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SUMMARY

OBJECTIVES

An analytical study has been made of the thermal response of personnel
parachutes on exposure to aircraft crash fires during descent in order to eval-
uate, on the basis of available data, whether improvements in the thermal sur-
vivability of parachutes can be made. The objectives of this study were

e To develop an analytical model of a parachute encounter with a fire

® To determine which properties of the fire, parachute configuration,
and fabrics are most critical to the thermal response

® To provide a relative measure of the thermal performance of three
specific fabrics, Nylon, Nomex, and PBI

@ To assess the range of fire and descent trajectory conditions in
which parachutes of these three fabrics may be expected to fail.

APPROACH

The approach of this study was to model analytically the crash fire, the
descent trajectory, and the fabrics and configurations used in personnel para-
chutes. This model was developed into a computer code, called AFPARTS, which
calculates the transient thermal response of a parachute as it descends on var-
ious trajectories near and through a crash fire. This new code provides an
integrated analysis capability never before available. Data used to model each
part of this problem were collected primarily form the literature. No new
property (data were generated as a result of this program.

The scope of the study was defined to consider
e A fully inflated canopy in steady descent

e Design specifications for the Air Force C-9 personnel parachute.
Note, this fixes canopy permeability, dimensions, pressure distri-
bution, and fabric weight

° Three materials; standard Nylon as used in the present C=-9 parachute,
and Nomex and PBI assuming these fabrics to be constructed to the

permeability and weight specifications of the C-9 parachute




Use of available fabric property data including thermal (specific
heat, conductivity), optical (absorptance), thermochemical, strength,
and shrinkage. Where specific data were not available for the con-
figuration being considered, data were extrapolated or inferred from
existing, relevant sources

Fully developed JP-4 crash fires from 50 to 200 feet in base diameter
at sea level and wind velocities from 0 to 30 knots

A range of initial trajectory altitudes and lateral offsets from the
fire centerline sufficient to define a failure envelope

Possible failure criteria were considgered to include:

Mechanical - due to load exceeding fabric strength at elevated
temperature

Configuration instability -~ due to excessive shrinkage

Thermochemical - burning

No established failure criteria exist for any of these modes. For the purposes

of this study the temperature range and amount of shrin“age are noted to indi-

cate potential failure; loss of strength below the steady-state descent loads

(i.e., no safety factor) is considered mechanical failure; and, any evidence of

melting or burning is ccnsidered a failure,

Failure temperatures for each of the failure modes for Nylon, Nomex,
and PBI are irlicated below:

X Shrinkage Mechanical
Material | (mayimum amount) Strength Burning
Nylon not determined 450°F 488°F (melts)
Nomex 590 - 710°F 835°F 935°F
(30% linear)
PBI 750 - 790°F 890°F not observed
(40% linear)

Note that Nylon loses strength at a temperature well below any form
of failure for Nomex and PBI. Both Nomex and PBI undergo significant
amounts of shrinkage at temperatures well below those for mechanical
failure. Wheieas the latter mode represents certain failure, no data
were found or generated which equate the shrinkage with failure,
Burning or melting does not occur at temperatures below the mecirzn-
ical failure temperatures for any of these materials, and thus is not

a failure mode of concern.
X




RESULTS L

Key results of this study are summarized below with the aid of Table S-1 ‘
and Figure S-1. Table S-1 lists all the parameters considered in this study and

indicates their level of criticality. Column 1 lists parameters which were not
critical to this study and are not likely to be in any nominal parachute config-
uration. Column 2 includes those which were not critical to this study, but may
be for other configurations or defined coi.ditions. Parameters in Column 3 were
of moderate criticality and those in Column 4 were of primary criticality in this
study, and therefore, would be in the general case as well.

A primary observation to come from this study is that upon entry into the !
fire or hot gas plume, the canopy temperature reaches near equilibrium with the
local environment in approximately one second. Therefore, it is concluded that !

® The canopy fabric is the most critical component in the parachute
system due to its very low thermal capacity (thin and lightweight)
and its high permeability.

Since the thermal time constant is so short, the temperature ci the fire upon
entry can be directly related to +he various temperature dependent failure
mechanisms. Consequently,

® The vertical temperature variation of the fire is of primary impor-
tance in determining thresholds of failure for various materials.,

A number of other conclusions follow frem the basic observation stated
above.

@ Permeability is a key property since the C-9 requirement results in
a high blow=through convective heat transfer which dominates other
modes of heat transfer.

e All other fabric thermal properties (specific heat, thermal conduc-
tivity, etc.) are not critical for C-9 canopy fabrics due to 1) the
dominance of permeability, and 2) the small variability of these
properties among the candidate materials. Optical properties, which
are not critical for C-9 canopy fabrics, might be significant for

other configurations.

® Other components in a parachute are not critical to failure since
they are at least an order of magnitude slower in thermal response
cumpared to the permeable canopy

® Mechanical failure of Nomex and PBI fabrics is predicted only foi
through-the~-fire trajectories. Nylon is predicted to fail under
windless conditions for descent within one fire base radius of the

periphery of large fires.
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TABLE S-1

Not Critical
In General

Nol Critical
For This
Study

Moderately
Critical For
This Study

Critical in
This Study

FIRE RELATED

Vertical Temperature Prof.le
Composition

Wind Velocity

Base Diameter

Fire Geometry

Fire Velocities

Optical Properties

TRAJECTORY RELATED

Initial Altitude

Entry Altitude

Wind Velocity

Bypass Distance from Fire ¢
Vertical Velocity

PARACHUTE RELATED

Component

Canopy
Cord
Webbing

Thermal Properties

Specific Heat
Conductivity

Optical Properties
Absorptance

Configuration

Permeability
Weight

Mechanical

Strength
Shrinkage

Thermochemical
Burning-Decomposition

FATLURE CRITERIA

Structural Failure
Dimensional Stability
Burning

>€C > >
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With regard to the results for the three materials considered (ilylon,
Nomex, and PBI) Figure S-1 shows the minimum fire entry altitude, below which
the canopy is predicted to fail, as a function of fire base diameter. Two
failure modes are shown; shrinkage (i.e. resultant dimensional instability)
which represents a possible failure mode and the ultimate failure mode of ten-
sile stress failure under a steady state descent load. These results are based

upon:
e Worst case fully~developed fires

@ Worst case trajectories - passing directly through the fire/plume
center

e Failure temperatures - criteria as shown above

The difference between Nomex and PBI is negligible based on thermal stress, but
favors PBI based on shrinkage (based on its higher shrinkage onset temperature;
not the amount of shrinkage). In both cases PBI and Nomex are superior .o Nylon.
It must be noted that the predicted threshold altitudes of failure are strongly
dependent upon the calculated vertical temperature profiles in the fire, (no
data exist to verify the fire model presented in this study), and the assumed
failure temperatures of the candidate materials. Consequently, while the rela-
tive ranking of the three materials studied is clearly indicated, both the rela-
tive and absolute magnitude of improvements in survivability are subject to un-
certainties which have not been evaluated. The results clearly indicate that

° The use of alternate materials in canopy fabrics shows potential for
improved survivability in encounters with JP-4 crash fires.

The need for experimental data in a simulated fire environment was
addressed in this study. A laboratory test apparatus which can provide end-use
simulation is shown to be feasible and a preliminary design concept is presented.
Such an anparatus can be used to verify the analytical results and to screen

candidate fabrics.

RECOMMENDATIONS

This study has shown that improvements in the thermal survivability of
personnel parachutes on exposure to aircraft crash fires is attainable through
the use of improved fabrics for the parachute canopy. In addition, the vertical
temperature profile in the fire, the temperature dependence of possible failure
modes and, in particular, the permeakility requirements oi the C-9 configuration
have been identified as the most critical parameters influencing parachute ther-
mal survivability. It must be recognized that the uncertainties associated with
the first two parameters and the limited scope of this study (which did not con-
sider alternate configurations, other improved fabrics, and only addressed worst

xiv



case conditions) does not allow an accurate evaluation of the ultimate improve-

ments in parachute thermal survivability that can be realized. The following

recommendations are provided to define additional tasks that should be performed

in order to improve the developed capabilities and permit an evaluation of the

achievable improvements in parachute thermal performance.

Consider configurations other than the C-9,
Consider other improved fabrics.

Obtain additional property data on actual candidate fabrics under
conditions simulating actual use conditions.

Evaluate and improve definition of failure criteria.

Construct a laboratory test apparatus for accurate end-use simulation
testing of candidate materials.

Obtain a better understanding of the fire environment to define
and reduce the uncertainties in failure altitude predictions,

XV
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SECTION 1

INTRODUCTION

The following report describes the results of an analytical study de-

signed to understand and achieve a means for predicting the thermal response

of personnel parachute materials when exposed to a fully developed JP-4 fueled
aircraft crash fire. The study has two primary objectives: first, to evaluate
the fire-fabric system in order to determine those properties or qualities of
a parachute which are most critical to system survivability. The goal of this
objective is to provide guidance in the design of fabrics and parachutes such
that improvements in system survivability upon fire environment exposures can
be realized. The second primary objective is to evaluate three candidate mat-
erials being used or considered by the Air Force as materials for parachutes.

These include Nomex, PBI (polybenzimidazole), and Nylon.

In order to pursue these objectives, a representative analytical thermal
model of the fire-fabric system has been developed which ccnsiders the primary
mechanisms that determine the thermal response of parachute fabrics. Thas

includes:
1. Radiative exchange of energy with the environment.

2. Convective exchange of energy with the environment due to "blow-by"

of ambient gases.

3. Convective exchange of energy with the environment due to "blow-
through" of ambient gases,

4. Decomposition (mass loss) of the fabric by pyrolysis at elevated

temperatures.
5. Variation of fabric properties with temperaturc.

A new computer code has been developed for solution of this problem.
This code is a one-dimensional, time-dependent, finite-difference implicit sol-

ation of the energy balance equations written for one isothermal node describing

the fabric. The code accounts for all the above factors by including models
for typical wind-blown JP-4 fuel fires and the effects on parachute descent

trajectories.
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A major portion of this study is directed toward defining the fire and
parachute fabric systems. Section 2 describes the characteristics of a crash
fire and its influence on a parachute descending in its vicinity. Included in
this work is the development of an analytical model for the prediction of nom-
inal JP-4 crash fires which considers air entrainment, updrafts, air/fuel chem-
istry, and flame-bending due to wind. Alsn described is a model for calculating
the radiant thermal energy emanating from the fire that is incident to a para-
chute descending in near proximity which accounts for the altitude variations
of fire temperature. This section concludes with a description of the modeling
of parachute descent trajectories which accounts for the influence of wind and

velocity fields in the fire,

Details of the fabric thermal model are presented in Section 3. Included
are descriptions of the analytical formulations for convective heat transfer be-
tween the fabric and its environs and fabric decomposition at elevated tempera-
tures. Parachute survivability is based on the decay of the mechanical strength
of a fabric with temperature. The failure criterion and the fabric material
thermal properties selected are the result of a detailed review of the literature.

Section 4 describes the results of the analytical study for which a para-
metric analysis was performed. The effects of variations in fire, trajectory,
and fabric characteristics are evaluated. Predicted performance is correlated
for the candidate materials to ascertain their failure thresholds.

The lack of applicable data on the thermal response of parachute fabrics
in fuel fire environments suggests the desirability of simulating such encounters
in the laboratory. Section 5 describes a feasibility and preliminary design
study of an apparatus for simulating such encounters in a laboratory environment.

Conclusions and recommendations for future study are presented in Section 6.

In this report all quantities, c¢xcept as noted, are reported in two sets
of units. In general, the quantity is first reported in the English (engineering)
unit and is then followed by the appropriate metric conversion in parentheses.
Conversion of data and scales to metric units has been added where ‘jossible.

S




SECTION 2

CRASH-FIRE ENVIRONMENT

Definition of the ther.nochemical and geometric characteristics of large
open pool fires is required before the thermal response of fabrics heated by
such fires can be predicted. This section describes the analytical models
formulated to define the characteristics of a JP-4 crash fire, the radiant
energy emitted by the fire and incident to a descending parachute, and the

influence nof the fire upon parachute descent trajectories.

2.1 FIRE DEFINITION
2.1.1 Overview

In order to properly assess the response of parachute fabrics to typical

crash fire heating environments, the principal aspects of the associated fuel

" fire must be quantified with an appropriate mathematical model. The crash fire
influences the parachute in two ways: radiative and convective heat fluxes
generated by the hot combustion gases impinge upon the parachute fabric; and
the convective motions of the plume gases, associated both with the lateral
motion of entrained air and the upward motion of combustion products due to
buoyancy forces, act to alter the narachute's descent trajectory. The nature
of these heating and convection influences depends strongly on the location of
the parachute rel::ive to the fire plume, e.g., whether the chute is actually
in the plume or at some distance ou:side the plume.

In the present study, the mathematical model of the fuel fire must have

the following features:

a. The model must be capable of predicting fire temperature, con-
vective velocities, chemical composition, and plume radius as

functions of altitude above the ground.

b. The model must permit the specification of arbitrary base dia-
meter and wind velocity vector.

c. The computer code formulation of the model should require a
minimum execution time, in order to facilitate economical para-
metric studies of parachute response under a wide range of

conditions.
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A fundamental assumption made in this work is that the actual crash fire
can be represented by a circular pool of burning liquid fuel. The actual crash
fire scenario has been considered in detail in Reference 4. It is pointed out
there that during the crash, the fuel can be released in one or more of the
following three forms: carbureted fuel vapor-air mixture, mist, liquid. The
first two forms occur in relatively small amounts and, therefore, are impor-
tant only in the igrition phase of the fire, the duration of which is typically
twenty seconds. The nature of the crash fire beyond this initial transient is
largely dependent on the manner in which the spilled fuel burns. Important
factors in this phase of the fire are

1. Location of the fuel source.

2. Distribution of the fuel spillage prior to initiatio» of the fire.
3. Wind magnitude and direction.

4. Terrain topology.

5. Nature of the soil and/or foliage in the vicinity of the fire.

All of these parameters behave essentially randomly under real crash conditions
and, hence, are impossible to include rigorously in a mathematical model.
Nevertheless, the large open pool fire is felt to provide an adequate represen-
tation of the actual crash fire with respect to heating levels and convective

motions.

A number of models for free-burning fires have been presented in the
literature. However, with respect to this study, each of these available
models has at least one significant deficiency. In many cases, the authors
choose to concentrate on the plume above the combustion zone and, hence, ignore
combustion entirely. This was done by Taylor(l), who concentrated on an accur-
ate treatment of the turbulence field and stratification effects while ignoring
combustion and radiation; by Smith(z), who developed an accurate treatment of
the radiation field and assumed frozen chemistry; and by Morton(3), who again
concerned himself mainly with the fluid mechanics and radiation transport in a
frozen plume. Other models available have attempted a more thorough treestment
of combustion processes in the combustion zone close to the fuel source, but
have oversimplified their treatments of the plume above the combustion zone.
Thus, Albright, et al.(4), assured the combustion zone to be chara:terized by
a single temperature, density, and chemical composition, but failed to include
a momentum equation for the proper treatment of buoyancy effects. Similarly,
Morse, et al.(s), developed and solved a more complete model of a thermochemi-

cally uniform combustion zone, but again ignored the details of the plume




at greater distances above the fuel source by assuming a constant temperature/
velocity field for this region.

The most complete model available in the literature is that of MNielsen

(6), who account for turbulent entrainment, buoyancy forces, combustion,

and Tao
radiation, and vertical variations in all of these quantities. However, their
fuel chemistry was that asscciated with wood, rather than JP-4 fuel, and they

assumed windless ambient conditions at all times.

The approach taken in the study was to develop a model which accounts
for vertical variations in the fire properties, but assumes these properties
to be constant in planes parallel to the ground. This idealization is valid
in view of tne fact that, globally, the characteristic length of the entire
fire zone (combustion zone plus plume) in the vertical or fire axis direction
is much greater than its characteristic transverse width. The model described
below treats the evolution of the fire from its origin at the fuel surface,
through the cuibustion zone, and into the plume where temperatures eventually
decay to ambient levels and the convective motions are essentially dispersed.
In addition, arbitrary base diameter, fuel chemical composition, and wind
velocity are permissible. Hence, the model incorporates and extends many of
the features of the aforementioned models currently available in the literature.

2,1.2 Modeling

Two different fire models were developed in the present study. The
first treats the entire fire region, including both combustion zone and plume,
assuming chemical equilibrium applies. Hence, the fuel vapors are allowed to
combust in equilibrium with entrained oxygen, and the equilibrium combustion
products become more fuel-lean with increasing distance above the fuel source.
At the stoichiometric air/fuel ratio, peak temperatures are reached in the
fire column. The elevation at which this occurs is assumed to define the tip
of the combustion zone. The combustion products are further diluted with
entrained air as they continue rising above this combustion zone, with the
result that, because of this mixing and radiation losses, their average temper-
ature decays. Chemical equilibrium is assumed to hold in the dilution process.
Eventually, the combustion gases thermally decay to ambient temperature. The
entire region of the fire from the tip of the combustion zone to the point
where fire temperature has decayed to near-ambient values is called the fire
plume.

The second fire model developed here treats only the fire plume, that
is, the portion of the fire above the combustion zone. In this model, air is
allowed to entrain and mix with the combustion products flowing upwards out

——
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of the combustion zone, but no chemical reactions are permitted. Hence, the

plume is assumed to be chemically "frozen." It is shown below that, for (
identical starting conditions (conditions at the top of the combustion zcne),
the frozen and equilibrium models predict wvery nearly identical fire profiles.
The advantage of the frozen model is computational speed, which is one of the
prerequisites called out in the introduction to this section.

—~—

2.1.3 Results

Consistent with the desire for minimum computational time, only the
frozen plume routine has been incorporated into the composite AFPARTS code
which is used to determine the parachute fabric response. However, the {
frozen plume routine requires input data on the conditions at the top of the '
combustion zone. The chemical equilibrium code described above was used to cal-
culate these conditions for 50, 100, 150, and 200 foot (15.2, 30.4, 45.7, and i
61 meters) base-diameter fires. These data were then built into the AFPARTS !
code, in DATA-statement format, so that conditions at the top of the combus- !
tion zone for a fire with arbitrary base diameter can be determined from linear

interpolation.

In carrying out the calculations for the combustion zone, utilizing the
chemical equilibrium code, it was found that an augmented fire emissivity
greater than unity was required in order to obtain energy losses from the fire
column of sufficient magnitude. Without the augmented emissivity, the maximum
value of the mean temperature T_was significantly overpredicted. Use of an
augmented emissivity can be rationalized via the "radiation burst" concept(z).
According to this concept, the actual temperature at the fire periphery is the
average tcmperature Tcp plus a time-varying component, for example

T(t) = T [1 % sin2(§§)] (1)
where _ Tm - Tc %)
q = Tcp

The temperature T is the maximum temperature attained at the fire periphery

at any instant in time. The oscillating component is associated with the
motion of the large-scale eddies in the fire. These eddies carry "cells" of
hot gases at the fire core to the fire periphery where they are free to radiate
to the environment. Since the fire is relatively black (optically thick) due
to the presence of large amounts of soot and relatively long path lengths, the




"cells" at the core of the fire column are essentially insulated and, therefore,
unable to lose ~nergy tn the surroundings. If these cells are assumed to be
adiabatic, then the maximum instantaneous temperature they can attain is the
flame temperature of the fuel (adiabatic, stoichiometric combustion). For

JP-4 fuel, flame temperatures of 4000 - 5000°F (2200 - 2760°C) have been
reported(4). In contrast, average temperatures in nominally thirty-foot JP-4
fires have been measured and found to be approximately 1850°F (1010°C)(4'7'11).

The average radiative loss at the fire periphery is given by (assuming
blackbody radiation)

t
4 = =1 ; z(ﬁﬁ) o 4
{0 [T(t)] }ave T _/; OTcp [1 + g sin®(= dt = oecp(q)Tcp (3)
where
ccp(q) =1+ 2q + 9g%/4 + 3q%/4 + 359"“/128 (4)
To illustrate typical magnitudes for € (q), assume Tcp = 2310°R (1010°C) and
Tn = 5460°R (2760°C). Then q = 1.36 and ccp(q) = 12,

Figure 1 presents profiles of ch, 