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NOMENCLATURE

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

c Specific heat (cal gm-! °C‘1)

D Heat of degradation (cal gm'l)

E Activation energy for thermal degradation of polymer (cal mo1e'1)

FS Remaining number of monomer units of degraded polymer

k Thermal conductivity (cal em~! sec-! °C'1)

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

q Heat flux (cal cm=2 sec™!)

r Linear regression rate of polymer solid (cm sec'l)

R Universal gas constant (cal g-mole=l -1y

t Time (sec)

T Temperature (K)

W Weight (gm)

X 1-dimensional coordinate, i.e., depth from surface (cm)

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

) Undisturbed state

L Thickness of a layer

Superscripts

+, - A point immediately beyond and before, respectively
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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.

viii



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 mulitilayered
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.



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 "transient"
propagation can be viewed as steady-state in another coordinate
frame.

In any case, the assumption 9/5 t =0 implies that the charac-
teristic heat transfer time is small compared to the characteris-
tic "flow" 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

(Ty = To)/(Tyg = Ty) =1 - exp (- at/x2)
where T, is the temperature at any depth x (from the surface),

Ty 1s the initial temperature, T, is the steady-state
temperature at depth x, is the thermal diffusivity

-2-



( = k/pc), t is the time. Thus the time-independence
assumption in our treatment relies on a small value for the
characteristic time L2/a for its validity. In the case on
hand, the following approximate numbers lend credence to this
approach. Typically a = 10-3 cm2/sec. The '"characteris-

tic" thermal depth, i.e., the distance from the surface to reach
1/e of the full temperature difference is 0.2 cm (for example
from figure 11, first plot) at 120 seconds (2 min.); or

Q —

t - 3:0
x2

leading to
1 -exp (- at/xz) > 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.



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

2
k 4T pcr a - DpNB exp (-E/RT) (1)
dx2 dx

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

dN

21
N = B exp (-E/RT) (2)

The symbol N represents the number of remaining bonds per unit mass,
normalized with respect to that of fresh, unburned material. The
symbol D, the heat of degradation, is "positive" 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, at x =oo

To at X=00

Figure 1. Geometry considered in the first case where T = T, at x = o
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When the rear surface (cold side) temperature is undisturbed, the
boundary conditions for equations (2) and (3) are, respectively,

= Tg at x =20 (3)
= T0 at x = oo
]
N = 1 - — t = (4)
Fs &0 X
N = 1 at x =o0

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 regression 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 steady state
system, r is given as:

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

TV T D S D
(RTS)( T ) [{‘ * c(TS—TO)} E"‘(Fs.l) - c(Ts-TO)FS] (5)

And the integration of equation (1) will show that the conductive heat

=3
I

flux at the hot surface is
qs = pr [c (Ts'To) + DKFS] (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 Tayer.



(2) Second Case, i.e., T=Tc (> Ty) at x > 0

T2,

Lz
T at X=X,

Figure 2. Geometry considered in the second case where T = Te 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 T,. The governing equations are the same as

above, i.e., equations (1), (2), and the boundary conditions are

= Ts at x =0 (7)
= Tc at x = X\
N = 1 - 1 at x =0 (8)
N = 1 - 1 at x = XL
FSc

Assuming that T. is close to Tg, that is

Ts-Te (9)

< 0.1
Ts'To

the solution for r is given by

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

\ (_E) (TS-—TO) (10)
RT Tg

-
I



(3)

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.

1 1
dpet = Pr [c (Tg=Te) + D{g;;gc-}} (11)

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

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.



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‘Xl

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

The conductive heat flux at the top surface (x=0) 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,



41 ] 11\
3 dx Pyry |e3 (T, - Tc.) + D3 \Fsy_ - Fs.

i ] 1
+ P2 ro Co (T - T ) + 02 (FSS - FSC ) (12)

L
dr " 1 1]
“*2 dx = Po Co (Te - T + D FS. =~ FS
x=x3" R ( Sy c2) 2 S ¢y /]
[ 1 ] )’(13)
+ Prry ey (T. =T + D FS. - FS
11 _1 ( $1 Cl) 1 1 ¢y /]
and
L [ 1 _1
™1 dx = p1r ¢ (T -T + D FS< =~ FS 14
x=x* 171 1 ( S1 Cl) 1 S Cq (14)

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

T = T

c3 $? (15)
Tc2 = TSl
and the second is that
41 dar
k3 4x = K2 4 N
X=X3 X=X3
(16)
dT a7
r2 dx = 1 dx .
X=X2' X=X9




(c)

(d)

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.

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.

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 II layer, if
interpreted literally, will give rise to a "void" or separation
between the bottom of the I layer and the initial position of the IT
layer top surface. However, the complexity is removed when one
recognizes that the regression meant here is really the movement of
the thermal wave in the solid layers while the char framework (end

- 11 -



3.

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 P as a variable. For
example, p fipna1 Would not equal zero but would equal the

char density which itself is equal to the (Pinitial —

Preactive®)

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 "void" 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.

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-



(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
(/7).

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-



(b)

The TG diagrams of the cover fabric, fire blocking layers (Vonarq9,
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.

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/cm? or 10.6
BTU/ft2 sec). The originally equipped furnace for the NBS chamber
could provide 2.5 W/cm?, 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.

-14-
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Table I(a).

Fundamental Properties of Seat Cushion Component Material

C k* XL
Density Thermal
g Specific Heat Conductivity Thickness
cal cal
cm3 g.° cm. sec.°C cm
Seat Cover Fabric 0.4 0.3 0.0001 0.1
Fire Blocking Layer
LS-200 0.12 0.3 0.0002 1.2
Vonar 0.146 0.345 0.0002 0.8
Preox 0.62 0.3 0.00034 0.1
Foam
Polyurethane 0.03 0.4 0.00010~0.00034 10.6
Polyimide 0.023 0.2 0.0001 -
(b) Kinetics Constants and Heat of Degradation
of Subdivided Thermochemical Layers
T B E D
Tempera- Heat of
ture Pre Exponential] Activation Degrada-
Range Factor Energy tion
(K) (1/sec) (cal/mole) (cal/g)
848-898 | 2.13 x 104 24800 -2.9
Seat 813-848 5.06 x 10-8 -20300 -2.9
Cover 763-813 | 2.24 x 1013 56500 -2.9
Fabric 689-763 2.51 x 10-1 7800 -2.3
602-689 7.30 x 10-6 -6500 -16.
523-602 1.57 x 102 13700 -16.3
* Source: NASA Ames Research Center -- Handbook of Chemistry andPhysics
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(b) Kinetics Constants and Heat of Degradation
of Subdivided Thermochemical Layers (Cont'd)

T B E D
Tempera- Heat of
ture Pre Exponential|l Activation Degrada-
Range Factor Energy tion
(K) (1/sec) (cal/mole) (cal/g)
877-923 | 1.17 x 1072 -3857 0.5
767-877 | 7.17 x 10711 -24770 9.6
723-767 | 5.17 x 10! 16818 -8.4
698-723 | 1.04 x 1074 -2020 -19.1
LS-200 673-698 | 8.28 x 10-14 -31083 -16.7
648-673 | 6.56 x 10-3 2475 -8.4
623-648 | 2.46 x 106 27897 -20.3
598-623 | 1.61 x 10-17 -38190 7.9
573-598 | 2.11 x 107 27800 71.9
548-573 | 2.01 x 10 6772 24,9
473-548 | 7.83 x 103 18279 54.9
881-923 | 3.37 x 10-4 1043 1.0
766-881 | 1.66 x 10~/ -12285 9.6
709-766 | 8.94 x 1072 7800 -23.9
® 661-709 | 2.37 x 10-12 26532 -28.7
Vonar 623-661 | 2.75 x 10% 22078 -28.7
591-623 | 3.94 x 10-13 -25933 50. 9
473-591 | 2.33 x 104 19435 107.5
873-908 | 5.42 x 10-6 -13061 0.5
® 848-873 | 8.55 x 1020 91578 0.5
Preox 748-848 | 1.55 x 10°2 18860 0.5
683-748 | 9.85 x 10-3 4500 -13.9
623-683 | 1.43 x 1072 -4365 -13.9
573-623 | 5.87 x 10°3 3085 -13.9
498-573 | 5.94 x 100 10963 0.5
Polyurethane 644-688 | 8.44 x 1019 65760 3.1
Foam 598-644 | 6.17 x 101 12335 11.9
573-598 | 1.77 x 10-2 2646 2.5
544-573 | 2.60 x 10° 21435 2.5
448-544 | 6.00 x 100 9900 0.5
1006-1073 | 3.06 x 102 -4763 0.5
973-1006 | 3.12 x 10-14 -46170 0.5
Polyimide 915-973 | 1.80 x 10-7 -16070 0.5
Foam 854-915 | 1.33 x 10! 16860 -7.3
796-854 | 6.11 x 10-6 -7890 -7.3
?11“?96 1.0? X 10? 36705 _?.0
673-711 | 7.63 x 10-3 6938 -0.3
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(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/cm?) to the full value of
6-10 N/cmz. 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 D 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 Preoxc:z vonar(:z 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

Mrad (Tfurnace - Tbead) heonv (Tbead - Tgas fi]m)
where hpaq and heony are the radiative and convective heat transfer
coefficient, respectively, and T¢,rnaces Tbeads Tgas fi1m 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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(2)

minutes, and then registers essentially the same temperature
thereafter. When a fire blocking layer of Uonar(:)or LS-200 is
used, however, a very slight 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 15°C.

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(E)medium, and Preox(:)the least. Incidentally

this is exactly the opposite order as the one observed in total
mass 1oss.

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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(b)

(4) The use of a fire blocking layer helps maintain Tower
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(:z and 463 K with
Preox(:z 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 Tayer 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 Teads 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.

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 10°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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5.

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.

SUMMARY

The work on the prediction of thermochemical performance of muiti- Tayered

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.

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

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

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

2
k 45T+ pcr 4T = o exp (-E/RT) (A1)
dx2 dx
- 1dN _
Nt B exp (-E/RT) -2)

and the boundary conditions are

at x =0 T=Tg (A-3)
No= Ng= 1o 1
FSg
at x = XL T= TC (A-4)
1
N o= No= 1- —
FS¢
By introducing the dimensionless terms,
y = Pcr x (A-5)
k
and T = T-T, (A-6)
Ts-To
Then Egs. (A-1) and (A-2) become
d27 4 dT - KkDPNB exp (-E/RT) (A-7)
dyZ dy (Per)2 (Ts-To)
dN . d7 . k cPNB exp (-E/RT)
dr  dy (Pcr)2 (A-8)

Al



Further use of dimensionless variables,

p = 47 (A-9)
dy
h = D © (A-10)
c(Ts-To)
and A = kB (A-11)
Pcr2

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

pp' +p = Ah Nexp (-E/RT) (A-12)
pN' = AN exp (-E/RT) (A-13)

where a prime denotes d/dT.
The boundary conditions are accordingly

T=1, p=pg, N=Ng (A-14)
T=Tc, P=pc> N=N¢ (A-15)

The Eq. (A-13) can be combined to Eq. (A-12) to yield
pp' +p -pN'h = 0 (A-16)
Assuming p # 0, then Eq. (A-16) becomes essentially

d _ dN =
.EE + 1 E—;—- 0 (A-17)

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

=
1]

(P+ 7-ps-1+nhNs)/h (A-18)
(p+ T=-pc-Tc+hN)/n (A-19)

or N

A2



Then substituting Eq. (A-19) into Eq. (A-12) gives
pp' +p=A(p+ T-pg -1+hNg) 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 Tg, then as an approximation, Eq. (A-20) can be written

as
pp' +p = (p+ T-pg -1+ hNg)Aexp { -0 [1 + x(i-T)]} (A-21)
where ©= _E
T (A-22)
and X = Te-T
S0 (A-23)
Ts
Let A= ANexp (-0O) (A-24)
and g = -pg-1+ hNg (A-25)
then, the Eq. (A-21) is
pp' +p = (p+T+9) dexp [- O X(1-7)] (A-26)
Further defining
UERR L,
c (A-27)
E= p+ T (A-28)
A= EA (A-29)
where € = 1
X (A-30)

A3



enables rewriting Eq. (A-26) as

-(E-1+en) g = (&+9g)rexp (-n) (A-31)
or
df . EdE = xe-T dn )
£+ g £ +g (A-32)

The boundary conditions for this equation are

n=0 ¢t= &g

N

n
=
(e}
n
Jrr
(g}

Integrating now with respect

and ¢, is

SS d.s SS
C£+g c

to give the result as

Ps + 1 (A-33)
Pc + Tc (A-34)

to £ and 7, in the region between two surfaces, s

S
e Lo

E +9 £S+g
M(E:‘fg)'{(ﬁs ) g‘"(ecw)}‘ -2 (1-e= ) (A-36)

Then A is simply given by

E.*+ 9
! c
A= [ oe e - {(Es TE)+ (1 +g) lnégg‘:jg)}‘ (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/RTg)

W

E

(A-38)

RTg

) (55
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APPENDIX B Computer Program

1+ c FROGRAM A

2« C THIS PROGRAM TAKES THE IMTERFACIAL TEMPERATURES (B.C.'S) AS THE THPUT
3 C DATA A%D THEY CALCULATES THE BURNING SATEe. REAT FLUs TEMPERATURE PROFIL
4 C ALND WFIGHT LO0SS OF MULTI-LAYERFED PCOLYMERIC MATEFJALS (INCLUCING

S C THF FIRE BLOCKING LAYEF) USED FOR AIRCRAFT SEAT CUSHIONS.

€ € THE D1VTNSIGYNS USED IN THIS PROUGRAN LRF GRAMe GRAM=VMCLEs D-CELSIUSe
T+ C CALGRIFy CFe AND SECOND.

fx C

Ca CIYESNSION ANAMFT(Te2)a¥al TIgNTREGE TIgKTUT411)4CPT(T411)

10= = RHEOT(Tel1) gKTUTe11) sETCT412)4DTEToll) ) HELETRTUT 110

11+ = THELNC(T7e11)4TKHI(T911)eTLOELI1)wTAICLI1D,

12 - FKLO(T7421)oFKFT(T7911) oFLIC11)4FHIC11)y

13 - NKLOCT79l1)ohKHT (79110 s0MLOC1124NnIC11),

las = JSTART(11)4JCNDC11)HEADINLL4A)IDI11)y

15 = NSC11)eNCU11D¢ANAME 11192)sT(11)9KE11)4CPU11)sRHOI11)4B011),

L6 = F(11)eNC11)4sHEATRACI1)9FSSI11)9FSCE11)4REBC11)4CINLIT1IZ0NUTII1),
LT7» = ONETC11)s TPC11411)¢NSSPU11911)sTSTART(I1)TINTVI1])

LR+ CIYERNSTION TPLOT(121) 4 7PLOTEL121) 0RbS 0119110 40XDT(11911)eDY (11911
15+ CIMENSION Xt11e411)

2C» DIMENSION HE11)9PSC11)4PCC11) YIS 011)4YIC (1) THETACLIL)ZOTACHILY)
21w DIMENSICN ENCCL1)oLAMEDACLILY 9yCHIC11) 9L PHACLIL)

22+ DIMENSION TICE11)eRORCU11)4A(11)4GL11)sRETI11)

23w PEAL KToKeMWaNSeNCoHCLOgNKHI oRNLOshHIoLAMBDA

24w o
25« C REAC IN THE INGREDIENT MATERIAL PROPERTY AND PRINT OUT
26 c
27+ READ (54°01) ITOTAL
26» S01 FORMAT (I2)
29 DO 100 I1=1,17GTAL

30 RFAD (54902) ToANAMET(I 4129 ANAMETCT 42) 9 MWUI) 4NTREGLI)

31 902 FORMATII242AGsF1l0a2012)

32 NTR=NTREG(])

33 READ €54503)(TKLOUI o J) o TKRICTad) g KT (I 9JD)eCPTC1 o) sRHOTITd)
34+ - BTCIoJ)eET (o) e DTUIoJ) e HEATRT (I 4J)gJ=1aNTR)
35« op3 FORMAT (2FS5.1s TL1C.3)

36 100 CCNTINUE

37 MRITE (64948)
3w 948 FORMAT (1H1le 25Y, *BURNING RATE FREDICTION FUS MULTI-LAYTHRED®
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- v AIRCPRAFT SEAT CUSHION® / 26Xy E3(%"=7)y /

- Xy YMATERIAL PROFERTY®/ 21Xy *TEMP. RENGE, THERNMAL® s 5k,

- *HEAT®y 6Yo*JENSITY FREEXP, ACTIVATION HEAT OF

HEAT®,

= 5 / 36Y,s "CONOUCTIV. CAPACITY®*413X, *FACTOR EANERGY?®,

= 7¥4 °*DECOMP0OSe RATE®, 7/
=26Y.y "(K)*y SY4ZT(CAL/CM,.S.C) (CALZGMSC) (GM/CM3)%y 13X,
=*(CAL/POLE) (CALZIGM) (DEG C/sfCH* /)
0O 102 I=1.1TGTAL
NTR=KRTREG(1)
KRITE (64951) ToFNAMET (141) 4 ANEMETII 42)
951 FORMET (5% 4]242X42R5)
WRAITE (€+253) (TRLOCT oJ) e TKHICTI 4J)

= KTUIlad)oCFTUI o) oRHET (T o) o PTUT ) o ETUTsd)oDT AT o U)W HEATRT(I Uy

- J=14ANTR)
S53 FOGRVAT (17%s FTale "%y Flaly 1V,

- F1CaSe3re FEu3e 3Ye FEL3y 2Ys £11430 4Xe F9.0s F10.1,
102 CONTINUE

Fl¥ CONSTANTS USED IN THIS PROGRAM

[z Nala)

F=1.0

Pz1.98717
FrzRAZ,0E
CFGAS=0.3R2
FOSLON=0.°
SIGMA=1,.2E5E~-12
T0=285.0

2N Nalel

WRITFE (64°55)

CALCULATE N AND FS AT TW0 END TEMPERATURES OF KINETIC REGIMES
THE CALCULATION SEGUENCE 1Se BY LCGICs FROM LOW TO hIGH TEMPEIRATURE

Fl1C.2)

955 FCRMAT (1M1 10Xy *NIRMALIZED FFLGMENT SIZE AT END TEMPS CFv, 1Y

= "WINLCTIC REGIMESTs /9 11Xy SE('=%)y /)
DO 200 I=1+1T70TAL
WRITE (6+4551) T4 ANAMET(Ie 1) ANAMTTU(IL2)
NTR=ATREG(TD)
NKLD (TeNTR)=1.0
FKLOCTIs~TR)=10000,
DO 2C5 JJ=14NTR
JE=hTR+1=JJ
CALL FRAGMT (RTUIoJI)oETUIwJ)oTKLOUTI o) TKHILTU),
- HEATPT(IeJ)Y sNKLOCGI s J) o NKHItIRU))
IF (JeWNEel) NXKLOICIwJ=1)=NKHIC(IsJ)
IF (NKLOCI9J)eEQelel) NKLOC(] 4J)=0,9999599
FKLNUT9dJ) = 1407€1.0=-NKLOItIsJ))
I1F INKHT(]lsJ)eEQel1e0) NKHICI 9J)=0.9999599
FKHI‘I'J) = 1e0/7C140=NKHI (I 9 J))
WRITE (E4958) THLOCIwJI o TKHICI o J)aNKLOtTIgJ) ¢ NKHI(T 4

9S8 FGRMAT 22Xy FT7aly "%y F7els 5X9 Fllets 2Xo *=="4 1Xy Fll.56"

205 CONTINUE
200 CONTINUE

C
C INITIALLIZE A FEw VAFTABLES FOR COMPUTER PLOTTING
o

NPAGE =9
KRPLOT=1
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[z EaNeNal

zNaNalel

1PLOT=C
CALL BGHWPLT

READ IN TEMPERATURE UATAy I.Fay
TFMPs OF TOP SURFACF OF EACH LAYLK AAC REAR SURFACE (COLDM)

1111 CCOMTINUE
WRITE (64R9B)
89¢ FORMAT (1H1s 25Xy *CURNING RATE PREDICTION FGR MULTI-LAYERED®
= ' EIRCRAFT SEAT CUSKHIGH® / 26Xy €2("2%)y /)
PEAD (S45044END=1112) TBACK+(HEADINII) 4I=1414)
904 FORFAT (F1C.0414A5)
WRITE (6+4£29) (HLADIN(I)sI=1414)
B899 FORVAT (40X 14A5 74/

- SYy *MATERIAL * TAs *SURFLCE THERMAL HEAT
- DENSITY PREEXP, ACTIVATION HCAT OF HEAT vy /
=21Xs *TEMP, CUNDUCT IV, CaAPACITY FACTAR FNERGY

- CECOMPOS. RATE'4/
=21¥s "(K)"4 SXxe*(CAL/CM¥eSeC) (CAL/GMaC) (GHM/CM3)T*, 13V,
=*(CAL/MOLE) (CAL/C™) (DEG C/SECHTY 24)
I1=1
105 CONTINUE
FEAD (5490€4END=11C) I0CIDyTHICT)
906 FOFMAT (124F12.2)
1=1+1
GG TC 105
11C CUNTINUE
NLAYG=]1-1

NLAYG1=KLAYG=1

D0 115 I=14NLAYG1
115 TLOCII=THI(I+1)

TLO(NLAYGY=TBACK

KOW CALCULATE THE FRAGMENT SIZES AT THE TWO BOUNCAKIES OF L4CH
GENERIC LAYER

DO 300 I=14MLAYG
IDENT=IDII)
NTID=NTREGLIDENT)
IF (TLOCI)«GETKLOCIDENTNTIO)) GO TO 3C1
JSTART(1)=NTID
KLO(1I)>=1.0
FLOCI)»=10G000.
GO TO 304
301 CONTINUE
DO 3C2 J=1eNTID
IF (TLOCIYuGEeTKLOCIDENTU) e AND e TLOC(I ) uL T TEKHICIDE NTod))

- GO 70 305
302 CONT INUF
WRITE (€4961) 1
%61 FORMAT (5X4*FOR *y I2s *TH LAYERs TLO 1S5 OUT OF BOUND®)
GO TO 304
305 JSTART(I)=J

CALL FPAGMTI(RTUCIDENTwJI+ETUIDENT9J) o TKLUCIDENT 4 J) o TLOLTD o
- HEATRTUCIDENT 3 J) o NKLOCIDENTeJ) oNLO(T))
FLOCI) = 1.0/(1.0=-NLOC(I))
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13.
G
5%
bx
1T
|8i
(9w
;O
b1e

y3x
ya
=k
6
:7'
.'R-
G
Qe
Dl.
‘2
14
!q'
r5e
16+
IT»
16«
TS
iD=
ile
l2‘-
13w
34w
i
HEw
E7e
EB«
£S5
BC»
91+
G52+«
53
B4
B5e
GEw
57+
G5Ex
9O«
0G»
01+
02«
03«
LR
0S»
06
07=
Lo
09«

= EeBzEaEe Nl

304 CONTINUE
IF (THI(I)«GF«TKLOCIDENTGNTID))Y GO TO 306
JENDCID)=NTID
NHICI)»=1.0
FET(1)»=100C0.
GO TC 300
306 CONTINUE
CO 307 J=1%T1D
IF (THICI)oGE e TKLGULIDENT 9J) e AND e THICT) o LT TKHICINELT 4 U))

- G0 TO 30#
307 CONTINUE
WRITLE (£&,9€2) 1
262 FORMAT (SXy "FURK *y I2y *Th LAYER, THI IS OUT COF RCUND®)
Jor JENDUIY =Y
CALL FREGHMT(BTCIDENToU) oETUIDENTJ) o TKLOCICENTJ) 9 THIC])
- FEATRTATPENT 4 J) 9 NKLOCIDEMTJ) o NHIKID )

FHICI)=1.0/¢14C=NHICID)
300 CONTINUE

REDEFINE AMD MENUMBEIR THE SURDIVIDED MULTILAYERS, BASED ON THE
TEMFERATURE RANGES COF THLRMOCHEMICAL FEGIMES AND ALSOC OGN Thi GEMERIC
DIVISIGNS

SEGUENCE OF 1J IS FROM FROMT (n2TTEST) LeAYER TC FEAR (COLDEST) LAYER

1Jd=0
DO 310 I=1+NLAYG
IDENT=ICC(I)
JENDI=JEND(T)
JSTAI=JSTART (]I
Td=1u+1
TEIJI=THIC(D)
ANAMEUTIJe 1) ZANANMETCIDERTS 1)
ANEMEATJ 92 =ANAMETUIDENT 92D
DeTJY=DTCIDENT 9 JEHNDID
CPUIJI=CPTCICENTJENDI)
RHOU(IJI=RHOT(IDENTJENDD)
ECIJY=ETCICENT»JENDI)
EC¢TJY=BTCIDENTZJENDID
KT JI=XTCICENT o JENDI)
HEATRACIJISHEATRTUIDENT yJEND])
KSEIJI=NHIC])
FSS(IJ)=FHIC(I)
NCOTJY=NKLOCIDENTZJENDD)
FSCCIJ)=FKLO(CIDENT »JENDI)
1F (JENDILEQ.JSTAI) NCUJJI=NLOCTY
IF (JEKDI.EQaJSTAI) FSCCIJI=FLO(])
IF (JENDI.EQeJSTAI) GO TG 310
JENDI1=JENDI=+1
DO 311 J=JUENDI1eJSTAL
IJd=1dJd+1
TCIV)=TKHICIDENT U}
ANAME(T U 1)=ANAMETOIDENT 912
ANAMEC(T U+ 2)=ANAMETC(IDENT2)
DEIJY=CTC(IDENTJ)
CPCIJI=CPTULIDENT+ L)
RHOCIJ)=RHOT(IDENT o J)
ECIJI=ETCIDENT4J)
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1C»
11=
12+
13
l4=
15=
16+
17»
1l
16+
20
21=
22w
23»
24=
25
26>
27
2h*
29+
30
31
32
33
4w
35«
LY
37
3P
39
40
41+
42n
43«
44%
48w
4E»
47
48
4G
S50«
51+
52=
53w
S54x
55%
Se+
57
Sk»
59+
60
61
62
63
G4
65+
e

s EzBsNe]

BITJUI=PT(IDENT )
KATJISKTCICENT Y )
HEATRACTIJISHEATRTC(IDENT s )
NSETJY=NKHICIDENT ¢ J)
FSSUTJYSFKHICIDENT oJ}
NCCIUI=KKLOCIDINT oJ)
FSCCIJ)=FKLOCIDENT s )
IF (JeECJSTAIY NCUTIJIZNLOCT)
IF (JoFG.JUSTAIY FSCUIUISFLOCI)
311 CONTINULE
310 CGNTIMNUE
NLAYER=IJ
TCIJ+1)=TEACK
WPITE (64S00C) (ToANAME €T91) oANAMENT92)y TUIde K(Idy CPUI)y RHODU(]I ),
- BtI)y ECI)e DCI)y HEATRACI)y I=14NLAYER)
SC0 FORMAT (SXye 12¢Z2Xe 245y FEels 1Yy F1l0eSe 4Yy FEa3y 54y FGe3y
- Fl4e3y 3Ye FSIale 4% 9FTeCeF5.3 )
WRITE (6+4907) TBACK
SC7 FOPMAT 9%y *KEAE SURF*y FEaoly /7 )
WRITE (6s 910)
910 FORMAT (5/4 °®PREDICTED BURNING RATL® ///¢20Xe "BURN RATE®
- v SURFACE TEMP. HEAT®
- % FLUX IN HEAT FLUX OUT HEAT CONSUMCD FS=TOP SURFACE®
- . FS=EGTTGM® /4 21Xe *(CM/SECI"s TXe "(K)I®y TXe
= 2( *(CAL/CM2SEC)®y 37 Yo 2/)
NLAY]1 = NLAYFKR = 1
LCALC =0

CeLCULATE THE RURNING RATES FUR THE FIRST TIME ASSUMING THAT THE BURN
RATE ARE THE SAME FOR EVERY LAYER

DO 333 I=14 NLAYER
710¢1) = Teld) - TO

H{I) = DCI) / (CFUI) » (TC1)=TO))

ALPHACI) = K(I) / (RHG(I)*CPLI) )

CHICI) = (TCI)=TC) /T(I1)

THETACI)Y = ECT)/iR*T(1))

XISCI) = =HLEI) /JFSS(I)

xICE1) = =H(1) /FSC(1)

TJAUC = (TC(I+1) = TC) Z4T(]) = TO)

JF (T(l1+1).LE«3CC.) GO TO 337

ETAC(I) = THETA(I) » CHI(I) + (1.0 = TAUC)

ENCHIY = EXP(-ETACC(I) )

HYTCS=(R(I)+yIC(1)) /7 (HULT) + YISCEI) )

LAMBDACI) = (XISCI)=XICC]) + (1.C+HUID))*ELOG(HXICS))/(1a0=ENCU]))
RSU = K(I) = E(l) « FYP(=-THETA(I)) / (KRHO(I)»CP(I)+ LAMBODAC(I)«
- THETACTIY » CHICI))

IF (RSQelLToe0eC) WRITECE4950) I14RSG4LAMBDACI)

IF (RSG.LT.C.C) RSG==RSQ

GG T0 S00

337 COMTINUE

RSG = ALPHA(CI)=B(ID*EXAP(-THETACI}I)/Z(THETA(I)#CHICI)n((1a0+H(1D)"
= ALCG(FSS(I)/(FSS€1)=1.0)) + XIS(1)))

IF (RSQelTe0el) WHITE (64950)1+4RSGeFSSELD)

IF (RSG.LT.0.0) RSG==-FSQ

SCO0 CONTINUE
RBCI) = SCGRT(RSG)
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B PSLI) = =1,0 + XIS(I)

6P GIN(I) ==FS(I) *+ TIOCI) *RR(I)*RHOCIY«CP ()

€9 FCUI) = =TAUC + xICCI)

J0x QNUTCI) ==FPCUIDd* TI0C1) * REAT) *RHCULT) + CPLI)

T1s GNETCIY = GINCI) = GOUTCI)

T2+ 333 CONTINUF

T3» C

T4 C CALCULATE PUPNKING RATES SIMULTANEOUSLY FOP ALL THE LAYERS
TS5 C

Te* 379 CONTIMNUE

77+ IF (NCALC.EQ.100) GO T0 777

dJes DO 381 I=1¢NLAYER

79+ RET(I) = RR(I}

B0 RCRCAI) = RETCI) « RHGUI) = CP(I)

Pl A1) = KRORCAIDI#(TCId=T(l+1)) + DUID=HOLIDI=PET(I)

B2+ - * (1./FSSCI) = 1./FSC(I) )

E3s 3F1 CONTINUE

Ban C WRITE (64524)

ASe C 224 FORMAT (//4)e"1%s E¥+"FS"e11 9" XISy 11Xe*"PC®y 11)¢*KICv, 11%,°5%,
&6 C = 11Xs"ENC®y 11Y4°CK"y 11¥4*LAMBDA')

iy CO 382 I1=14NLAY]

Y R 1 = NLAYL + 1 - 11

AGe FS(I) = 0.0

S5+ CC 384 J=1, MNLAYER

Ll R4 FS{1) = PSCI) + LU Y)

52w PSEI) = =PS(T) /4 (TICUII*RIPCHL1D))

5 3s . GAT) = = (FSAEI) 4 140 = H(IX»(1s40 = 1.0/FSSC1) ) )

Qys XISCI) = PSC1)Y + 1.C

55x PC(I) = PS(I) + ACIV/ (TIOCID#*RCRCUCID )

Cex YICCIY» = PCCI) + (TCI+1)=TOX/T1C0¢1)

S ETACCI)Y = (E(DI/R)»(TAI)=TU1+1))/7¢TCI)=T1))

SH» ENCC(I) = EYP(-ETAC(I))

9S+ GXTICS=(G(I)+XICCT))Y / (GCI) + XISCI) )

Cow IF (CGXICSeLT«Ce0) WRITE (64918) I oCXICSoBCI)oYICCIDIoXISILT)
c1s IF (GYICSeLTeCaD) €O TG 777

p2w Q18 FORMAT (10Xe"CXICS (*9129°)=%,F15.6y *XIC=Y 4t 15.69*Y15=%.515.6)
23 LAMEDACIY = (/ISEI)=YIC(I) + (1.C+GC(ID)*ALOGU(GXICSII/ClL0=ENCCI))
(2 RSQ = ALPHACII«E(I)#FXP(=THETACID)/(LAMRDACI)*THETACI)*»CHIC]))
Ces IF (RSG.LT.0.0) PSG=-RSQ

Le* RB(1) = SAKT(RSG)

07» RORC(I) = RE (1) = RHOC(I) + CPUL1)

CR* ACI) = RORCUI)«(T(I)=T(I+1)) + CUI)*RHOCI)*RB (])

CSs - * (1./FSS(I) = 1./FSCtI) )

10+ C WRITE (69925) T4PSCI) onlSCIdePCUIYeXICCIDaGUINQENCIID)y
11+ C - LAMBDA(I)

12» C 925 FORMAT (3X4 124 E(3X4E10.5) )

13+ C CIMNC(I) == PS(I) » (T(1)=TO)*RR(I)*RHOCI)=CP(])

14w c EOUTEIY = =PCAIN*(T(I)=TC) = RECI) *RHOLI) » CPUI)

15% c GhRETEIY = QINCIY) = QGOUT(I)

16+ 382 CONTINUE

AT c WRITE (64920) (Te ANAME(TI91)s ANAMECI#2)s RBCIDy TUID,
16+ c - QINCI)y QOUT(I)y GNETC(I)e FSS(I)e FSCCI1)sI=14NLAYER)
1S c

20w C STOP 1F CONVERGED ENOUGH OF KEEP ITERATIVE CALCULATION

21+ C

22« DO 386 I=14NLAYER

23 1IF (APS(RRT(I)/RF{I)=1.0).LT0.01) GG TO 38e
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24+
25
26w

EDx

c

c
c

RCALC = NCALC + 1
GG TC 379
386 CONTINUE
777 CCNTINUE
WRITE (64928) NCALC
928 FORMAT (2¥4e *NO OF ITERATION = *y 13,4 /)
DO 388 I=14NLEYER
QINCIY == FSUI) = (TCI)=TC)*RBCID=RHILIDI*CP (1)
GOUTCIY = =PCUID*(T(I)=TC) » REC]1) *RHOCI) » CPUI)
CNETCIY = QINCI) = GOUTCD)
368 CONTINUF
WRITE (64920) (Te ANAME(I&1)y ANAMLEL9Z2)s Fi(1)y TUID,
- GINCI)e GOUT(I)y ONETC1)y FSSt1)y FSCUI)4I=14NLAYEK)
S20 FORMAT (EX 412429 e2A54F10e%y 2Xy F1Cely 3¥y FlU.4y 6¥y FlOoty ©dy

- F1l0449 0¥y E1045e BXy £10.5 /)
350 FORMAT (10Xs"RSG (*9I2s *)= *y E134Ss 10%e £F13.%)
BLOSS=0.0

CO 33 T=14NLAYFR

393 BLCSS=WLOSS+RECTIDI*RHC(ID» U1 ./FSSC(T)I=1./FSC(1))
WRITE (£4527) WLOSS

527 FORMAT (/74 wEICGHT LOUSS PREDICTED BY THE MUDEL®s /03 g34(*=z0)
=y /o 40YsF10.%y * GRAM/SEC.CMZ OF BURNING SURFACE v )

PRELIMINARY CALCULATICN PEFORE PLOTTING T VS X

DO 1120 T=1NLAYER
TINTVCI)=tT(1)=TCI+1))/FLOATCLC)
TP(T41)=TC1)
D2 1121 J=1410
TPUTeJ+1)=T(I)=TINTVII)*FLOAT(J)
1121 COMNTINUE
1120 CGRTINUE
DO 1210 T=14MLAYER
NSSP(I+11)=NCU(T)
D0 1220 JJ=2411
Jz12=JJ
IFCTPElgdY o LE W TSTARTEIY) NSSP(Tl4J)=1,.0
IFCTP AT 9J) «LETSTART(T) Y GO TO 12z2¢C
CALL FRAGMTUCA(TIIECI) e TP (I o1i)eTP T aJ)yHEATRACTD 4NSSP (1411,
= NSSP(I4JM)
1220 CONTINUE
1210 CONTINUE
RHS¢(NLAYFR411)=0.L0001
DC 1310 J1=14%LAYEF
I=NLAYER+1=11
RHGRB =RHOCI)*KB(])
DO 1320 JJ=2411
Jzl12=-JJ
DTDXK=RHORB*(CF (1) #(TFUleJ)=TPtIeJ+1))
- + DEID*#(NSSP(leJ+1)=NSSPIIlad)))
RHS (I ¢ J)=DTDXK+FRHS(1qJ+1)
DXDTCIsJI=K(T)/RHS(TIqJ)
1320 CONTINUE
RHES(I1=1411)=PHS(14J)
1310 CONTINUE
SUM=0.0
0O 1330 1I=14NLAYLR
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1= I=NLAYER+1-11

p2= DG 1330 JJ=1e%542

B3s Jzl2=Jd

By O e I'J-2i=tD.\'DTt1.J)OG.*D‘A‘DT!‘.I-J-I)OD(DT: Ted=2)2eTINTV(INZ/D,
BS= SUM=SUM+DY (14J=2)

E6e Xt]4d=2)=SUM

BT 1330 CONTINUE

ape C CLEAR THE MEMORIES OF XPLOT &ND TPLOT

g9« DO 1336 1=1,121 .

SO XPLOT(1)=0.0

91= 1338 TPLOT(I)=0.0

G2+ DO 1340 1=1.NLAYER

93 DT 1340 JJ=1e5

EL TuD=eI=1Y25 + JJ

G5 e JzJJe2-1

9 6% YFLOTCINDY=SUM = X (I4J)

97 TELGTEIND)I=TP(TsJ)

98« 1240 CCNTINUE

95« IND=1%D+1

GO+ YPLOTCIND)=SUM

Cle TELOGTCIRMI=TP (I 9 Je2)

D2+« IFLCT=IPLOT=1

03 1F (IPLOT.GT.S) IPLOT=1

Q4= 1F C(IPLOTEGelaAND.NPLOT.NELNPAGE) CALL ADVPLT
05+ CALL PLFORPM (*LINLIN®42.542475)

LEw CALL PLABEL (*TEFPFRATURE PROFILE®s D
D7+ - *DEPTH FROM SURFACE (C¥)®*s DOs *TEMPERATURFE (X)'y D)
few CALL PLSCAL f(0eCy1D0a0)92910CG0Co€¢300eC95CC.0)92+100000?
GO« CALL PLCSIZ(0.06¢4Cs0)

10+ GO TO (134141362913434124441345), IPLOT
11« 1341 CALL ORIGIM (1leCobé.3)

12« GC TO 134P

13 1242 CALL ORIGIN (3.040.0)

14+ GO TD 134F

15+ 1343 CALL ORIGIN (34090.0)

16* 63 TO 1345

17 1344 CALL ORIGIN (=6.04=341)

16 G0 TO 134°

19+ 1345 CALL ORIGIN (3.040.0)

2C» NPLOT=NPLOT+1

21« 134 CALL PLCGRAF

22« CAalLL PLCURY (YPLOTsTPLGT+121404%+*)

23 50 70 1111

24 1112 CONTINUL

25w CALL ENDPLT

26 STaP

27+ FuD
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1+
2%
In
4
5%
E»
T=
B
Gx
10+
11«
12+
13»

SURRCUTINE FRAGMT(SReSE ¢STI1eSTFeSHKEeSNI¢SNF)
DOURLE PRECISICN SY14SX24SY1eSY2HCEI
STHI=SEZ(1.927172ST1)
STHF=SE/(1.38717*STF)

SA1=FXP(=STHF)*STF = EXP(=STHI)*STI

SX1 = =STHI

S¥2 = =STHF

SY1=DEI(SX1)

SY2=DET(SX2)

SA2= SY2-SY1
SNF=SHISEXP(=(SA14SFE/1.9R8717*SA2)*SB/SHR)
RETURN

END

BY
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NORMALIZED FRAGMENT

1 COVER FABR

2 VYONAR

3 LS 200

4 PREOX

S PU FOAM

6 IMIDE FOAM

“73.0-
1006.0-

SIZzt AT END TEYPS CF KINETIC REGIMES

1073.0

Bll

1.000000
821322
+602183
«46T8BEL
«193770
« 059566

1.000000
+ 865850
« 793600
« 718568
oh44T33
«SARLTI
« 535456

—

«000000
»T6T0R2
«934163
«HT16T74
820223
« 121499
« 125286
+ 684495
sbb6312
«615242
« 550394

1.0060C0
«953137
«892503
« Q28126
« 7T6G354R
«542460
« 367452

1.000000
+916EB3
«B346TH
« 727952
«490399

1.000¢C0C
« 994404
«917053
«+B03906
67453
«ST4ROB
« 546754

«H21322
«602183
«46TEGB]
«133770C
« 059560
« 007807

BESESD
e 153600
« 718568
sEU4TSS
«593173
+ 535456
«52290C

«J6TOE2
«9341€3
«HT16T4
«920223
«7814°9
« 125285k
«68H4G5
«666312
e615242
«55039%4
«94 2658

+953137
« 892503
+B24126
« 76 354R
« 542460
doTHbLH2
« 146867

«+21Bdb2
+HILATH
« 127952
« 490399
+U06318

994404
« 217053
«ND390¢
2679453
«STHFDE
HB6TH4
«51 3983
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1# C FROGRAM R

2n Cc THIS PROGRAM TAKFES THE TEMPERATURE AND COWDUCTIVE HEAT FLUX &T THE

3= C FRONT (HOT) SURFACE (T.Eey ReCe'S) AS THE INPUT DATA AND THEN CALCULATES
4% C THE CURNING RATEe TEMPERATURE PRUFILEs AND WEIGHT LOSS UF MULTI=-LAYERED
5 C POLYMYERIC MATLRIALS (INCLUDING FIRE GBLOCKING LAYER) USED FOF AIRCRAFT
6+ C SEAT CUSHIONS.

Te C THE DIMENSIOMS USED IN THIS PROGRAM ARE GRAM, GRAM=FOLESs U=CELSTUS,
= C CALORTEes CMy AND SECGND,

S o

1C» cO¥FON JTCMLIZANAMET A7 92) oMW 7)ol TREG S TYoKTCTo11)9CPT(T411)

11+ 1 FHOTAO7422) 08T 07011 9ET (792104074 7911) 4yHEATPT (74110 9TKLOCT411),
12 @ TKHIC7911)9TSU20C12eNCE01)4FSU201190S(201)4FP(201)947¢201)

13» 3 NKLU(7o111-“KHItToll)qFKLot?cJJ).FKHI(7;11)’IDIBIsTHICKIFJq

los 4 PRHC(201) sLAMPCAsR eI 9wIUIeTCeJl

15+ FEAL KTy My NKHIy NKLUy LEMBDAGVMY

16+ DIMENSION HELDIN(1E) WL OSSET)

17= c

1P= C FREAD IN THE INGPEDIENT MATERIAL PROGPERTY AND PRIKT OUT

19» c

20« READ (S54%01) ITOTAL

21 01 FORMAT (I2)

12w DC 100 TI=141TOTAL

23w . READ (54902) ToANAMET (I 9 1) o ANAMET (I 92) e MW(T )4 NTREGCI)

Y4+ ap2 FORMATU(IZ2¢2LS4F1C.2412)

5w NTER=NTRKEG(T)

W READ (S3S03) (THLOCTIoJ) o TKFINTI o) aKT (1 9J)eCPT(ToaU) oREOT (T 9d)s
1T - ETOla)eETUT o) o LTUTI o) sHEATRT (I 0J)sJ=14NTRY

28 <03 FORMAT (2FS.14 7C10.3)

19w 100 CONTINUE

50w KRITE (6e94¢%)

$1e 948 FORMAT (1H1, 25Xy *BURNILG RATE PRECICTION FOR MULTI=LAYFRLO®

52+ = * LIRCKAFT SCAT CUSRHIONTY / 26Xy 65(%=%), ¢

53% - SYy *MATERIAL FROFERTY/ 21xs *TEMP, PANGE. THERYAL®y 5,y
54 = YHEAT®y EX4o*PENSITY PRFEMNF ACTIVATION HEAT OF HEAT?,
35w - 5X / 36Xy *COUNDUCTIVe CAFACITY'413Xe °FACTOR ELERGY ",
1ge = TXs *DECOMPUSe RATE®, /

37 =26Ys *(K)®y SXq®(CAL/CMaS.C) (CAL/GM,C) (GM/CM3I)®, 13X,

IPw =*(CAL/VOLE) (CAL/GM) (DEG C/SEC)? /)

19 DO 102 I=1,ITOTAL

40+ NTR=NTREG(1)

31 WRITE (6e3%1) T oENAMET(191)obNAMETULI ¢2)

42 SE1 FURMAT (5Xel24+2X9245)

43w WEITE €69553) (TKLO(I ¢J)oTKHIC(I 4d)

$4e = KTUled)eCPTUToJ)oRHOT (T o) wBTUIoU)9ETHAI oJ)oDT (I o) o HEATRTUTI 9Dy
45+ - J=1aNTR)

e 953 FORMAT (17Xse F7ale *=%4y F7als 1Xy

47 - F10sSe37s FEe3g 3Yy FBedn 2% E1l1e3y 4X9 FS940y FlOale F10.2)
P 102 CONTINUE

AGw C

B0# C FIX COGANSTAKNTS USED IN THIS PROGRAM

B13



51w
52«
53
54
55+
S+
5T
S5Ew
59
€0«
61
62+
63a
Ghw=
65
66+
€T+
6E*
69
70+
71
T2
T3
Tax
75«
T6%
7=
T8+
T9+
80=
Elx
g2
f3a
Baw
85
6w
BT»
BEw
BGw
Sh»
91
92+
93
941
95«
96
37+
9Rw
99«
00=
D1le
02+
03«
D4»
05+
062
07+

laEeNeNal

[g]

o0

oo N

c

F=1.0

R=1.56717
R¥=82.06
CFGAS=D0.382
EFSLON=C.S
SIGMA=1,350E~-12
TC0=28%.0

CALCULATE N &AD FS AT TwN END TEMPERATURES OF KINETIC REGIMES
THE CALCULATION SCGUENCE 1Se BY LCEIC, FROM LOW TO HIGH TEMPERATURE

WPITE (64955)
955 FORMAT (1H1y 10Xe *WORNELIZED FRAGMENT SIZE AT END TEMPS OF®, 1V
= "CINETIC REGIMES®s /9 11X, 56("'=%)y /)
DC 200 I1=1,1TOTAL
WRITE (€£4951) Te ANAMET (I 1)s ANAMET(142)
NTR=ATREG(I)
AKLO (I o NTRI=1,.0
FKLOCIWNTR)=1C00C.
DO 205 JJ=14NTR
JENTR41=-JJ
CALL FRAGHFT (RTUIsJ)eETUT 4o THLOCT o) o TKHIUIpJ)y
- HEATRT (I 4J) 9 WKLOCI yJ) o NKHI (I3 U))
IF (JeMFEel) NKLO(IeJ=1)=NKEIC(I )
IF (NFLOCGIgJ) eERe1e0) NKLOUI9U)I=0.9999%59
FKLOCI9J) = 1.,0/01.0=-NKLOI(IeJ))
IF (RKFT(1eJ?eEGalal) NKLICIoJ)=0.9939599
FKHI(IgJ) = 1.0/(€1.0=-NKHItI4JD)
WRITE (6£9958) TKLOCIsJY e TKHICIgJ)oNKLOGTIgJ)oMKHIC]I 4V)
958 FORMAT (22V¥4 FTele "="y FT7ele SYy Flleby 2Xy *==%, 11X,y Fll.5)
205 CONTINUE
200 CUNTINUE

INTTIALLIZE A FEw VAFTABLES FOR COMPUTER PLOTTING

NFAGE=9
ANPLOT=1
IPLOT=0
CaLL RGNPLT

READ IN THE INFUT DATA, I.f.s TOTAL NUMBER OF LAYERS AND THEIR CORPER
THICKNESS OF EACH LAYER (CM), AND FROAT SURFACE HEAT FLUX
AND FRONT SURFACE TEMPERATURE (K)

1112 CONTINUE
CLEAR THE MEMORIES OF PLOT

DO 1338 I=1,201
X(I1)=0.0

1338 TS(I)=0.0
READ (54907+END=1110) (HEADINU(IDIoI=1416)

307 FORMAT (16+5)
READ (54904) NLAYG4(IDCI)sI=14NLAYG)
READ (545905) (THICKU(ID)9I=1eNLAYG)
READ (54906) GS1,TS1

904 FORMAT (1e15%)

905 FORMAT (BF10.0)

B14



JB=
19+
0=
[1#
[2%
13
l4w
1 5=
Lew
L 7=
LB»
L9+
‘0w
21w
2w
13'
4
15w
6w
1T
2B
29
3Ge
31+
32+
33+
34
35+
Jew
37
3fs
39«
0%
41+
42
43w
44w
45
46*
47=
8%
404
S0
51+
52+
53+
S4#
S5«
SEw
E7=
58 #
SS9«
60
61+
62+
63s
B4

aNeNaNe el

906 FORMATI(2F10.0)
WRITE (6495%) (HEADINCIDNI=1418)
€59 FORFAT (1H1,420X416457)
WRITE (645€0)
960 FORMAT (10GXy °*MATERIAL 7/ THICKNESS"9/)
DO 25C 1=14NLAYG
1D01=1G(1)
250 WRITF (6+4261) ANAMET(IDIs1)y ANAMETC(IDIZ2)y THICK(I)
361 FORMAT (20Yy 2ASe SXe FS5ale * C¥¥4/)
WRITE (€49E4) GS1eTS1
964 FORMAT (10Y¥s °*FOUNDARY CONDITIGN®¢/e 20Xe "HEAT FLUX (COMNDUCTIVE)?®
- 4% =%, FlGels ¥ CAL/CMZ.SEC®y /9y 20Xs *SURFACE TEMPERATURE =%,
- FGely v K* /)

THE DIMENSIONS FCR TSe ¥ GSe Ne RB HAVFE TO EBE LARGE ENOUGH TO COVER THE
WHOLE TEFPERATURE DRCP FROM THE FRONT TO REAR SURFACE IS COVERED
wITH THE TEMPFRATUFRE INTELRVAL (TINTV) AS SHOWN BELOW

TINTV=4.0
1=0
TSt1)=T81
£St1)=0881
¥Yi1)=0.0
STHICK=C.0
TwlLT=0.0
N0 251 ING=1e7
251 wLOSSCtINGY=0.C
WRITE (64965)
QEE FORMAT (11X9"1%y %)y, *RE®y 5)y *TS(I) = TS(lel)®, BX, *Dfe,
= EXy "YUI) = Y(I+1)®y S5V4*'QGS(]1) GSUtI+1)*y 10Xe®NIED) Nela1d ey
DO 500 III=14NLRYG
Ti1=1+1
IDI=IDCIIL)
VRITE (6£4970) ITI4 AVEMET(IDIel)}s ANAMETC(IDIW2)
ST0 FORMAT (3yy 134 3Me2E5)
ANTR=NTRFG(IDI)
STHICK=STHICK+THICK(ILT)
502 CONTINUE
1=T+1
TSCI+1)=TS(1) = TINTY
504 CONTINUE
IF (TS(I+1)eLTeTO) TSCI+1)=TC
IFCTSOI)ALELTKLOUIDIGNTRY)Y NUIDX=1.0
IFCTSCI)eLETKLOCINIoNTRY)Y GO TO 310
DD 307 J=14NTR
TF (TSUI)aGTaTKLOUIDI 9J)sANDTSHUI).LE.TKHICIDINJ))Y GO TO 308
307 CUNTINUE
308 Ji=J
IF (TSET+1) LTTKLOCIDIZJ1)) TSCI+1)=TKLULIDIsJ1)
CALL FRAGMT (FT(IDIaJYsETCIDI sJI)sTKLOCIDI U)o TSULIDy
1 HEATRTCID1 o J) o NKLOCIDT 9JY e NLI D))
IF (K(1).fRs1.0) FS(1)=100C0.
IF ENCTI)uNE«1s0) FSEIDN=1.0/(1.0=-NCI))
CALL FRAGMT (ETHCIDIwJ)oETUIDIwJ)9TKLOCIDIwJ) s TSHtI*+1)y
1 HEATRTC(IDI gJ) e NKLOCIDI 9J) e NCI+1))
IF (NC(I+1).EQ0.1.0) FS(I+1)=1CCCO0.
IF (NCI+1)oMEeleD) FSUI+1)3140/01.0=-N(T14+1))
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£S5+ (o

66w C CALCULATE THE RURNIMG KATE R USING THL HEAT FLUX AT THE FROUAT
67 C AND THE ASSUMED HEAT FLUY (V1A RECAR SURKFACE TEMPERATURE)

E£8= c

65+ CALL BURNRT

70= RHO (I =RHOT(IDI 9J1)

71+ DTDY=QStI)/KT(IDIsJ1)

72+ DX=(TSCI)=TSCI+1))/DTDOX

73« GO TO 405

T4 310 CONTINUE

75+ TF (TSCI+1)sLEeTKLOCIDTIWNTR)) NEI+1)=1.0

T6x DENOM=KHOT(IDI W NTR)Y=CPTC(IDIghTFR)*(TS(I)=TO)

TTe RECI)=QSCI)/DENONM

Te+ CY=KTCIDTaNTRI*# (TS 1) =TSCI+1))/UDENCARRECT))

70 RECCT)SRHOTOIDT 4 NTR)

80= CSeI+1)=QS(I)=RHOT(IDI 4 LTRI«RE(I)*+CPT(IDI oNTPI=(TSCI)=TS(I+1))
blw 405 CONTINUE

A2 FE141)=x0(1)40)

83 IF (ARSEX(I+1)/STHICK=14C)elToGa01) GO TN 453

E4w 1IF (ARS(RS(T+1)).LL«1.50E-C4) GO TO 439

85w TF (PESUTS(1+1)/T0=1.0)eLT+0.CC35) G2 TO 459

BEr TE (X(1+1)alTeSTHICKsiNDeGS(I+1)ebTe0e0) WRITE (64372) I4RR(I),
B7w - TSCIXaTSCT+1 290 e Y CI) o X (I +1)40S5CI) oS CT+1)aNCI)eN(I+1)
88w S72 FORMATCLICXy T3y F10.5y 3% Floeley ' ==y Thaly 5%y FEaly FBoly?=?,
e - FEBoby 2%y FlOetse Fllelts 2¥y F10.54F1045)

a0 IF (Y (1+41)aLTaSTHICK.ENDLGS(I+1).GTo0.0) GO TO 502

91« IF (Y (1+1).GELSTHICK) PFACT=¢STHICK=X(1))/DX

EP TF (GSCI+1)elfalal) PFLCT=QSEIN/ACS(TII=0S(1+1))

G 3 TSOI+1)=TSCI)=(TS(I)=TSU(I+1))*PFACT

94w G2 T0 S04

95« 499 COLTINUE

CIYS WRITE (64372) ToRBUIIoTSCI)oTS(I+1),

57« 1 CApXCT) o XCT+1)9QSCI)oQSCI+1)gNEI) oeNCI*1)

Sfi % C +#«NOTE#*= N(I+1) COF ABOVE WILL BE KEPLACED RY THE FIRST OF THE MEXT LAY
9Gx 12=1

ODC+ DG 600 J=T1412

Cle WLTSRROJI=RHD(J) # (N (J+1)=N(J))

c2s IF (WLTeLTeCua0) WJRITF(E4YTE) JoewLToWLGSSCIII)

C3w ST6 FORMLT (10¥y *WLT(®y IZy *)="4F10.5y * WLOSS=*9F10.5)
Pasx €00 WLOSSCIII)=WLOSS(III)+wLT

D5« TWLT=TWLT+WLCSSCITI)

D6 SCO CORTINUE

07+ WRITE (649€2) (ITI14WLUSSCILIINGITI=14%NLAYG)

pes 982 FORMAT (1CXy °*MASS LISS FOR *y 134 * LAYER="'y F11.44/

CS+ =(24Xy I3¢ " LAYER="4E11.4/))

10» WRITE C(€4977) TWLT

11« 977 FORMAT (2X450"+%)y * TGTAL MASS LOSS ="4F11.4y * GM/SEC.C“2 OF
12= - YRURNING SURFACE®)

13+ IPLOT=IPLCT+1

14+ TF (IPLOT.GT.5) IPLOT=1

15+ IF (IPLOTWEGe1eANDNPLOTNELNPAGEDY CELL ADVPLT

1¢+ CALL PLFORM (*LIKLIN®42.542475)

17 CALL PLABEL ("TEMPERATURE PRUFILE®, O

18+ - *DEPTH FROCM SURFACE (CM)*s Dy *TEMPERATURE (K)®y 0)
16« CAELL PLSCAL ((0e0910e0)e2¢100C00Cet 3004045004 031201000001
20w CALL PLCSIZ(C.064040)

21 GO TO (134141342413434134441345), IPLOT

Bl6
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10=
11+
12«
1X»
14»
15+
16+
17+

1341
1342

1343

1345

1348

111¢C

377

CALL CRIGIN (leCoda3)
60 TO 134R8

CALL ORIGIN (2.040.0)
GO TOD 1348

CALL ORIGIMN (3.040.00
GO TO 134R

CALL CRIGIM (=Eale~3.1)
GO TO 134p

CALL CRIFIN (34040a40)
NPLCT=NPLOT+1

CtLL PLGPRAF

CALL PLCURV (%eTSe201le0a"+")
cn TD 1112

COLTINUE

CLZLL ENDPLT

STGOP

ErD

SUPRCUTINE FRAGCKFTOSPySE4STI oSTF 4SHRaSNI9SAF)
DOUELE PPECISTLN SX1eSX245Y1eSY24,0C1
STHIZSE/(1.5€ET717*5T71)
STHF=SE/(1.9ET17+STF)

SAIZEXP(=STHT ) «STF = EAP(=-STHI)#STI

S¥1 = =STHI

L¥2 = =STHF

SY1=OET(Sx1)

SYZ2=DFET(SY2)

She= SY2-5Y1
SNF=ESHNI*ESP(=(SA14SE/1.95671T7*SA2)+SB/SHR)
RETURN

Enp

SUGROUTINE EURANRT

COMMON /TCMI/ANAMETETe2)eMuil TIGNTRES (L TraKT(T911)4CPTUT411),
1 FHGT(T.JIlu{Tl?.lllqETchlllqDTlTolaioHFﬂTPTlToll)oTKLQC?oIIIq
2 TKHI G791 TS0201)0 M 0Z01)0FSE201)43%0201)3RRC201)¢X 020104
3 NKLO!?-11)|hKHIl7|1l)qFKLOlT.lli'PKHI(Tclll.IDlSl'THICKIRi'
4§ FRHOC201)4LEMBDAWRGIZIDIZTO,U2

REAL KTe My NKHIy NKLOg LAMEDAGMW

IF (1.,FEGs1) REL1)=0.001

IF (TeNE«l) RROI)=RE(I=1)

IF (N(T)eEQW140) GO TO 275

CONTINUE

RRT=RB(I1)
PS==QS(I)/CCTSCII=TO)+RP(II*RHOTC(IDT4J1)+CFT(IDILJ1))
H=DTUIDIJIDI/UCPTUIDT 9J 1) =(TSKT)I=TG))

C==PS=1.0+H*N(])

THETASETCOINT 4 U1 ZUR=TS(1))
ETACS(ETCICTJII /R TSHTI=TSOT*1))/CTSUTI)=TSC1))

B

-

7



1R=
|S=
20
21w
22%
]
2hw
25
RE*
27«
28x
29
30
11+
32w
33=

CRC=EXP(=-ETLC)
CHI=(TS(I)=TCI/TSC]D
ALPHLZKTCIDTI s J1I)/CRHOT(INT 4 J1)*CFT(IDT 4 J1))
LENMBOAS(H= (AT ) =N(T+1)) 401 a04C)*AL0GINCTI+1D/NUINII/NLLC=EMC
RSG=ALPHASET(IDI wJ1)+EXPU=THETA)/(LAMPDL* THET L+CHI)
IF (RS0.LT.C0el) WRITE (64910) I4TSUIDaTS(I+1)4RSQ
918 FORMAT (23U "T=%4I3y * TSUI)='4F6aly * TSCI41)=",y FEale * RSQ=Y,
1 E10.4/)
TF (RSGeLT40.0) RSG==-RSE
FECI)=SGRT(RSQ)
IF (LBSU(RET/RBAII=14014CTa0LC0U%) GU TO 377
378 CCNTIKUF
CSEI+1)=GS (T =RBCI)#RHOTOIDT U1 = (CHTUINI 1) #(TSU1I=TS(1+1))
1 +0TCINT o J1d2aNE1+10=-NCTD D)
Rt TURM
END
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1

2

3

4

5

6

NORMALIZED FRAFVENT

COVER FARR

VONAR

LS 200

PREOX

PU FOAM

IMIDE FOAM

523.2-
€02 .2~
ERS 2=
Tele2=
813.2-
E4B .2~

473.0-
591.0-
623 .0-
€E6le0~
T09.0~-
TEG 0=
Hble0=

473.0=
540 ,0-
573.0~
5"!8-0‘
6230~
B4B L0~
675.0"
69R .0~
723 .0=
166 .6~
BTE 6=

49R,0=-
573.0~
623.0~-
E83.0=
TaR .0~
A4 .0~
873.0-

44F 40~
S44,0-
573.0-
59f . 0=
6484 o0~

673.0-
711.0-
796.0~
8%4 .0~
915.0~
“73.0~-
12064GC~

SIZE AT END TEMPS ULF KINETIC REGIMES

B20

1.006000
«R21322
«6021R3
« 46THE]
«193770
« (59566

-

+ 000600
«Bb5850
« 79360C
« T1H566
«B44T3S
«59E1T73
« 535456

1.00C000
«90T0K2
«934163
«B8T1674
«R20223
« 781499
« 7125286
s 6RHB455
666312
«615242
«550394

1.0000C0
« 553137
852503
« 828126
e 163548
« 542460
«3ETH52

—

«00C000
+91REB3
«H34678
« 7127952
«490399

1.000000
934404
«917053
«AC3906
L19455
+STHHDB
¢ 546754

«821322
«602183
s 46THB1
« 193770
+ 0595€6
«007BO7

+RES5ASD
« 793600
s T1HGER
«644T733
«598173
«535456
«522900

«96T08E2
« 934163
«H8710LT4
«820223
« 741499
« 125286
«bH H4 95
«666312
«615242
«550394
«542654

«953137
«H92503
«B2E126
« 763548
542460
«3IbT852
«14LK6T

« 91843
«B834678
« 127952
« 490399
« 006318

+ 994404
«317053
«B03906
679453
«2T4H08
«D46T54
«513953
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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 air-gap in
before removing enough between) of shields

Cl



Symptom

Diagnosis

Remedy

D) Furnace temperature
change on and after
removing the shield

Change in Characteris-
tics of reradiation
from the shield and
the sample surface

Adjust the power

to the furnace
manually to maintain
the same furnace
temperature

E) Non-linear signal
response of trans-
ducer

Electronic feature
of the equipment used

Make and use a
calibration chart

F) Irreproducible
weight measurement
of sample

Irregularly distri-
buted loading on the
cantilever beam

Hold the entire
sample by a single
wire and load it at
the fixed point of
the beam

G) Step changes in
weight measurement
during the burning

Interference by the
thermocouples
inserted into the
sample

Duplicate the run
without thermo-
couples purely for
weight change
measurement
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Photo

No.

APPENDIX D Photographs of Equipments and Burned Samples

Remarks

Thermogravimetric Analyzer (TG)

The thermogravimetric analyzer 1is 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 suppréssor are shown
in the left side on the table.

Differential Scanning Calorimeter (DSC)

The DSC 1s shown here with a SAZ (Scanning Auto Zero) on its top. The
sample heater unit is located on the deck on the left side. The DSC is
not used extensively in this work.

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 Model 251) is shown at the top of the
front cabinet.

Sample Preparation

This 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 1"-thick insulator panels (Kaowood-
3000° Board, by Pyroengineering Co.).

Sample Arrangement Inside of the NBS Smoke Density Chamber

Eight pairs of thermocouple (Pt vS. Pt-10% Rh) wires are shown here
penetrating into the seat cushion assemblage, which is suspended by a
cantilever beam. The beam is a part of a transducer-type weight mea-
suring device. The Mellen furnace is shown at the lower left corner.

Visual Comparison of the Burned Seat Cushions

tach 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
(172" thick) > Vonar (3/16" thick) > Preox (11 oz/yd4) > No blocking
layer.

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.

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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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-T, T-T,
Is - Io ’s - To
Distance Coordinate Prcx Mgcx
k k
Heat of Pyrolysis D Q
c(Ts = To) c(Tg - To)
Arrhenius Group E E
(or Activation Temperature) RT RT
Preexponential Factor Bx Bt
r
Fourier Number - kt
chz

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 solids
(active material and
char) and one Cp
for gas
2. Stepwise variation 2. Linear variation
with temperature with temperature
Stepwise variation The initial and
with temperature final densities (char
P fraction increases
linearly 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

TCM

NM

Calculation

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

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

Results

surface regression rate,
temperature profile and
total mass loss

E) Advantages & Disadvantages

TCM

temperature profile,
density profile, and
mass flux profile

NM

Advantage

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

Time-dependent pyrolysis
behavior can be pre-
dicted (This may be
useful for assuming

and confirming time-
dependent boundary
conditions more realis-
tically.)

Disadvantage

Steady state solution
is not adequate for study
of transient period

Parametric analysis may
be not as clear as TCM
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