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NOMENCLATURE

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

C ~ Specific heat (cal gm‘1 °C‘1)

D‘ Heat of degradation (cal gm'l)

E Activation energy for thermal degradation of polymer (cal mo]e'l)

FS ‘Remaining number of monomer units of degraded polymer

k Thermal conductivity (cal ean~! 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’l)

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

R. Universal gas constant (cal g-mo]e"1 K'l)

t Time (sec)

T Temperature (K)

W Weight (gm)

X l1-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

0 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
welght 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.

viiti



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, 1imited 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 interiof 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.



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

(1)

(2)

the relative time scales.

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 3/9t =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

(Tx - TO)/(TXS = To) =1 - exp (-at/xz)

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

To 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 cmz/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

leading to
1 - exp (-at/x%) > 0.9

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

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
k9T + per 9T = poNB 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

1
- Na 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 =0

To at x=00

Figure 1. Geometry considered in the first case where T = T, at x = oo

-4.



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

T = Tg at x =0 (3)
T = To at x =oo
1
N = 1 - — at =0 (4)
FS X
N = 1 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 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/RTg)

—E—- IS:IQ D FS ]
o <RTS)( Ts ) [{] ' c(TS'TO)} Qn(FSd)- C(Ts'To)FS] (5)

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

qs = pr [c (Ts'To) + D/FSJ (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.



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

72

N\

v

T =
catxxL
Figure 2. Geometry considered in the second case where T = T. 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

= Tq at x =0 (7)
T = T¢ at x = XL
N = 1- = at x=0 (8)
FSS
] -
N = 1 - FSC at x = Xy

Assuming that T. is close to Tg, that is

To-Te (9)
< 0.1
Ts'To

the solution for r is given by

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

r = x [_E Ts-To (10)
RTs )\ Ts




(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
dnet = PT [C (Ts=Te) + D{E_S:'Fgc_}:l (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,



- : . -
+ pz r2 C2 (TSZ - TCZ) + Dz (FSSZ - FSCZ)J (]2)

a7 i 1 1\
2 dx xgt Pary fc2 (Ts, = Tc,) + Dz \FSs, - FSc, )
i ] 1 \]@(13)
+ p]. rl -C]_ (Tsl - TC]_) + Dl FSSI - FSCI J
and
ar [ L
1 dx = Py r ci (T -T + D FS - FS 14
- 1r1 | (Ts) = Te,) 1 sy WAL

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

Ty = Ts

TC2 = T51

2 (15)

and the second is that

k EI k gl
"3 dx = ™2 dx +
X=X3 X=X3
(16)
o ar
K2 = *1 ax .
X=X X=X




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

(d)

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
lTimitation 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 Tayer, 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 fjna] Would not equal zero but would equal the

char density which itself is equal to the (pipitia] —

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

(/1)

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 (VonarGQ
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/cmé, 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/ftZ 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
em3 g.° cm. sec.°C cm
Seat Cover Fabric 0.4 0.3 0.0001 0.1
Fire Blocking Layer
LS-20Q 0.12 0.3 0.0002 1.2
Vonargg 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]l Activation Degrada-
Range Factor Energy tion
(x) (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 and Physics
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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] Activation Degrada-
Range Factor Energy tion
(K) - (1/sec) (cal/mole) (cal/g)
877-923 | 1.17 x 10°° -3857 0.5
767-877 | 7.17 x 10-11 -24770 9.6
723-767 | 5.17 x 10! 16818 -8.4
698-723 | 1.04 x 10-% -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 101 6772 24. 9
473-548 | 7.83 x 103 18279 54. 9
881-923 | 3.37 x 10-% 1043 1.0
766-881 | 1.66 x 10-7 -12285 9.6
709-766 | 8.94 x 10-2 7800 -23.9
® 661-709 | 2.37 x 10-12 -26532 -28.7
Vonar 623-661 | 2.75 x 104 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 106 -13061 0.5
® 848-873 | 8.55 x 1020 91578 0.5
Preox 748-848 | 1.55 x 102 18860 0.5
683-748 | 9.85 x 10-3 4500 -13.9
623-683 | 1.43 x 102 -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- 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 10-5 -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 101 16860 -7.3
796-854 | 6.11 x 1076 -7890 -7.3
711-796 1.07 x 107 36705 -7.0
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 N/cm2 -- a fact that led investigators to recognize that
the NBS smoke-density chamber, with its original 2.5 N/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/cmz) 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 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 Preox(: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

h - T )

rad (Tfurnace bead) heonv (Tbead - TgaS'fﬂm
where hp,q and heopy are the radiative and convective heat transfer
coefficient, respectively, and Tf,rnace> 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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(2)

minutes, and then registers essentially the same temperature
thereafter. When a fire blocking layer of Vonar<:)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 loss.

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 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(: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 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(:z 691 K with Preox<:2

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.

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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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 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.

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

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.

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
k9T + Per 9T = poNg exp (-E/RT) -
dx2 dx
1dN _
N - B exp (-E/RT) (A-2)

and the boundary conditions are

at x=0  T=Tg (A-3)
No= Ng= 1o 1
FSg
at x = x| T=T, (A-4)
1
No= No= 1. L
FS¢

By introducing the dimensionless terms,

y = Bcr x (A-5)
k
and T = T-T, (A-6)
Ts-To

Then Eqs. (A-1) and (A-2) become

d2r , dr - kDPNB exp (-E/RT) A-7
dy2 dy (Pcr)2 (Tg-To) A7)
dN . dT . Kk cPNB exp (-E/RT

c xp_(-E/RT) (A-8)

d7 dy (Pcr)2

Al



Further use of dimensionless variables,

p = d7 (A-9)
dy
h = D - (A-10)
c(Ts-To)
and A = kB (A-11)
pPcr?

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/dr.
The boundary conditions are accordingly

T=], p=ps, N = Ns (A-]4)
T=T¢, P=pcs N=Nc ' (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

ﬁ‘_B‘I‘]-._N.:O (A-]7)

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

4
n

(p+7-pg-1+hNg)/h (A-18)
(P+ T-pc-Tc+hN)/h (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-ps-1+hNg)Aexp {-0[1+ x(1-711} (A-21)
where | 0= _E_
RTS” (A-22)
d = Te-T
an X 1s-1g (A_23)
Ts
Let = Aexp (-0) (A-24)
and g = -pg-1+hNg (A-25)

then, the Eq. (A-21) is
pp' +p = (p+T+g) Aexp [- © X(1-7)] (A-26)

Further defining

— : (A-27)
E= p+ T (A-28)
A= EX (A-29)
where €= 1
ox (A-30)

A3



enables rewriting Eq. (A-26) as

- (&-1+en) &' = (&+g)rexp (-n) (A-31)
or
dé . _&df = xe-" dp )
£+ g E+g (A-32)

The boundary conditions for this equation are

n=0 &= &g
n=nc ¢t= &

Ps + 1 (A-33)
Pc + T¢ (A-34)

Integrating now with respect to £ and 7, in the region between two surfaces, §
and ¢, is

3 S 3
- —)d = A eld
Sc £+ g c £+ 4 : c 7
to give the result as

s * 9 £+ 9 |
" (ﬁz * 9)'{“5 ) ‘"(ei + g)} = -a(1-em ) (a-36)

Then A is simply given by

1 gc *9
A= [T - ey '{(ﬁs "k (1 +9) 1n('e"s n g) (R-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)

e

A4



APPENDIX B Computer Program

1s c PROGRAYM A

2t C THIS PRCGRAM TAKES THE IMTERFACIAL TEMPERATURES (BoCue®S) AS THE INPUT
e C DATA AND THEN CALCULATES THE BURNING RATEe HEAT FLUXe TEFPERATURE PROFIL
4 C  AND WFEIGHT LOSS OF MULTI-LAYERFED PCLYMERIC MATEFRJALS (INCLUCING

& C THEFf FIRE BLOCKING LAYEF) USED FOR AIRCRAFT SEAT CUSHIONS,

€ C THE DIVMENSIDYS USED In TH]IS PROGRAN ARE GRAMe GREM-FOLEy D-CELSIUSY
T C CALGRIFy CMy AND SECOND,

Fe C

Ce CIVENSION ANAMEFT(Te2)4¥u( TIgNTRFGL 7,'KT(7'11)'CPT(701])9

i0» - RHLT(Te11)ohTCT911) 4ETCT013)4DTCTo11)HELTRTIT411),

11 = TELDCTe11)e TKHTICT911)eTLOCL11)eTAIC11),

12+ = FHLOC(7411)oFKFT(T7911) oFlIC11)4FHIC11),

13 = NKLOC7411)0tKHI(T7911)sNLOC11) o NnI(1)

Lae = JSTARTC11)4JTNDC11) 4 HEADINLL4)4]0C22),

15 = NSC11)eNCC11)gANAME £1142)0T(11)eK(11)eCPCI1)eRHNC11)eBC11),

16+ e CC11)eNC11) HEATRACI1)eFSSC11)¢FSCU11)4FRR(1124GINC11),40PUT(11),
17 = ONETC11)e TPC11911)eNSSPC11411)oTSTARTI11)&TIHTV (1)

iR CIYERSION TPLOT(121)¢ YPLOT (1210 ok1S€11411)4DXDT (110110407 (11,411)
IB» CIMENSION X€11411)

20 DIMENSTON HO11)4PSC11)ePCCI1)eY]S011)eMICC11)THETACL11),4(TRAC(1])
21x DIMENSIGN ENCALI) oL AMEDACLL2oCHIC11)oALPHALLIL)
22 DIMENSIGN TICC(11)9RORC(11)4A011)4GC11)4RBTC11)
23 PEAL KToK oMW oNSoeNCoNXLOWNKHI oNLOgNH1 oLAMBDA
24 [n
25 C REAC IN THFL INGREDIENT MATERPIAL PROPEERTY AND PRINT OUT
26 C
27+ READ (54°01) 1T0TAL
28+ 501 FORMAT (12)
29s DO 100 I11=1,17GTaAL
30 RFAD (54902) JToANAPCTC() o1 ¢ ANAMETC(Ta2) o PW(I) ¢NTREGL])
31 902 FORMAT(I2¢2A54F1062912)
32+ NTR=NTREG(])
33 READ €54903)(TKLOCI o) o TKhICT o) o KT U 9J)eCPTUIeJIsRHOT(I4J),
34 - BTCIoU)WETCI o) o DTCI W) HEATRT (I 4J)gJz1eNTR)
35 eg3 FORMAT (2FSa.le 7L10.3)
36 100 CCNTINUE

37 WRITE (64348)
38 946 FORMAT (1Hle 25Y¢ *BURNING RATE FREDICTION FUS MULTI-LAYEREDY

Bl



G353

1¢2

Fly

[aNeNel

CAL
THE

s EaNaNel

9585

* AIRCPAFT SEAY CUSHION® / ZbXe €3(%=%)e /

EXy YMATERIAL PROPLERTY®/ 21Xy *TEMP, RANGE. THERPMAL® e Sk,
YHEATYy GYo®SENSITY FREEXP, ACTIVATION HEAT OF HEATY,
5x / 36Ys °CONDUCTIV. CAPACITY',13Xe *FACTOR ENERGY?,
7¥¢ °*DECOMPOSe RATE®y /

26Y.y *(K)®y SX4v(CAL/CM.SCO) (CEL/GMC) (GM/CM3) 0y 13N

*(CAL/MOLE) (CALZGM) (DEG C/ssfCy)* /)

0O 102 I=141TOTAL

NTR=NTREG(I)

MRITE (69951) TeZNAMET (141)oANEMETI]&2)

FORMAT (5% 41242X42A0)

WILTE (€9953) (TRLOCT sJ) e TKHICT4U)

KTCIod) o CPTCT ) gRHOTETI0U) 9B TUl o) 0ETUIwU)sDTUIoU)dHEATRT(I W),

J=1¢ATR)}

FORYAT t17xy FTaly *=%y F7.10 1V
FlC.SoSY' F603Q 3N F6.3v 2’0 Ell.Sv 4x9 F9.Gv Flo-l. F1c02)

CONTINUE

CONSTANTS USED 1IN THIS PROGRANM

F=1.0

P=1.9P717
PF’.:“Z. 06
CPGALS=0e382
EPSLON=0.°
SIGMAZ],255E-12
10=285.0

CULATE N AND FS AT T40 END TEMPERATURES OF KINETIC RECGIMES
CALCULATION SEGCUENCE 1Se BY LCGIC, FROM LOW TO HIGH TEMPERATURE

WRITF (64°%55)
FCRMAT (1Mle 10Xe *NIRMLLIZED FFLGFMENT SI1ZL AT EAND TEMPS CFe, 1Y,
*KINETIC RLETIMES®e /9 11Xe S6(=%), /)
DO 200 I=1.1T70TEL
WRITE (6+551) T ANAMET(Ie 1)¢ ANAMTT(I42)
NTR=ATKEG(T)
NKLD (T e NTR)=1,.0
FKLOCI4~TR)=10G0G,
DO 2C5 JJ=1eNTR
JEhTR+1-JJ
CALL FRAGMT (RTCIoJIoETUI U)o TKLOCT o) o TKHIC T4V

- HEATRT(19J) o NKLOCI ¢U) oNKHI LT U))

958

205

200
c

IF (JeNEs 1) NKLOC(T9J=1)=NKHI (T J)

IF (NKLUC19J)eEQe1e0) NKLGII9J)=D+9999599

FKLNA(T9J) = 140/¢2.0=-NKLO(I»U))

IF (NKMI(IsJ)eEQele0) MKHI(I¢JI=0.9959599

FEKHIC(IoJ) = 160/7/C1e0=NKH]I(I¢J))

WRITE €64952) TVLOC)eJ)eTKHICIWJIeNKLO(ToJ)oNKHIC] V)
FOGRMAT (22Xy F7uals "%y FTale SXe Fllebe 2Xe *==%¢ 1Xs Fll.6)
CONTINUE
CONTINUE

C INITIALLIZ2E A FEw VAFIABLES FOR COMPUTER PLOTTING

C

NPAGE =9
NPLOT=]

B2



]
T
Je
e
O
1»
2
e
4w
Se
(%
Te
8¢
Se
Ge
1»
2
I
4
Se
6
T
Se
Cw
Ur
1»
o
‘e
4
'Se
‘e
T
thw
'Ge
e
ile
12w
§3e
S4 e
15
56
57
SHe
590
AD»
1l
12
43
LR
§Se
A6
47
4Ee
49+
SCe
€1e

52¢

OO0

[aNaNeNal

1?LOT=C
CaLL SGAMPLT

READ IN TEMPERATURE UATAy Iefay
TFMP. OF TOP SURFACF OF EACH LAYEK ANC REAR SURFACE (COLD)

1111 CCMTINUE
WRITE €(64898)
898 FORMAT (1H1le 25Xs *RURNING RATE PREDICTION FGR MULTI-LAYERED?
- * ATRCRAFT SEZAT CUSHIGHN? / 2&Xe €2(*=%)y /)
PEAD (54904 4EAD=1112) TBACKe(HEAGINI1I) 9]=1414)
904 FORKFAT (F1C.0¢1445)
WRITE (64£29) (HEADIN(I)e1=21414)
B99 FORWVAT (40Xe 14B5e /477

- S¥y *MATERIJAL * 7As ?SURFACE THERMEIL HEAT
- DENSITY PREEXP. ACTIVATION HEAT OF HEAT t/
=21Xe *TEMP, CuUNDUCT IV, CAPACITY FACTAOR FNERGY

- CECOMPOSe RBTE's/
=21Y¢ *(K)%"e SXe®(CAL/CMoSeC) (CAL/GYUeC) (GHM/CM3)*,y 13Y,
=*(CAL/MOLD) (CALZ/C™) (DEG C/SECHYY /7))
I=1
105 CONTINUE
FE2D (54906 9END=11C) ILCE)eTHICT)
906 FOFMAT (124F102.2)
I=1+1
GG TC 105
110 CUNTINUE
NLAYG=]=1

NLAYG1=NLAVYE=-]

D0 115 I=1NLAYEG]
11 TLOCID=THI(I+1)

TLOKNLAYG)Y=TBACK

NOW CALCULATE THE FRAGMENT SIZES AT THE TWO BOUNCAKIES OF L&CH
GENERIC LAYER

00 300 I=1,NLAYG
IDENT=IDC])
NTID=NTREGLIDENT)
IF (TLOCID.GL.TKLOCIDENTZNTID)) GO TO 3C1
JSTARTCI)=NTID
KLO(1)=1.0
FLOC1)=10000.
GO TO 304
301 CONTINVE
DO 3C2 JU=1NTID
IF (TLOCI)eGE«TKLOCIDENT o) eARD e TLO(I) oL T TKHICIDE 4T J))

- GO 10 305
302 CONT INUF.
WRITE (€,4961) 1
%61 FORMAT (SY4°FOR *4 124 *TH LAYER. TLO IS OUT OF BOUND®)
GO TO 304
3GS JSTART(I)=J

CALL FPAGMTU(RTCIDENT gJIETUIDENT U)o TKLOCIDENT o) o TLOCTD o
- HEATRTCIDENT 3 J) o NKLOCIDENToJ) o NLO(T))
FLOCI) = 1.0/¢1.0-NLOCI))

B3



»3.
14w
5
16w
VT
18w

£Se
PCe
91
92w
53e
C4e
55«
5Ee
57
5pe
99«
oG
01+
02
03
04+
OSw
06+
07
CE»
09«

e NNl ale Nel

304 CONTIWUE

IF (THICI)«GF-THLOCIDENTGNTID)) GO TO 306
JENDCI)=NTID

NHICI)=1.0

FHI(I>=10000.

60 TC 300

306 COMTINUE

CO 307 J=1.~TID
IF (THICI) eGP o TKLGUIDENT yU) o AND e THICID e LT o TKHICINELT U )

GO TO 30#
307 CONTINUE
WRITE (&49€2) 1
962 FORMAT (5Xe $FUK ¢4 12, *Th LAYER, THI IS QUT OF RCUND®)
3Cr JENDUID) =Y

CALL FREGMTU(BTCIDENToUIGETUIDENTe ) o TKLOCICERNTGJU) s THIL]Y),

- FEATRTCTIPENT oJY e NKLOCIDEMT ¢ J) ¢ NHIC]1))
FHIC®I)=1.02¢10~NHILCI))

3060 CONTINUE

RELEFINE AND FENUFMBIR THE SURDIVIDED MULTILAYERS, BASED ON THE

TEMFERATURE RANGES CF THERMGCHEMICAL FEGIMES AND ALSO ON ThF
DIVISIGNS

SEGUENCE OF JJ IS FROM FROMT (n2TTESTY LAYER TC FZAR (COLDEST) LAYER

lu=¢C
DO 310 I=1.4NLAYG
IDENT=IC(])
JENDI=JEND(I)
JSTAI=JSTART(])
1Jd=1Jd+1
TCIJI=THIC(])
BNANE (TUe1)ZANANMET(IDENTS 1)
ANAME(TJ 9 2)SANAMETUIDERT 9 2)
DOYJI=DTCIDENT JENDI)
CPCIJI=ZCPTCICENT 4JENDI)
RHO(IJI=ZRHOT(IDENTGJEND D)
ECTUIZETAIGENT oJENDID)
BCIJI=BTCIDENTHJEND]D)
K(TJ)=XTCIDENT oJENDD)
HEATRACIJISHEATRTCIDINT 4JEND])
KSEIJIENKHILCD)
FSSC(IJI=FHIC(])
NCCTJI=KKLOCIDENTHJEND])
FSCUIJU)SFKLOCTIDENT oJENDI)
IF (JENDICEQeJSTAI) NCCIJI=NLOC(T)
IF (JERDILER-JUSTAI) FSCtIJUI=FLOC(])
IF (JENDI.EQ.JSTAIY (O TG 310
JENDI1=JEND]I+1
DO 311 JUSJENDI14JSTA]L
1JzlJ+]
TCIJUY=TKHICIDENT 4 )
ANAME (TJUe1)SANAMET(IDENT 1)
ANAMEC(TU e 2)=ANAMETC(IDENT +2)
DCIJI=CTCIDENT 4 J)
CPUIJ)=CPT(IDENT )
RHOCIJIZSRHOT(IDENT ¢J)
ECIUI=ET(IDENTe )

B4



1C» BCYUIZRTCIDERTHY)

11» KATJUIEKTCICENTS U)

12» HEATRACIJ)I=HEATRTCIDENT 9 J)

13s NSCIJ)=NKHICIDENT )

14» FSSCIUISFKHICIDENT #J)

152 NCUIJUIZRKLOCIDINT o)

16« FSCCIJ)I)=FKLOCIDENT D)

17+ IF (JeEQCeJSTAL) NCETIJINLOCT)

16» IF €JefEGCeUSTAL) FSCC(IVI=FLOC(]D)

1G» 31 CONTINUE

2Cr 310 CONTINUE

21 MNLEYER=IJ

22+ T€1J+1)=TR2CK

23 - VPITE (64S0C) CToLNAMEGT91)gANANME (T 92)y TUIDe KUIDy CPUIDy RHO(ID,
24 « BCI)y ECIDe DCI)e HIATRACI)y IS14NLAYER)

25 SCO0 FORMAT (SXe I1242Xe 2459 FHelse 1Yy F10e5y 4Y9 FHe39 54y FGedy
26 - El4.39 3\, FSelyg 4YoFTeloFS5.3 )

27» : WRITE €(64907) TBACK

2k SC7 FOPPMAT (9)4e ®*KEAFE SURF®*y FEele 27 )

29 VRITE (6e 910)

30 9106 FORMAT (574 °PREDICTED BRURNING RATL® ///7420Xe *BURN RATE®

31» - ¢ SURFACE TE#P. HEAT®

32 = * FLUX IN HEAT FLUX OUT HEAT CONSUMED FS=-TOP SURFRCE®
33 - . FS=BGTTCM® /7 21Xy ®(CM/SEC)I®y TXe "K'y TIXe

X4» = X( *(CAL/CV2SEC)®e 37 Yo /1)

35 NLAY1l = NLAYFK = 1

36 NCALC = O

37 C

3pe o CALCULATE THE QURNING RATES FUR THE FIRST TIME ASSUMING THAT THE BURN
30« o RATE ARE THE SAME FOR EVERY LAYER

4C» o

41 DO 333 I=1s NLAYER

42w TIOCI) = Tedd) - TO

43 HEI) = DCI) /7 (CF(Y) » (T(1)=-TO))

44 S ALPHACI) = K(1) /7 (RHGUI)«CPLT) )

45 ‘ CHIC(I) = (TC1)H)=-TC) /T (1)

46 THETACI) = ECT)/(R*T(1))

47 XIS¢(1) = =HC1) /FSS(IY

48 RIC(I) = =H(l) /FSC(]I)

49 TAUC = (T(I+1) = TC) Z247¢(Y) - TO)

50 JF (T(1+1)eLE.300s) GO TO 337

S« ETACCI) = THETA(CI) » CHIC]) » (1.0 = TAUC)

52 ENCH]) = EXPI-CTACt]))

53¢ HYICSStH(I)*YIC(1)) /7 (H(T1) + YISHETD )

S54» LAMBDAC]I) = (XISCID=X1CC1) ¢ (laC+HUIDI*LLOGUHAICS))/(1e0=ENC(]))
55 RSQ = K(I) * EB(I) » EXP(=THETACI)) 7/ (KHO(I)*CP(1)e LANMRDA(])
56+ - THETALY) » CHICI))

57= JF (RSGeLTe0eC) WRITEC(E4950) 14RSGLLAMBDACL])

S IF (RSQG.LT.C.0) RSG=-RSQ

59 60 70 S00

60 337 COMNTINULE

61» RSG = ALPHACID*B(IVEAP(=THETA(I) ) /C(THETA(I)oCHICI)»(CLa0eH(]I))e
62 e ALGGUFSS(1)/7(FSS(1)=-1.0)) + X1St1)))

63 IF (RSQelLTo0e0) WWITE (64950)14RSGeFSSII)

C4n IF (RSQ.LTL0.0) RSQ==-RSQ

65 5C0 CONTINUE

&6 RB(I) = SGRT(RSG)

B5



B«
6P
€9
70+
T1le
720
73
T4
TS
7€+
77+
dee
AL
B0e
£1.
B2
€3
Gan
RS
&6
Y r
BB
£Ge
SCe
Ll
G2+
53
Q4
EAS )
C6r
Sqe
S8«
9SG«
GO
C1l»
C2e
23
Cas
CSe
C6»
07e
CRe
CGs
10»
11»
12¢
13
14+
15
16+
17'
18+
1Cs
20
21
22
23«

s NaNel

OO0

OOMOO0

[z EsNasNa R

PSHt
GIN
FCt

GoUTI(I)

OAE

1) = -1
(1) =-F

«0 ¢ XISCI)

S€I) » TI0CID)

1) = -TAUC + YICC(D)

T¢Iy =

333 CONTINUF

CALCULATE PUPNKNING

379 CON
1F
DO

Al

- L
381 CON
WR1

324 FOR

= 11Xe®ENC*,

TINUE

(NCALC.EQ.100) GO TO 777

QINCI)

==PC(I)* T10(1)

381 I=14NLAYER

RETCI)
RCRC(I)

= RR(]

= RET(])

)

- GOUTC(D)

* RECI)

*PR(I)*RHOCI)=CP(])

RHCG(T) = CPCI)

RATES SIMULTANEOUSLY FJOPR ALL THE LAYERS

* RHG(I)

] T RORCAIIS(T(II=T(1+1))

(1./FS
TINUE
TE (64C

S(1) -

24)

1./FSC(I)

)

« CP(D)
¢ DUID=2HO(ID*RBT (I}

MAT (/74)9°1% EVe"PSt911 4 XIS%y 11X9*PC%y 11)9AICe, 11Y,°*5°,

11¥e*CK?y

CO 382 I1I=14NLAY]

1 =
F

CC 384 J=1,

2E4

Gl

IF (CXICSeLTeCe0) WRITE

1F

NLAY]
S(1) =

FS(1)
PS(I) =

+ 1 -

0.0

11

HLAYER

= PSUI) ¢+ AU
=PS(I) /7 (TICC1)*RIOPCUI))

) = = (FS(])

XI1s(I)
FC(I) =
YiceI
ETAC(D)
EANCCD)

PS(T) «
= PC(T) «

1¢0 = HII)«(140
= PSCI) + 1.C

11¥e*LAMBDA®)

1.0/FSS¢1) )

ACIVZ (TI0CI)*RCGRCCID )
(TCI«1)=TOX/T10¢T)

= (E(D/RY o (TUI)=TC141))7C¢TCT)+T (1))
= EYP(-ETAC(1))
GXICS=(G(II*XIC(T)) /7 (GCI) + XISCI) )

(6¢218) T9CXICSeGUTIIeXICIIIeXISCLT)
(GYICSeLTele0) CO TG 777

218 FORMAT (10Xe®CXICS (*9129%)=%4F15.069 "XIC=9 4t 15.6¢?X]1S204C15.6)

* (1.C+GUI))*ALOGUGXICSII/ L1 4U~ENCULID))
= ALPHACI) #E(I)#EXP(=-THETACI) ) ZCLANBDACT) *THETACLTI)*CHIC]))
(RSGeLTo0a0) PSG==-RSO
IY = SQEKT(RSG)
(T) » RHOCI) » CPL])
RORCATII«(TCI)=T(I+1)) + CL(I)*RHOC(I)I=RY (])
* (1./FSSH1) = 1./7FSCLD)
WRITE (69925) ToPSUI) 9alSCIdePCUIDeXICCIDeGUTISENCKID

LaM
RSQ
1fF
RB ¢

- LA
925 FOK
CIN

eou

Gr\s

3g2 CON

EDACI)

RORC (1)
AC]l) =

MBDA(I)
MAT (3X
(1) =-
T(1» =
T¢Iy =
TINUE

= (y7IScIy=~¥1CCD)

= RE

o 124
PS(I)

QINCD)

WRITE (64920) (I

3

*

(3XeE10.5)

)

}

(TCI)=TC)*RBUII*RHD(IDI+CP(])
=PCCI)I«(T(I)=-TD)

- QGoUT(])

*

ANAME(I41),

REC(I)

*RHILIY » CPLD)

ANAMELT 92)e RB(IDy THUI),W
QINCIYy QOUTU(I)s GNETCI)e FSS(I)e FSCUI)eI=1oNLAYER)

‘STOP IF CONVERGED ENOUGH OF KEEP ITERATIVE CALCULATION

D0 386 I=14NLAYER
(ABSHRATA(II/RP(1)=140)elTe0401)

IF

B6

65 TO 38¢



24+ ACALC = NCALC + 1

25 66 TC 379
2¢¢ 386 CCNTINUE
27 777 CCNTINUE
20+ WRITE (64928) NCALC
25 Q28 FORMAT (2¥¢ *NO OF ITERATION = ¢y 134 /)
30+ DO 388 I=14NLEYER
31+ QINCI) == FSCI) » (TCID-TOI*RB(II*RHI(IDI*CP LT
2+ GOUTCI) = =PCUINa(T(I)=TC) = REC]) «RHOUI) » CPCI)
3 CNETCI) = QINUDY = GDUTLD)
34 368 CONTINUF
15 WRITE (64920 (Te ANAMECIo1)y ANAME(I 92D R:€1)e TUIDe
1ce - GINCI)e GOUTU(I)y ONET(I)g FSS(I)dy FSCUI)yI=1eNLAYEK)
37 G20 FORNMAT {(EX¢l2427e285¢F10e%9 2X9 FICely 379 T10.4ys €¥y Fl0ete &<,
18e - F10s8¢ 8%y E10.5¢ BXy E10.5 /)
1Ge 950 FORMAT (10Xe®RSC (®e124¢ *)= ®y E13¢5s 10%e £13.%)
10e MLOSS=0.0
t1e DO 33 T=1eNLAYER
12 393 LLCSS=WLOSS+RE(IDIaRHCIII* (1 /FSSCT)I=1./FSCLI))
43¢ WRITE (£4527) WLOSS
‘oe 527 FORMAT (/7,4 ¢ wEIGHT LOGSS PREDICTED 8Y THE . MUDEL®e Ze3 924(?=2%)
4Se -0 /o 40YeF1lGa%e * GRAM/SEC.CMZ GF PURNING SURFACE * )
b c '
47 C PRELIMINARY CALCULATICN PEFORE PLOTTING T VS X
4R« C
4G D0 1120 I=1,KLAYER
50+ . CUTINTVAII =TI =T (I )/ZFLOATAID)
Ele TP(141)=TC(])
52« DO 1121 J=1,.10C
53« TPUTaJeI=T(I)=TINTV(I)*»FLOAT()
S 4w 1121 COMTINUE
55« 112¢ CGNTINUE
S6e DO 1210 J=14MLAYER
57 NSSP(1e11)=NC(T)
S5Aw DO 1220 JJU=2.11
Sy J=12-JJ
€ECe IFCTPUL o) o LELTSTART (1)) NSSP(IeU)=1,0
61w IFCTP (] 4J) oLELTSTART(T)) GO TO 122C
62w CALL FRAGMTUE (T qE (1) o TP (1 911)eTP LI 0U) ¢HEATRACIDGNSSP(T011)y
63 - NSSP(14J))
C4r 1220 CONTINUE
65+ 12106 CONTINUE
66 RHS (NLAYFR411)=0,00001
67+ DC 1310 I1=14MNLAYEF
€8 I=NLAYER+1=11
€9¢ RHORR =RHO(I)*RKB(T)
70+ PO 1320 JJ=2411
71« J=12-JJ
72« DTDXK=RHORB*(CF (1) 2 (TF (]l sJ)=TPtIsJe1))
73» - * DUI)+(NSSPIIoJe1)=NSSP(1ed)))
T4 RHS (19J)=DTDXK+«RHS(14J*1)
75+ DXDTCI4JIZK(I)I/RHS (T4 d)
76 1320 COMTINUE
772 RHS{I=1411)=PHS(1eJ)
76 1310 CONTINUE
79 SUM=0.0
B0 DO 1330 JI=1eNLAYER

87



81w I=NLAYFER+1-11

P2 DO 1330 JJz1eS42

B3 Jz12~4J

B4 DNCTou=2)=(DXDT(1gud)+4a*DXDT(Iadu114DNDTCI,J=2)2+TINTV(1) /3,
85 SUM=SUM+DY (14 J=2)

E6e X(]4J=2)2SUM

BTe 1330 CONTINUE

age C CLEAR THE MEMORIES OF XPLOT AND TPLOT

£9« DO 1336 1z1,4121 .

50 XPLOT(1)=0.0

91 1338 TPLOTC(I)=040

52+ DO 1340 T=14NLAYER

93 PC 1340 JUz1e5

I4w TED=CI=1)e5 o JJ s
95 J=JJde2-1

S6e XFLOTCINDY=SUM = X(1yJ)

97+ TELCTCIADI=TP (T 4J)

98 1240 CCNTINUE

95 1\D=1%D+1

GO ¥PLOTCIND)=SUM

01s TELOTCIRNY=TP (1 9Je2)

02+ 1IFLGT=IPLOT+1

03 If (IPLOT.GT45) 1PLOT=1

04w IF (IPLOT.EGels2ND.NPLOTSNEJNPAGE) CALL ADVPLT
05 CALL PLFORM (*LINLIN®+24542475)

D6 CALL PLABEL (*TEMOCFRATURE PROFILE®s Qs

07s - YDEPTH FROM SURFACE (CM)®*e Os STEMPERATURF (X)%y )
Bl CALL PLSCAL €(€0e0y104C)92910C30Cs¢300eCs20C.0)929100000?
t9e CALL PLCSIZ(0.064Cs0)

10 GO TO (134241342413434234442345) IPLOY

11+ 1341 CALL ORIGIN (1.Cy4e3)

12 6C TO 134P

13 1242 CALL ORIGIN (3.04040)

14 GO TO 134E

15+ 1343 CALL ORIGIN (34Cy040)

16+ 63 TO 134%

17+ 1344 CALL ORIGIN (=6.09~341)

16+ 0 TO 1340

19+ 1345 CALL ORIGIN (34090400

20 NPLOTZNPLOT +1

21 1348 CALL PLGRAF

22 CALL PLCURY (YPLOToTPLGT¢121404%¢%)

23e 5¢ 10 1111

24+ 1112 CONTINUC

25 CALL ENDPLT

26+ sTap

27 FND

B8



R
2%
In
re
8%
X
T+
8=
b2 ]
10+
11+
12»
13»

SURRCUTINE FRAGMTUSHe SE ¢ST19STFeSHR¢SNI¢SNF)
DOUBLE PRECISICN SY1eSX2¢SY1eSY2GDEI
STHI=SEZ(1.92717*STI)
STHF=SE/(1.98T717+STF)

SA1=EXP(~STHF)*STF = EXP(=STHI)*ST1

SX1 = =STHI

SX2 = =STHF

SY1=DET(SX1)

SY2=DEI(SA2)

SA2x SY2-SY1

SNF=SUIAEXP (=(SA14SFE/1.98717%SA2)*SE/SHR)
FETURN

END

BS



0tg

MATERIAL PROPERTY
TEMP,

1 COVER FABR
848,.2~-
81342~
763.2-
689, 2~
602.2~
523.2~

2 VONAR
AB1l, 0~
7660~
709,00~
66140~
62360~
591, 0~
473.0-

3 LS 200
8764 6=
766.6~
72340~
69840~
6730~
648,40~
62340~
598.0~
573. 0~
548,0~
473.0~

& PREOX
873,0~
848,0-
TaR, 0=
6A3.0~
62360~
573.0~
498, 0~

S PU FOAN
644,00~
598, 0~
57360~
S544,0~-
448, 0~

6 IMIDE FOAM

100660~
97340~
91540~
RS4,0~
7964 0~
71160~
67340~

BURNING RATE PREDICTYION FOR HULTI°LAYERLD AJRCRAFT SEAT CUSHION

RANGE.

898,2
848.2
813.2
76342
689,2
602.2

923.0
881.0
76640
709.0
661.0
623.0
591.0

923.0
87646
76646
723.0
69840
673.0
648.0
62340
59840
S73.0
548,0

908,0
873.0
848.0
T748.0
66340
623,0
57340

688,0
644,0
59840
573.0
544,0

1073.0
100640
973.0
91%5.0
854.0
79640
711.0

THERMAL
CONDUCT IV,
(CAL/CM.SeC)

«00010
«00010
«006010
«00010
«00010
+00010

«00020
«00020
«00020
+00020
«00020
+00020
«06020

+00020
«00020
«00020
«00020
+006020
«00020
+00020
«00020
«00020
«00020
«00020

«00010
«00010
«00010
«00010
00010
«00010
«00010

«00010
«00010
«00010
«0C010
+00010

«00010
«00C10
«00010
«00010
«00010
200010
«00010

HEAT
CAPACITY

(CAL/6M.C) (GM/CM3)

«600
«600
«600
«600
«600
«600

¢ 345
e345
345
e 345
«345
«345
e345

«300
«300
«300
«300
«300
«300
«300
«300
«300
+300
«300

«300
«300
«300
«300
«300
«300
«300

«400
«400
«400
«400
«400

«200
«200
«200
«200
«200
«200
«200

DENSITY

+400
«400
«400
+400
«400
«400

¢« 146
0146
«146
* 146
o146
e 146
s 146

120
120
120
«120
120
120
120
«120
120
«120
120

+620
« 620
0620
620
0620
«620
0620

«030
«030
« 030
« 030
«030

«023
«023
023
«023
« 023
023
«023

PREEXP,
FACTQR

213405
«506~-07
0224¢14
«251+00
+730~05
«157403

«337-03
«166~06
o894~01
0237~11
«275+0S5
039412
0233405

«117-04
«T717-10
«517+02
¢104~03
oH28-13
2656=02
0246407
sl61=16
e211+08
«201+00
+ 783404

«3542-05
«855+21
0155403
«985-02
0143-04
«587=-02
¢594+01

ofRA4+20
«617+02
«177=01
«260+06
e600¢01

«306-04
«312-13
«180-06
¢133+02
«€11-05
«107+08
«7163=-02

ACTIVATION
ENERGY
(CAL /MOLE)

24R00.
=20300.
56500,
7800.
~6500.
13700,

10.3.
=12285.
7800.
~26532.
22078,
=25933.
19435,

-3857.
-24770.
16818,
-2020.
=31083.
2475,
27897,
=38190.
27800.
67172,
18279,

=13061.
91578,
188604
4500.
4365,
308S5.
10963,

65757
12335.
2646,
21435,
9900.

-4763.
-46170.
~16074.

16062,

~TRU9

36705,

6938,

HEAT OF
NECOMPOS &
(CAL/GM)

~2e9
-2.9
2.9
=29
=16.3
~1643

1.0
9.6
-23,9
=287
=28e17
5069
1075

«5
9.6
-B8.4
=19.1
167
'8..
-20.3
7.9
Tle7
2‘.9
54.9

o5
5
5
=13.9
=13.9
=13.9

3.1
11.9
205
25
5

5
5
5
=73
=73
=Te0
-e3

HEAT
RATE
(DEG C/SEC)

«33
«33
«33
«33
«33
«33

«33
33
«33
«33
«33
«33
«33

«33
«33
«33
«33
«33
«33
«33
«33
«33
«33
«33

«33
«33
«33
«33
«33
«33
«33

«33
33
«33
«33
¢33

«33
«33
«33
«33
«33
«33
.53



NORMALIZED FRAGMFNT SI2E AT END TEYPS OF KINETIC REGIMES

- > Y - - D et T W A e A = S e D Y W A AE P G e M M W W W e W
344 F- 445+ 24 2 3+ S R+ R PP 2 PR R R R R L

1 COVER FAHR

52342~ 60242 1.000000 =~ «H21322
€022 €R942 0821322 == «602183
6B9e2= T63e2 2602183 == 4678661
7€3¢2= 813.2 e4678E1 ~- «193770C
8132~ E4R .2 «193717¢C - « 0595606
84Pe2- AJH.2 ¢ 059566 == «0078407
2 VONAR
473.0- 5°1.0 1,003000 ~-- B65ESL
591.0- 623.0 «B865850 - o {53600
623.0- 661.0 ¢793600 =~ « 718568
66140- 70°.0 «718568 ~=-- «684733
709.0- TFR6.0 oHO4TIEY == e593173
7660~ BR1.0 « 598173 -- ¢535456
H8le0= 52340 535456 ~-- «52290C
3 Ls 200
473,0~ 54P.0 1.000006 ~- «J6T7082
S54R8.0~ 573.0 . ¢767082 == «9341€3
573.0- 598.0 «934163 ~-- e471674
59840~ £23,.0 oRT1674 =~ «920223
€23.0- 64840 « 820223 ~- «/814°9
€48.0- 67340 ¢ 121499 == « 725286
673.0~ 678.0 « 7125286 == « 688445
6P 0= 72340 e 684495 == «666312
723 C~ T66e6 etbb6312 - 615242
166 6= B17F.6 «615242 ~-- + 550394
1666~ 92360 ¢550394 -~ «H4 2658
4 PRFOX
490 ,0- 573.0 1.0060C0 =~ «953127
$73.0- 623.0 9953137 -~ «892503
623¢0= 68340 «892503 =~ «R24126
6R3.0= T48,.,0 «R2H126 == «76354A
T4R L0~ R4g,0 o 76354R - e94 2460
B4B .0~ 873.0 e542460 ~- o 367852
673.0= 9308.0 ¢ 367852 == e146867
S PU FOAM
840 ,0=- 544,0 1.000000 -~ «2183b3
544 ,0~ 573.0 e 916883 - «H34678R
573.0- 598.0 «R3467H == e 727952
598.0= €£44,.0 ¢727952 == e490399
. 644,0~ 688.0 0490399 - 2006318
6 IMIDE FOAM
673.0~ T711.0 1.000600 =~ «99 4404
711eC= 7960 ¢994404 == «217053
796.0= BRH4,0 ¢517053 - +80390¢
#54,0- 91%.0 «503906 =~ «679453
G15.0= 973.0 267453 == »57480¢
“73.0- 1C06.0 «574K0H =~ + 9546754
1006.C~ 1073.0 « 546754 -~ «513983

B1l



2d

MATFERIAL

OVONPNDUN -

-

PURSING RATE PREDICTICN FUR MULTI-LAYERED AIRCRAFT SEAT CUSHION

SURFACE
TEMP,
)

COVER FABR 69140
COVER FARR 65942

LS
LS
Ls
LS
LS
LS
LS
PU

REAR SURF

200
200
200
20¢
200
200
<00
FOAM

61740
673.0
64K ,0

23.0
59840
573.0
548.0
459,0
291,

PREDICTED BURNING RATE

NO Of ITERATION

b

2

BURN RATE
(CH/SEC)
H 5

COVER FABR +00083
COVER FAPR «0C084
Ls 200 +00180
LS 200 00181
LS 200 +00191
LS 200 +00194
LS 200 +00215
LS 200 +00234
Ls 200 «602P1
PU FOAM «00836

THERM
conbu

«0001¢C
+00G10
«00020
«00020
«00020
«00020
« 00020
«00020
«00020
«00010

RUM NO. 10 0.5 INCH (S=-200

"
CTIvV.

(CAL/CM.SeC)

HE A
cae
(CaA

«600
.600
«300
«3G0
<30
«30C
«300
«300
«300
«400

SURFACE TEMP.

ix)

69140
680,42
€77.0
673.0
648,0
623.0
S98.0
573.,0
S45,0

459.0

WEIGHT LNSS PREDICTED HY THE MODEL

T DENSITY

ACITY

T=6 MiIN
PREEXP, ACTIVATION  MCAT OF HE AT
FACTOR ERIRGY DECHYPOS. RATF

L/GM.C) (GM/CM3)

« 400
«400
0120
«120
2120
¢120
0120
«120
«120
«0230

HEAT FLUX IN
CCAL/CM2SEC)

«0352
«0337
«0319
«0288
¢ 0265

«0174

025100
«73C=-05
«828~13
«656-02
e 246+ 07
«lEl=16
0211408
«201+00
e TE 3404
e600+01

HEAT FLUY Out
(CAL/CM2SEC)

«0396
«0372
«03¢7
#0352
«0337
«0318
«02F 8
« 0264
+016E

«GO00R

(CAL/ZPOLF) (CAL/GH) (DFG C/SEC)

7800,
*6500.
-31083.
2. 15.
27897,
-38190.
27800,
6772,
18279.
3900,

HEAT CONSUMED
(CAL/CM2SEC)

<0004
«0024
«0002
« 0015
+0015
+0018
«+0031
«0023
+ 0696

+0l64

«U0U0H GRAF/SEC.CM? CF BURNING SURFACE

=3
=16,
=17,
A,
=20,
Ae
12,
25.
55
1.

«333
333
«333
«333
e333
«333
«33%3
«333
«333
«333

FS-TOP SURFACE

«24964+01
25137401
¢35333+01
36401401
s 45766401
55624401
«77926+01
«15188+02
«30379+02

«29784 403

FS-BOTTOM

¢25137+01
«26443+01
+36401+01
o 845766+01
+55624+01
¢77926+01
«15189+02
«30379¢07?
«10000+0°%

«10000+0°



1 c PROGRAM R

2 C THIS PROGRAM TAKES THE TEMPERATURE AND CONDUCTIVE HEAT FLUX AT THE

3 C FRONT (HOT) SURFACE (T.Eey BeCoe®S) AS THE INPUT DATA AND THEN CALCULATES
4+ C THE PURNING R2TEe TEMPERATURE PRUFILE. AND WEIGHT LOSS UF MULTI-LAYTRED
5 C POLYYERIC MATLRIALS (INCLUDING F1RE BLOCKING LAYER) USED FOP AIRCRAFT
(3 C SEAT CUSHIONS,

T C THE DIMENSIOYS USED IN THIS PROGRAM AREL GRAV, GRAM-FOLEe U=CELSTUS
4] C CALORTEes CMe ARD SECOND,

S C

1Ge COMMON /TCMLIZANAMET(742) oMW 724t TREGC T)4KT(T781134CPT(T411),

11 1 FHOT(7911) 05T 070112 0ET(T021)4DTCT7011)9eHEATPT(T7411)4TKLUCT412),
12» 2 TKHICT9131)eTSC2C1)eMEL01)oFSC201140SC201)eRPC2012¢7¢201)

13w T ONKLOCT911) e KHI(7911) oFKLOCTo31) oFKHI(T7911)4INCB)sTHICKIRY,

las & RHC(201) oLAMPCAWR eI 9IUITC o1

15% FEAL KTy My NKHIy NXLUs LAMBDAsVW

16» DIMENSION HERDIN(16)4WLOSS(T)

17» C

1Ps C FRFAD IN THE INGPEDIENT MATERIAL PROPERTY AND PRINT OUT

19« C

20+ READ (54°01) ITOTAL

21w 201 FORMAT (I12)

22+ DO 100 TI=141TOTAL

23w . READ (5¢302) 1o ANAMET (I o 1) o ANANETEI 92) s MULID) ¢ NTREGC(I)

24 aez FORMAT(I2¢2AhSeF1Ce2412)

25 NTKENTREG(T)

Yew READ €(S4SO03)(TKLOCTI oo TKFEICTIoJ)oKTCIoJ2eCPT(TI4J)oRHOT(T 4J)y
2T - ETCToJ) oETUI oY LT(ToJ)sHEATRT (I 94J)eJ=1eNTR)

28w S03 FORMAT (2FS.1, 7C10.3)

29« 100 CONTINUE

S0 WRITE (64944)

Y1s 948 FORMAT (1Hle 25X *BURNING RATE PRECICTICN FOR MULTI-LAYERLDe

52+ = * AIRCKRAFT SCAT CUSHION® / 26Xy 635(*=%)y 7

53 - 5ve *MEATERIAL FROFERTY®/Z 21Xy °*TEMP, PANGE. THERYAL®y = ¢y
$4 - YHEAT®, EXo*NENSITY PREEAF . ACTIVATION HEAT OF HEAT?,
55e - 5X / 36Xe *COULDUCTIVe CAFACITY® 13Xy °*FACTOR ELERGY?,
LEw - 7%y *DECOMPOSe RATE®, 7/

37 -26Y e *(K)®y SXg®(CAL/CM4S.C) (CAL/ZGM,C) (GM/CM3)e, 13X,

8 «®{CAL/VULE) (CAL/OGM) (DEG C/SLCY* /)

39 DO 102 I=1,1TOTAL

30 NTR=NTREG(])

31 WRITE €6e2%1) T ¢ANAMET(lel)ehANAMET(1,42)

4o S51 FORMAT (SXeT242X4245)

43 WRITE (6¢553) (TKLO(I ¢J) o TKHI(I4J)

4 = KTtIod)eCPTCIgJYgRHOT (I oJ)oBTC(I o) o ETCI o) eDTUIoJ)oHEATRT (I ¢ U)o
45 - JT14NTK)

FY 34 953 FORMAT (17Ys FTale ®=%y Flaly 1Xs

87 - F10e5e37s F6e3¢y 3Yy FHEe39 2¢s £11e3¢ 4Xo F9.0y FL1041s F10.2)
hfs 102 CONTINUVE

hoe o

ro- C FIX CONSTANTS USED IN THIS PROGRAM

B13



51x
522
53«
54«
S5
56
57
58
59
€0»
61
62+
63n
o
65»
66
(WA
6Ee
69
70+
Tl
Tee
73+
T4+
75
76+
T7
78»
79
80»
Ele
82w
83»
Bauw
85
56
87»
B8
8Ge
SO»
G1a
92e
93
94
95w
96+
9T
9pe
‘99 e
00
01+
D2
03«
D4
‘05'
06w
07»

s XeNe Nl

OO0

OO0 0

o

958 FORMAT
205 CONTINUE
200 CUNTINUE

Rz1.G58717
R¥=82.06
CHFGAS=0.382
EFSLON=C.S
SIGMA=],355€E~12
T0=28%.0

CALCULATE & AND FS AT Tw0 END TEMPERATURIS OF KINETIC REGIMES
THE CALCULATION SCGUENCE ISe BY LCEICe FROM LOW TO HIGH TEMPERATURE

WPITE (64955)

955 FCRPMAT
- "KINETIC REGIMES®e /4 11Xy 556€%=%)y /)
DC 200 I=1.ITOTAL

(141, 10Xe ®RORMELIZED FRAGMENT SIZE AT END TEMPS OF®, 1v,

WRITE (€9951) Te ANAMET(Is 1)e ANAMET(1,2)
NTR=NTREG(I)

AKLOCIeNTR)=1,.0

FKLOCI«NTR)=1C000.

DO 205 JJUZ14NTR
JENTR+1=JJ

CALL FRAGMT (BTUCI1oU)eETUToJ)eTHLOC(] o) TKHIC(I ),
HEATRPTC(I9JY e dKLOC] 9 J) o NKHIC(I 9 J))

IF (JetEel) NKLOCGIoJ=1)=NKHIC(I9J)

IF (NKFLOCT9U)aERe1a0) NKLOUI9U)=049929999

FKLOCI9J) = 140701,0~NKLOC(I4J))

1F (RKFEI(loaJ)elQela0) NKHICI9J)IZ=0.9955599

FKHIC(IWJ) = 140/7(¢1e0=-NKHItIoJ))

WRITE (£9958) TKLOCIoJY o TKHICIoU)oNKLOCToJ) o MKHI(I 4U)
22V FTalgy %=% FTele SY9 Fllebe X9 *==%, 11Xy Fll.6)

INTTIALLIZE A FEw VARTABLES FOR COFPUTER PLOTTING

NFBAGE=9
NPLOT =1
IPLOT=0
CaLL RGNPLT

READ IN THE INFUT DaTA, I.E.9 TOTAL NUMBER OF LAYERS AND THEIR ORDER
THICKNESS OF EACH LAYER (CM)y AND FROAT SURFACE HEAT FLUX
AND FRONT SURFACE TEMPERATURE (K)

1112 CONTINUE
CLEAR THE MEMOQRIES OF PLOT
1338 I=1,4201
X(I)=0.0
TS(I¥=0.0
READ (5¢9074END=1110) (HEADIN(IDde1=1416)
FORMAT (16£5)
READ (S,904) NLAYGo(ID(I)g1=14NLAYG)
READ (54905) (THICK(ID)oI=14NLAYG)
READ €S4906) @S1,7S1
904 FORMAT
9065 FORMAT (8F10.0)

(1615

Bi4



18
19
ko’
L1«
L2
L3
l4+
15
ler
17+
L8
LG+
'O
21
12
)3.
‘4w
!5
26w
27
28
29
3G
31
32«
33»
34+
3159
36
37+
3pe
39
40w
41»
42
43w
44
45
46*
47
4E»
40
S0
Sl
52+
53
S4»
55+
5€r
ST
58+
SS9
60
61
62
63
N-X 3

OO0N 0N

906 FORMAT(2F10.0)
WRTITE (6495%) (HEADIN(EID)eI=141¢€)
€59 FORFMAT (1H1,20X416457)
WRITE (645€0)
F60 FORMAT (10Xy °*MATERIAL /7 THICKNESS®*e?2)
DO 25C I=14NLAYG
101=10¢1)
250 WRITE (6¢961) ANAMETCIDIo1)y ANAMETEIDIW2)e THICK(I)
361 FORMAT (20Yy 2854 SXe FSels *t CVe /)
WRITE (E99E4) (S1sTS1
964 FORMAT (10Vey *ROUNDARY CONDITICGN®9/¢ 20Xe *HEAT FLUX (CONDUCTIVE)Y
- 9% =%y F1Cets * CAL/CM2.SEC*y /4 20Xe °*SURFACE TEMPERATURE =,
« FEele * K /)

THE DIMENSTIONS FCR TSe X GSe Ne REB HAVE TO GE LARGE ENOUGH TO COVE®R THMF
WHOLE TEFPERATURE DRCP FROM THE FRONT TO REAR SURFACE IS COVERED
WITH THE TEMPFRATURE INTERVAL (TINTV) AS SHOWN BELOW

TINTV=4,.0
1=0
TS€1)=Ts1
0S€1)=5S1
Y{1)=0.0C
STHICK=Cs 0
TulT=0.0
N0 251 ING=1417
251 wWLOSSCINGY=0.0
WRITE €64965)
26S FORMAT (11Xe%I%y Q¥y *RE®q S5)Yy *TS(I) - TS(Jel)e, 88X, *D1v,
= EXo *X(I) = Y(I*1)'y 5Y4*'QS(]) GS(I+1)%y 10Xe'NtY) Nele1d0s)
DO 500 IITI=14RLAYG
11=Je1
IDI=IN¢II))
VPITE (6e4970) I71e AVEMET(IDI®1)e ANAMETC(IDI2)
S70 FORMAT (3%e 134 3:e28%)
NTR=NTRFGCIODT)
STHICK=STPICK*THICK(III)
502 CONTINUE
I=z]+1
TSC(I+1)=TS(1) = TINTV
504 CONTINUE
IF (TSCI+1).LTeT0) TSEI+1)=TO
TFCTSCI)LETKLOCINIZATRY) N(IDX=1.0
IFCTSCI)eLESTHLOCIDIZNTRY) GC TO 310
DO 307 J=1,4NTR
IF (TSCI)eGTaTHLOCIDI ¢J)eANDeTSEI)eLELTKHICID]I9J)) GO TO 308
307 CUNTINUE
308 J1=J
IF (TS(T+1)4LToTKLOCIDIZJ1)) TSCI+1)=TKLOCID]IWJL1)
CALL FRAGMT (FTCIDIeJISET(IDI o) e TKLOCIDI o) o TSEID)
1 HEATRTCID) o JY) o NKLOCIDI o JdeNIT))
IF (K€1).FBel1.0) FSC1)=100C0,
IF (NCI)eNEo1as0) FSCIN=1.0/(1.0-N(T))
CALL FRAGMT (EBTCIDIoJ)oETUIDI o) e TKLOCIDI sJ)oTSCI*1),
1 HEATRTCID] oJ)eNKLOCIDI g e N(]I+1))
IF (IN(]+1),E0.1,0) FS(1+1)=10CCO.
IF (NCI+1)eMEwl1e0) FSCEI41)=14C/7(1e0~N(CT141))

B15



ESe
f6n
67
E8*
65+
70+
T1ls
72
T3«
T4+
75+
J6e
TTe
Tes
79+
80~
Blw
R2+
83
(X3
85s
BEr
BT
g8«
B9+
Sow
951«
g2
B 3a
9S4
95
Se»
57+
Qf s
99«
0C»
Cle
[y
C3+
fax
05*
06«
07+
0ge
0G»
10»
11+
12+=
13
14
15+
1ex
i17=
18+
1G»
20>
elw

s NaNeNel

CALCULATE THE RURNING RATE R USING THE HEAT FLUX AT THE FRONTY
AND THE ASSUMED HEAT FLUYX (VIA RIAK SURFACE TEMPERATURE)

CALL BURNRTY

RHC LI ZRHDTULIDI WU1)

DYDY¥=QSCI)/KT (ID1,J1)

DXz (TSCI)=TSCI+1))/DTOX

G) TO 405
310 CONTINUE

IF (TSCT141)eLEeTKLOCIDI&NTR)) Ntl1+1)2=1,0

DENOMZRKHOTAIDIGNTRICPT (IDIgNTR)*(TS(I)=TO)

RECIY=QSCI)Y/DENDM

CYsKTCIDT oM TRI*(TSAI)=TSCI+1))/(LENGA=RE(]))

REOCT)ISRHOTCIDIGNTR)

CSCI+1)=QS(I)=RHOTCID TG LTRY*RECII*CPTCIDI o NTRPIN(TSC]I)=-TS(]+1))
405 CCONTIMNUE

X(I1+1)=xC]1)+D).

IF CARS(YX(I+1)/STHICK=1,0)elTaCe01) GO TN 4&3

IF (ARS(RS(T*1)).LLeleCE-C4) GO TO 499

IF (AESUTS(I+1)/T0=1.0)4LTo0.CC35) 6O TO 499

TF (XCI21)elToeSTHICKeLNDeGS(I*1)elTe0e0) WRITFE (£4372) IoRR(I)

- TSEY) g TSCT412e 0o Y (1) e XNUT+12405(1)¢8SCT+12eNII)oNII*D)
S72 FORMATCIGXy T2y F10,59 3Xe Fhele ® ==%y Thely SXe FEa29 FBels*=",
- FRelbq 2"‘9 FlO.‘n FlOebo 2\” F10.5'F10.5)

1F (Y(]*I)QLTOSTH]cKoLNDUQS‘]’1)067-000) GO Y0 502
IF (Y (1+1) ,GESSTHICK) PFACT=(STHICK=X(1)) /DX
IF (GSCI+1)elbolel) PFACT=QSCIDI/Z(CS(II=0SC1+1))
TSCI+1)=TSC(I)=~C(TS(T)=TS(I+1))+FPFACT
G2 T0 S04
499 CONTINUE
WRITE (694372) ToRBUI) TSCI)oTS(I*1),
1 DZAgXCI) o X(T41)9QSC(I)eQS(I+1)gNCI)NC]I+1)
v aNOTEs2s N(I+1) COF ABOVE WILL RE KEPLACED BY THE FIRST OF THE MNEXT LAY!
121
DG 600 J=T1lel2
WLYZRROUI*RHD (JIs(N(J*1)=N(J))
I (WLTeLTe0e0) WRITF(642T76) JewlLToWLGSSEIIT)
976 FORMAT (10¥e *WLT(®y IZy ")=?4F10.5 ¢ WLOSS=*4F10.5)
€00 WLOSSCIIII=wlLOSSCITI)+wlTY
TWLT=TWLT+WLTSSCIT])
5C0 CONTINUE
WRITE (699€2) (I1114WLUSSCI1II)oIIT=14NLAYS)
2982 FORMAT (1CXy °*MASS LOSS FOR ¢y I3, v LAYER='y E£11.44/
(24X, I13¢ ¥ LAYER=®4E11447))
WRITE (€4977) TWLT
977 FORMAT (2X¢5(°%®)y * TGTAL MASS LOSS ="¢f11e4y * GM/SEC.CH42 OF ¢
= 9AURNING SURFACE?®)
IPLCGT=IPLCT+1
IF (IPLOT.GT.5) IPLOT=]
IF CIPLOTeEGe1eANDNPLOT.NESNPAGE) CALL ADVPLT
CALL PLFORM (°LINLIN®42.592+75)
CALL PLABEL (*TEMPERATURE PRUFILE®s D
~ ODEPTH FRCM SURFACZ (CM)*es O¢ *TEMPERATURE (K)*,y D)
CALL PLSCAL ((0e0910e0)92¢10000Ce€300.09500eC)229100000)
CALL PLCSIZ(L.064040) :
60 TO €1341¢1342413434134441345), 1PLOT

Bi6



12w
23+
Y4a
25
Pew

28+
25«
3Ce
Xl
B2«
33
34+
55
€+
37
SR

1=
2w
e

b
5

T»
Re
S
10
11
12«
13»

1
2
3
4w
R
€
T
B
Se
10+
11+
12«
12«
14
15«
16»
17«

1341

1342

1343

1345

1348

111C

377

CAtL GRIGIN (1e409443)
60 TO 134R8

CaLl QRIGIN (3.040.0)
60 TO 134R

CALL ORIGIMN (3043400
GO TO 134R

CALL ORIGIN (-64Ce=-3.1)
GO TO 1348

CaLL CORIEIN (300'0.0)
NPLCT=NPLOT 1

CeLL PLGPAF

CALL PLCURY (%eTSe201e04%+*)
¢n T0 1112

CorTINUE

CiLL ENDPLT

STGP

Ere

SUPRCUTIMNE FRAGFTUSReSE o STI¢STF gSHR9SNIZSNF)
DOUELE PPECISIUN SX1eSX29SY14SY2eDE]
STHI=ZSE/(1.58717+8T1)
STHF=SE/(15E717+STF)

SAI=EXP(=CSTHT ) #STF = EXNP(=STHI)#STI

SY1 = =STHI

Sv2 = =STHF

SY1=0ET(SXx1)

SY2=DFI(SY2)

Shg= SY2-SY]
SNFESNI*ESF(-(SR14SE/1.98T7T17+SA2)+SB/SHR)
RETURYN

END

SUGROUTINE BURARTY

COMMON ZTCMIZANAMET(Te2) oMbl TIGNTREGE 7)9KTU1T7911)4CPTU(T7411),
1 RHOTU(T7e11)ol:TUTa11) e TUTell)eDT 4 T70la) oM ATRTUTe11)oTKLI(T4110,
2 TKHIC(T7911)eTSC201)eMUZ01)eFSU201)43S¢201)4RRI201)4X€201)
3 NKLOCTe11)oNKHIET911) oF KLOCTe11) oFKHICT911)9IDCR)4THICKIR),
& RHO(201)¢LFMBDAWReIZIDILTO4U1

KFAL KTe Ne NKPIy NKLOy LAMBDAGMW

IF (1.£Gel) RE(1)=0,00C1

IF (1.NE.1) RR(1)=RER(I~-1)

IF (NCIDeEQe1.0) GO TO 378

CONTINUE

RET=RRBR(I1)
PS==QSUI)/ZUUTSUII=TOI*RPUIDI«RHOT(ICTI4J1)*CFT(IDI4J1))
H=DTUIDIeJ1)/(CPTUIDI ¢J1)*(TSEII=~TG))

6z~PS~1.0+4H*N(1)

THETAZETUINI 9J1)/(RP+TS(]1))

ETACS(ETCICT U1 /R «UTSUI)=TSUT41))/CTStI)=TS(1))

B17



18«
1Gw
20
21
22¢
23w
24
25
pes
R7e
2
29
30
21e
32+
33

ERNC=EXP(-ET2C)
CHI=HTS(I)=TCH/TSCD)
ALPHLZKTCIDI 9 JID/Z(RHOTUINIZJ1I*CFT(IDT4 U1 D)
LEMSDASHHS (T I=N(I41) )+ (1 0+C)*ALOGINCI*+1)/NCIDII/LLC=-ENCH
RSQ=ALPHASRT(IDI oJ1)*EXP(-THETA)/(LAMBDA«THETL+CH])
IF (R3Q4LT.0e0) WRITE (64910) TeTSUINeTSCI+1)4RSE
G18 FORMAT (AXg®I1=%412y * TS(I)=®yF6ale ¥ TS(I+1)=%y FEele * RSQ=',
1 E10.4/)
JF (RSG.LT40e0) RSG==RSE
FECI)=SGRT(RSQ)
IF (LBS(RET/RBEIN=10)eCTo0oCUS) GU TO 377
378 CCNTINUF
CSCI+1)=GSCT) =RBAII«RHOTCIDT ¢ J1)»(CFTLINI 4 J DI 2 (TSUI)=TSC1+1))
1 40T CIDIaJ1ds(NCI*1D=N(TD))
RETUR®Y
END

B18



618

MATERTIAL PROVERTY
TEMP,

1 COVER FABR
848,2~
Rll,2~
763.2~
6R9, 2~
60242~
S523.2-
2 VOKAR
RA140=
7660~
705,00~
66106~
6234 0~
591,00~
473.,0-
3 LS 200
RT7Ge 6~
76646~
723.0-
69FP, 0~
673.0-
64R, 0~
623.0-
996, 0~
573, 0~
548,0-
473,0~
&4 PREOX
873.0-
"AA4R, 0=
T4E,0-
68340~
623, 0~
573.0-
498,0~
5 PU FOAM '
644,0~
59,0~
57360~
544,0-
44f,0-
6 IMIDF FCaAM
1006,0~
27340~
915.0-
8%4,0-
194G~
711.0-
673.C~

RURN TG

RATE

PREDICTILN FOR MULTI-LAYERTD AIRCRAFT

SFAT CUSHINN

RANGE

(Kx)

98,2
848.2
£13,2
763+2
68942
602.2

923.0
A¥1.0
76640
709.0
€610
62340
991.0

923.0
87¢€.6
16646
72360
69840
673.0
644.0
62340
S59R.0
573.0
SAB.0

908.,0
873,.,0
B.R.o
74840
663.0
62340
573.0

688.0
€44,.0
298600
573.0
S44,.0

1073.0
100640
973.0

91%.0 -

ES6.C
79640
711.0

THERMAL
CONDUCT IV,
(CAL/CM.S.C)

«00010
«G0010
200010
«00010
«G0010
«00010

«C0020
«00020
«00C20
«000620
«C002C
«00020
«00020

«00C20
«0002¢
«06020
«00620
+00020
«00020
«0002C
+00020
«0G02¢C
«00C20
«00020

«00034
«00034
«00024
«00034
«00034
«00034
«00024

«0C0Y4
«00034
«CO0034
«000C10
«00010

«00C1¢C
.0001C
«0C010
00030
«0CC1D
«00C1C
+C0C10

HEAT
CAPACTTY

(CAL/LM.C)

«300
«300
«300
«300
«300
«300

¢ X85
0345
.3“5
.3“5
«345
« 305
.3.5

«300
« 300
« 200
«300
«300
«303
«300
«300
300
«300
+300

«300
«300
«360
« 200
e300
«300
«300

e84 00
«400
«400
«400
«400

«200
«200
«260
«200
«200
«c00
« 200

DENSTTY

2400
.~°°
« 400D
« 400
e 400
.“00

* 146
el4h
L] l.b
. l46
o146
o146
o186

L] 120
«120
0120
0120
«120
0123
«120
«120
«120
«120
«120

0620
s L2C
e 0620
e620
«620
e 620
0620

« 030
«030
« 030
« 030
« 030

«023
«023
« 023
«023
e 023
« 021
023

tGM/CM )

PREEXP,
FACTNR

«213405
«506~-07
0224014
0251+ 00
e730-0S
«157+03

«337=03
«165=06
89401
.237'11
0275405
«394-12
0233405

«117-04
«717-10
«517+C2
+104-03
«H28-13
e656-02
e2846407
el6l=-16
e211e08
«201¢G0
«T83+04

-5.2'05
«855421
0155+C3
eSA5-02
«143=04
¢587-02
«5%4401

e844420
617402
«177-01
v 260406
«600+01

0306'0“
«312-13
«180-06
«133+02
«611-05
«107+08
«763-02

ACTIVATION
ENERGY
(CAL/MOLP)

24800,
=20303.
56500
7430,
~650J,.
137C0.

1043,
-12285.
7500.
=26532.
2207%.
=-25933,
15435,

=3457.
=24770.
16814,
=2020.
=31083.
2475,
27897,
~381%0.
2TR00.
67712,
18279,

-13061.
91578,
18860,

4500,
“4365.
3085,
16963,

695757,
12335,
2646,
21435,
9930.

~4763.
-46170.
~16G74.
16862,
=TR09.,
36705.
6934,

HEAT OF
DECowpPOS.,
tcaL/c™

=29
=249
~249
=249
=163
-16.3

1.0
9.6
-23.9
=2R.7
28,7
50.9
107.5

.5
9'6
~Het
-19,.1
=167
-8.4
=20.3
7.9
Tle7
24,9
5449

+5
3
5
=13.9
=13.9
«13.9
5

-3.1
-11.9
245
245
5

5
5
5
7.3
“7e3
=7.0

L]
-y ?

HEAT
RATE
tneh c/sFCH

¢33
«33
«33
«33
¢33
«33

«33
¢33
¢33
«33
¢33
«33
33

¢33
¢33
¢33
«33
¢33
o33
33
«33
33
«33
¢33

.33
¢33
«33
«33
«33
¢33
«33

.33
¢33
¢33
33
«33

33
33
33
3
«33
R
33



NORMAL IZ2ED FRAGVENT

1 COVER FADR
2 VONAR

3 Ls 200

4 PREOX

S PU FOAM

6 IMIDE FOAM

763.2~
813.2-
48,2~

473.0-
591.0-
623 .0~
€610~
709,.0-
76640~
H61 a0~

473.0~
549 ,0~
573.0~
S9R .0~
623.0~=
648 ,0~
673.0-
69R 4 0~
723 .0~
16646~
8T .6~

498 4,0~
573.0~
€23 .0~
83,0~
T748.,0~
A48 .0~
873.0-

44R .0~
544 ,0~
573.0-
59R .0~
644 00~

673.0~
711.0-
19640~
84,0~
Y915.0~
“73.0~-
1C0640-

SIZE AT END TEMPS ULF KINETIC REGIMES

- . W P A T R - S T D T D At D e e T A L M e W M e s e WA e m e =
-+ 23 3 434 RSB 4 S RSS2 P 2 R S R 2 S DS B RS S 4 S 2 P R4 S RS S SR

68H.0

711.0
796.0
£54,0
915.C
°713.0
100€.0
1073.0

B20

1.00G300
«f21322
«602183
«467461
«1937170
« (59566

[

«000G600
« 865850
«79360C
e« T1H4566
«684733
«DHYH1T3
«535456

-

+00C0GO00
«9567082
+934163
«871674
«R2N223
« 781499
e 125286
¢ 658455
e 666312
0615242
«550394

1.,000060
«©53137
«85:503
« 828126
e 763548
e542460
«3€72852

1.00C000
e 91RE8B3
«B34678
« 727952
«490395

1.000000
«934404
«917053
+B8C3906
«679453
e 574406
¢546754

«821322
«602183
s467861
«193770
+ 059566
«0078H07

«R65850
« 793600
« 718568
«644733
«598173
«535456
522900

«967082
«934163
71674
«820223
«781499
e 125286
s 688495
«666312
«615242
¢550394
«542654

«953137
«892%C3
«826126
«763948
¢542460
«367852
«l146F67

«91:38¥3
«834678
e 727952
«4903959
«006318

+9944 04
+317053
«803906
«67945%
«374808
«546754
¢513983



129

1

RUN NO. 18

MATERTAL # THICKMNESS

COVFR F
LS 200

Py FOAM

ABR

BOUNDARY CONDITION
HEAT FLUX (CONDUCTIVE)
SURFACE TEMPERATUPE

1 RB
COVER FABR
1 «00084
2 «000R4
3 « 00054
4 «00085
) +00086
6 « 00087
? +00087
8 «00088
9 « 00089
10 «00090
11 « 00091
LS 200

12 «001°P3
13 «00184
14 «00184
1y «0018%
16 «00186
17 «00187
18 «00189
19 «00190
20 « 00191
21 000192
2¢ «00194
23 «00195
24 «00197
F «00199
26 «00201
27 « 00203
28 200204
29 «00207
3¢ «00210
31 e0C214
32 206217
33 «00220
h1) « 006223
35 200224
36 «006227
M « 00223
L] «0C232
35 «00225

0e5-INCH LS=20C

«1 CP
1.3 CH

10.0 CM

TStI) = TStTe1)

691.0
689,2
68542
68162
677.2
67342
6692
66542
66142
€572
65342

65246
648,06
648,0
644 ,.0
64040
636,0
63240
62840
624,0
623.0
619.0
615.0
61160
607.C
603.0
5950
598.0
$94,0
5900
SR6.0
582.0
S57€e0
57440
57360
56540
$6%.0
56140
SHT.0

689,2
685,2
681.2
€172
613.2
66942
£65.2
€612
657.2
653.2
65246

648.6
64H40
6an,0
640,.0
63640
63240
628,40
624,0
623.0
619,0C
615.0
611.0
607.0
603.C
599.0
S9Fe0
594,0
590.0
58660
58240
57P.0
74,0
573.C
%69.0
St5.0
S€le.0
55760
5530

«0400
6910 X

DX

«00
«01
«01
.01
01
+C1
01
«01
«01
«01
«00

.02
«00
«02
.02
02
»02
02
«02
.cl
«02
«02
02
002
02
.02
o€l
»02
002
«03
«03
«03
03
«01
03
03
03
«03
«03

(T=¢ M1

CaL/CM2,.S¢EC

¥(1) = Xtle1)

«0500~
00045~
e0145~
o0247-
00349~
e 0452~
00557=
oGbE2-
¢0769~
e0476~
20585~

+1000~
01220~
01255~
«1477-
«1700~
01924~
02150~
02376~
02607~
02664~
0296~
3129~
03364~
P14 1 B
e 3640~
«a0H2=
oh]143~
43k T
04635~
sAREB~-
v5145~
¢S54 (%~
e2670~
5737~
o60C6~
2179~
«6555~
sb635~

00045
e 0145
eJ247
« 0349
e 0452
« 0557
00662
00769
«08176
«09RS
«1000

«1220
+1255
«1477
»1700
«1924
»2150
e2378
02507
e 26064
02696
«3129
e 3364
«36C1
e3E40
PLY
FLRER]
RN
4635
s 480k
05145
L XN
« D670
«5T37
«60CE
o&2179
« 6457
06835
o 7118

asn

« 0400
« 0398
«0395
oG9l
«03H7
« 0382
«0380
«037¢
«0372
«0368
e 0364

e 0354
«0361
«0361
« 0359
20357
« 0354
¢ 0352
+0349
«0347
ALY
«0343
« 0340
o 0327
« 0334
+ 0331
«032P
00327
«0322
«0317
«0312
00307
e U302
«0298
2297
¢ 3293
« 270
«02b¢C
00202

ascleqy

«0398
0395
«0321
e 0387
0383
«03AR0
«0376
00372
«0368
«0364
00364

«0361
00361
00159
»0357
« 0354
e 0352
«0349
00347
03496
«0343
«0340
00337
«0334
e G331
«0324
«0327
00322
«0317
e0312
«0307
00302
«0237
e0.93
« 0290
e JZB6
0282
o 0279

N(T)

0359942
«60218
«60837
«61480
«62149
62R 4N
+63568
064323
65109
065929
066735

«77106
«78006
« 78150
« 78937
e 79740
+R0401
«80978
«B81l4R2
«f81322
e82022
¢82460
«R2998
«83663
294487
«85513
«R6797
«37167
«H8595
«R9H 31
+T0A9H
e31818
0325¢7
09325K6
«93416
«733%6
«5AN55
«95094
095612

NC(T+1)

«60218
«60837
e614R0
«62149
«67844
«6356%
e64323
«645103
0645929
s66TRS
e 66908

o 7H006
«TR150
¢ TR997
o797 44
e £ 0401
sRO9TR
oB1482
81922
«02022
e A246D
«R2994
0023663
oA44RT
«86513
«P6797
of7167
«AP595
«85831
«ICRNR
e91814a
¢92597
e93266
«93416
«9 399
« 74555
e 5094
e 95612
«96111



229

3

a0
a1
a2
a3
A
as
a6
a7
a8
a9
50
51
52
53
Se
55
56
57
58
59
PU FOANM
60
61
62
63
64
65
66
67
68
69
10
n
12
73
74
5
76
7
18
19
80
81
R2
83
84
85
86
87
88
89
90
91
92
93
94
95

«002380
00242
00243
« 00246
«00251
« 00254
« 00259
«00263
«00268
«00272
« 00277
+00282
«00287
«00293
« 00299
«00305
«00311
«00318
«00325
«00333

+00172
«00172
«00172
«00173
000173
«00176
«0017%
«00967
« 00967
+00967
« 00967
«00967
« 00967
«00967
« 00967
«00967
« 00967
«00967
« 00967
« 00967
«00967
¢ 00967
+00967
«00967
«00967
«00967
»00967
« 00967
«00967
«00967
« 00967
«00967
« 00967
«00967
«00967
« 00967

553.0
54R,0
S44,0
540.0
53660
532,0
52840
528,.0
520,0
51640
51240
508.0
504,0
500.0
496.0
492.0
48860
484,0
480.0

476.,0
47240
468.0
464.0
46060
456.0
452,0
448,0
444,0
440,0
43640
432.0
42860
424,0
42040
41600
412.0
408.0
404,0
400.0
39660
392.,0
3R8.0
384.0
36060
376.0
372.0
36840
364,0
360.0
356.0
35260
348,0
344,0
340.0
33640

549,.0
548,0
544,0
540.0
536.0
53240
52840
524.0
52060
51640
512.0
508.0
504,0
500.0
49660
492,0
488.0
ARA, 0
480.0
47640

472.0
468,0
464,0
460.0
456.,0
452.0
448,0
444400
440.0
432.0
428,0
424,0
420.0
41640
412.0
408,.,0
404,.0
400.0
39640
392.0
388.0
3h4,.0
380,0
376.0
372.0
36R.0
364.0
36060
35640
352.0
348,0
3as8,0
34040
33640
332.0

«03
«01
«03
«03
«03
«03
.03
«03
.03
«03
«03
«03
«03
.°~
e 04
o004
Y L)
o0&
o004
L

«02
02
«02
e 02
o2
02
02
02
02
02
«02
02
«02
02
.03
«03
«03
«03
03
«03
«03
«03
«03
«03
«04
.0‘
e 04
o004
.oq
05
'05
«05
«05
«06
«06
«07

«7118~
e 7405~
oTATR~
«7770~
«B067~
«8369~
¢8675~
«8966~
«9302-
« 9624~
¢9351~
1.0284~
140623~
1.0968~
11320~
1.1679'
1.2046~
12420~
12602~
13193~

143593=
163799~
1.,4005~
1.4212~
le4420~
le4628~
144838~
15049~
1.5260~
1.5477~
1.5700-
15928~
l.6162-
1.6404~
1e6652~
1.6907~
1e7170-
le7442~
1.7722-
1.A8012-
1.8312-
le8b22~
1.8545=
1.9279=
1.9628‘
1.9991~
20370~
240766~
201181~
2.1618~
242078~
202563~
243078~
243625~
244210~
204837~

¢ 7405
o 7478
«7770
«B067
«B369
«8675
+8986
09302
09624
«9951
1. 0284
1,0623
1.0968
1.1320
1.1679
142046
1,2420
1.2802
1,319}
13593

13799
1.4005
1.4212
1.4420
l.4628
1,4838
1.5049
1.5260
1.5477
1.5700
1.5928
1.6162
1.6404
1,6652
1.6907
1.7170
1.7442
1.7722
1.8012
18312
1.8622
1.8945
1.9279
1.9628
1,9991
2.0370
2.07¢€6
241181
2.1618
242078
202563
243078
203625
2.4210
204837
25513

«0279
00275
«0270
«0265
00261
«0257
«0253
00249
« 0244
e 0240
«0236
00232
00227
00223
«0218
00214
«0209
«0205
«0200

«0195%5
«0194
00193
« 0192
«0192
«0191
«0190
«0189
00184
+«0180
« 0175
20171
«0166
«0161
«0157
«0152
«0147
o014}
«0138
«0133
«0129
«0124
«0119
«011S
«0110
«0106
«0101
+ 0096
«0092
«0087
0082
«0078
20073
«0068
« 0064
« 0059

«0275
00274
«0270
« 0265
«0261
20257
«0253
« 0249
e 0244
«0240
«0236
00232
« 0227
«0223
«0218
« 0214
«0209
«0205
«0200
« 0195

«0194
«0193
«0192
«0192
«0191
«0190
«01A9
«01R4
«0180
«0175
«0171
20166
00161
20157
00152
00147
«0143
«0138
20133
«0129
«0124
«0119
«0115
«0110
«0106
«0101
«0096
«0092
«00A87
+0082
«0078
«0073
«0068
«0064
«0059
« 0055

¢96111
096531
+96708
«97148
«97538
«97883
«98187
*9R455
«98691
«98897
«99078
«99236
«99373
+99492
99595
«99684
«99761
«99827
+99883
«99932

e98945

«991 40

»99318

«994380

9% 29

«99765

«99888
1.00000
1.00000
1.00000
1.00000
1.00000
1.00000
1.00000
1.00000
1.00000
1.00000
1.00000
1.00000
1.00000
1.00000
1.00000
1.00000
1.00000
1.00000
1.00000
1,00000
1,00000
1.00000
1.00000
1.00000
1.00000
1,00000
1.00000
1,00000
1.00000

«96591
«96708
297148
97538
«97883
«98187
«9PA455
«9P691
«98897
«99078
99236
099373
«99492
99595
*996R4
+99761
«99827
299883
«99932
+99973

099140

+99318

»99480

«99629

299765

«99888
1.00000
1.00000
1.00000
1,00000
1.00000
1.00000
100000
1.00000
1.00000
1.00000
1.00000
1.00000
1.00000
1.00000
1.00000
1,00000
100000
1,00000
100000
1.,00000
1.00000
1.00000
1.00000
1,00000
1.00000
1.00000
1.00000
1.,00000
1.00000
1.00000



6 «00967 332.0 -- 328,0 «07 2.5513- 2.6246 «GCOY «00650 1.90020 l.00000
97 « 00967 32840 ~- 24,0 o039 246246- 27046 + 0050 «0045 1.,30000 l1.00000
°g «00967 324.,0 == 32040 «C9 247088~ 247932 «0Ca5 «0041 1.00020 1400000
99 «009¢€7 32Ced == 31640 010 247932~ 2.R917 « 001 «0C36 1.00000 1.00000
100 « 00967 31640 == 312,0 e11l 248917- 3.0030 «J035 «0031 1.00000 1.00000
161 «00967 3120 == 30¢.0 «13 3.0030- 3.1307 «0031 «0027 1.00000 l.00000
102 « 00967 30840 == 304,.0 ¢15 3413C7- 3.2806 e 0027 «0022 1.00000 1.00000
103 00367 30440 == 30040 o18 3.2806~ 3Ja.4621 «0022 0317 1.00000 1.00000
104 « 06967 30040 == 296.0 «23 3.8621- 3.6920C « 0017 «0013- 1.00000 1.00000
105 + 00967 29660 == 292,0 31 3.69%20- 84,0054 «0013 «0C0R 1.00000 1.00000
106 «00967 29240 == 2HB,0 e49 44,0054~ 4,4980 +000R «0003 1.00000 1.00000
107 « 00967 28840 == 255,0 o86 4.4980- 5.3600 « 0033 «0QU0 1.00000 1.00000

MASS LOSS FOR 1 LAYER= «2420~04

2 LAYER= ¢5A51~04

3 LAYER= «54€4-06

ssses  TOTAL MASS LOSS = o8325+084 GM/SEC.CM2? OF RURNING SURFACE
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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.
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.

The orginial radiative heat source is replaced by a

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 1ight, thick
sides insulator on four
sides, also as
sample holder
4, Buoyancy of hot gas 4, No remedy unless

formed in foam (open
cell)

sample positioned
horizontally

B) Irregular surface
shape

(or disengaging the
cover sheet in the
worst case)

High pressure exerted
by the gas product
during intumescence

Cover fabric cut
larger than the
surface area, folded
over the sides and
stapled

C) Temperature rise at
the sample surface
before removing

Single sheet of radia-
tion shield -- not
enough

Use double layers
(with air-gap in
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

4



Photo

No.

2.

3.

5.

6.

8.

APPENDIX D Photographs of Equipments and Burned Samples

Remarks

Thermogravimetric Analyzer (TG)

The thermogravimetric 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.

Differential Scanning Calorimeter (DSC)
The DSU is 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
E¥ght 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 decreas1n% order: LS-200
(1/2" thick) > Vonar (3/16" thick) > Preox (11 oz/yd¢) > 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.

D1












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.

El



A) Model

d27 dT
TCM @ k —5 + per — = DANB exp (-E/RT)
dx dx
dN
T - -NB exp (-E/RT)
oT apsh
NM — (ke —) + — (Mg4h S
dx (ks ax) X Mg g) at
aps
—_— = P -
% 2 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 NM
Condensed phase reaction Same
One - dimensional Same

Steady state

Moving coordinate system

First order Arrhenius reaction for
thermal degradation

Analytical solution available

E2

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-T, T-T,
ls . Io Is - lo
Distance Coordinate Prcx Mgcx
k k
Heat of Pyrolysis D Q
c(Ts - To) c(Ts - To)
Arrhenius Group E E
(or Activation Temperature) RT RT
Preexponential Factor Bx Bt
r
Fourier Number - kt
ch2

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.

E3



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

E4



D) Calculation & Results

M

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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