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1. INTRODUCTION. . 

Occasional but serious aircraft cabin fires have raised concerns about the 
fire safety of the materials used in the aircraft interior. Interest has 
arisen recently for the performance of these materials under fire.conditions, 
which is becoming an important factor in material design and selection. 
Naturally then the prediction of the performance through thermochemical model
ing has emerged as an economic and logical approach in improving fire safety 
worthiness for its ultimate aim. 

The ·Federal Aviation Administration (FAA) is currently sponsoring modeling 
activities at the National Bureau of Standards, Harvard University, University 
of Notre Dame, .University of Dayton Research Institute, and Factory Mutual 
Research Corporation. The present work performed at Jet Propulsion laboratory 
(JPL) is but one part of an overall program sponsored by the FAA. Hence, this 
work complements and does not substitute for the extensive works performed 
elsewhere. · 

Un 1 ike the recent study on structura 1 materia 1 s (reference 1), the present 
work is a new direction of the effort to apply some basic thermochemical prin
ciples to the combustion of interior materials, such as carpets and seats, 
under conditions specified by FAA •. The specific obJective is to predict the 
burning rates of these materhl s under pyrolyzing (non-flaming) and flaming 
conditions. The effects of flame-retarding agents, external radiant heat flux, 
and pressure change on the burning rates are also studi~d. 

The significance of this work lies in the new concepts introduced, which 
can be summarized in terms of three fundamental hypotheses: 

1. The importance of the condensed phase degradation is emphasized in 
predicting the burning rates. 

2. The degraded matter vaporizing and leaving the surface (vaporizate) iS 
specifically described using the vapor pressure equilibrium criterion. 

3. The g·as phase combustion is treated as controlled by diffusion mixing 
of oxidizer and fuel and no kinetic considerations may be necessary in 
many cases of practical interest. 

The results obtained from this work are in qualitative agreement with the 
experimental observations made by FAA. Since the current work is limited to 
theoretical modeling, a detailed quantitative comparison of the predicted 
values with experimental results has not been made. 

2. GENERAL APPROACH. 

The thermochemical model used in this work was initially developed (refer
ences 2, 3, 4) and applied mainly for the study of behaviour of a .chss of 
heterogeneous·materials, namely solid propellant combustion. The regression 
rates of solid propellants predicted by this model were seen to match well with 
experimental observations. Since the thermochemical performance of interior 
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materials can be described by the same physico chemical phenomena (i.e., gover
ning equations) as the combustion of propellants, the same theoretical bases 
are utilized in the present work. 

The model differs from those available in the literature in three impor
tant aspects. Based on a diverse set of experimental data, the condensed phase 
degradation is emphasized as the overall rate-limiting reaction. A scientific 
criterion in specifying the degree of degradation, based on fragment size vapo
rizing {FSV), is introduced. Lastly, the gas phase reaction is wholly treated 
as a diffusion (mixing) -controlled process. Since the details are available 
elsewhere {references 2, 3, 4), only a brief description of the model is given 
here. 

The geometry under consideration is one-dimensional, as shown in Figure 1. 
In the present work, the steady-state reactions in the condensed phase and gas 
phase are considered. 

(a) Condensed Phase Details. 

The heat input tor the condensed phase degradation can be the result 
of either one or both of two heat fluxes incident on the surface, i.e., one 
from the flame for which the fuel is supplied by the vaporizate from the 
surfaces, and the other from an external radiation source. The heat is 
conducted from the surface to the interior, providing the heat needed for the 
endothermic degradation reaction. The reaction is modeled as a first-order 
reaction subject to Arrhenius type temperature dependence. 

The equation of energy then becomes 

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

(1) 

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

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

The symbol N represents the number of bonds per unit mass normalized with 
respect to that of virgin materia). 

The boundary conditions for the differential equations are 

T = T s at x = o, 

N = 1 - _l_ at X = 0, 

FSV 

T = T at x = oo 
0 

N = 1 at x = oo 

(2) 

(3) 

( 4) 

The symbol FSV stands for fragment size vapor1z1ng, whose importance is well 
known from earlier works (references 2,3). The formula for FSV was evolved 
after some study of hydrocarbon vapor pressure data published by the American 
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Petroleum Institute (reference 5), which predicts the fragment weight of the 
vaporizate as a function of surface temperature Ts(K) and pressure P (atm). 

(5) 

FSV is obtained after dividing the fragment weight m by the molecular weight of 
the monomer M. Thus, 

FSV = m/M (6) 

The heat flux at the surface to maintain a regression rater has to be 

(7) 

The solution for the constant k has been worked out (reference 2) by singular 
perturbation methods with matching the solutions for the inner (surface) and 
outer (deep solid) regions. For the steady-state system, the regression rate r is 

r = 
(k/pc) B exp (-E/RT 5 ) (8) 

(b) Gas Phase Details. 

In the gas phase, the flame may or may not appear depending on the 
condition of heat flux, oxygen concentration and regression rate. In the case 
where the flame does not appear, the only heat available for the condensed 
phase degradation is from an external radiation source. In the case where the 
flame is present, the heat from the combustion zone will be conducted through 
the gas phase to the condensed phase. 

Considering the relatively larger time needed for transport/mixing of 
oxidizer than the time for the combustion reaction, the flame above the 
pyrolyzing material is taken as diffusion controlled. Following the familiar 
flame-sheet approximation, it is modeled that the vapors leaving the surface do 
not combust until the gases mix well with the oxidizer to reach a distance X* 
(flame standoff distance) from the surface, and they combust completely in a 
thin zone (flame sheet thickness << X*). The temperature of the flame sheet is 
Tb. 

The energy equation for the region between the flame sheet and the 
surface is given by 

kg as ( d2T) + Pgas Cgas Ugas ( dT) = o 
dx2 dx 

-4-
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The continuity equation is 

Pgas Ugas = Pr {from condensed phase) { 10) 

with boundary conditions 

T = Ts at x = o, T = Tb at x = X* (11) 

The solution to equation {9) is * 
dT = pgas Ugas(Tb-\) exp {Ugasx /agas) 

q s = k gas (ax) s 
1 - exp (U x* Ia ) gas gas 

{12) 

where agas is thermal diffusivity {k/Pc) of gas. 

(c) Model Predictions. 

As can be seen from the solutions, i.e., Equations {8) and (12), 
there are several input variables needed to compute the regression rate. But 
most of them are already known or approximated with reasonable accuracy. Thus 
the most characteristic parameters in this work seem to be the Arrhenius 
constants, Band E. Values of these constants are obtained using a thermograv
imetric analyzer {TGA) as discussed in the next section. 

3. SUPPORTING EXPERIMENTS. 

{a) Kinetics Constants. 

Small scale laboratory experiments were performed to deduce a number 
of essential input data. The first one was thermogravimetric analysis (TGA). 
The experiment is to heat up a small sample suspended inside a furnace and 
record the weight change as a function of temperature. The kinetic constants 
were deduced then from an Arrhenius plot, a plot of log {-dw/wdt) versus 
reciprocal of absolute temperature. The equipment used in this work was 
Perkin-Elmer•s TGS System 4. By attaching a pair of flowmeters for nitrogen 
and air to the TGA equipment and varying their flow rates, the effect of oxygen 
concentration could be studied. The whole system was evacuated with a 
mechanical pump before purging to ensure a homogeneous atmosphere surrounding 
the sample. 

{ 1) The thennogravimetric 
analysis {TGA) curves or carpet woo are s own 1n 1gure 2. The effect of the 
presence of oxygen is quite readily seen by comparing the three curves obtained 
under nitrogen, air and a mixture of 1 percent oxygen and 99 percent nitrogen. 
Some interesting facts can be observed from this figure. The first one is 
that, in pure nitrogen, approximately 20 percent of the original mass reamins 
as char at and above 650°C. In air, on the other hand, there is no residue 
remaining by the time the temperature reaches 700°C. The presence of oxygen 
from air, however, does not mean the enhanced reaction rates for the entire 
temperature range. Rather it seems to contribute to preserving the oxidizing 
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mass temporarily, in this case in the temperature range from 360°C to 575°C. 
When the oxygen concentration is reduced to 1 percent, the result is the combi
nation of two characteristics, i.e., the carpet behaves like that in pure 
nitrogen up to 670°C, then burns up almost completely before it reaches 900°C. 

This can be elucidated further by using the Arrhenius plot as shown 
in Figure 3. In pure nitrogen, the degradation reaction takes place in two 
distinct steps; it increases first and then decreases as the temperature qoes 
higher. For the first step, the conventional Arrhenius expression is 

r = 7.2 x exp (-9,270/RT) T<641K (13) 

For the second step, it is 

r = 3.84 X 10-S x exp (15,000/RT) T>641K (14) 

The reaction of the second step might be described as the one with the negative 
activation energy. But further TGA tests under isothermal conditions show that 
there are no chain reactions in these high temperature ranges whose termination 
rates may increase preferentially with temperature to justify the negative 
activation energy hypothesis. Rather it was found that the wool fibers fuse 
and coalesce resulting in the decrease of surface area, thus increasing the 
diffusion and thermal resistances. The SEM {Scanning Electron Microscope) 
pictures of Figure 4 verify the existence of molten state. 

In air, however, the degradation reaction takes place in three steps. 
In the low temperature region, the reaction rate is the same as that in pure 
nitrogen. In the medium temperature region, the reaction rate decreases with 
temperature as in nitrogen, but the rate itself is much lower than in nitrogen. 
In the high temperature region, the reaction rate increases again with tempera
ture. These observations can be explained in the following way. The degrada
tion in the low temperature region is pyrolysis which is not affected by the 
presence of oxygen. The lower reaction rates in the medium temperature range 
seems to be due to the crosslinking caused by oxygen diffusing through the 
molten phase. The high temperature reaction rate can be simply termed as the 
char oxidation, expressed by 

r = 3,300 x exp (-22,000/RT) T>748K (15) 

~ • {2) Seat Cushion (Polyurethane Foam). Similar tests were performed 
for seat cushions. The TGA curves are shown in Figure 5 and the Arrhenius plots 
in Figure 6. As observed in the case of wool, the first phase of degradation 
of foam in low temperature is the same in air or in pure nitrogen. The differ
ence in reaction rates appears in the next phase. In the absence of oxygen, 
the degraded foam goes through a melt transition and becomes liquid tar followed 
by very active boiling-like decomposition (reference 6). In the presence of 
oxygen, it was observed (reference 7) that the black cellular char is formed 
and undergoes further oxidation. But the residue of our specimen looked more 
like tar rather than char. This explains why there is no intermediate transi
tion observed for the foam: the condensed phase material at the surface is a 
thin layer of liquid tar which does not go through a charring process. {The SEM 
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show that the melting of wool fibers does not lead to the total agglomeration 
in any case.) 

From the above TGA experiments, the reaction rates of the first 
phase both in air and in pure nitrogen can be written as 

r = 95,000 x exp (-19,400/RT) T<548K (16) 

In pure nitrogen, the reaction rate after phase change can be described as 

r = 1.9xlol8 x exp (-b0,600/RT) T>623K { 17) 

In air, it can be 

r = 3.4 X 107 x exp {-26,500/RT) T>573K (18) 

These results are summarized in Table 1. 

(b) Other Data. 

The current thermochemical model uses rather a small number of input 
variables, which are thought essential properties of material. Other than the 
kinetic parameters directly deduced from the TGA experiments, all the proper
ties used in the model are obtained from the literature. These are shown in 
Table 2. 

4. SPECIFIC TASKS IN THE INTERAGENCY AGREEMENT. 

There were six tasks to be performed by JPL, specified in the Interagency 
Agreement between FAA and NASA.- In this section, the results predicted by the 
thermochemical model is discussed per each of the six tasks. The first two 
tasks, however, are discussed under the same head. The computer programs for 
calculation of the burning rate, heat fluxes required and provided by the 
flame, and Spalding B number with variable flame standoff distance and ambient 
pressure are shown in Appendix A for the seat cushion and Appendix B for the 
carpet. 

(a) Burning Rates Under Flaming and Non-flaming Conditions. 

The first task is to predict the burning rates under the non-flaming 
condit~on, with incident radiant heat flux varying between 1 and 14 
Btu/ft .sec. The reradiation from the surface is included in the calculation 
as a source of energy loss. The char layer of the material is assumed to be a 
diffuse-gray body having the emittance of 0.9. 

(1} Carpet. Figure 7 shows the surface regression rates of wool 
carpet under steady-state non-flaming condition. The rate changes in three 
distinQt segments as the incident radiant hea~ flux increases~ The reason for 
this distinctiveness is, of course, the change of the activation energy and the 
pre-exponential factor as discussed in the previous section. It shows that the 
increasing heat flux does not result in a monotonic increase of the burning 
rate, but in a sequence of increase-decrease-increase modes. The higher 
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TABLE 1. ARRHENIUS CONSTANTS OBTAINED FROM TGA EXPERIMENTS 

B E 
Pre-Exponential Factor Activation Energy 

Experimental Condition 1/sec cal/g mole 

1st Step, T<641K 7.2 9,270 
N2 

2nd Step, T>6411< 3.8 X 10•8 -15,000 

1st Step, T<641K 7.2 9,270 
CARPET Air 

3.3 X 103 3rd Step, T>7481< 22,000 

1% 02 1st Step, T<6411< 7.2 9,270 
+ 

3.1 X 102 99% N, 3rd Step, T>8231< 22,000 

1st Step, T<5481< 9.5 X 104 19,400 

SEAT 
N2 

3rd Step, T>623K 1.9 X 1018 60,600 
CUSHION 

9.5 X 104 1st Step, T<5481< 19,400 
Air 

3.4 X 107 3rd Step, T>573K 26,500 
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D 
Tb 

To 
€ 
L 

a. 
b. 
c. 

d. 

TABLE 2. BASIC DATA USED IN THE CALCULATIONS 

CARPET CUSHION GAS PHASE 
(g/cm3), net/overall 1. 32/0.22 1.05/0.04 ide a 1 gas law 
(cal/g °C) 0.3 0.35 0.3 
(cal/cm oc sec) 0.0001a 0.00034 0.0001 X 

V T/600 b 

(monomer Molecular Weight) 138.4c 76d 
(cal/g) 300 300 
(K) Carpet: 1400 

Cushion:1400 
(k) 300 300 

0.9 0.4 
_(cml 0.8 10.2 

Thermal conductivity of carpet char is taken as 2x1o-5 cal/cm oc Sec 
Calculated according to Sutherland 1

S law 
Weight-averaged molecular weight of 17 different amino acids extracted 
from wool, Ref. 8. 
For lack of the information on the specific chemical formulation, the 
base monomer is assumed to be 

H H H 
I I 

H-C-C- C-OH 
I I I 

H OH H 
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reradiation at the high heat flux region (due to the high surface temperature) 
reduces the burning rate compared to the rate in the low heat flux region. 

The highest temperature region of Figure 7 is studied for the 
burning rates with self-sustaining flame. The calculation procedure for the 
burning rate when surface temperature is higher than charring temperature is 
different from that described earlier. The formation of a char layer causes a 
substantial reduction of thermal conductivity and hence reduces heat flux 
through this layer. The temperature profile will be discontinuous at the 
charring temperature, Tc (816K for carpet when the atmosphere is a mixture of 
1 percent oxygen and 99 percent nitrogen), and a matching condition at this 
point c becomes 

qc+= qc_ 

aT aT 
kl (Tx)c_ = kh (--ax)c+ 

or 

Mass continuity requires that the burning rate at the char free surface 
equal to the burning rate at the point c under steady-state condition, 

where 

and 

(RU((o) [ 11 

r at T = 
s 

(kl/Pc) B exp(-E/RTs) 

.}. (R~sf(oj 

(19) 

(20) 

be 
that is 

{21) 

(22) 

(23) 

for 'A and details of derivation for Eq. (23), the readers are referred to 
Reference 9. (Note: Eq. {23) is not reduced from Eq. (8). These are solu
tions to two different problems.) 

Thus the burning rate of wool carpet with a char layer on it is 
determined. Then the heat flux required to maintain this regression rate can 
be determined by use of Eq. (7), while the heat flux reaching the surface from 
the flame zone can be obtained by use of Eqs. (10) and {12). These two kinds 
of heat fluxes •re plotted as functions of regression rate in Figure 8. 

Figure 8 shows that there exists a special condition under which the 
carpet is able to sustain its own burning. For steady-state combustion, the 
heat flux required to produce fuel vapor at the surface must be exactly equal 
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to the heat flux from the flame generated by combustion of the fuel vapor. The 
crosspoint of two curves satisfies this condition. So, once this point is 
reached, the steady-state burning under self-sustaining flame commences. For 
higher burning rates, however, externally augmented heat flux is needed. 

Regarding the actual observations of wool carpet burning, there are 
two points to be discussed here. The first is that the wool carpet does not 
get inflamed when a match or even a propane torch is used as an ignition 
source. The problem with the match fire is that it does not provide enough 
heat flux to raise the surface temperature for self-ignition. In the case of 
propane torch, the torch flame covers the surface preventing oxygen in air from 
mixing with the fuel vapor. The self-sustaining flame was actually observed, 
however, as shown in Figure 9 when the carpet was heated with the sunlight 
concentrated by a Fresnel lens (other radiation concentration devices may also 
be employed). This method has the advantage of providing high heat flux with
out hindering oxygen diffusion. But the flame disappears, i.e., extinguishes, 
when the incident radiation beam is blocked or moved away. In other words, the 
augmenting heat flux is necessary for the wool carpet to burn under a~.flame. 
This may seem contradictory to the above description about the self-sustaining 
flame at the crosspoint of two curves in Figure 8. The reason is the high 
ignition temperature of wool (reported data: 600°C from reference 10), at 
which additional 0.6 Btu/ft2 sec is required from the external radiation heat 
source. Another reason for the difficulty and hence the sensitivity associated 
with the existence of flame of wool is due to the high LOI (limiting oxygen 
index), of which the reported value is 0.252 (reference 11). The LOI is 
believed to decrease with increasing temperature, so that the flame from wool 
could be finally observed in air at elevated temperatures, where the oxygen 
index is 0.21. Such decrease of LOI with temperature was observed for other 
polymers (reference 12) like polytetrafluoro ethylene, polyvinyl chloride, 
polymethyl methacrylate, etc • 

(2} Seat Cushion. The procedure used for the carpet is applied to 
the seat cushion material as well. The underlying Arrhenius type reaction 
rates used in the calculation are those obtained in air, assuming that diffu
sion of oxygen takes place as in air through the open cell structure of the 
foam material. · 

Figure 10 shows the burning rates of seat cushions under flaming 
conditions. As in the case of the carpet, Figure 10 shows that there exists a 
condition under which the seat cushion is able to sustain its own burning. The 
condition is satisfied at the crosspoint of two curves. 

(b) Effects of Chemical Fire Retarding Agents on Burning Rate 

The burning of most polymeric materials proceeds in steps. The first 
step is the endothermic pyrolysis reaction taking place mostly in condensed 
phase, and the second step is the exothermic reaction in gas phase. A part of 
the heat liberated in the second step is transferred to the polymer surface for 
further cyclic processes. 

Chemical fire retardants are those which operate in the condensed 
phase or in the gas phase to inhibit any of the above reaction steps. The 
effect of the fire retardant is manifested via physical actions, such as 
coating on the surface, evolution of non-combustible gases, and absorption of 
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heat, or chemical actions, such as the mortification of decomposition reactions, 
reducing the production of combustible gases, and increasing char formation. 

Regarding the thermochemical model used in this work, the effect of 
the chemical fire retardant can be treated in two ways. If it operates in the 
condensed phase, the kinetic constants of pyrolysis (B and/or E in Arrhenius 
expression) will be affected. If it is operating in the gas phase, one or more 
parameters, such as flame temperature, gas velocity, flame standoff distance, 
and physical properties of the gas, will be changed. 

In order to determine in which phase the fire retardant is effective, 
the aircraft carpet wool fibers and untreated wool fibers were tested with TGA 
under N2 at the heating rate of 150°C/min. The resulting TGA curves show 
that there is virtually no difference between the flame retardant treated and 
the untreated wool fibers. In other words, the flame retardant does not affect 
the condensed phase decomposition reaction. With this particular flame 
retardant (of which the chemical composition is not known to us) applied to the 
aircraft carpet wool, it is reasoned that the flame retardancy takes place in 
the gas phase. 

In the case of the seat cushion material, this type of TGA experiment 
to single out the effect of the flame retardant is not feasible, because of the 
difficulty in obtaining exactly the same material in a pair, i.e., one treated 
with a flame retardant and the other untreated. 

Without having detailed information on the flame retardants actually 
used and their physical/chemical effect on gas phase reactions, the current 
model assumes a modified value (increased hy 20 percent) of flame standoff 
distance as a surmised effect of the flame retardant. The flame temperature is 
another parameter that can be modified (lowered}, but this change is equivalent 
to the change of the flame standoff distance for the present purpose. 

The predicted results are shown in Figure 11 for the carpet and 
Figure 12 for the seat cushion. These are similar to the curves seen in 
Figures 8 and 10 except that the heat fluxes supplied from the flame are 
lowered because of the increased flame standoff distance. Hence for the case 
of wool carpet, the heat required from an e~ternal radiation source to start 
burning under flame is larger, making the ignition more difficult. This is the 
situation predicted using the same ignition temperature as that of untreated 
wool fibers. If the ignition temperature is increased due to the flame 
retardants, then the augmenting heat flux will be even larger. For the case of 
the seat cushion material, the same reasoning as for the wool carpet will hold. 
The ignition temperature of the urethane foam is not available in literature, 
and is not pursued in this work. 

(c) Integration of the Nomenclature: •Thermal Thickness• and •Thermal 

The thermochemical model used in this work has been developed for and 
hence is applicable to a thermally thick material. The tenn "thermally thick" 
or "thermally thin" is used in comparison with the physical thickness L. So, 
when the physical thickness L is larger than the thermal thickness 6, it is 
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called "thermally thick", otherwise "thermally thin", i.e., 

8 << L thermally thick 
8» L thermally thin 

The 8 can be deduced (reference 2) from the outer region (cold side) 
temperature profile of a slab whose other side is heated. That is, 

T-To = exp (-xr/a) (24) 
T -T s 0 

where a is the thermal diffusivity. 

Then X = -~ ln (T-To) 
r T - T s 0 

The thermal thickness 8 is defined as the depth from the surface where the 
dimensionless temperature (T-T0 )/(Ts-T0 ) is equal to 1/e. 

or 
a k 

8=-=-r per 

(25) 

(26) 

In the calculation of 8 for the carpet, the data of the thermal conductivity, 
density, and heat capacity used are for the carpet char layer because this is 
where most of the temperature drop occurs and hence thermal resistance is 
provided. For seat cushion, the calculation is straight forward. 

With the physical properties listed in Table I, it can be seen that 

6 < L for carpet 
6 « L for seat cushion 

In other words, both materials can be regarded as thermally thick. If the 
physical thickness (L) is reduced and becomes smaller than thermal thickness 
(6), the material is considered thermally thin. For a thermally thin material, 
the burning rate can be calculated directly from the Arrhenius rate equation, 

r = L B exp (-E/RTs) (27) 

It should be appropriate to note here that the thermal thickness (6) 
of the carpet changes with the progress of thermal degradation, due to the 
change of k and r. Before the char 1 ayer is formed at the surface, the same 
calculation shows that the entire carpet is thermally thin. But after the 
charring, largely due to the change in k, the carpet has become a thermally 
thick material. A detailed study of this effect can be found in Reference 9. 

(d) Relating the Vaporization Concept to the Spalding B Number. 

This task is to study the effect of convective flow over· the burning 
surface on the burning rate of the condensed phase. The geometry under 
consideration is depicted in Figure 13. At a distance away from the leading 
edge of burning surface, the heat flux to the condensed phase is 

k ~!] x•o = ( PU)~ c (Tb-Ts) CH (28) 
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where CH is the Stanton number, and {PU)00 is the mass flow rate at the outer 
edge of the boundary layer at that location. The mass transfer number B, {or 
Spalding B number) is defined by 

{PU)s 
B=---- {29) 

(PU )
00

CH 

where (PU)s is the mass burning rate at the surface. Since CH is the reduced 
heat transfer coefficient due to the burning mass injection, frequently it is 
assumed that Reynolds analogy holds and hence, 

= {30) 

where Cf is the skin friction coefficient and CHo and Cfo are, respectively, 
Stanton number and friction factor without mass 1njection to the flow. 

Further analysis (reference 13) shows that the ratio of Stanton 
numbers can be approximated as 

CH ln {l+B) 
= for B<5 

CHo B 

CH -0.77 -- 1.2 B for 5<B<95 
CHo 

and 

CH 
0 

Cfo 
=-= 0.12 Re-0.2 

2 
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where Re is the Reynolds number based on the distance from the leading edge of 
burning surface. The Spalding B number is calculated after rearranging Eqs. 
(29) and (31) or (32) to give 

B = exp { 
(PU) s } - 1.0 for B < 5 

(PU )ooCHo 
(34) 

or 

{ 
(PU )s } 1/0.23 

B = for 5 < B < 95 
1 • £ (PU) C oo H0 

(35) 

The Spalding B number calculated for carpet ranges from 0.17 to 0.18 
at surface temperatures of 830 to 850K, at 2 feet downstream from the leading 
edge of the burning surface, and at 3.0 mile/hr blowing velocity of free 
stream. The value of B number is comparable to that of carbon (reference 14), 
i.e., 0.12, but easier to burn than the carbon. However, in order to make the 
carpet actually burn, more additional heat flux is needed from an outside source. 
In other words, the effect of the flow is such that there will be no burning with a 
self-sustaining flame but only smoldering. 

Under the same condition, the Spalding B number for seat cushion is 
1.13 at the surface temperature of 650K, where the burning can proceed with the 
self-sustaining flame. The relatively high value of B compared to that of car
pet is because of the high reactivity of seat cushion as shown from the TGA 
experiments (see Table 1). 

(e) Effect of Pressure on Burning Rates. 

The effect of changing pressures were studied since the pressure 
affects the ignition/combustion process in several ways. The most obvious is 
the effect on vapor density (P= PM/RT) and the vapor phase chemical kinetic 
rates that are frequently approximated by pn where n is the 11 index 11 of reac
tion rates. 

In our particular thermochemical model the pressure affects two 
important characteristics. Firstly, under the basic hypothesis of heteroge
neous condensed phase reactions by an autocatalytic species (probably the cure 
catalyst), the condensed phase pre-exponential factor B is directly proportion
al to the mean pressure. That is, B takes the form of BxP, where P is in 
atmospheres. Secondly, under the novel vapor pressure equilibrium criterion 
used here, pressure affects the mean molecular weight of the vaporizing 
species namely the pyrolysis products. So, FSV is modified by a factor of 
p-0.261~, as shown in Equation (5). These separate effects are believed here 
to be very essential for a complete understanding .of the pressure effects. It 
is also thought that highly simplified approaches may ignore the main point of 
the negative effect of pressure that has sometimes been observed in fire 
phenomena. 
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The results show that the pressure increase does increase the burning 
rate in a monotonic way, as shown in Figure 14 for carpet and Figure 15 for 
seat cushion. The burning rates of these curves are those obtained under the 
steady-state self-sustaining flames. So, additional incident heat flux will 
increase the burning rates accordingly. As shown in these figures, the pres
sure dependence is far weaker than a direct (linear) dependence. The curves 
here do indicate the basic thoughts behind pressure scaling (modeling) of fires 
in experimental facilities. 

5. CONCLUSIONS. 

The present work on the prediction of thermochemical performance of carpet 
and seat cushion leads to the following conclusions. 

1. The assumption of condensed-phase degradation as the rate-limiting 
step in the model leads to theoretical results which match 
qualitatively with experimental observations. 

2. The application of vapor pressure equilibrium criteria appears to be 
a valid procedure in removing the arbitrariness in the description of 
the vaporization step at the surface. 

3. Although it was satisfactory in the present work, a further under
standing of the flame standoff distance and heat flux therefrom seems 
necessary, especially for the slow burning materials like the 
carpet. 

4. As an overall summary, the specific objective of predicting the 
burning rates as a function of the material properties was 
accomplished with qualitative agreement with experiments. 

Up to this point, the theoretical results have not been tested with 
quantitative experimental measurements. In order to appreciate the validity of 
the model, actual burning rate measurement is necessary after re-evaluating the 
fundamental physical and thermal properties of the material used in the 
calculation. In fact, some of the property values were taken from the 
literature and may not be correct for the specific material in consideration. 

6. FUTURE WORK. 

The extension of the present work is planned for a more practical case of 
multi-layered polymeric materials, namely a system consisting of polyurethane 
foam (cushion) -neoprene sheet (blocking layer) -nylon/wool fabric (cover). 
Also planned is the experimental measurement of thermochemical performance of 
the system using a modified NBS Smoke Chamber2 A Mellen furnace is to provide 
radiant heat flux varying from 2 to 10 Btu/ft sec and the resultant weight 
loss of and temperature profile in the material will be measured. The kinetic 
constants of the individual material deduced from TGA experiments along with 
other thermal data will be integrated into the model and its prediction 
compared with the observed results. This work is scheduled to commence shortly 
under the sponsorship of the FAA. 
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APPENDIX A 

~UMPUTER PROGRAM FOR CALCULATIONS ~UR SEAT CUSHION 

~omputer program for calculation of the burning rate, heat fluxes required and 

provided by the flame, and Spalding B number with variable flame stand-off 

distances and ambient pressure for seat cushion. 
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• 

r 

c 
c 
r. 

T~TS PRQG~A" IS FOR THE FAA SfAT CUSHION MATE~tAL O~LY 
lHf KlNtllC CONSTANTS ~ERE OBTAIN~~ I~ AI~ 
AT TH~ ~EAT}~~ RATf Of 3n t/kl~, 

1" ~EAn (5,~on,ENO:qqJ P, ~RATIO, TB 
800 FOQ 1'AT (~FtO,)) 

W l.l T T ~ ( b , q t (1 ) P , )( I< t. T 1 0 , T a 
'f111 F"(_'liU~Al (lt-41 1 H, 'T~fi0'1-10C~f.:MIC:AI.. PE~FO~MACk Of AJ~C~AFT StAT ' 

'• F~,t, t AT~•,t, • ' r tIS 1"1 1 ~If, ' I 1 1 5 X 1 t PRE. 5 S U lo< £ : 
• 1~X, 1 XSTA~ H[D~CEO ~y •,F~ 1 ! 1 ' 
• •nT!-!f~,.l~E UNTRE.ATt!:l)',l 

(l,o Mf:.ANS FLAMt RE.TAwnEO, ' 

• ,~X, 'FLAM[ Tt~PfkATUNE: '• F7,1 1 t~t, II) 
f'" = c,,o~ 
CP= n,~c, 

CPGt.S:0,3 
WTH : O,OOr'l.$0 
E P s U'"' : o, £4 

SI!i"'A:t,3~5t.•12 
fl: .3 0 L'. 0 

R: ,,~P.717 

R:-1 = f'?,O~ 
'f r,: -~~ ('t1 , 

wRTH (,_,qq) 

q11 FU!o(·1Al (lOX, ITS•, ttl, tR.-P, !UX, 'FLUX', lOX, tFL"'Fl1Cf
1 

H'l', 
• ' r: s l' ~· • , 1 t ;. , ' 5 P A L 0 ~ ' , 1 
• ,".:, '1")', 7~, 'CC~/SEC)', ~t, I(~Tulf'T2,S~C)t, 
• 3~, '(hTli/FT;',SfC)t, ~X, 1 (C'"')t,l) 

llfJ q., 7=~~r.,7su,so 

TS: Fl,.llAT(IJ 
H (T~,r,t:,"71,) GO Tfl f-15? 
~ : Q':-IOC'C, 
f = tq"oo. 
r.n rn ~~5 

~ 5 '-' c n ~ .,. r ~J u t 
~ = ~.~t7 
t: = e~~uu, 

~5'l C!1.,TJ111Ut. 
~ : fUP 

FS~: 3?,A*tXP(0 1 00l~7$TS) 
~sv : Fsv * C P ••·~.?&15) 
MONO~t~ MOLtCULA~ ~tiG~T 0~ ~OAM MAT[ijJAL IS ASSUM~O TO 8t 7~, 
FSV : FSV I 1b, 
IF (f~V,I..f,t,O) GO TO 91 
~ a ((Rl~/(ON$CP))*B•EXPf•EI(R•T5))) 
U c fl/(~•T5))*((TS•TO)/TS) 
V:((1,n+(D/(CP•(TS•TU))),$ALOG(VSVI(FSV•t,n))) 
Q c U/(CP*(TS•TO) *rSV) 
S a (~/(U•(V•Q))) 
IF cs,Lt:,o,ol s• .. s 
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ioiH : (S)**O•~ 
Fl. 11 ~ : ( I' 1\ * ~ H * C ( C P * ( T 5 • T 0) 1 + ( D IF S V ) ) ) + (f. P S 1.. 0 ~ * S I G to~ A* (l 5 **a • ) 1 

r: H F Q f r. F C ll N V ~ R T ~ fO 0 "1 C A L 0 R Jt 5 P f. R S rHJ A ~ F C t: N T l M f T f- ~ S Tfl ~ T ll P t ~ 5l~ 1 f l 
F-L,UX:~Ll:X*! 1 ~8& 

r TH15 IS lHt fL.AHE TEHPtRATU~l IN AIR 
C: Tf\ (fL,.AM£ TEMP,) 15 IN l(f-LVIN, 

RHOGAS:o,on12•(TU/To) 
k'H~GA~ :. ~HPGAS $ P 
T~C0~~=0 1 0001*~Q~l(T~/bOO,) 

r T141="w,..AL CDNLHJt;TIIIJTV Of THF GAS JS r:AtC:ULAlf-0 HEHf. illlTI-1 f;IJTHt:K"LA'~t~s L.Aw 
r.,r,yn :THC[Jt.O/ (~HllGA5$CPc;AS) 
UGAS:(nN/kHOGAS)*~H 

r l._.~ Fl At1 ~ STANDOFF niSlANCf 15 CrlMPIJ'I~O fHS(r'l !_HJ TH~ f)lPfi-'11\~tHS (11· JA!':I( 
~r ••F- J:t')l.Jt-iL l~J 5IMPL.( SIII~NII\!6 (lf A PIFCf Of CA!:PrT TtU·T TH[ f'l,AMt. S1At~[)llFF= 

r. O}c;lA":Lf wAS Ni:ARLV T~R[E LS) ~11Ll. Tr1flfw5 to\A'llHUM AN[1 l"'fl (i~) !Jt• AVU<Af•l 
r T ·~ ~ ! ' t. A S iJ R E 0 A V f. R A G E V A L ll ~ 0 F 2 ~ ~ 1 5 A T A \1 f- W Y L fW F' L 0 ,.. V El. fJ C l T V 

XSTA~ = ur.As 1 3,o 
·XS'AQ : XST~~ * XQATlO 

r. t-lfRE ~'<f. CALC:ULATf Tl-4f H[At fl.UIC t(l THf SUIHAO: .. fR(lr1 THf f-LA~,f. ZllNt.. UI~I,..Y 
T~WP : fXP(UGAS•XSTAR/THDlFF) 
F'LMVL ~ : •RHUGA~*IlGAS*CPG/15$ (l~•TS) •TE tt-JI ( 1 1 •TlXP) 

r 1-4pn ~t-f tUNVf.:RT FLMFL.X 1{1 11Ttl PI( Sr.I,J:T,SEC fRnH CAl.,fiPoi,Sl~,r.~,Slt, 
Ft~~L~=rL~FL..X*3 1 6S~ 

t "'E t•LC:l•LAT[ 5PAL()1Nf. NUM(;ER H 
~H~O c P/(~H*T~)$2A,Au 
LIOf) c 1:!4 1 0b 
X : "-S.rofi 
vJsrnb: (' 1 76"/1100,)*(lB•bOO,) + ?..~?8 

nscn~ = vtscos • 14,882 * o,ot'Ot"l 
~H~0n0 : WHQU * UOO 
R[V~~~ : RHUUOU • X I VISCOS 
[Hn : 0 1 12 * REVNOL$*~0,2 
SPALn~ = ((DN$~H)/(1,2*~HUUOU$CHP))*t(1,10,23) 
lF (S~ALD~,Lt.~,O) Gn TO 71 
CHc~n = 1,? * (5PALn~••·o.77) 
Gn rn 72 

7t cn~>.~Tt~'Ul. 

5PALn~ : EXP(ON*~H/(RHOUUU*CH(I)) • t,n 
r. ... c.m : AL0ft(1 1 0+SPAlt'1'4) I 5PALOR 

7 'i C 0 NT H' L1 F 
C:H : (H('I'1iJ * ( ... Q 
QSUP : CPGAS•RHOU00$(T~~TS)•tH 

C HfAT 51.1PPL.JEO IS CONVfkTf(l TO ~Tll/rTi',SEC fJ{01'1 CAL/CM?,SEt 
QSUP : ~SUP • 3 1 b8~ 
w!OJTf (t:-,9~0) TS,RH,FLUIC,FL.~FI,.X,(J~lJP,SPALDB 

q ~ 0 FOR •1 A l ( 8 X , F f, 1 1 , f., X 1 ~· 7 1 4a 1 Q ( ~ lt 1 fA , 3) ) 
CJ7 ((IN'flf~Ut 

G(' T(1 1('1 
qq STOP 

E.N') 
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Tt4ERMI)L';~E.MICAL PEkFOIIIUCf !Jf> AIRCRAFT &tAT CUSHION 
PRESSURE • 1,0 ATI'I 
XSTAH I<FIJUCfD ~y ,8 (l,O MEANS fLAI1t Rt TAROtO r 0 T .,.~ltloi lSf liNT~f ATt:O) 
FLAHt T~HPERATUWt 5 l4U0 1 0K 

TS RH F-LUX FLHFI.II QSliP SPAL.IJS 
(K) (CHI SEC) (8TU/fTi!,SEC) CBTUIFTZ,SEC) (Cf4) 

450,('1 ,0,('11 ,090 aa,oo& ,?95 ,osr, 
4hOoO ,00041 olOO ]l,,OJ ·'"" 1 0i!t 
470,0 .ooo~ • t ll 24,881 ,7'74 ,027 
480o0 ,0007 ,124 t9,0l1 ,?til! ,oss 
11~0,1') ,OI>OPt ,138 10,&82 ,T5l\ ,04'i 
O:.('IO,u ,0011 ,1!13 11,440 ,ne ,058 
')10.0 ,001~ ol11 lf,C'Ott ,724 ,on 
520.0 0 00!7 ,191 7,t4S ,'ftn ,092 
sJo,o ,0021 ,i?13 5,117 .... 4 ,tt5 
51JO,O ,OO?fl ol311 a,t.14 ,&18 ,144 
5'50,0 ,003! ,lt>& ] 1 75ft ,6&0 ,t'P8 
"i~o.o ,00311 ,297 3,(184 ,&40 ,220 
'570,0 ,oou"' ,332 Z,S55 ... tlf ,no 
sso.o ,00111 ,:no 2,~14 1 fli!O ,i'JII 
5~0.0 ,OtiS\ ,!18 2,?49 ,IJIJ6 ,SO? 
&00,0 1 00ft II ,1129 1,8241 ,11&8 • !llfl 
e.so.o ,0079 ,488 l 1 ~0fl ,,18 ,511 
&20,0 ,0097 .~51 t,no ,I§OIJ 1 Mtl 
&30,0 ,01111 ,e.n 1 1 101 •""' ,81J9 
t-110,0 ,01110 ,728 ,'18ft •"2" l,ti~ 
e.so.o ,OtTO ,filii ,CJi!1 ,sn s,a&b 
b,O,O ,O?OQ ,9ST ,caot ,143 1,989 
1>70,0 1 0l5CI 1. 098 ,928 ,,q~ 2,7nb 
b8Do0 ,0297 1,2&1 1,001 el5Z 3,151 
6qO,('I ,0352 I , cu,q 1,12 .. ·'"' 6,51" 
700.0 ,oau l,f>f-4 ,,,ql ,nq., Uolli!i! 
?to,o • Cl.llfl8 1,'111 t,ns ,05'!'§ l7,0!17 
1lC>oO 1 05'7<' z.s 93 s ,11' ,03!! 53,,.8 
'730o0 ,o,.,~~ 2,514 '·'"" ,os• 1011,414 
7110o0 ,01711 2 1 B81 z,1sq ,nu 100,117 
750,0 ,o&~" 3,i!q? 2,,.,5 ,l'IO? 317 1 9l1 
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T~E~MQCHEMlt&L PENFURM&Cf Of AINCNAFT SE&T CUSHION 
PRESSUHE a 1,0 ATM 
XSTAN HFOIJCfO tiY l,O (l,O MI:ANS FLAME RE. fAkOEOt OTH~RwlS£ UNTNE&TlD) 
FLAME TtMPERATU~E a 11l00 1 0K 

TS AM FLUX FLHfLX QSlll' &PALDtl 
(K) (CMISEr.) (IHUIFTZ 1 5EC) (BTUIFTi,UC) (CM) 

aso.o ,0001 ,octo 35 ,ZOf. ,TIJ~ ,015 
u~o~o.o • (')I) (Ill .too 211,323 1 7ttCI o021 
1170.0 ,oooo; oll 1 11J,Cf()f, ·''" ·,027 
lj.R!),I) ,0007 .t211 1'5,?lb ·'"' o03!; 
IIIJOoO ,0001\ ,1]8 ''·'"" 1 T5rl ,C,45 
t;oo.o ,Of.lt, .t!J3 ct, 1 SCJ ,T38 ,058 
'510.0 .oot~ ,111 T,lO'P ,'P?-4 ,015 
S?o.o .0017 ,lett 5e'P21 oTIO ,092 
'530.0 1 00.?t ,2!3 a,l5&2 ·"'~" .tt5 
sao,o ,00?& ,1?38 ],"POt ,671! etllll 
~~o.o ,0031 ,i!ots 3,0lfs •""'n • !18 
SfsO,O ,0031\ ,297 1,4111 ·""0 o22CI 
'510.0 ,00111'1 • 332 l,O,t ... 19 .no 
c;!'.o,o • 00111 ,3311 l,lbh ,f-?.1') ,n& 
'590,0 ,OCISI ,3'18 1,1'18 ,'lctfl ,301 
""'o.o ,00#:111 ,&~?.9 t,483 ,~ftA .n• 
tt1o,o ,OO'ICJ ,1188 1,1l'3&1 ,s:;n .511 
e?.o.o ,Or)IJ? ,SS'I 1,053 ,lint; oflfl1 
e!o,o 1 01\A ,ftlb ,1:1?.1\ ,llflt:l ,ell• 
biiOoO ,011lll ,128 ,8419 ,4;!11 l, U'!l 
bSO,O .01111 ,1'134 ,11115 ,'!187 1,1186 
•~o.o ollf'()Q ,CJS'f ,1'21 ,, .. ., t,Cfltct 
e,'Jo,o ,Ol'!-1"1 1,09(\ ,11?5 ,pq~ 2,10~ 
b!IO,O ,02 1H lei?bt ·"'' olS! :s.n1 
~qo,o ,O!Si' 1,11act t ,U3 ·'"" •• 538 
1.00o 0 o04!~ t,bbll t.28tl ,ntab u.au 
7to.o 1 0li1U t .•n '·"~' ,n55 u .o~T 
120.0 ,0!)?~ z. 193 '·"" ,032 53,'!11f8 
no.o oO"b" l,5t4 '· Cl14 . ·""' 1011 1 CIIA 
TIIO,O ,0'1?4 2,tl8l 2olt51f ' ,ntt zoo.' 11 
750.0 oOfiCJfl 3,297 2,'!115 1 001 S?T,'iil 
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APPENDIX B 

COMPURER PROGRAM FOR CALCULATIONS FOR CARPET 

Computer program tor calculation of the burning rate, heat fluxes required and 

provided by the flame, and Spalding B number with variable flame stand-off 

distances and ambient pressure for carpet. 
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r. THT5 ~RUG~AM 15 fOR THE F~A CARPET MATlRlAL ONLV 
c THE ~INETIC CUNSTA~TS wE~~ 08T&INEO F~OH fAA tARP~T BL~E ~n~1JI1~ 
C UNOf~ (qQ P~~CtNT NlT~OGfN + 1 PERCENT OXVGfN) 
C AT T M t. HE AT 1 ·~ G ~AT f: 0 F 3 0 C I~ IN a 

10 REAr (5,~t1 C' 1 f.N{J:QQ) P, )(lfATIO, T~ 
P.llf' FOR'-1Al (3f-t0.3) 

w~!TE (~,QtO) P, ~~ATIO, TH 
Q10 FGR~AT (lH1 1 ~X, 9 TM[RH0CHEMICAL P[R~DP~ACE OF Al~C~A~l ' 

• 'CARF-'tT 1 1 1 l~X, tPI(E55tiJ~E. a •, F&,l, t ATP-11 1 1, 
• 1~~.•~STA~ ~ED~C£0 ~V •,Fb,1 1 ' (l,n ~EANS FLAME kfTAROE~, t 

• trJT~~Io(~o.lSt UI\TWEt.TtD) 1 ,1 
• t5X, '~LA~t lE~P~RATU~E : '• ~7.1r 1 ~ 1 , II 
• 7~, ITS 1

1 
qX

1 
tFSC•, SOX, tR~t, ttk, 'RL', qx, ·~·R~Qt, 1X 1 

• ·~-~STAk', 5Xr 'Q•FLOW 1
1 ~X, 1 SPALOING B'l 

• '1~, 'CKl', t?5~, t(CMt5E.Cl' 1 tfiV, I( BTLI I FT;» • SEC )1 1 11) 
R: 1.~~717 
"'~ = b2,0b 
OtJ:n,c? 
CP: n,3 
CPr;AS : 0,! 
D= J"'v.o 
G c n •1 P. = " ~ o o , 
~TI-4:1'\,D(iC'll 

C hOS \lALLI£ {IF T11t;. CHAR Cli"I{)LICTIVJTY IS A GUfSS ONLY AT Tio!IS ll"'~f: 
liiTL:r.,ocOO? 
EPSL'1"' r: 0.1 
Str.~A : 1,!55t•12 
TO:~no. 
TC : t\1£-e 
on q1 I=~2o,q~o,to 
TS: FL .. OAT(l) 
FSV: 32,~t~XP(0 1 003h1tl5) 
FS\1 r: ~Sv * (r**•C,2bt5) 
'SV:FSV/13~ 1 ~2 
I~ (T~,ut,~l~,) GO TO b~? 
IF (TS,Lt,81~,,ANO,T5,GE,&~I,) GG TO b~" 
8 = ,,21 
E t: qc:t~~. 
GO TU b~~ 

b ~ c C tt "J T ! N U ~ 
e • 111,~ 
E c 21100, 
GO TO ft~~ 

foi5U CONTT"IH 
B • 3,a~t·~ 
E • •1~ooo. 

b55 CQN'T t t ... Ul 
8 8 Ft*P 
DO q'5 Nr:1r2000 
'SC:~&~• 0,1•FLOAT(N) 
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. .. -

( 

c 

c: 

r: 
c 

• c 
c 

r 

c 

c 

IF (~bC,EQ,t,o) &0 TO 85 
• : ((Rl~/(ON•CP))*B*tXPC•E/CR•lC))) 
U : f[/(R•TC))$({TC~TO)/TCl 
Y:((J,0•(0/(CP*(lC•TO))))$A~OG(fSC/(~SC•S,O))) 
Q ~ u/(CP•(TC•TO) •FSC) 
S c: ( w I (lU ('f • !.,;) ) ) 
lf (5,L~,0,0) bO TO 85 
RH : (S)**O,r;, 
VH : 0/(CP*(TS•lU)) 
VTHET~ = E/(k•TS) 
VKSI : (TS•Tu)/TS 
VH.'TAS: ... ~1-i/FS'J 

VlE:TAC: •VIoi/~~C 

V'Tll'i: (TC•l0)/(l5•H11 ·· 
V~fTA(:vTHETA•~K5I*(1 1 U•VTA~) 
Hfr = v~ + vZllAC 
~ES: ~~~ + VllTAb 
IF (H~C.~~.O,O) ~0 TO 85 
If (~E:S,tt.:i,Q,O) GO TO 85 
E ~ C : t: >. P ( • V ·~ tl A C) 
IlK : (•VZ~TAC+(1+VH)tAL0~(HlC)•f1+V~)*fNC•ALOGCH~5)+VZET&S$f~C) 

S /(1,v•t:NC) 
VLA~nA : (~lfTAS•(VHtALOG(VZlTAS+VH)))•(lLOGC~~+VZ~TAS))+~K 
TT:(t(~TL/ON/CP)tB*f~P(•VT~ETA))/(VLAMOA•VTMlTA•vKSl)) 
H (Tl,L,E,0 1 0) GD TO ~~ 

kL: (TlJ•~t',~ 
FLII):(D~*R~*((CP•CTS•TU))+{0/FSV)))+CEPSLON•SIGMA$(TS••u,)) 
~[~f ~F LO~Vfkl F~UM CALORIES P~R S~UAR[ Cf~Tl~ET~RS TO HTII Pt~ S~.~T 
F L II X : ~ l. l! X * .3 • b b 6 
rt- rn.A""E. n.~P,) ts IN KEL'*H". 
~HOGAS:o,OOl?*(TOtlB) 
~wr~A5 : kMDGAS * P 
T~tQND:n,On01*SQRT(lA/bO~.) 
l~fR~AL CU~DUtlJVJT¥ OF TH~ GAS 15 CALCULATED HERE ~lTM SUT~~WLA~OS La~ 
'THDIFf:T~C~~O/(kHOGAS*CPGAS) 
~GAS:CD~/~MOGAS)*~~ 
'THr ~LA~~ STA~OO~F DISTANCE tS CO~PtJTEO 8ASEO ON THE E•PERJ~E~TS Of J6tK 
~E. FnLil>~!l IN SIMPLE. BIIRI'fJNG Of A PlFCf. OF C-WPRT THAT 1HE FLAME: SlAIIl(.)Off. 
D 1 5 T A ~: t E w A 5 ~ [A Q L Y T H ~ ~ ~ ( 3) M l L L l P.. f: T E US 11'1 A) I M IJ M U· 0 T "' P ( t') 0 f.w A II E k A b t 
THf ~fASURED AVERAGE. VALUE OF i Ml'1 IS AT A YfRY LOw JLO~o. Vf:.LltClT¥ 
)C 5 'T A ~ : U !~ A S I 3 , 
XSTAR : XSTA~* XRATJO 
H [~f. ~ E tAL t l t L AT E T H f H £ AT FLU X T 0 THE 6 U R F At£- F k [1M THE H. Af', E l U t- t. U t~ L Y 
FL~~LX:.,(kMDf.AS$UGAS)•CPr.AS$(TA•TS)/C1.•FXP(ltGAStXSTAk/TMOJFF)) 
H[~f ~E CONVERT ft,.MFLX TO STU P~ SD.,T,SlC fROM CAL.Plk,S~.tM.SEt. 
F~MFLlCfLMfLlf3,b8b 
WE CALCULATF SPALDING NUMB~R 8 
UHOO • P/(RM$TS)*28,8" 
UOCI 1: 134e0b 
• • ~t.o& 
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vt,cn~ = C1,7b4/110P,)*C'b~bun.) • 2.~?8 
VISC~b : VlSCOS * 1Q,8~2 * o,r"001 
~HnUO~ : ~HUU * UCO 
~~V~OL : ~HUUOU * X I VISCUS 
c~om = o.tc • ~ottvr..oL•••O,i-' 
SP6L0b: ((l>N.Wio4)/(1,2*~H-10UOIJ*C:H0))*•(1 1 /0 1 2'3) 
H fS"'ALDI:i,L.t::.~,f') GO TtJ 11 
CHtHU : 1,? * (5PlLOA**•r,77) 
Gn rn 72 

1 t c 0 i-Jl t "' u ~ 
SJ.>AL"'b : t X~ (DI'i*~H/ (~HDUPU*CHU)) • 1 1 0 
rHr~n : ALUG(1,0+5~ALD~) I S~ALOB 

7? CnNTJII.llt 
CH = CHtMu * CHO 
I~SII~ : (.PGAS$1-lMOUOO• CTA•TS) •C!'4 

C 11 t A T b II ~, P 1.. 1 E D l S C 0 ~: V E k T f. 0 T 0 B 1 U I F T 2 1 S E C f w (' '~ t • L I C 1'1 ? , b t:. t 
• GISliP : (..i~H'P * 3 1 b8" 

b~ wRITf Cb,9o> T&,FsC,~H,RL,F~U),~LMFL•,,suP,s"'ALDS 
9 n ,_: U Q '' A T ( F 1 0 • 1 , J X , f q • 3 , ? ( 3 X , ~ 1 0 , !i ) , 4 ( 3 )I , fo q , ~ ) ) 

H (lil..,,&t,~L) GD TO q7 
q5 cnr-..Tr"'ut. 
en C iJ"'T I "'LJf 

&lJ T r, 10 
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T"ER~UCHE~ICAL PERFnRHACE 0~ A llo!CRafT CARPET 
PKESSUiiE a 1 0 0 ATM 
XSTAR lo!£.0l1CEO tiY loO (1 0 0 MEANS Fl. AME RE TAROEO, OTHEHWIU lJNT~EAHD) 

F~AME Tl~PERATUHt c 1400oOII 

TS FSC ..... RL Q•REa Q•XSTAR QefLOW IPAI.UlNii 8 
(K) (CMISEC) ( BTU I FTi! , IEC ) 

ezo.o 4,904 o00052 ,oooh 1,.44 Je1 T1 ,454 ·1•0 
830,0 5,0114 ,0005! ,ono7z 1o 788 le50] ,4115 elU 
l\30,0 '5,184 ,0005'! ,ooo!lz s.nt 2,134 ,1144 e1b7 
eoo.o !1,210 0 00051J ,ontO! 1o9211 leOti? ,4]b et&'l 
!1110 0 0 s.!1o ,ocost; ,00074 lo87i! le1154 ,113& el71 
1140,0 5,470 oOo05'5 1 000111 1o811'1 lo7'P'I ,113'.) • 173 
!140.0 5,57(1 ,0005& ,ono53 lo811! ii!oOIIii! ,435 tl7'5 
P';I),Q 5,4&11 ,nooss ,00133 i!oOfll ,7!3 ,uze e113 
l\50.0 5o5b4 ,ooo5 .. ,ono9s 

l···~ 
lo0l'3 ,4?7 e175 

!1'50,0 5obb41 oOOO'lT ,00078 lo9b5 1o33! ,4ii!7 e1" 
eso.o 5o '1&4 ,00057 eOOOb'l la911e lo539 ,427 e1'79 
l\50,0 'Sotlt14 ,ouo5e e000b2 lo'~3'- lo712 ,4i!b .us 
eso.o 5,9b4 oOOO'l8 ,00057 lo921 loU! ,4lb e183 

,Mo.o '5,oe.u .ooO!i'P ,001&11 2oi!07 .sso ,4JCf .1n 
!1&0,0 5,7&4 .ooos1 ,00111 2oU3 ,en .1119 tl" 
e.~o.o !,8&11 ,0005fl ,ooo•& z.oe& ,,(143 a1118 e11'1 
sec.o 5, ... &4 0 0005R ,oooa.. 2.064 lo208 a1118 • 183 
s&o.o &,0,.,4 ,ooosc, ,ono'P& 2.0150 1 1 348 ... 18 e1&b 
eeo.o 6,164 ,OOObO ,ooo7o r.on lo471 ,1111 ,see 
8&0.0 6elb4 ,OOObO e000b6 2.0lt s.sn ,au ,s9o 
8&0,0 &,5b4 ,ooo&t 1 000tli! i!o0211 le677 ,417 .1~2 

f\&0.0 , ... ,., .. oOt.Obt ,ooo'S~ z.ou lo'P&6 a1116 e11t4 
8?0.0 5a8'7i! ,000~11 ,001~& i!o3!8 ,41& ,1111 elli! 
870,0 ~.972 .ooos11 ,001110 z.z•n .e.~• .1110 • tea 
870,0 6,072 ,ooo~~ ,ooth io212 .us ,1110 eU& 
1:3'70,0 "· t 1C 

,OOOoO ,00101 2.lllf> . ., ... 0 410 ,ua 
870,0 &,272 .ooooo ,ono~s iolflll lo08& ,ao~ ,sqo 
!1'10,0 &o31Z , 0(10& I ,oooeu 2o15'S s.s~e ,40~ •''' 810,0 6,14'12 ,000&1 ,ooon 2.145 lei!'P~ ,a Oil •''" &10,0 6. '.)72 ,OOOoZ ,00074 iol3'1 s.Jtto .c.oe etfi6 
8'10o0 &ob'1i ,000&'5 ,oooTl lollS lell111 ,401:1 et98 
870,0 bo 7'72 .nooo! ,onofte 2.t2!1i s,!oz ,1101 ,zoo 
nooo &.872 ,ooo&a ,00065 loU I le5U ,407 eiOi 
870.0 ,, ... .,, 

1 000&11 ,Q0063 2.117 leftPII .ao7 eiClll 
eaooo &.Ol'l:l .ooo~q ,oolli! lo'St& ·'" ,1102 e186 
e.,_o,o 6 0 188 ,OOObO ,oosh 2,3U .521 ,402 e1fl8 
840o0 &,28£1 ,oooe.o ,M 137 1.345 ,, ... ,aos el90 
eeo.o 6aH8 .ooOo1 ,oot u io 3111 1 H7 ,1101 elltii! 
eao.o &0 11118 ,ooo&t ,00108 2ol'l .~f'b ,401 .,~ .. 
(1.80,0 ,,,~1:1 0 0tJOoi! ,ono99 2.217 .973 ,aoo elfitt 
e.eo.o &,blltl ,000113 ,00093 2.2ft5 loOCifl .ooo .s~a 

8"0·0 &,'781:1 ,000b3 ,ooo&e i!,i!'S& lol n ,aoo ,200 
!"CoO &,8116 1 000bll ,0008] 2.2118 lelfll ·''" e202 
f\@0,0 , .... ~~~ 0 01'101!4 ,oooso '·'"' leii!!'f o399 ei'04 
"~o.o 7.o.-~ ,<H,Otl'!l .ooon l.llfl t.i'ql o3'f~ ei!Ofl 
81\0,0 7. If\& 1 0f·Cb'!l ,ooo74 iaUt lol 11 3 .3118 1 i'litt 
8&0,0 7,2'J8 0 l'I00bt> ,ooo7l lolU lo3"' .~ ... 8 ,zto 
seo.o 'Po.St'tl 0 l\U0tl7 ,ooo7o loill loU) eltfl elll 
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81'0,0 1,~fll! • 0(1 (Jt.,"1 ,Ort0f>8 ZollO lell'74 ,'!'17 elll 
11110,0 7,'llltl ,OO!'I:JI\ ,onot.t> lolt1 •• ~ti! ,3Cf7 ei?l'!l 
f\CIO,O !>,~It' 0 1'll•Ot>O e0<'27(J lof>U ,130 0 ]IICI ol«<l 
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81:10,0 t.,';\2 • 01 (•f>l ,0<'1 '§q l,t1841 .~110 ,393 1 ICI!:I 
8CIO,O f>.~\2 ,0(10!:11 ,MI Jq z ... ~~~ ,&Ill ,].3 ••• 1 
11110,0 ... 112 ,OOOf>l ,00125 l,41l~ ,1n ,]Cii! elCICI 
e•c.o &.812 ,oooe,:s ,ootlb lo40~ ,80i! ,nz ,201 
~~:~o,o b,l'ltc.' ,000f>4 ,00108 i!,]q1 ,8,8 ,nz ei'Oi! 
8110,0 1,0!2 ,0110!>4 ,00102 z. 311:1 ,fll8 ,!ql ei!OII 
8CIO,O 7,1\2 ,0()0b'5 1 01'1M7 z. nn ,flfli! ,]q1 1 i'Ofl 
8CIO,O T,~ti? 1 0(l0bb ,00093 2.363 1,032 ,3'11 ,zoe 
!CIO,O 1 1 312 ,ooOefl ,0008CI z,3.,f- 1,018 ,]90 .uo 
81:10,0 1 1 1H2 ,1'10(1b1 ,{I008b 2.311§1"1 lelll ,!flO .zu 
8CIO,O 7,512 ,000b1 ,0008J ;?.3115 1olf-l ,3'1\) ,2u 
81:10.0 1,b\l ,ooOf>fl ,000~1 2,3111 ,,,.k ,]119 ,ltb 
l'CIO,O 7,712 1 0!lfJbA 1 0001CI Z.3H lei33 ,nq ,zu 
~~~o.o T.llli? ,1'1(10!)11 ,ooon 2.334 lo2U ,)"q ,lit• 
flliO,O 7 •• 12 0 000bCI ,ooo75 2 ,33(1 lo2CI8 ,388 ,2i.'l 
eq.,,o e.:nz ,no010 ,00013 i.3i!8 leU!I ,:188 ,i.'i!3 
flCIO,O 8.112 ,ooOHl ,oon12 l.3l'!l s,:s->fl ,:!15" ,225 
11110,0 ll,2,2 ,01'071 1 00011 z.3n S,$841 ,388 eZ27 
900,0 ,,5114 1 1'l00bi ,00312 i!,8toe ,1 ... 3 ,3"5 .~~~ 
CJOO,O &.~'"' ,ooot:.i:' • 002l3 2,103 ,321 ,3"5 ,1117 
CIOO,O &,144 ,0001,3 ,ont841 z. f> lt ,CI]4 ,384 ,tlf9 
'iOO,O &0 1144 1 000bll ,001&0 i!e5flll ,523 .:n11 • i! os 
~:~no.o &.liuu ,OOOf>ll ,00145 z.sflo ,sqe 1 3B4 ,203 
q0o,o 1,ouu ,ooOb".i ,ons:n 2.518 ,flft3 .3~3 ,205 
qoo.o 1.111£1 1 000b'S ,00124 i!. 522 ,7U ,383 ei!07 
1100,0 7,2114 ,ooOoe ,0<'111 2.5'l9 • 113 ,SilJ ei!Oif 
qno.o 7. 3411.1 ,OOObfl ,00111 j!,41:iCJ ,ezo ,383 • i! 11 
CIOO,O 1 0 U411.1 0 0(l0b1 ,oo11l7 j!,liqO ,8~3 ,31:'2 e213 
900,0 1.~~u ,ooo&7 ,00102 2.4~~ ,903 .nz eil5 
qoo.o 1,&1.111 1 00Cib~ ,onoc:,q 2,4115 ,.111 .ni! efU 
CIOO,O 7,74111 ,ooobe 1 000CI& 2.41n ,CI15 ,:581 ,218 
CJOO,O 1,1\4141 ,OOCibfl ,00093 Zo4&CI 1,008 ,3@1 eii!O 
q(\1),0 1,Cjau 1 000bq ,ooo•o 2,4fiO t.C'n ,381 ,Ul 
900,0 8,01.141 1 CI0010 ,00088 loli5t- s,o,.s ,no ellll 
~:~no,o 8 0 1 U II ,00010 eOllOIIb 2.452 1,01:15 ,380 e2Zfl 
•e>o,o 8,2441 ,oo071 ,000841 lo449 s.s21 ·'"0 ,zn 
9CIO,O 8,3414 ,00072 ,000153 2o411& S,SCIII ,3!0 ,Uii 
CJOO,O l\ 0 41l4 .ooo7c ,0('081 jii,IIU] 1·1'0 , :57 II .us 
CJOO,O ~,!)114 ,OG073 ,oooeo 2.440 lo 1 Cli' ,3711 ,zn 
CI,').O t>.,b~4 ,oo07! ,ooo7e 2.438 ',2141 ,sn e234 
caClo,o 8,7114 ,ooon ,ooo77 2.43'5 lellM ,:ne ello 
90(}.0 6,~04 .01•0"141 ,0007& i!,ll]! loc!lll .3111 .us 
9ClO,O 1\•""u 0 0t07a ,ono7o; 2,411 1.21.5 ,31& ,zoo 
1100.0 q. '-"'" 1 Ol•07') 1 00fl1CI 2,43('1 t,l9S ,]7tl e24l 
~:~t.,.o b 1 111') I Ol!Otd ,0(1]5& ],0511 • "l ,]17 .zoo 
Clt'l.o &,c-•~;, ,l'lOOt>ll ,00255 2.~.,q ,2417 • 37" ei!Oi! 
Clt':I,O b,'1115 1 0t•O~II ,00210 l. 1 ~~~ ,]lib 1 3Hs ,201.1 
9!0.0 7,01\') ,nnt•t~~ ,ont.IICI 2,737 ell?! ,3H elOf> 
CJ!o,o 7.111~ ,O()Ob~ ,ont~b l,1n!! ,aca1 ,31'.1 elOII 
qto.o 7,?115 • 0()1);,., ,0111.,1! i!eb111 ,Sill! ,11!2 tllO 
91 o.o 1,5-''3 ,0f)l)f:s7 ,0(1141~ i?e,ft!' ."S~I:f ,]1!:1 • i!1 i 
Clto.o 1 • 'l 1\ ') ,noOo1 ,01'11 :!4 i!obll"' ... ,~. ,314 ,i!U 
cno.a 7,.,,...., 1 00t'o!l ,on1i!T 2.&33 ,fill~ ,374 ei!1S 
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~ 

~ 

~ 
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I I 
~ " ... 

·o 0 

~ 
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0 

1c; 

t 0 - ------ --- ----- ----------
,.. ,. r ~ ~ ':! --.~ ::\ 
0#4 ' .a ..0 .. ~ 0 " ' ~ ~ v • fl 

.r.-;. 

..a .). ., 
•• 
~ 

! 1fle Cirpet •terlil tested tn tite DSC. The degradation reactions are solely enclothemc fn thfs fnert(N2) 
atMosphere is can be seen in the trace above.. The heating rate fs 20°C/mfn. Such dati _are useful tn 

. the analyses treating the subsurface reactfons Where the access to atMospheric oxygen fs 111111ted. I . . 

,. 
I' 
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