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EXECUTIVE SUMMARY

Experimental and analytic work on aircraft fires have emphasized fire spread rates
and energy release rates of burning aircraft materials. Both of these are needed
to estimate heat production from an in-flight fire. Much less attention has been
placed on heat loss mechanisms in the aircraft interior. The latter issue 1is
important because the thermal growth observed in the fulelage cabin reflects the
time history of difference between heat production and heat loss. Thus, a systems
approach to improving the fireworthiness of an enclosure could involve maximizing
heat losses as well as minimizing flammability. -

A perfect stirrer analysis was used to evaluate the relative roles played by the

following heat loss mechanisms: (a) the aircraft ventilation system, (b) the
conductivities of interior panels, and (c) the energy sink effects caused by
panel pyrolysis. The analysis generated three critical characteristic times.

The characteristic burning time 1is inversely related tc fire size, the charac-—
teristic ventilation time 1is inversely related to the ventilation rate, and
the effective time for an air change includes combined ventilation heat losses and
wall heat transfer. The overall analysis further suggests an experimental non-
destructive technique for determining the thermal inertia of a fuselage interior.

The conclusions resulting from the analysis are that conductive heat losses and
ventilation can play comparable roles in cooling the fuselage, that data taken at
outflow values can provide valuable overall diagnostic material, and that conduc-

tivity values of lining materials are necessary ingredients to overall analysis
of in-flight fire development.



INTRODUCTION

PURPOSE.

The purpose of this analysis is the development of a simple model that describes
the performance of interior aircraft panels in a fire environment. The analysis
consists of an examination of the interactions of ventilation and interior material

properties in the development of thermal hazards from an idealized in-flight
fire.

BACKGROUND .

In-flight fires represent a severe threat because of the time that may be required
for landing the aircraft after the fire has been detected. In the process of
descending, the rate at which the cabin environment deteriorates is affected not
only by growth of the fire but also by ventilation effects and the interaction of
interior materials with hot gases from the fire plume. In work on room fires
(references 1 and 2), it has been estimated that something like 60 percent of the
heat released by the fire ends up in heat transferred to the enclosure walls. The
balance 1is carried away by gas phase motions. In that particular scenario, the
room walls are generally something like gypsum. Besides the computational
difficulties of computing the unsteady heat transfer to such walls, there are
unknowns relating to the effects of moisture content in the wall. Additionally, in
this room scenario, the ventilation rate is controlled by the fire itself. The
fire results in a pressure differential between the smokey upper layer and the
atmosphere outside any open door or window. It is this pressure differential that
controls the movement of fresh air into the enclosure and the residence time
associated with gas movement. With a given size fire, the wall heat transfer
effects and the movement of gas into the enclosure play dominant roles in the
development of the thermal hazard.

Focusing on these two effects, wall heat transfer and ventilation, we see clear
differences in the case of large passenger aircraft. The ventilation is prescribed
by the aircraft environmental control system rather than fire-induced natural
convection. The ventilation rate can be as large as one air change every three
minutes in the passenger section. Since the air enters at the ceiling and leaves
at the floor level along the sidewalls, the possibility arises that the cabin can
be treated as a perfect stirrer in a first order analysis of fire behavior. 1In
contrast to a typical building enclosure, the aircraft walls and ceiling are often
of a honeycomb-type construction with the following being typical of the state-
of-the-art. A nomex honeycomb core is covered on each side with layers of resin
impregnated fabric. On the cabin interior side of the panel, there are layers of
polyvinyl fluoride covering the decorative ink. The walls potentially could
thermally interact with the enclosed hot gases through the heat capacity of the

wall materials, conduction of heat into and through the materials, and by pyrolysis
of the materials.

Thus, the aircraft fire scenario will consist of two dominant aspects. First, the
stirrer concept will cause mixing of the hot products of combustion with the cabin
air, with some heat going to raise the air temperature and some heat exiting with
the forced ventilation airflow. Second, the materials lining the walls will be
analyzed for heat transfer losses up to the point of pyrolysis. At the time of

pyrolysis, the materials will be treated as thin layers of materials which absorb
heat only as they change phase or pyrolyze. In effect, a cabin fire will gradually



cause a temperature rise which is slowed by dilution with ventilation air and by
heat transfer losses. When the cabin air temperature reaches a phase transition or
polymer decomposition temperature, the temperature rise of the cabin air stops
until enough heat is transferred to the wall layer for transition. The temperature
of the gas continues to rise until another layer transition temperature is reached.
Thus, under this analytical approach, the ablative effects of wall lamina can be
demonstrated. To keep the analysis as simple as possible, the many other materials
in the cabin (seats, carpet, seat back trays, etc.) will be ignored so that panel
behavior can be more clearly predicted.

This treating of the wall layers as heat sinks during transitions is founded in
applications of the Spalding B number. The Spalding B number is basically a ratio
of a substance's heat of combustion to the heat absorbed by the substance in being
raised to a phase change temperature and changing phase. In many applications, the
energy involved in the phase change 1is much greater than that involved in heating
the material to the phase change temperature. Then, the Spalding B number is
proportional to the heat of combustion divided by the heat of vaporization.
Because of the high vertical velocities in the vicinity of a fire plume, the
stirrer approximation cannot be expected to be realistic near the fire plume.
Rather, the analysis may serve to describe gross processes elsewhere in the
enclosure.

OBJECTIVE.

The objective of the analysis is to develop the relationship of ventilation rate,
fire size, and material properties in such a manner that (1) full-scale and
small-scale fire tests can be designed as to optimal variables for data collection
and (2) panel design characteristics that affect fire performance are identified.
If the perfect stirrer approach is valid for fires under conditions of forced
ventilation, then the most effective location to acquire data to diagnose the cabin
environment would be at the cabin outflow locations.

ANALYSIS

THE CASE OF ADIABATIC WALLS.

The analysis begins with the case of a perfectly stirred ventilated compartment
with adiabatic walls. This is a case where no heat is lost to the walls. Although
wall heat transfer is an integral part of the complete treatment, the adiabatic
case allows clear isolation of some significant parameters and additionally serves
as a primary building block of the final solution.

Figure 1 shows the control volume for the ventilated compartment. A heat balance
simply says that the enthalpy added by incoming ventilation plus the enthalpy added
by the fire equals the accumulation of enthalpy plus the enthalpy that leaves the
enclosure through the ventilation system. Symbolically, this can be written as
follows:
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FIGURE 1. CONTROL VOLUME

where mg is the material burning rate, AH. is the heat of combustion, M is the
average molecular weight of the gas, A, is Avagadro's number, a is the number of
molecules entering the enclosure, Cp 1s the specific heat, To is the temperature
of gas entering the enclosure, Ty is a reference temperature, m is the number of
molecules leaving the enclosure, T is the temperature within the enclosure, and

@ is the number of molecules within the enclosure. If the reference temperature is
chosen equal to T,, equation (1) simplifies to;

b= 2 M G (T-T) FlLne-n) )

o

Equation 2 shows the result of the perfect stirrer assumption where the compar tment

temperature T is also the temperature of the outflow gas at any instant of time.
The continuity equation states;

&_m-‘;ft_a- (3)



Furthermore, assuming constant pressure in the enclosure, the perfect gas law

AT= d.T. (q)

Combining (3) and (4) leads to

Ad.T, d7T
= @+ T SL ()

and this shows that as the enclosure temperature rises, the number of molecules
flowing out exceeds the number flowing in as a result of thermal expansion.
Equation 2 can be rearranged as follows:

Afgiﬂ“c: o ()4 b [a(T-7.)] «©)

Equations 4 and 5 can be used with equation 6 to make

A, omg 8H. QT AT (T-
e (ar LR AT)(7-T)

& [0 7

Equation 7 reduces to:

Aorinobe o7 o T(ar &5 4D) @)
M ¢,

Equation 8 can be rearranged to show:

Ao nv, O H _
4T T< V\CBP +4 I°> _ T3 (7)
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Further rearrangement leads to:
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Equation 10 can be integrated to get:
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Taking the exponential of both sides of equation 11, the following arises:

:TB‘VFfL -—_'ﬁ( Mc, (12)

Since T= T, at ta 0, the integration constant B can be defined:

B = Asrv AH. (15)
M 4. T ®

Since M Czoon is nothing other than the initial weight of air in the enclosure,
P, A, and since A,/a is the prescribed time for an air change, T , equation (12)
can be written in more conventional terms as:

vy A He + L —-_L-—:é- O"f)

eV C T, T T 1o
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Calling 7' a characteristic ventilation time suggests defining a characteristic
burning time, 1FB' as follows:

fT;: (oo;rz/ii;;‘ 05-)
g c

In this way equation 14 simplifies further to:

b3 T At [eE) @

This can be further manipulated to show the temperature more explicitly:

L 4+ L
L. T T = | (7)

l, _ﬁ’«"#—’jFM‘/”‘ _ (f‘,—id-—,lf)]

]

Equation 17 is the equation of heat rise for a fire of constant size in a forced
ventilated enclosure with adiabatic walls. For very large times, t is much greater
than (1/Tg + 1/T5, and the asymptotic expression for T becomes

T= T % | Cls)

Thus, the final temperature is small when the time for an air change is small or
when the characteristic burning time is large.

THE CASE OF NONADIABATIC WALLS.

In the more realistic case which allows the enclosure gas to transfer heat to the
walls, equation 2 takes the form:
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where W regresen;a the heat loss to the walls. Expanding terms and substituting in

the same fashion used to develop equation 7 results 1in equation 19 becoming:

}qo (#R‘B o He <2 'T;
MC, Go)
= WA T (a+ 4L %%"
Pﬂ Cf' ‘ ) T

Solutions to equation 20 depend on the form taken by W.

Identification of W in principle involves knowledge of gas phase heat transfer
coefficients, specific heat of the wall material, and thermal conductivity of the
wall material. This kind of information is very scarce. Nevertheless, correlation
techniques that have been successfully used for room fire analysis can be applied
to the aircraft problem. Reference 3 gives the following two approximations for
wall conductance, hy:

4 PC t <t (1)
J";g,: 2 l ’ ‘

b= &2 t2t, (22)

where k is the thermal conductivity of the wall, ¢ is the wall density, c is the
wall heat capacity, 6 1s the wall thickness, and tp is a solid thermal penetra-
tion time defined as

_ [ s\ *
t= (%) (% (=>)



Equation 21 approximates heat flow to the wall during the time interval when the
wall itself is absorbing significant heat. Equation 22 approximates the case where
heat loss to the wall is exclusively from heat conduction through it.

To use these equations, both the thermal conductivity and the grouping kpc must be
known. Then the wall heat loss term in equation 20 can be written as

o= b 4 (1-7. ) (24)

where.x! is in the total wall surface, and hy takes the appropriate form from
equation 21 and 22. The determination which of these equations to use depends on
the thermal penetration time, tpe Reference 4 contains an empirical approach for
determining k pc from flame spread experiments. In the analysis from reference 4,

two of the equations are needed to draw k pc from the flame spread data. They are
the following:

?’JHW: ,L (T._?"T:) (7'5—)

L
a) = (lé)
kec
where (pin 1s the minimum external heat flux to the material for ignition over a
long time of preheating, h is the convective heat transfer coeffcient from the

material, T;, 1s the material surface temperature at ignition, Ty is the initial

temperature or the ambient temperature, and a is an empirical parameter leading to
best fit of the data. :

One of the materials tested was a reasonably representative aircraft panel with the
following intrinsic and measured properties:

s‘.: 2,54 crw

]2 ¢ L?/M:s

53(°cC

f9‘:
-Tlé =
Fuw = 27 w /e ™



From these values, equations 25 and 26 show that h = 0.0528 kw/m °C and finally kpc
= O.OSS(A*Jﬂmz“C 2sec. To develop the thermal penetration time, it is necessary
to define the conductivity, k. Most solid materials have a heat capacity, c, very
close to 1.0 kJ/kg °K, and references 3 and 5 bracket this with values of 1.26
kJ/kg °K for a representation polymer composite and 0.8 kJ/kg °K for glass fiber
insulation, respectively. Thus, use of the unitary value is a reasonable approx-

imation. Using these values, the thermal conductivity of the panel comes out to be
0.437 w/m °C.

Thus, the thermal penetration time for the panel evaluated in reference 4 would be
46.5 seconds. Panels of practical interest are more likely to be in the range of
1/4 inch to 1/2 inch, and more typical thermal penetration times would be between
1/16 and 1/4 of the calculated 46.5 seconds because of the fact that t, goes like
82. Because the overall time frames of the heating problem under consideration
here are of the order of minutes, equation 22 describes the heat transfer to the
walls for almost all time up to pyrolysis. For this problem, this indicates that
the panels have virtually no heat capacity but rather take heat from the cabin by
conduction through the panel to the backface. Thus, equation 24 can be written as

[

W= k& _ -
L (T T.) ()

In this equation we are assuming that the area behind the panel stays at To.
Inserting equation 27 into equation 20 leads to the following equation:

Aorvg e L g _ b 1A (1U7)

M, s M,
4T (%)
T &
This can be rearranged to
AbMBAH‘ + a_’-]:
McC, (24)
T a—l_'_ a.l, cﬂT
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Equation 29 is identical to equation 8 and the same solution will be obtained.

That is
e

- +‘_L‘

To T
Lok ap[-t(x £ ]

Where U ' is C%/a'. Thus, the ventilation time constant has been generalized to
include within itself the heat conducted out of the cabin through the panels.

Rewriting this non—adiabatic time constant 7 ' as

?”: — ’ C32)
Lo rd A
T S MdA.c,

the relative roles of ventilation and heat conduction in cooling the cabin can be
shown in specific cases. For a 1/2 inch panel in a hypothetical configuration
(figure 2) of two walls and a ceiling bounding an enclosure 16 feet wide, 8 feet
high, and 100 feet long, ku/§ would be 13.5 x 102 watts/°C. Assuming an air
change every three minutes for 7 and a value of 203 Btu/°C for the heat .capacity of
the air in the fuselage (that is, the value of bldocp), then

Ao

o | (+3)

O, 33 + 0.32

Thus, in this example, the walls and the ventilation perform roughly equal shares
of the cooling. Even though the ventilation rate is once every 3 minutes, the
effective rate is every l.5 minutes. It is clear from equation 32 that the thin-
ner that a panel is, the better will it remove heat and cool the enclosure. Thus,
within the constraints of the assumptions made here, the solution for the case of
the adiabatic wall apply to the non-adiabatic case as well so long as the time
for an air change,J , is replaced by an effective time,T'.

The early form of equation 31 is of some interest in determining the rate of rise

of temperature in an enclosure. For very small times, the exponential term can be
approximated as

vk [t (H L))~ 1=t (F+%) ()

10
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FIGURE 2. HYPOTHETICAL ENCLOSURE

Substituting equation 34 into equation 31 leads to the following relationship

T T.
- X e (35)
!b /?; -t

Thus, the initial rate of temperature rise depends only on the characteristic
burning time,”” B*

FRACTIONAL HEAT LOSS TO WALLS.

The primary variables arising from this analysis are the characteristic times,
q%, T, andT'. These times contain within themselves the burning rate, the
ventilation rate, and the wall heat transfer respectively. In terms of design for
fireworthiness, an option might be to transmit minimal or maximal heat though the
panels. For long times, equation 31 shows

e

e —
—

T. T, Go)

f
B
|
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From a practical viewpoint, this long time would be nearly reached when

-)
_ L L
T =3 (’a"a i ?') Cw)

For instance, if “JF' were 1.5 minutes and’T% were 3 minutes, then at t = 3
minutes T/To would be 95 percent of the asymptotic value. The ratio of the wall
heat loss to the heat generated is

.w _ ‘é‘“—j(T-Tb)

ﬂwbD-Hc_

g oH
Using the long time expersion, it follows that

7p/
T-T. = T (5 (1)

Thus, defining Fp explicitly shows

V\; — }’-/ ,.__'4".-—-.‘ ’ o
- -?;- f%tzj C;’ ,?J (fb j)

/):/vbec,

What is significant here is that the long time fraction of heat transferred
through the walls is independent of fire size and dependent only on the effective
ventilation rate and the thermal properties of the gas in the enclosure apd the
properties of the panel. Using the values from the earlier example where /5 was
13.5 x 102 watts per degree and “J' was 1.5 minutes, the long time fractional heat
transfer to the wall would be 0.39' per minute or 0.48. Thus, half the heat would
be lost to the walls in this case.

Physically, what is going on in the overall situation is the following. At time
zero when the fire starts, the overall enclosure 1is relatively cool inside so
the differential temperature across the wall is small. Thus the leakage of energy
by ventilation and conduction is small and enclosure temperature growth is fast.
As the gas gets hotter, the temperature differentials get greater and larger
fractions of produced heat are lost both by conduction and ventilation. It is
these effects that slow the enclosure temperature growth and cause the characteris—
tic shape shown in figure 3. Interestingly enough, this type shape was exper-
imentally found for in-flight large scale tests described in reference 6. The long
time temperature for a given fire size 1is clearly affected by the ventilation
rates and the heat losses through the walls. If a fire can be controlled such that
it remains at a modest size, the effective ventilation can potentially maintain the

overall enclosure temperature to low enough values such that further material
involvement is prevented.

12
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FIGURE 3. CHARACTERISTIC TEMPERATURE GROWTH

The long time fraction of heat transferred through the walls can be defined
exclusively in terms of characteristic times if the definition equation 30 and
32 are used. The relationship is then

v

w e
"“ 53 (‘”)

-

/'h:vDAHc

In the case of adiabatic walls, “7°' is identical to and the long time fraction is
zero. As the ratio of heat loss to the wall over heat loss to ventilation gets
larger, “J"' gets smaller and the long time fraction of heat transferred through the
walls gets larger. Heat fraction lost to the walls can be increased either by
lowering “F ' ~through better conducting materials or by raising “¥ through reduc—
tion of ventilation.

The empirical value of k p ¢ from reference 4 was used to predict heat transfer
properties of panels of different thicknesses. More accuracy would accrue to these
analyses if actual measurements of k p ¢ were available for 1/4 inch panels and 1/2
inch panels.

13



PHROLYSIS OF THE PANELS

The analysis up to this point includes steady state heat generation and unsteady
heat losses through ventilation and conduction through the walls. As long as the
panels remain chemically inert, the heat losses will be associated with convection
and conduction of heat, However, if the fire is large enough so that the long time
temperature, To (l+17ﬂ?&), is greater than the temperature needed to degrade or
pyrolyze the panel components, then an additional energy sink will be involved in
the enclosure energy balance.

Figure 4 shows a model honeycomb panel. For simplicity, four regions are ident-
ified. Region 1 is the decorative protective surface (typically polyvinyl fluo-
ride). Region 2 is a second lamina (typically epoxy or phenolic impregnated
fiberglass). Region 3 is the honeycomb core (typically Nomex™) and region 4 is
generally a lamina similar to that in region 2. For a simple approach, the
assumption 1s that each region has a specific polymer decomposition temperature
which will be designated as P;, Py, P3, and P, respectively. When the region
reaches its respective decomposition temperature, it undergoes an endothermic pyro—
lysis that continues until only a char remains of that region. In reality, such
transitions may occur over a temperature range of modest magnitude, but the arti-
fice of making the energy release a delta function of temperature is convenient.
It is further assumed that P; <Py <P3 and it is stated that the approach is
probably reasonable only through the pyrolysis of region 2.

POLYVINYL FLUORIDE / /

RESIN IMPREGNATED CLOTH

NOMEX HONEYCOMB

RESIN IMPREGNATED CLOTH

~

FIGURE 4. . IDEALIZED PANEL CONSTRUCTION

Physically, once the polymer decomposition temperatures are defined, the pyrolysis
model consists of allowing the enclosure temperature to rise via equation 31
until the enclosure temperature reaches Pj. The enclosure temperature remains at
Py until the first region is reduced to char. The enclosure continues to rise in
temperature until P9 is achieved. The enclosure then remains at temperature P)
until region 2 is reduced to char.

14



During these transitions equation 24 is modified to include the endothermic reac—
tion in the following manner:

Aoy & He + a’('!:—PJ

M C,
= C?P xab (?2)
MC,

when the enclosure gas remains at the temperature of the particular transition, Py,
and where Qp is the rate of energy transferred to the pyrolysis endotherm.

Given the total enclosure surface of panel as,ﬂg and a polymer decomposition energy
of Lj on a unit mass basis, the total decomposition energy involved at Py would be
Py di)d Lj where Py 1is the lamina density and dj is its thickness. The time for

this transition to take place is Aty and the total event can be described as
follows:

Qp A-Ec = (a‘_ J’J "l i:.' (93)

Using equation 43 in 42, the time for the pyrolysis of the i th lamina is

P ; ) Ld
Atc = 4 , (W)
o aHe = __Mgpa (p:-T.)

Equation 44 states that the time for the enclosure to remain at temperature P; is
simply the heat required to pyrolyze the i th lamina divided by the net energy in-
put from the fire source. The net energy is the heat of combustion minus the heat
lost through ventilation and wall conduction. The equation shows that the enclo-
sure potentially can be held at a temperature during pyrolysis of a lamina and,
thereby, further temperature rise can be deferred. In terms of human surviv-
ability, advantages would accure if the polymer decomposition temperature, Py, were
somewhat lower than 400° F. Higher temperatures would mean that the enclosure heat
would both incapacitate occupants and cause autoignition of cellulostic contents.
Additionally, the mass production of the pyrolysis products would have to be
evaluated against ventilation rate to ensure that the pyrolysis products were not
causing an ignitable fuel air mixture in the gas phase.

This point is brought out by consideration of a panel made of tedlar, phenolic/

fiberglass, and Nomex honeycomb. The PVF and phenolics have polymer decomposition
temperatures of 360° C (680° F) to 400° C (752° F). Thus, before these materials
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would pyrolyze, the enclosure would be so hot that human survivability would be
impossible. On the other hand, epoxy might have a polymer decomposition tempera-
ture in the neighborhood of 180° C (356° F). 1In fire tests of a PVC, epoxy/
fiberglass, Nomex honeycomb panel, tedlar generally peels away and falls to the
floor and this is probably due to the fact that the epoxy Pj is lower than that
of tedlar. For such a panel system the model would allow only the epoxy/fiberglass
lamina to decompose.

The type time intervals available from this pyrolysis event can be demonstrated in
an example. The hypothetical enclosure of figure 2 has a total surface area of
3,200 square feet. Assuming a wall panel weight of 56 ounces per square yard, the
total panel weight would be 1,200 pounds. The epoxy lamina below the tedlar might
be something like twenty percent of the overall weight or 240 pounds. A typical
heat of degradation of a polymer might be 300 calories per gram. According to the
model proposed here, the enclosure would heat according to equation 31 until the
air inside reached a temperature of 356° F. The enclosure would remain at 356° F
for the time interval shown by equation 44.

To further specify the sample exercise, the following quantities are used:

v, s H ¢ 50,00 B [l
MG a (=T )y, ¢ 24,781 B foni

Codo AL 12,705

Using these quantities, At comes out as 5.6 minutes. The numbers used roughly
correspond to a strong seat fire, an air change every three minutes, and wall heat
transfer characteristics developed previously for a 1/2-inch thick panel.

The phenomenon of cooling the enclosure in this fashion could be called ablation in
a general sense. However, true ablative cooling refers to a situation where the

back side of the panel in this exercise bounded the enclosure of interest.

APPLICATIONS TO TESTING.

Besides identifying the importance of definition of ventilation rate and 1lining
materials in fire testing, the technique offers a way of defining the effective
thermal inertia of a fuselage. The thermal inertia is related to F7' up to the
point of pyrolysis or polymer degradation. As shown in equation 32 ' is related
only to the ventilation rate and material thermal properties. On the other hand,
"Y' according to equation 15 is related to the enthalpy of the air in the enclo-
sure divided by the fire's heat release rate. Equation 36 shows that the long time
temperature is related to ' divided by T g.

These equations can be used to determine the thermal response of an enclousure
in a non-destructive fashion. A small heater of constant convective heat out put
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could be placed in an enclosure. If the heat output were adjustable at known
outputs and set to give a long time heat buildup of approximately 100° F, then
Y would be identified.

At a specified ventilation rate, the temperature time history could be measured,
and equation 36 would yield an empirical value of T ' for the entire enclosure.
This same ‘T ' would apply for cases of larger fires that would destroy the
enclosure.

In this manner, changes in ventilation ducting and materials could be accomplished
experimentally to develop configurations with the smallest empirical T".

DISCUSSION

The use of a perfect stirrer type approach to analyze aircraft cabin fire scenarios
is not a new development. Similar approaches by the aircraft manufacturers are
documented in references 6 and 7. Additionally, the developments in reference 8
use a stirrer type approach to characterize exponential fire growth for a number of
burning materials. In all these references, some success in correlation between
model results and experimental results is demonstrated. Nevertheless, comparison
of the results with further analytic and experimental work is difficult. Refer-
ences 6 and 7 involve actual fuselages or fuselage simulators. Nonetheless, either
the origins or definitions of the analytical expressions are not readily ascertain-
able or the experimental test bed is not fully defined as to wall linings, volume,
or air change rate. At this point, an expression like equation 31 does produce
the general shape of the experimental data found in reference 6. Additionally,
some credibility is given the approach of using equation 44 in reference 9 where
the ceiling temperature curve remains stable at the ceiling material's approximate
polymer decomposition temperature until burn-through occurs.

Evaluation of the literature and typical full-scale test procedures really
indicates that use of the approaches developed here require clear definition of all
wall linings as well as documentation of fire burning rate, fuselage volume, and
ventilation rate. What is clear from this analysis is that panel heat sink
behavior and fuselage ventilation counteract the thermal growth in the enclosure
caused by a fire. As such, ventilation and wall heat transfer effects must be

The perfect stirrer approach is global in nature and will break down in the vicin-
ity of a strong fire plume. The stirrer approach really generates a gross average
condition describing the enclosure fire history.

The development at this point has not included smoke production, oxygen depletion,
or toxic products resulting from the fire and pyrolyzing materials. These effects
are readily added to the technique. The development at this point also does not
include fire growth, and this can be added with some complications. The develop-
ment focuses on the interior panels only so that their performance features can be
more clearly isolated. What the development particularly shows is that there is a
relationship between fire size, material properties, and ventilation rate as
indicated in the two characteristic times, " and rg. When the fire is relatively
small as indicated by the relationship of the characteristic times, ventilation
plays an enormous role in keeping thermal hazards at a minimum. This is shown most
clearly in equation 18. However, a relatively large fire compared to the vent-
ilation constant would lead to a situation where the cooling capability is
ineffectual.
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As to pyrolysis of wall lining materials, there is potentially an ablative cooling
role. Whether pyrolysis effects should be considered in design would involve a
more thorough evaluation of potential effects related to toxicity and flammability
of the pyrolysis products of a given panel material system.

Besides analysis of oxygen depletion effects and gas injection from the walls, a
more detailed development of this technique would have to include an appropriate
heat loss term for heat transferred from enclosure gases to the seats. Because of
their bulk and surface area, the seats might be expected to perform a function at
least equivalent to the wall and ceiling panels. This would be true even 1f they
were covered with advanced fire blocking materials. Inclusion of seats would also
include the trays and seat frames. To get the overall heat transfer effects of all
materials in the cabin, the more detailed approach in reference 3 might be used.

CONCLUSIONS

The application of perfect stirrer analysis to fires in ventilated aircraft cabins
leads to four conclusions.

1. The ventilation rate is a major variable in fire hazard development.
2. The wall and ceiling panels play a major role in cooling the enclosure.

3. The outflow ports in test articles are locations of primary importance for
locating sensors to describe the history of the fire growth.

4, Small-scale fire tests that yield thermal conductivity as part of their output
are needed for evaluating panel performance in fires.
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