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NOMENCLATURE

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

c Specific heat (cal gm’1 °C’1)

D Heat of degradation (cal gm'l)

E Activation energy for thermal degradation of polymer (cal mole'l)

FS Remaining number of monomer units of degraded polymer

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

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

q Feat flux (cal am=2 secl)

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

P Density {gm cm’3)

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

Subscripts

1, 2, 3 Pertaining to each of multilayers

S Front (hot side) surface of a layer
c Rear (cold side) surface of a layer
o} Undisturbed state

L Thickness of a layer

Superscripts

+, - A point immediately beyond and before, respectively

vii
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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.
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INTRODUCTION

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

In general, fire potential in a passenger aircraft can be due to jet fuel
and cabin interior materials. However, a fire involving only the interior
materials can occur in-flight or on the ground. In the case of a postcrash
fire, a jet fuel fire can ignite interior materials, and the hazards arise
from interaction of the fuel fire with interior materials (reference 2).

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

Among the cabin interior materials such as carpet, seats, window screens,
sidewall panels, ceiling and partitions, one of the most flammable
materials, seat cushion, is the subject of the current work. Previous
work, last year, (reference 4) was on wool carpet and polyurethane foam
treated as single layer materials.

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

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

N
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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 shor < be
recognized. One is the coordinate transformation (a la Spaldi
(reference 11)) that enables us to treat the regressing surfac : if
it were stationary and the other is the more fundamental argum on
the relative time scales.

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

(2)

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 3/3 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 = T/ (Tyg - Tg) =1 - exp (-at/x2)
where T, is the temperature at any depth x (from the surface),

To is the initial temperature, T,q 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

[+4

t 7 = 3.0

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 temperiture 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,
d27 a1 .
k ——_ + pcr = = DpNB exp (-E/RT) (1)
dxz dx

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

-1 dN
Nat 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 =o0

Tg at x=00

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

E 4.




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

T = T at x =0 (3)
= 0 at «x 0
N o= 1- =5 at x=0 (4)
FS
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/RT)

LAYASS ) } TS T
r- (RTS)( T ) [{‘ (Te-To) “(Fs-l)' c(TS-To)FS] (5)

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

flux at the hot surface is
qg = pr [c (T¢-Ty) + D/FS] (6)

if there is zero heat flux at the rear surface. Thus, all the thermal
energy flowing into the layer can be said to be totally consumed
within the layer.

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

Teat X=X

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)
= Te at x = x_
1
N = 1- — at x=0 (8)
FSg -
1
N = 1 . -— at = X
Fse o~ 1L

Assuming that T. is close to Tg, that is

Ts-Te (9)
T, <0

the solution for r is given by

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

r = A E Ts'To (]o)
Rig) \ T

-6-




(3)

The details of this derivation jis shown in appendix A.

The integration of equation (1) in the region between the frent
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
Qnet = Pr [C (Tg=Te) + D{E-F@}] (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 muitilayered 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,

-7-




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,




and

There are however, two kinds of physical
each interface.

i
=  P3ry |e3 (Tg -7
x=o* 313 i 3 S3 c3)
r
+ Por cy) (Te ~T
+ Py r cp (Tg. -~ T
1mn |4 (Tsy = Te,)
= Por co (T, - T
X=X3+ 2 2 [2 ( 52 CZ)
+ pl rl [Cl (Tsl - TC )
= ey r ¢y (T, -T
x=xy* 1M [1 (Ts, - Te,)

The first kind is that

TC3 = T52

T, = Tgy

and the second is that

-k3 E;'

a1
k2 dx

dTr
= 2 dx
x=x3" x=x3*
dar
- = -kl dx +
xtxz X=X2
-9«

+ D
1
+ Dy FSS2 - FSCZ
1 1 (13)
+ Dy FSS1 - FScl

1 1
+ Dy (Fssl FSCI)] (14)

constraints applied at

(15)

(16)
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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
jterative method leads to fairly rapidly converging answers. The
significance of this fact is, however, that the calculation of
r's should proceed layer by layer, from the rear (coldest) to the
front (hottest), or from the front to the rear.

(c) Computer Program

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

(d) The Overall Logic and Characteristics of the Model

The model was originally developed to account for the host of
inconsistencies in polymer degradation and burning rate data. The
most important distinguishing characteristics are the recognition that
the mean moleculiar 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 a.i 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 layer, if
interpreted titerally, 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 ¢ipay 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

(/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 fiow of
gases over the surface (a very common aircraft fire scenario), the
oxygen concentration at the burning surface appears to be around
0.1%-1% (Wooldridge and Muzzy (reference 8), Kulgein (reference 9),
Fennimore and Jones (reference 10). This measured non-zero
concentration is significant, because earlier JPL work under FAA
sponsorship (reference 4) indicated that actual aircraft interior
materials exhibited a strong dependence of the kinetics constants of
degradation on small concentrations of oxygen in a stream of oxygen in
an inert. When it is realized that turbulent transport offers a
mechanism for the availability of small concentrations of oxygen at
the burning surface, it is easy to see that these oxygen concentration
effects could be important in predicting full-scale burning behavior.
Full-scale diffusion flames would be large enough to be fully
turbulent.

Nevertheless, all the present TG experiments are performed in pure

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

-13-




The TG diagrams of the cover fabric, fire blocking layers (Vonarqp,
LS-~-200, and Preox ® ), and foams (polyurethane and polyimide) are
shown in figures 4, 5, and 6, respectively. The Arrhenius plots of
figures 7, 8, and 9 show that the pyrolysis of each of these materials
cannot be described as a single first-order reaction. Thus, the
entire reaction temperature range is subdivided into multiple segments

in each of which the reaction rate is reasonably accurately described
; by the first-order Arrhenius expression. Figure 7 shows how it is
done for the cover fabric, as an example, with six subdivided
segments. Each segment comprises one thermochemical layer as
discussed in the previous section.

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

(b) Burning Tests

In order to measure the temperature profile and weight loss of
samples, a modified NBS Smoke Density Chamber is used. The radiative
heat flux was provided by a high heat flux furnace (Mellen furnace
Model No. 10, with the maximum heat flux of 12 W/cmé or 10.6
BTU/ft2 sec). The originally equipped furnace for the NBS chamber
could provide 2.5 W/cme, 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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REACTION RATE (l/sec)

(1800 705 600 500 400 300 200 (°C)
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HEATING RATE = 20°C/min
1021
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0
O
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1/ 7 (103IK)

FIGURE 7. ARRHENIUS PLOT OF SEAT CUSHION COVER FABRIC, DEDUCED FROM
TG SHOWN IN FIGURE 4.
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REACTION RATE (l/sec)

1

HEATING RATE = 20 “C/min

1800700 600 500 400 300 200 (°C)
U AL DS DAL I L L |
MATERIAL ~ =BLOCKING LAYERS
—o— :Vonar®
—0— : Preox ®
ATV = No

10'4 | I D U T 1
0.9 11 L3 L5 31.

11T (107K)

7 L9 2.1 2.3

FIGURE 8. ARRHENIUS PLOTS OF TWO FIRE BLOCKING LAYERS, VONAR AND PREOX,
DEDUCED FROM TG SHOWN IN FIGURE 5.
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FIGURE 9. ARRHENIUS PLOTS OF POLYURETHANE FOAM AND POLYIMIDE FOAM,
DEDUCED FROM TG SHOWN IN FIGURE 6.
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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 qg. 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 ,
j
Foam 5
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/qg)
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 ond Physics
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(b) Kinetics Constants and Heat of Degradation
of Subdivided Thermochemical Layers (Cont'd)

T B £ D
] Tempera- Heat of
' ture Pre Exponentiall Activation Degrada-
Range Factor Enerqy tion
]
(K) (1/sec) (cal/mole) (cal/g)
877-923 | 1.17 x 10-5 -3857 0.5
767-877 | 7.17 x 10-11 -247/0 9.6
723-767 | 5.17 x 10! 16818 -8.4
698-723 | 1.04 x 10-4 -2020 -19.1
L$-200 673-698 | 8.28 x 10-14 -31083 -16.7
648-673 | 6.56 x 10- 2475 -8.4
623-648 | 2.46 x 108 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 1071 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 10-2 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 10% 19435 107.5
873-908 | 5.42 x 10-6 -13061 6.5
® 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 10-3 -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 10! 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 109 -4763 0.5
973-1006 | 3.12 x 10-14 -46170 0.5
Polyimide 915-973 | 1.80 x 1077 ~16070 0.5
Foam 854-915 | 1.33 x 10! 16860 -7.3
| 796-854 | 6.11 x 1076 -7890 -7.3
| 711-796 | 1.07 x 107 36705 -7.0
i 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 N/cm2) to the full value of
6-10 W/cm, 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 7
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,
i 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(EZ Vonar(Ez 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

hrad (T

)

furnace = 'bead) = Mconv bead Tgas film

where hpaq and hegn, are the radiative and convective heat transfer
coefficient, respectively, and Tfyprnaces 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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FIRE BLOCKING LAYER (2 of 2 pages)
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(2)

(3)

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 10sS.

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 H
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.

-27-




(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(:2 and 463 K with
Preox<:2 while it reaches 546 K without a fire blocking layer.

There is, however, a compensating effect near the front (hot)
surface. That is, the front attains higher temperatures with the
fire blocking layer than would be observed without the fire
blocking layer. Figure 10 shows the front surface temperature is
701 K with LS-200, 695 K with Vonar®) 691 k with Preox®

and 643 K without one, respectively, after 10 minutes exposure.
This leads to an observation that a fire blocking layer functions
as if it is a reflector for heat flux.

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

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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1.

5. SUMMARY

The work on the prediction of thermochemical performance of multi- layered
seat cushion materials leads to four conclusions:

]

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 i
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.

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
raltilayered systems analytically.

The model predicts reasonably within a factor of 2 hoth 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) (A-1)
dx2 dx
- 1 dN _
Nat © B exp (-E/RT) (A-2)

and the boundary conditions are

at x = 0 T=Tg (A-3)
No= Ng= 1- 1
FSg
at x = X, T=T¢ (A-4)
1
No= No= 1-
FS¢
By introducing the dimensionless terms,
- y = Pecr x : (A-5)
b k
4 and T =TT, (A-6)
| Ts-To
\ Then Eqs. (A-1) and (A-2) become
] d2r , dr . KDPNB exp (-E/RT)
ao? 4y (Per)Z (T5-To) (A-7)
dN . d7 . k cPNB exp (-E/RT) (A-8)

dr dy (Pcr)?

Al




Further use of dimensionless variables,

p = 41 (A-9)
dy
h = D _ - (A-10)
c(Ts-To)
and A = kB (A-11) |
Pcr2 '

convert the Egs. (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= N (A-14)
T = TC’ P = Pc» 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

d . dN =
1 -0 (A-17)

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

N = (p+T7-pg=-1+hNg)/h (A-18)
or N = (p+T-pc=-7Tc+hN)/n (A-19)
A2




————— —

Then substituting Eq. (A-19) into Eq. (A-12) gives
pp' +p=A(p+ T-pg -1+ h Ng) 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-T1+hN)Aexp {-0[ +x(1-n1}  (a-21)
where 0= £
RTS’ (A-22)
d = Te-T
an X s-To (A-23)
Ts
Let 2= Aexp (-O) (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

Tkt (A-27)
tE = p+T (A'ZB)
A= EX (A-29)
where € = E;Q' (A-30)

A3




” enables rewriting Eq. (A-26) as
- (&-V+en) ' = (E+9)rexp (-n) (A-31)
or
df . _&dE_ < xe-T dp (A-32)

E+ g E+9

The boundary conditions for this equation are

n=20 £ = gS = pg +1 (A-33)
n=ng E= & = pc+ T (A-34)

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

S S
¢ S t )d _ S \ e (A-35)
Sc £+ g c ( £+ 9 . c o

to give the result as

E.*9 Eg 9 ,
‘“(ei * 9)'{“5 AR ‘"(zc : g)} = - a(i-es T6) (A-36)

Then X is simply given by

E.+9
1 c
A - e ey - {(Es S Ey+ (1 +g) ln(E;‘Ijg)} (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/RT)

Yoo (m) (55

(A-38)
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APPENDIX B Computer Program

PROGRAM A

THIC PRCGRLEY. YANES THL IFTE&FACIAL TEMPERLTURES (B.C.*S) 8S TuE InPuUT
DATA AT THES CBALCULATES THE BURPING SATEe hEAT FLUXY TEVPERBATURE PROFIL
AND WEIGHT LOSS OF MULTI~LAYERFD PCLYMFRIC VATEFIALS ¢(INCLUTING

THE FIRE KFLOCKING LAYDF) USED FOR AJRCRAFT SEAT CUSHIONS,

THE QIvaysto=e psSED In THYS PREGHALN LSF GRAVe GREMeMCLEy O-CTLSIUSS
CALGKITy Cry %D SLECON,

CIVYERNSICY ANAYFT(Ta2 4%l 734" TFFGU 7)eXT(T7011)4CPT(Te11)0

= RECTU(Tell)erT 7ol 1) oE T (Ta3ideDTUToll) oHE2TRTET o110

= TNLACTe11) e TKFIC 0122 TLOEY1D2eTATE11)y
FRLDETo31) o b KETCTo11) oFLICI1D0FH]C11),
AKLOCTol 1) o k4T €741 1200 t3) 2 I,

= USTAFTCL1DeJTNCULIID o EADIN L 14T 0M12D,

= NSCI2DeNC A1) aANAME 31420 4T 011D e E)1:0CPEI1IoRHNIITIDIRILL)D,y

e FU11)eNCYI1DoHESTRACILIDGFSSII12eFSCLLID)eRP 11 oCINLILYONUT 1),

= ONETE112e TPUI1911)eNSSPUL1el1)eTSTART(ILDGTINIVILI]Y?

CIYESSION TRLOTUOI21) e "PLOTHIZ21D 0T 011411 ) eNX0T (11 elldelY (11011}

CIMENSION X111411)

OIVENSTIOA ME21D4PSUIT) PO Y 01110 ¥I0 1o THETACLIN T TACEL])

DIMENSICN ENCCLiId oL AMESDACII D oCHILLITDoALPHALYLY)

ODIMENSIOGN TICE112eRORCE31DA(11D46¢11)4RETC11)

PEAL KT qKoMu g NS eWCoaNCLOgNKH]IGNL oMl oL L™BDA

REAC IN THE INOGRE{DIENT MATEPIAL PROPLFTY ANC PRINT OQUT

READ (54%01) 17NTAL
SC1 FORMAT (12)
DO 100 11=14170CGTAL
RFAD (5¢902) ToANAMET Ul o1) e ANAYF TET 42) PUtld)NTREGCT)
902 FORMAT(1240ADF 1042412)
NTRENTREGUD)
READ €S9 030 CTXKLOC o aTRNICT o o hT LI oU)eCPTUY g deRHOTLI Y,
- BTEl o) oE VU od) e DT LI oUdHIATRT(1aJ)odz1eVIR)
LI FORMAY (2FS,1e TLIC. )
100 CONTINULE
WEKTTE (64 Q48)
985 FORMAT (1M1, 25Y¢ BURNTING PATE FRLDICTIO. Fous MULLTY=f RYSRLTY

Bl

PR




-— _— ”
ERARMGEEE S e SRS —
. = ¢ LIRCPAFTY SEAT CUSHION® / ZGXe €301%=%)y /
. - EXy SMATLRIAL PRGFERTY®/ 21Xy *TFMP, R&LNGE, THERVAL® ¢« Sk,
. = YHEAT®y GYo®JENSITY FREE XP, ACTIVATION HEAY OF HE AT,
. - 5 / 36Yy *CONDUCTIV, CAPACITY®*,13Xy *FACTOR ENERGY?®,
4 - 7¥¢ *DICOMPONS, RERYF *y 7
. 269 T(K)'y SYG*(CAL/CMLS,C) (CALLZGNMGC) (GP/CM3) %y 13,
. =P (CAL/MOLT) (CaLs5m) (DEG C/SiC)H* /)
K £O0 102 I=141TCTAL
‘e NTR=NTREGC])
. BRITE (60951) T o2NARET(141) o BNRMET L] 42)
In 951 FORNM2ET (9% 41242)4245)
)e WITTE (£9°53) (TRLOCTWJIeTKHICTWJ)
. e KTClad)oCFTUla)oRHIT U o) o T Ul o) o STt o) eDTUToUd o HERATRT(I 4 U)
i - J=1e\TR)
te S33 FORYAT 117vys FTale *=%y F7uly 1V,
. - F1CeSe37s FEe3s 3%y FEo3y 27e £11e34 4Xs F9.0y F10e1s FI1C.2)
e 1C2 CINTINUE
e ¢
e C FJ7y CURSTANMTS USED IN THIS PROGRAN
y e (o
Ve F=1,.0
le Pz1.9P717
Lo Pr¥zRZ,0¢€
le CHGCAS=Ca3R2
te rec LON20.°
[} SIGCMA=1.255F~12
3e 10=2228%.0
30 C
Te € CALCULATE N AMND FS AT TWO END TEMPERATURES OF KINEVIC KECIMES
30 C THE CRLCULATION SEQUENLE 1Sy BY LCLGICy FRDYM LOW TO HIGH TEMPLRATURE
e C
le WRITF (64955)
Le 955 FCAMBY (1M3, 1CXe *NIRPLLIZED FFLGMENT SIZE AT END TEMPS CFe, 1lv.
2e - 'WINETIC RLRIPESTe /0y 1lXg SHUL'=%),y /)
3 DO 200 I=1lslV0TEL
I WRITE (6eS51) 1o ANAMETC(1s 1)e ANAMTTI(I o 2)
i) NTRIANTREALY)
5 ANKLOCToWTR)=1,0
Te FKLOCT W TPIZ10G0G.
3e DO 2C5 JJz1eNTR
Je JZLTIReY1=JJ
() CALL FPAGMT (RTCT oD eETUTIwUD e TRKLOCT o) o TKHILTIWU),y
1 - HEATPT(IgJYeNKLOCI s U oNKHItTOU))
e IF (Ve Fol) NXLOU]IoJ=1)=NKHI(I o J)
3e IF CAKLUCTeU) eE0e1a0) NKLOI]4UI=0,9999599
qe FRLNCT oJd? = 140/782,0-NKLOU]4J))
S JF INKYHTE]loJ)e€Qe1s0) MKHIC] 4UD)Z069999599
(X) FRHIC(IeJ) = 140/7C1e0=-NKHICIeJ))
T WRITE (£4952) YVLOCIoJUIeTKHICIoJUIeNKLOCToJ)oNKHIL] W)
8¢ 958 FORYAT (224 FTule =%y FTale Sxo Flleby 2Xe *==%, IXy Fll.6)
9e 205 CONYISUE
Ce 2C0 CONTINUF
1» C
2* C INITIALLIZE A FEw VAFIABRLES FOR CGMPUTER PLOTTING
3 C
4 NPAGS =©
S NPLOTZ)

82




e 1PLO0T=C

T« CALL SGNhPLY

e c

e C READ IN TEMPERATURE ULTA,y lefes

Ge C TFMP. OF TOP SURFACF OF E£A_H LAYER BAND REAR SURFACE ¢(COLD)

le C

2s 1111 COMTINUE

3e WRITE (64898)

a 89& FORMET (1H1e 2%Xe *PURNING RATE PREDICTION FUR MULTI-LAYLREDS
e ~ % PIRCRAFT SEAY CUSHIOHN® /4 26Xy €2(%2%), /)

6 PEAMD (54904 4EAD=1112) TBACK(HEACINEI) 4131414)

Te 9Ca FORFAT (F1C.041425)

3 WRITE (64899) (HTLADIN(I)e1=14914)

9 £99 FORVATY (40Xy 14AS, /2/

Ce - Sye *MATERIAL * TAe *SURFACE THERMAL HEAY
Je - CENSITY PREEYP, ACTIVATION HCET OF HEAT 0/
2e “21Xy *TEMP, CUNDUCT IV, CaFACITY FACTIOR FREKGY
de - CECOMPDS, RATE "o/

4e «21% 9 Y(K)®e Sxo®(CAL/CMeSo.CY (CAL/GH4W4C) (GCH/CM3)?y 13Y,

Se «*(CAL/¥OLE) (caL/scvy (OES C/SECHIT 40

3] 1=}

T 1% COTInWUE

Ze FE2D (5%490€EM0=11C) I0CTI)eIMICT)

Qe 906 FAIFMAT (124F12.2)

e 1211

1 ¢5 10 1C0S

P 11C CunTINUE

‘3 NLAYGZ ] -]

4 (o

‘Se ALAYGI=ALAYG-1

‘6o N0 115 I1=1eNLBYG]

T+ 115 TLOCIDI=TH]I(I+ )

e TLOUINLAYGY=TBACK

G [

T C ANOW CALCULATE THE FRAGMENT S12ES AT THE TW0 BOUNCAKICS OF tiCM
ile C GENERJIC LAYER

12 [

$ e DO 300 Yz14nLAYG

Se» IDENT=IDI])

1S NTIDSNTRECLIDENT)

6 IF (TLOCID «GE +TKLOCIDENT oNTIG)) GO TO 3C1

$T» JSTARTCII=RTID

She ALO(Id=1,.0

$0e FLO(TI)=10GCO0D.

¥D» GO T0 30e

Vle 301 CONTINUE

¥ g DO 3C2 J=1,NTID

3 IF (TLO (I oGE « TKLOUIDENT U o ARND e TLO I 4L T TEHICIDE T o))
Y - GO0 10 30%

4Se 302 CONT INUF

46 WRITE (£4961) 1

4T 261 FORMAT (S5Y4*FOR *4 J2¢ *TH LAYERs YLO 1S OUT OF BOUND®)
4fe 60 T0 304

49, 365 JSTART (1) =2J

€Ce CALL FPAGPTI(RYCIDENT o) oL TUIDENT U e TRLULIDENTWJY 4 TLOLT D
S1le - HEATRTICIDENT 4 U oNRLOCIUENTOJD) «NLOIT D))

52 FLOUY) = 1.0/743.0=-NLD(1))

B3




.
1
3o 304 CONTINUE
Aw IF (THICIY G THLICIOENTGNTIOY) GO TO 306
S JENDCIIZNYID
‘ 6w NHTI (132140
VT FrT(1)=10000,
i Be 60 T0 300
9 306 CONTINUE
G CO 337 0=14*110
»le I CTHIC1) oOF o TKLGELDENT gU) e AND e THI (1) LT L TKHICINE LT 4U))
V2 - €0 10 30k
33 307 CONTINUE
yae WRITE (4,9€2) 1
Se 962 FORMAT (5ny YFUR o4 124 *Th LAYER, THI 1§ QUY OF RCUHD*)
Wb bt JENDLLYZY
e CALL FRAGHTU(OLTUIODENToUIWETLIDENT o) TKLOCIDENT U)o T11CD)Y,
P - FERTRTEIPENT oJ) o AKLOCICEMT 9U) oAHI L1 D) ;
e FHIEIIZ 1. 0201 0~NKHI(1)) |
"Ge 3l convInyS |
‘1o < ]
29 € RELEFINE &% FENUMBER THT SURDIVIDED MULTILAYEKSy BASTD ON THE
"2 C TEMFERATURE BENGES OF ToLRNOCHEMICAL FEGIMES AND ALSG ON Thi GEMETRIC
"4 C 0IvVISIGNS
"B C SEGUENCE OF 1J IS FROM FROMT tn2TTESTY LaYER T RTAR COLDEST) LAYER
T&e o
e 1y=¢C
14« DO 310 I=14%LAYG
19 IDENT=ISC])
i0e JEADTI=SJENC (YD)
ile JSTAI=USTART(])
120 AINES WIS
13 eI =TrIC])
34 ENAVF CIUGIISENANST (1D T4 )
5% ENEMEATI e B NAMETCIDENT 92
Lge COYUIDTUIDENT WJENDD)
R 7e CPEIUI=CPTOICENT WUEND DY
Eg» RHOETUISRHOTCIDENT ¢ UEND LY
£5e ECIODYSETCINERTJENDD)
i ECIUI=BTIIDENTWJFADD)
a1 KOTUI=XTLIDENT oJENDD)
24 HEATRACIUIZHEATRTULIDINY o JENDY)
53, KSCTJBaRRINT )
LY X FSS(1Ur=FRICLD)
9% NCETJDI=AKLOCICENTGUENDY)
5¢e FSCEIJUISFRLOCIDENToIENDD?
“7e 1F (JENDIEQaJSTAI) NCEIJIEALOETY
9ps 1F (JENDILEGaJUSTAI) FSCUIVUI=FLOIY))
90, IF (UENDILEQW.JSTAI? GO TG 310
(43 JENDIL1=JUEND]I+1
(3% DO 311 J=JENDT1eJSTAL
C2e 191434
C3» TCISI=TKHIC(IDEN T4
Qs ANAMECTUR1IZANAMETETIDENT o)
0% e ANAPE (T Ue2)SARAMET CIDENT V2D
D6e D¢IJI=CT(IDENT W)
07 CPIIJUI=CPTLIDENT, V)
Lo RHOCI1J)SRHOTCIDENTY o)
09 FCIIIZETOI0ENT )
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o RS AT :

10 BITJISFTLIDENT L J)
1le KEJJINTOILENT )
12+ NERTRACTJIZHEATRTCIDENT o U
13 NSEIJI=NKHICIDENT o )
14¢ FSSEIJIFKKHICLIDENT 9 )
15 NCETUI=LKLOCIDINT o J)
16 FSCULIUI=FKLOCIDENTY o )
17 IF (JVeECeusTAIY NLCCTUIZNLACT)
14 IF (JeFGCeuSTAIY FSCUIMEFLOCLD)
15 311 CONTINULE
2l 310 CONMTINUE
21 NLEYER=TY
22¢ TCI1Je12=TEECK
23 LPITE €64S0C) (ToANAME AT e1) qANAME Y920 TLTIDe N(I)e CPUT )y RHOC(T D,
24e - HtIde ECIYdy DEI)y HIBIRACI)y 1=14NLAYER)
2Se “CC FORMAT (SXq 12e%e 2LSe FEodle 1Yy Fl0eBy 474 FBeSs S4s FGels
26w - E19e3¢ 3Ve FSa0e 47 oFTaloFG5.3 )
27 WFITE (649507) TEACK
2be SC7 FOPMALY (O%xg *REAF SURF Oy FEoCo 727 )
29 VRITE (be 910
30 510 FORMAT (5/4 *PREDICTED BURNIANG RATLT //7/7420Xe *HURN RATES
31 = % SUKFACF TEMP. HEAT®
32 - * FLUX IN HEAT FLUX OUT HEBT CONSUMCD FS=TaP SURFLCE®
33 - . FS=tGLITLM® / 21Xe *(CH/SECI®y X *U(KD®q TXe
N4 = X *(CAL/CVP2SEC)I®s 37 3o 41)
15 NLAY)] = NLAYFK = 1
S6e tCALC =0
37 C
3pe C CELCULATE THE QUPNING RATES FUR THE FIRST TIVE ASSUMING TRAT THC BURN
3Qe c RATE ARE THE SAME FOR [LVERY LAYFP
a0 C
41 DO X33 I=14 NLAYER
420 T10¢1Y = T¢iy - VO
43 WLy = OCI) 2 CCPelr o (TC12=T00)
a4 ALPHACT) = K(ID) /7 (RHGE1)eCPULY) )
L3 CHICI) = CT¢1)=-TC) /T L1
Y1 THETACT)Y = CC1D/CReTL(]1D))
47 XISCI) = =Hel) ZFSScl
LY .2 xIC€1) = =H(1) /ZFSCULD)
4G TAUC = (T(]+1) = TIC) 747¢1) - T0C)
S0 JF (Ttle1)eLF3CCs) GO TO 337
Sl ET2CCI) = THETALI) » CKICI) = ¢1.0 - TAUC)
52« ENCe]) = EXPE-ETRC (1))
53 BYTCS=CHETIdIeyICL1d) / IH(T) ¢ YISHET) )
540 LAMBDALT) = (XISE1)=Y]CE1) ¢ (1eCoHUIII*LLOGIRNICSIDI/LLLO=ENCLIN)
55 PSG = K1) » F1) o FYPU-THETACI)) / (KHOC(])oCP(IDde LANRODACT) e
56 - THETA(Y) » CHIGIM)
STe 1F tRSC.LTo0sC) WRITECEe950) J+RSG4LAMBDAC])
Ske IF tRSO.LT.C.C0) RSCG=-FRSQ
§9e 66 10 £00
60 337 CcoxTINUE
6l RSG = ALPHACIDAB(IIoEAP(=THETACII)ZUTHETACIDeCHICID e Ula0eH(]))
€2e = ALOGCFSSUI)/Z(FSSE])=1,0)) ¢ XISCL1DD)
63 IF (RSQeLTe0sC) WWITE €64950)14RSGeFSSCLT)
680 JF (KRSGLT,0.0) RSG==R3Q
65 SC0 CONTINUE
&b fBC1) = SCRT(RSQ)
85
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PREYL T s

b7
&P
€9
70e
T1e
72
73
T4
75
TeEw
77
JE
7%
&0
Ple
B2e
E3
X3
RS
&k
&7
hbe
L.
SCe
Cls
Sce
S 3
Q4w
GFe
CEr
PL A
Stoe
4G
0
Cle
Cle
23
Cas
[Fe
Lbe
07e
CFe
CGe
1Ce
11
12
13
14
15
16
17e
1Fe
1Ce
2Ce
21
22

N

s XaNal

(o NaNel

e N NaNaNaNel

oM alNa e Nal

PSI]) = =1.0 + XIS(D)
CINCI) ==FSU]) « TI10C1) *PREIISRHOCIIsCPLT)

QOUT(1) ==FCH])s TI0C(]) * REAT) oRHCHET) » CPC]I)
GAET(1Y = QINCIY - GQOUTLD)
333 CCNTINUE

|

!

FCC1) = =TAUC » ¥ICLD) |
!

i

CALCULATE PUPNRING RATES SIMULTANEQUSLY FOP ALL THE LAYERS

379 CONTINUE ;
IF (hCALC.F0.10C) GO 10 727
DO 381 1=14NLAYER
RETCI) = FR(I)
RCRCEID = ARRTIY) ¢ RHC(I) * CPE1)
Be1) = WORCAEINeqTCId=TUle1)) * DI1D»RHO(IDI2RLT(])
e o (14/FSSCI) = 1.7FSCCI1)
3F) CONTINUE
NRITE t6e4CI6)
224 FORMAT (//74)e%1%¢ €V4*FS¥e11 0 ?RIS%y 11xXe*PC%y 11)e°KICTy 11Y4*5%,
= 11Xe%ENT®y 11Ye°CK¥¢ 11¥4*LAMBDAY)
CO 382 11=1eML2YL
1 = NLAYZ « ) - 11
FSC1) = 0.0
CC 384 Jzle MLAYER

X FSE1) = PSUID ¢ LY
PSEI) = =PSHT) 2 (TICUII=RIPCULLD)
CEI) = = €FSET) o 10 = HI2e(1e0 ~ 1.0/F55€1) B3 )
X1S€I) = PSLI) ¢ 1.C

FCCI) = PSAEI) « 2CIV/ CTI0C1)sRCRCCIY D) :
YICEI) = PCCY)Y o ¢TLle)=-TOM/TICLD)
EYACHY) = (ECIX/RY et TLI)=TLLle)DZLTAU]) 2T (1))
ENCCI) = £YpP(-CTACCI))
GXICS=6GEYIevICETYY 7 UGEIY ¢ XISC1D) )
IF (CRICSeLTele0) RAITE (64218) 1 4CXICSoGCII4YICHEII9XISCT)
IF (GYICSelLTelal) €O YO 777
Q18 FORMAT (10Xe®FY¥ICS (*9124%)=%4F 1%, b *XIC20 41 15.64%Y183%.015.6)
LAMEDACT) = (/ISID)=YICE]) * C1a0+GEI)D2ALOCLGXRICSII/Z 4L U=ENCCIDD
RS = ALPHACIYoE(I)oF XP(aTHETACL)Y/Z(LANMUNACT) *THETACI)oCHICID)D
1F (RSGCLTL 0402 PSO=-KSO
RBUI) = SQKTCRSG)
ROKC (1) = RE (1) » RHO(]IY « CPUL])
ACIY = RORCCIDIolTq1)=T(1¢1)) o LUII*RHOULI)*RO (1)
- e (1./FSSUI) = 14/FSCCI) )
WRITE (60925) T4PSUI) oalSCIdePCUIYeXICCIDQCEIIoENCLI)s
- LAMRDA(L)
Q2% FORMAY (33X, I2e¢ EC2N4E1CaS) )
CIN(I) == PSCI) » (T(1)=-T10)«RR(II*RHALIDICP(])
eouTel) “PCUIN®CT(I)=TC) « RECI) *RHItI) » CPULI)
CLETID) GINC]) = QCUT(Y)
3R2 CONTINUE
VRITE €64920) (1o ANAME (I 41)e AMAMECI92)e RBCIDe TEIDe
- GINEI)e QOUT(I)de INETUIDe FSSUE1)e FSCUIDeI=1oNLAYER)

STOP IF CONVERGED EMNOUGH OF KEEP ITERATIVE CALCULATION

DO 386 1=z1e¢NLBYEFK
IF (APS(RRT(I1D/RF€]1)=1.0).,1TeCa01) GO TO 38e
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- v
s e s S— ”m—.‘
)
24 SCRLC = NCALE » )
1% GG 1C 3719
TE 3806 CONTINUE
Al 177 CONTINLE
2e. WARLTE (64928) NCELC
25 O28 FORMAT (2Y,4 90,0 OF ITERATION = vy 134 /)
$Ce 00 386 Jz1eNLRAYER
31 QINEI) e FSCI) o tTCID=TO)akPUIIeRMILIDer 1
22 GOUTLAY = =PCUID(THIDCTC) & REC]) shHOG]) » . PEJ)
33 CANFTCLY = QLML) =~ COUTCY)
las Aee COnYINLY
e SRITE (649200 (To ANAEUT41de EN&%iCIlocde F 8734 Yl
I¢w - GIANCIde GOUTEIde OMEYET3y FSSUINy FOCOTIdgizsoti hYF mY
Y7 S2C FCRNMAT (X o01248702850F 100 e 240 Fllolyw Y0y Tilu. -0 Y, Fllawe ' ¢,
Tl - F10,80 By £10e5e RNy [10.5% M)
36« SE0 FORMAT {1020%RSG ¢%41D0¢ *02 9y E123,%¢ 1Cve ¢t 5.
PR MLOSS=0,.0
11w CO 2€3 J=z)e%NLEYER
ice A0 QL CSSTWLOSS*PE(T e RNC LIt e/t SSET M=l Q/FSCCT )
+3e WRITE (ge%27) WLOSS
4 327 FOFMAY (/4 ¢ wOTEMT (GSS PPEDICTIED RY THT v Di ey /43 ylagezey
5« e o 40YoF10o%e * GRA/SECLCVL UF EURKING SURFACE * )
kie c
7. C PRELIMINARY CALCULATICN PEFORE PLOTTING T VS X
“Pe ¢
“Se £O 1120 T=iler'LaYER
§Ce B TINIVAII=ATC Iy =TCle 2D ZFLORTCLIC)
£1e TPET122TC )
C2. 02 1121 J=1e3C
Sl TPATaJe1I=T(II-TINTVCLI Y ef LOATLY)
S 4 1121 Co~Tanufl
SO 112¢ COLTINUEF
€t 0O 1210 Y=1etLAYER
£ NCSPETe11)3INCUHLT)
Sae DO 1220 JU=2411
E0e Jri2-JdJ
€Ce IFATPUL o) ol B TETART YY) ASSP (T 4002140
€l JFUETPUT ¢ ) oLE & TSTARTCYI Y 00 10 12t
62 CALL FRAGMTIEI (DI 0E E1) o Tl ol dalP o oU) o HEATRECTIDIWNSSD 114110
63 ~ NSSPtIedd
Gue 1220 COUNTINUE
65 121C ConTINUL
6Er RHS (NLAYFRG1120.0000)
67 PC 3310 1i=3eNLAYEF
[ 32 T=NLAYER+L>1=-11]
€9 KRHORR ZRHUOCIIvRECT)
TCe DO 1320 JU=2411
Tle J=12-3yd
Tee DTDXKSRHARB2 (CFRITIwtTIFL] e U)=TPI)eJ*1))
73 - ¢ DUIVot SSPEl4Je)="SSPHILls D)
Tus RHS 816Uzl TDXKeFHS(TeJe])
TG DAPTCT ISR I ZRHS (o)
Tee 1320 {CMNTINUE
T BMS(1=141122PHS(]s))
The 1310 COt VINUE
TG Syr=0,.0
5 [ P2 1330 11z1eNLRYLR
I
b
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31w
p2e
83
Ry»
BSe
g6
- XA
age
£9e
S0
91a
52
Q3
Fye
9T
96
97
QRe
9Ge
[
Cle
02
03
Chs
CSe
Cée
07
Dpe
C9e
10
11
12«
13
14
15y
16
17
16+
15+
2C»
FOR
22«
23
24
25
26
27

S e kit A e e iy e ——

I=NLAYERe]<~]]
DC 1330 JU=1e542
Jziz-JJ

DA€ 1od=2)=(DYDT (1 9J)obe ol DTUT 4J=11e0v0T(14U=2)2eTINTV(])/3,

SUMZSUMeNY (1 4J=2)
X1 4J=2)=SU»
1330 CunTINUE
C CLEAR THE MEMORIES CF XPLOT e&ND TPLOT
DO 1336 1=21,4121
XPLOT(1)=0.0
1338 TPLOT(I)=0.0
N0 1240 T1=z14ANLAYER
P2 1340 UUs1eS
TNDzt]=1yeS o JJ
JrdJyel-1
PELOTCINDYZSUM = X(tled)
TELGTCIAD) TP (T 40)
1% 0 CCNTINUE
IN0=1.0+]
YPLOTCIND) TSUM
TFLOTC(IRNY TP (] 4 Je2)
IFLCTY=IPLOTe]
1F (1PLOT.GTS) 1PLOT =1

TF CIPLOTEGeloENNJNPLOTNE.NPAGE) CALL ADVPLT

CALL PLFORYM {(*LINMIN®e2¢5¢2475)
CALL PLABEL (STEFPFRATURL PROFILE®,

De

- DEPTH FROM SURFACE (C¥)*e O *TEVMPERATUPY (%)% D)
CALL PLSCAL ((0eCel0sC)e2910COCCet300Co=0C02920200000)

CALL PLCSIZ(0e0FeCe0)

0O TO (1341413424130341230441345)6 IPLOT

1341 CALL OPIGIN (leCo4ed)
€C 10 134°

1342 CALL ORIGIN (3,040400
GO 1D 134F

1343 CALL ORIGIM (3e4Ce0.0)
63 70 13a4-

1344 CALL ORIGI% (=6a09=301)
£ T3 134°

1345 CALL ORININ (3.0e0.0)
APLOT=KPLOT

134& CELL PLOGRAF
CALL PLCURY (YPLOToTPLGT4121404%+%)
a0 70 1111

1112 CONTINUE
caLL EnDPLY
STHP
FnD

88




BT T it

1+ SURRCUTINE FRAGMTU(SHeSE 4ST1¢STF¢SHKeSNIeSNF)
24 NOUBLE PRECISICN SY1¢eSX2eSY1eSY2CEI

3 STHI=SEZ(1.9871728T1)

4 STHF=SF/(1.938717+STF)

Se SA1=FXP(=STHF )*STF = EXP(=STHNI)*STI1

') SX1 = =STHI

T §X¥2 = «~STHF

8s SY1=DEI(SX1)

D SY2=0E1(SA2)

10» SA2= SY2-SY1

11+ SNF=SHI*EXP (= (SA14SF/71,9P7172SA£2)2SE/SHR)
12» FETURN
13 END
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E NORMALIZED FRAGMFNY S12€ AT END 1E9PS CF KIKETIC REGIvES
I izt i ittt ittt i i it ittt it sttt st s st E E R L

1 COVER fAlR
52362~ 602.2 1.000000 -~ «H21322
€022 ER9e2 +R821322 - «602183
68942 TH3e2 +602183 - e46T86]
763e2= B13e2 467861 == e192770
813e2= E4RL2 «1937170 - « 097560
Baps2- RI8e2 2 059566 ~- « 027407

2 VONAR
473,0= $H°1.0 1.000000 =~ 86550
591.0= 623.0 «B65RT0 - e 15360C
623.0= 661.C + 793600 =~ « 718568
6610~ 706°.0 « 718568 == b44733
1090 7R6.0 «h44T3S == «993173
T66e0~= BH14C W5R173 -~ ¢ 535458
HBle0= 52340 +535456 == «52290C

3 ts 200
AT73.0= SaP.0 1.0000006 == v I6T082
L4+ 0~ 57340 . +%e7T0R2 -- e934163
573.0~- 59840 2934163 =~ «4T1b674
59840 €2340 oRT1674 == «920223
€23.0~ €4R,0 820223 - «IR14°9
€480~ 673.0 o 121499  o- e 12520k
673.0- 68,0 « 7125286 == « 686455
6P 0= 723.0 ¢ 684495 == e66HA312
7230 T6646 sbb6312 -- e619242
T66e6= B¢ .6 «615242 == «95503%
k166> 932340 05503984 - «H4265R

& PRFOX
a9P 0« 573,.0 1.,0060C0 =~- «953127
5730 623.0 0953137 == «8932503
623.0= 6R3.0 «892503 ~- eR24126
6P 3.0 Ta8,0 «92K126 - o 763548
T&R 0= R48,0 2 76358R == «58 2460
Q4B .0~ 873,.0 e 542460 -~ «doTHS2
73.0=- 90RO ¢ JETHS2 == s 106867

S PU FOAM
A48 ,0- 544,0 1.0000600 - +21R3b2
508 ,0- 573.0 ¢ F1HbEBY e~ +HINATRA
573.0= 59R.0 oR3IN6TH == 07271952
S9Re0= €44,0 e127952 == « 480399

084 ,0- 68RL0 e 8420399 - «U0631R

6 1IMIDE FOAm
6730~ T1140 1.000600 =~ + 994404
7114C= 790 » 794404 o~ «917053
73640~ RYH4,0 e917053 =~ «RI390¢
H94,0- H1%.0 «hD3906 - 2679453
G15.0= 9723.0 v 677093 =~ o STaEOF
©73.0- 1C0640 ¢ STARCH == ¢ H86T56
100640- 1073,0 11 %A-1) - «H139803
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19
2
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%3
Te
Pe
Se

10

11

129

13

lae
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17

1P

1G»

20

21

220

23

240

iSe

26w
2T
28w

29

SCe

51

52

530

S

35«

5€s

37

3fe
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e
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[ L. 1Y

500

OOONOOONN

ame

C
c

PRNOGRAM R
Th1S PROGRAN TAYFS THE TEMFERATURE AND CONDUCTIVE HEAT FLUX £T THE
FROAT (HOT) SUKFACE (Tofey ReCoe®S) AS THE INPUT DATA AND THE CALCULATLS
THE PURNING RATE. TEMPERATURE PRUFILE. AND WEIGHT LOSS UF MULTI=-_LAYERED
POLYZERIC MATERYALS (INTLUDING FIRE LLOCKING LAYER) USED FOF AIRCRAFY
SEAT CUSHIONS.
THE DIMENSIOYS USED IN THIS PROGRLM ARL GRAY, GPAM=FOLEe U-CELSTUSS
CALORTIEe CMy AKD SECGKND,

COYFOM ZICMI/ZANAMET (92D 4PNt TDa!t TREGE T)eXKTCTo11)eCPT(T411),
FHOTET933) 0T (701120 T(Te11)40TC¢ 701 1) ¢HTATFTET411)4TRLUET411),
TRHI (701100 TSE20 110 NEI01) oFSU2C1Y00SC201)4FP(201)eC201)
NCLCCTo 110 KHICTol 1) o KLOC T2 aFKHICT411)0ID(8)eTHICKIP),
RHCE2C1)Y 2L A PLLeR eI 91U eTCsJl

EFAL KTy Nog WKHIy NWLUy LEMRDAGNMY

DIVENSION HERZIN(L1E) o WLNSSET)

& Lad B) »s

READ IN THL INGPEDIENT MATERIAL PRGPTRTY &xD PRIAT QUT

READ (Se=0))
OC1 FORMATY (I2)
0C 160 11=14170T7AL
READ (S¢902) 1oB8NAMETCI o1 oANAMETUI 920 e MUCIDNTREGLT)
ez FORNMATUTI2¢2kS4F1Ce2412)
NTR=ANTKLGC(T)
REMD €SSO0 CTHLOCT U)o THFI T 0d)oeKT (1 oUdeCPT (T oU)sFKHOTETsJ)o
- BTO el ai TUl o) oCTUToUIoHEATRTI (14D ed=1eNTR)
cc3 FORMATY (2FS.1, 7C10.1)
100 COMNTINUE
BRITE (6e94t)
948 FORMAY (1H)e P5Xe *BURMNILG RATE PRECICTION FOR MULTI=LAYFR[D®
= % AIRCKAFT CCAT CUSHION® / 26V 65(%2%)y /

170TAL

- SYe OMATERTIAL FROFERTY®Z 21xe *15MP, PANGE. THERYAL?y Z<o
- CHEATE, EX¢*NENSITY PREEAF. ACTIVATION HE AT OF HEAT®,
- 5x /7 36Xe *CUNDUCTIV, CAFACITY*13Xe °FACTCOR ELEPGY

TXe *PECOYPUSe RATEe,
=26d 4 (KI®, SXGOLCAL/CM,S.C) LCAL/GM,C) (CR/7CM3I*, 13X,
-*{CAL/VULE) (CAL/OV) (0LG C/SCC)? /)
D0 102 1=141707AL
NTR=NTREGC(Y)
WRITEL €6e2%1) T 4BNAMTT(ls1)eANANETU] 4 2)
SS1 FORMAT (SXel2e2X9245)
VEITE €6eS53) (TRLOUI oJ) o TXHIt]I ¢d)
= KTCled)eCPTCToUYsRHOT T o) e AT (I oo ETCI o) e DT I 40U HEATRTEY 0 U)
- Jz1eNTH)
953 FCRMAY (17Ye FTele *=%¢ Flo1s 1Xe
- Fl0eSe37¢ Fb6uede 3vy Fbede 2¢s E11e3¢ 4X9 F940s F1041s F10.2)
102 CONTINUE

FIX CGASTAKRTS USED IN THIS PROGRAW
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51 c

52 Fx1.0

Ry Rzl.56717

54 R¥=82.06

55¢ CHOAS=D.382

56 FFSLON=C,.S

ST SIcvaz1,.35%€-12

58 10=2268%.0

59 C

€0e C CALCULATE N aAD #S AT TwD £1,0 TEMPERITURLS OF KINETIC REGIYES
6le C THE CALCULATION SCGUENCE YSe BY LCGICs FROM LOW 7D H1GH TEMPLRATURS
62 c

63 WRITE (6e°55)

6o 985 FCRMAT (1H1e 10Xe *hORMZLIZED FRAG™ENT SIZE AT END TP™PS OF®, 1ve
65» = 'CINETIC REGIMES®e /9 11Xy So(*=z%), /)

66 0C 200 I=1.ITOTAL

67 WRITE (€9951) .o ANAMET (1, 10¢ ANAMET(],2)

[ Y3 NIR=ZATREGE(]))

69 AKLO (I enTRIZ1,0

TC» FKLOCI«NTRI=1ICOO0C,

Tle DO 205 JJU=14NTR

T2 JENTRe1=JJ

T3 CALL FRAGMT (RTUIaUIETUT o) o TLOL) ¢ U)o TKHIL I V),

Tas - HEATRTCTeJd) e dXLOET o J) o NKHICT o U))

75 IF (JahFel) NKLOCIGJ=1)2NKHI(]0J)

T6e IF (NFLOCI ¢ eERele0) NKLOUI 9J)IZ0,9999%99

T FKLOCGToJ) = 140/701.0~-NKLNUEIGUD)

T8 IF (ARKF1€()oJdYefGele0) NHIICI 9oJ) 209999588

73 FKHICIod) = 1,0/C140=-NHIt]qJ))

80 WRITE (699ER) TNKLCOToJPeTKHICT oD oNKLOCTIgU) oMKHIC] o V)
81s 958 FORWAT (2z%y FTaly *~%s Flale SVe Flleby 22Xy ®=~=%y 1x, Fl1.6)
B2 205 CONTINUE

f3a 200 CUNTINUE

Rue c

25 C INTVYIALLI2E A FEw VAFTARLES FOR COrPuTER PLOTTING

86 C

87 “FAGE=9

bl APLOT =1

£Ge IPLOT=0

SDw CoLL RGNPLY

91 C

92 C READ IN THE INFUT D2TA, l.Zee TOTAL MUMBER OF LAYERS AND THEIR CRDER
Q3 C THICKNWESS OF EACH LAYER (CV)y AND FROANT SURFACE MEAY FLUZ

Q3 C  AND FRONT SURFACE TEMPERATURE (K)

95+ C

96 1112 CONTINUE

97T C CLEAR THE MEMORIES OF PLOT

9P 06 1338 I=14201

99 X€1)=0,0

00 1338 TS¢€I1)=0.0

Cle PEAD (S549074END=1110) C(HEADINIIYZI=1016)

02 907 FORMAT (16L9)

03 READ (Z4904) NLAYG(IDCIDoI=14NLAYG)

Déae READ €S5e90%) (THICKtIDeIZ1eNLAYG)

05+ READ €%4906) 0S1,751

06 908 FTIRMAT (161%)

‘07' 90 FORMAT (BF1C,0)

814




18
19
N'E
Lle
i
L3
14
L Se
l6e
17
L8
\9'
)5'
11w
)2.
DS.
‘e
G
l6e
1T
-
29
(e
51
32
33e
Sae
350
36e
37
3pe
319
[¥ 2]
4l
42
43
G4e
45
b
[y X
GEe
Qe
50
51
52
53
540
€5
See
E7e
See
%9
6€0e
61e
£2e
63
bhe

ONON N

906 FORPAT(2F10,.0)
VRTTE (64T5S) (HELZDINIEID)o)=1416)
©59 FCRFAY t1vle20Xelb857)
WRITE 164S5€E0)
960 FURMAT (10GY¥e OMATERTAL /7 THICKAESS*y/)
DY 25C 1=14NLAYG
101=15L¢1)
250 WRITF (64P61) BNAPETCID]w1)e ANAMETCIDI 420y THICK(])
361 FORMAT (2(VYy 2£Sy SXy F5.19 ? CV%4/)
WhITE (€49€64) (CSYeTS)
964 FCRMAT (10Ve *FCUNDAIY CONDITIUN®9 /e 20Xe *HEAT FLUX (CURIUCTIVE)e
“ o =%y FlCobe * CAL/CVMCWSEC®y 74 20Xe °*SURFACE TEMPERATURE =Y,
« Fbele * K% /1)

THE DBIMeASIONS FOR TSe xy GSe Ne RE MAVE TO LE LARGE ENOUGH TU COVER THF
WHOLE TEFFERATURE DRCP FROM THE FAONT TO REAR SURFACE 1S COVERED
MITh THF TEMPFRATUFRS INTLRVAL (TIATV) AS SHOWN BELOW

11%TV=a,0
1=0
TSe13=T781
(S€1)=081
*412=20.0
STHICK=(.0
Twl 1200
70 251 ING=1,41
2%1 sLCSSCIMGI=0,.0C
WRITE C6.265)
96S FORMAT (11X9®]%y Q¥yy 'RE%, S)¢ *TSCI) « TS(lel)ry BX, eNre,
= Exe 'AI) = YUI1)%, Sre'0SH)) GSeEl1e1)%y 10XeONIT) Nelagyesy
DO 500 IIl=148L8YG
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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
s 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

a
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Sympt om

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
manual” + to maintain
the sane 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

€2




APPENDIX D Photographs of Equipments and Burned Samples

Photo
No. Remarks

1. Thermogravimetric Analyzer (76G)
The ther

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

2. Differential Scanning Calorimeter (DSC)
The USC 1s shown here with a SA/ (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.

3. NBS Smoke Density Chamber
Smoke Uensity 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.

4. 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.).

5. Sample Arrang;ment Inside of the NBS Smoke Density Chamber
Eight pairs of thermocouple (Pt vs. PL-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.

6. 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 decreasxn% order: LS-200
(172" thick) > Vorar (3/16" thick) > Preox (11 oz/yd¢) > No blocking
layer.

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

8. Comparison of LS-200 and Vonar as a Fire Blocking Layer
in this picture, LS-200 1s shown more effective as a fire blocking
layer than Vonar when tested with the same thickness.
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APPENDIX E Comparison With Factory Mutual's Numerical Model

The thermochemical model (TCM) of this work is compared with a numerical model
developed by Factory Mutual Research Corporation. The numerical approach is
described in Appendix A, "A Numerical Model for One-Dimensional Heat Conduction
with Pyrolysis in a Slab of Finite Thickness," by F. Tamanini, in Technical
Report, FMRC Serial No. 21011.7 dated November, 1976, entitled "The Third
Fuli-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
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A) Model
TCM @ K a1 + pcr a . DANB exp (-E/RT)
dx2 dx
dN
T -NB exp (-E/RT)
o ke e 2 )
V- [— N . =
ox (ks ax) ox ( 99
aps _
FI

pghg
Et

=P, B exp (-E/RT)

For NM, Mg is the mass flux of volatiles, h 1is 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 M
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,
T's - To s - To
Distance Coordinate Prcx Mgcx
k k
Heat of Pyrolysis D Q
c(Ts - To) c(Ts - To)
Arrhenjus Group E E
(or Activation Temperature) RT RY
Preexponential Factor Bx Bt
r
Fourier Number - kt
chi

The obvious difference is that Fourier number, which compares a characteristic
Tength 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




i T

C) Input Data

TCM

NM

Cp» k

1. For one solid

2. Stepwise variation
with temperature

1.

For two solids
(active material and
char) and one Cp

for gas

Linear variation
with temperature

Stepwise variation
with temperature

The initial and

final densities (char
fraction increases
linearly from 0 to
100% of apparent
density)

Change often (as
evidenced by TGA)
depending on tempera-
ture range

One set of constant
values for the whole
temperature range

Heat sink term

D: heat of degradation

stepwise variation
with temperature (to
be obtained from DSC)

Q: heat of pyrolysis
fixed at a reference
temperature

Boundary

Conditions

1. Temperature B.C.'s at
both boundaries or

2. Temperature and heat
flux B.C.'s at one
boundary

Either temperature
or heat flux B.C. at
each of two bounda-
ries

E4




D) Calculation & Results

TCM NM
Calculation Segment-wise application Finite difference
of analytical solution, representations of the
progressively advancing partial differential
from one boundary to the equation for the entire
other region and solving the
resultant tridiagonal
matrix
Results surface regression rate, temperature profile,
temperature profile and density profile, and
total mass loss mass flux profile
E) Advantages & Disadvantages
TCM NM
Advantage Parametric analysis is Time-dependent pyrolysis ;
readily accessible - behavior can be pre- :
essential for basics dicted (This may be
understanding and estab- useful for assuming :
lishing design criteria and confirming time- ]

dependent boundary
conditions more realis-
tically.)

L S T T I T T T

Disadvantage Steady state sclution Parametric analysis may
is not adequate for study | be not as clear as TCM
of transient period
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