 

with Pyrolysis in a Slab of Finite Thickness," by F. Tamanini, in Technical 

Report, FMRC Serial No. 21011.7 dated November, 1976, entitled "The Third 

Full-Scale Bedroom Fire Test of the Home Fire Project_" Vol. II, edited by A.T. 

Modak. 

The computer calculations were actually performed with essentially the same 

program as listed in the Report, in order to enhance the familiarity with this 

numerical model (NM). The boundary value read-in instructions were rewritten 

to suit this comparison purpose, as suggested by the author. 

The numerical model (NM) presented in the Report is for a single-layered 

material: however, the extension to a multi-layered system retaining its 

features seems possible without difficulty. The change of total weight due to 

pyrolysis is not included in the original program, but also can be added with 

ease. Since such extended/modified computer program is unavailable, the 

comparison of the result of the numerical model with the experimental data of 

this work is not attempted. 
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A) Model 

TCM k ~ + per dT = DPNB exp ( -E/RT) 
dxt::: dx 

~ = -NB exp (-E/RT) 

NM 

-Pa B exp ( -E/RT) 

For NM, Mg is the mass flux of volatiles, h is the enthalpy, while 
subscripts s and g refer to the solid matrix and pyrolysis gas respectiely. 
Another subscript a refers to the unpyrolyzed active material. 

TCM 

Condensed phase reaction 

One - dimensional 

Steady state 

Moving coordinate system 

First order Arrhenius reaction for 
thermal degradation 

Analytical solution available 
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NM 

Same 

Same 

Unsteady state 

Stationary coordinate 
system 

Same 

Numerical solution 
technique presented 



B) Dimensional Analysis 

The dimensional analyses are performed for these two models to determine their 
relative strengths and shortcomings. The dimensionless groups needed to 
describe these models, according to Pi theorem, could be the following: 

Dimensionless Group JPL's TCM FMC's NM 

Temperature T - T0 T - T0 
Ts -To Ts - To 

Distance Coordinate Prcx f1gCX 
k -k-

Heat of Pyrolysis D Q 
c(Ts - T0 J c(Ts - T0 ) 

Arrhenius Group E E 
(or Activation Temperature) --rrr- Rr 

Preexponential Factor Bx Bt 
--r 

Fourier Number - kt 

Pci 

The obvious difference is that Fourier number, which compares a characteristic 
length dimension with an approximate temperature-wave penetration depth for a 
given time t, is included in the NM while it is absent in TCM. Other than the 
capability of the NM to study unsteady-state behavior, essentially the same 
dimensionless groups are required for the analysis of the two models. 
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C) Input Data 

TCM NM 

Cp, k 1. for one solid 1. For two sol ids 
{active material and 
char) and one Cp 
for gas 

2. Stepwise va ri at ion 2. Linear variation 
with temperature with temperature 

Stepwise variation The in it i a 1 and 
with temperature final densities {char 

p fraction increases 
1 i nearly from 0 to 
100% of apparent 
density) 

B, E Change often {as One set of constant 
evidenced by TGA) values for the whole 
depending on tempera- temperature range 
ture range 

Heat sink term D: heat of degradation Q: heat of pyrolysis 
stepwise variation fixed at a reference 
with temperature {to temperature 
be obtained from DSC) 

Boundary 1. Temperature B.c.•s at Either temperature 
both boundaries or or heat flux B.C. at 

each of two bounda-
Conditions 2. Temperature and heat ries 

flux B.c.•s at one 
boundary 
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D) Calculation & Results 

Calculation 

Results 

TCM 

Segment-wise application 
of analytical solution, 
progressively advancing 
from one boundary to the 
other 

surface regression rate, 
temperature profile and 
tot a 1 mass 1 ass 

E) Advantages & Disadvantages 

Advantage 

Disadvantage 

TCM 

Parametric analysis is 
readily accessible -
essential for basics 
understanding and estab
lishing design criteria 

Steady state solution 
is not adequate for study 
of transient period 
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NM 

Finite difference 
representations of the 
partial differential 
equation for the entire 
region and solving the 
resultant tridiagonal 
matrix 

temperature profile, 
density profile, and 
mass flux profile 

NM 

Time-dependent pyrolysis 
behavior can be pre
dicted {This may be 
useful for assuming 
and confirming time
dependent boundary 
conditions more realis
tically.) 

Parametric analysis may 
be not as clear as TCM 


