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NOMENCLATURE
A projected area
b burner
Bi Biot number
& convection parameter
Cp specific heat at constant pressure
D burner diameter
d hydraulic diameter of cloth thread interstices
E activation energy
ex Reynolds number exponent
Fo Fourier number
PSW average view factor with respect to its environment
g gravity
Gr Grashof number

hl,hZ,ZH convective film coefficient

Ai reaction enthalpy

K permeability

k thermal conductivity

kg’kd frequency factor

L burner-cloth spacing

L characteristic linear dimension
M mesh number

m mass flow rate

n reaction order



Nu Nusselt number

P porosity

P pressure

By Prandtl number

q* normaliied heat flux

q conductive heat flux, volumetric flow rate
R screen radius, universal gas constant
Re burner Reynolds number

(Re}o injection Reynolds number

r,0 "coordinates

T temperature

U | specific internal energy

\'f velocity

W injection parameter

X,yY,z coordinates

o fraction of open area, absorptance
8 coefficient of thermal expansion

$ cloth thickness

€5A mass fraction

U dynamic viscosity

v kinematic viscosity

p density

pé mass per unit area

i scaling group

a Stephan-Boltzmann constant

6 dimensionless temperature
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stress tensor
T time
) stoichiometric equivalence ratio
Subscripts
a ambient
b burner
c calibration
d desorption
f flame
g gasification
i ignition
1 laboratory
m mean
mf mean film
0 injection, initial
p porosity
T reference
s screen or fabric
© rear surface free stream
1 front cloth surface
2 rear cloth surface
Superscripts
- nondimensional
* normalized
2 ideal
% vector
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SUMMARY

This thesis was part of a research endeavor under-
taken at the Georgia Institute of Technology, School of
Mechanical Engineering, in an effort to produce relevant
and reasonable criteria for fabric flammability standards.

The primary objective of this thesis is to describe
fabric flame interaction through determination and evaluation
of the convective film coefficients on convectively heated,
fine mesh wire screens, with simulated pyrolysate evolution.
The screens were exposed to a premixed flame by the Convective
Ignition Time Apparatus (CITA) formerly used for determining
the ignition time of fabrics. The same geometric config-
uration was used in the film coefficient determination tests
as was used in the determination of fabric ignition time.

The set of process parameters investigated consists
of the screen-burner separation distance, injection air
temperature and flow rate, screen mesh, and the heat flux
intensity. The results of these tests are given in dimen-
sionless form using a reference temperature to evaluate the
transport properties.

These convective film coefficients were then used to
predict the ignition time of fabrics, and these times were
compared with the ignition times of the fabrics measured

with CITA.
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CHAPTER I

INTRODUCTION

Significance of Flammability Research

Per capita, the United States leads all other major
industrialized nations in both fire deaths and economic
losses related to fires. The number of lives lost annually
in fires has climbed to nearly 12,000 and the cost of fires
has been conservatively estimated at over $11 billion [1][
O0f these losses, 4,000 lives, $250 million and 200,000
injuries have been associated with fabric fires [2].

Two of the major contributors to this poor fire
record have been cited as ignorance and indifference, both
on the private level and on the professional level. For this
reason, the fire problem has been attacked from two direc-
tions: education and regulation. One of the first major
Federal efforts in this direction was the Flammable Fabrics
Act of 1953 which was later amended in 1967. Under this act,
authorization was given for research in the area of fabric
flammability. The research was initiated in November, 1969,
and monitored through December, 1972, by the Government-
Industry Research Committee on Fabric Flammability (GIRCFF),

the membership representing the National Science Foundation,

*The numbers in brackets refer to the references given
in the Bibliography.



the National Bureau of Standards, the American Textile
Manufacturers Association, the Cotton Council of America,
and the Man-Made Fiber Producers Association [3]. Under the
auspices of this committee, the Georgia Institute of
Technology received sponsorship for its research from the
National Science Foundation (NSF) under the RANN program
(Research Applied to National Needs), Grant No. GK-27189.
Since January, 1972, the research has been continued under
the sponsorship and administration of NSF as Grant No.

GI-31882 [3,4].

Previous Efforts and Accomplishments

In order that relevant and reasonable standards may
be established for fabric flammability, it is necessary to
relate the behavior of a fabric under laboratory test
methods to the hazard that it presents in actual use.

It was first proposed by Tribus [5] that a fabric or
garment fire hazard be related through the partial probabili-
ties associated with all the events leading from fabric
certification via all conceivable hazardous situations to
burn injury. These intermediate events include the stochastic
human behavior as well as the deterministic material
response to the fire.

Two of these partial probabilities are of primary
importance and have been selected by GIRCFF to be determined

through research endeavors. They are: (i) the probability



of ignition for a given exposure, P(I/E), and (ii) the
probability of a burn injury for a given ignition, P(B/I).

The efforts at Georgia Tech have been directed toward
the determination of the first probability, P(I/E). This
probability can be expressed in terms of the ratio of the
exposure time to the fabric ignition time [4]. An experi-
mental and analytical program, initiated in November, 1969,
has been carried out under NSF Grants GK-27189 and GK-31882
to predict the fabric ignition time as a function of exposure
parameters and fabric properties.

Through this research, the thermophysical properties
required in the analysis of fabric ignition have been deter-
mined for the twenty fabrics selected by GIRCFF. A modeling
analysis was developed to predict the fabric ignition times
and these times were then compared to those determined
experimentally for both the radiative and convective heating
modes.

The convective heat transfer coefficients used in this
analysis were evaluated from measurements using an inert 200
mesh wire cloth exposed to a convective heat source. The
convective heat source was a premixed methane-air flame which
had been characterized by both the temperature profiles and
COZ and 02 concentration profiles [6]. The screen, which
represented an average fabric porosity, was made to form one
leg of a thermocouple junction and the temperature response

of this screen was used to determine the convective heat



transfer rate to the fabric.

However, ignition times predicted with these measured
convective film coefficients were shorter than the measured
ignition times. Much of the discrepancy has been attributed
to the insulating effect of the pyrolysate produced by the
desorption and gasification of the fabric. These effects
were not accounted for in the inert model, nor were they
simulated in the determination of the heat transfer
coefficients.

The porosity has also been cited by Heskestad as a
major parameter affecting the convective heat transfer to
fabrics [7]. The porosity of the 20 fabrics selected by
GIRCFF has been measured by Factory Mutual and reported in
Reference [8].

The inert heat transfer model was expanded to include
the effects of gasification in order that a more accurate
prediction of fabric ignition time be made [3], and now the
heat transfer coefficients must be made to account for the
possible effects of transpiration. Consideration will now
be given to previous efforts in similar endeavors.

The experimental determination of the convective heat
transfer coefficients is generally accomplished in one of
four ways. The first is primarily used to determine
convective cooling rates. A guarded hot plate is subjected
to the external flow conditions being investigated and the

power input to the plate, the plate temperature, and the



temperatures are used to determine the heat transfer
coefficient.

The second method involves the use of a heat flux
meter or '"circular foil heat-flow meter" [9]. The heat flow
meter is mounted in the body with its sensing surface flush
with the surface across which the rate of heat transfer is
to be measured. The emf output of the meter is calibrated
to give the heat flux directly, from which the film coeffi-
cient may be determined.

The third method is used to determine convective
heating rates with transpiration cooling [10]. The net heat
transfer rate is calculated from measuring the steady state
coolant injection flow rate and the excess surface tempera-
ture above the environmental temperature.

A fourth method which is frequently employed to
determine the transient convective heat transfer coefficient
involves the use of a Mach-Zehnder interferometer [11]. The
operation of the interferometer is based on the refraction
coefficient of the fluid changing with temperature. Inter-
ference fringes are produced by this instrument as the
result of temperature gradients in the fluid. Hence, the
spacing of these fringes is a direct measure of the temper-
ature distribution.

However, due to the large temperature differences
encountered in heat transfer from a turbulent methane flame

and the requirement of low injection flow rates, none of the



above methods are feasible for this study:. The first method
excludes the possibility of convective heating. The second
method does not allow gas injection at the heat flux meter
surface. The third method generally requires a spherically
symmetric geometry to avoid severe end effects. Finally,
the last method mentioned is practical only when small temper-
ature differences are encountered, when the level of
turbulence is low, and when there is no mass injection.
Consequently, the standard techniques of determining
the convective heat transfer are not applicable in this
study. Fortunately, the previously mentioned technique was
developed [6] in which a fine mesh wire cloth is made to
form a thermocouple junction. The cloth simulates a fabric
surface while allowing for gas injection. Furthermore, the
cloth is thermally thin and the temperature gradients across
the cloth width can be neglected. The temperature rise of
the cloth can be monitored and used directly to determine the
convective film coefficient. This method will be employed
in this investigation.
Having investigated methods of determining the film
coefficient experimentally, consideration will be given in
the next section to results of other investigations of similar

external flow configurations.

Heat Transfer of Impinging Air Jets

Since the thermodynamic and transport properties of



the combustion products of methane are closely approximated
by those of air [7] and, since the combusfion process is
complete at less than one centimeter from the burner, the
external flow may be considered to be that of a hot air jet
impinging normally on a plane surface. In this consideration
the possible difference in the temperature distribution of
the premixed flame and the hot air jet is neglected but the
qualitative comparison of the heat transfer results is
allowed.

The heat transfer of impinging air jets has received
extensive investigation both for circular jets [12,13,14,15,
16,17] and for slot jets [13,16]. These results will be
briefly discussed.

In the above studies, the external flow is described

by the Reynolds number

Re = pVD (1)
u
in which the characteristic velocity V is generally taken to
be the jet exit velocity and the characteristic length D is
taken to be the nozzle diameter or the slot width. The heat

transfer is then correlated in terms of the Nusselt number

Nu = 2R (2)



in which the characteristic length R is taken to be the
distance from the stagnation point.

The heat transfer rates were found 'to invariably
increase with jet exit velocities. However, no such
monotonic dependence of the heat transfer rate on nozzle-to-
plate spacing L was reported. The heat transfer rates were
found to both increase and decrease with L depending on the
jet diameter, the jet velocity, and the turbulence level. For
circular jets, the local heat transfer rate has been reported
to reach a minimum at about L/D = 0.5. At this spacing, one is
dealing with a "wall jet'" rather than an impinging jet [15]. A
maximum heat transfer rate is then found to occur at L/D
between 6 and 8, [15,17,18], and the rate decreases syste-
matically for larger L/D. The second trend (a maximum
occuring at L/D ~ 7) is found with both slot jets and
circular jets, but only at large Reynolds numbers. As the
jet Reynolds number decreases, this peak begins to flatten
out. For a Reynolds number less than about 1000 [17,18],
the flow is laminar and the Nusselt number is constant for
nozzle-to-plate spacing L shorter than the potential core
and diminishes in proportion to L-1 beyond that [17,19].
The deviation of the behavior of other jets from this pattern
is ascribed to the high levels of turbulence inherent in
the spreading of submerged jets,

An accurate description of these flow conditions,

even for the low Reynolds numbers (less than 1000) encountered



in this study, is complicated by several coupled processes.
The first of these i1s that of air drag. There is an entrain-
ment of air with the associated decrease in the mixing zone
velocity. The decrease of centerline velocity in the
developed profile has been reported to be proportional to
1/L [20] for both laminar and turbulent circular jets.
(However, this proportionality is valid only for spacings
greater than the length of the potential core. As was
pointed out by Daane [16], for nozzle-to-plate spacing less
than three nozzle diameters neither the center-line velocity
of the jet nor its size vary as a simple function of the |
spacing.) Since this study is concerned with the spacing
less than three jet diameters, i.e. within the potential
core region, the simple 1/L correlation is not directly
applicable,

The large temperature differences which exist between
the hot gases and the ambient air (~1000°C) give rise to two
additional effects. The first of these is the decrease in
jet bulk temperature. A hot jet discharging into a cooler
atmosphere experiencés a lowering of its temperature due to
mixing, both before and after impingement. The ﬁenter-line
temperature excess of an axially symmetric hot jet was found
to decrease to half its initial value in only ten jet
diameters [19,21]. Accordingly, the effective temﬁerature
difference for heat transfer now also depends on the distance

between nozzle and plate. (In the present study, the burner-
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to-cloth spacing is less than three burner diameters, and
the excess temperature drop was less than 15%.)

The second effect of the temperature difference is
the buoyancy force. These forces are often negligible with
respect to the inertia forces since the jet velocities
normally encountered are relatively large. The velocities
under consideration in this study are much lower than those
considered in many of the above references and the buoyancy
effects can not be neglected, except at close proximity to
the nozzle.,

The level of turbulence in the external flow is also
a significant parameter in determining the heat transfer
characteristics of impinging jets [17,19]. The turbulence
level has been used to account for secondary peaks in the
heat flux profiles about the stagnation point.

To account for these coupled processes associated
with the nozzle-to-plate spacing, the external flows are
generally described by one of two methods. In the first
method, one attempts to relate the heat transfer to an
approach velocity [15,19]. This method involves the use of
a semi-empirical relation for the velocity profile and is
generally used for L/D>8.

In the second method of correlation, one uses the
nozzle exit flow conditions as a basis for the Reynolds
number [14,16,17]. The effects associated with the nozzle-

to-plate spacing are then described using the dimensionless
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distance L/D. The shortcoming of this method is that the
L/D effect is not established independently of the heat
transfer rate. However, the jet exit Reynolds number and

the ratio L/D uniquely describe the external flow conditions
without requiring the determination of the approach velocity.
Furthermore, the Reynolds number based on jet exit velocity
can be determined within 2.2% using the mixture mass flow
rate of the methane and air, whereas the Reynolds number
based on the approach velocity can be determined within 6%,
at best, using stagnation pressure measurements. Consequently,
the second method of correlation will be employed in this

investigation.

Thesis Objectives

Decomposition gases emerging from the heated surface
of a cellulosic material effectively protect this surface
from impinging gas flames. The material porosity, however,
may allow some of the impinging gas flames to bleed through
to the unexposéd side, thereby increasing the rate of heat
transfer to the material.

The first objective of this thesis is to describe the
fabric-flame interaction through the determination and
evaluation of the film coefficients on fine mesh wire screens
under simulated fabric porosity and pyrolysate evolution,
and to express these results in terms of the governing

nondimensional parameters. The second objective is to use
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the results of these tests to predict the ignition times of
fabrics exposed to the same heat flux source, and to compare
these times to the fabric ignition times measured using the
Convective Ignition Time Apparatus (CITA).

The fabric geometry is simulated by inert stainless
steel wire cloths. The action of the emerging pyrolysates
is simulated through the injection of preheated air, and the
effect of fabric porosity is simulated by the suction of air

through the screen.

Since the ultimate objective of this thesis is the
prediction of fabric ignition times, the ranges of process
parameters to be covered by this thesis are determined by
fébric exposure conditions encountered in actual garment
use. Specifically, the same laboratory exposure conditions
will be investigated in this thesis as were used in the
experimental determination of fabric ignition times under

convective heating [3].
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CHAPTER I1I
ANALYSIS

As outlined in the thesis objectives, the interaction
between the fabric and flame is to be determined through the
use of fine mesh wire screens under simulated fabric porosity
and pyrolysis. However, dynamic similarity between the film
coefficient determination tests and the fabric ignition time
measurements is not possible. Consequently, the change in
the film coefficient due to the variations in aerodynamic
boundary conditions must be determined. This is achieved
through modeling analysis.

The modeling analysis, then, is used (1) to describe
the convective heating of a fabric and a screen, to derive
the governing dimensionless groups which correlate the heat
transfer data and to provide criteria for similarity between
the fabric and the screen tests, (2) to introduce the fabric
porosity and decomposition rate into the description of the
heat transfer process, and (3) to predict the ignition time
of fabrics in terms of the material properties and convective
heating conditions.

The phenomena associated with the convective heating
of a fabric are first presented qualitatively in the formu-

lation of the problem. Secondly, the equations which



14

describe the fabric-flame interaction are presented along
with their associated boundary conditions. Finally, a
summary is presented of the governing equations describing
the convective heating of a fabric and the closed form

solutions to these equations.

Problem Formulation

During the fabric ignition time measurements under
convective heating, the primary mode of heat transfer to
and from the fabric was convection: forced convective
heating of the fabric front surface and natural convective
cooling of the fabric rear surface. The interaction between
the heated fabric surface and the environmental gases is
described in terms of convective film coefficients.

To assess both the heat transfer in the screen tests
and the heat transfer in the fabric ignition time tests,
the overall convective heat transfer is described by two
film coefficients: one for the cloth rear surface, hz, and
a second for the cloth front surface, hl' These two coeffi-
cients are not equal and their respective heat fluxes depend
on different free stream temperatures. Specifically, the
environmental temperature for the forced convective heating
of the front surface is the free stream gas flame tempera-
fure, Tf, while the environmental temperature for the

natural convective cooling of the rear surface is the

ambient temperature T _.
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Two of the phenomena associated with the convective
heat transfer to a fabric are the fabric pyrolysis and
fabric porosity. These phenomena are discussed in the
following paragraphs.

First, it is noted that decomposition gases emerging
from the heated surface of cellulosic materials can be
effective in protecting the surface from impinging gas
flames (or from convective cooling during radiative heating).
This effect has been cited as a major contributor to the
error of predicted fabric ignition times based on film
coefficients obtained from an inert body [22].

The second phenomenon occurs as the gas flames impinge
on the fabric surface and flare out radially from the
impingement point. A portion of the impinging flame gases
bleed through the fabric to the unexposed side [7]. The
rate at which these gases bleed through the fabric is propor-
tional to the pressure differential exerted by the impinging
flame gases, and the perfusion greatly augments the heat
transfer.

A schematic presentation of the fabric-flame inter-
action and the coordinate system used in this analysis is
shown in Figure 1. Three regions are considered in this
analysis. Region (1) encompasses the premixed flame between
the burner and the fabric, Region (2) is the porous fabric,
and Region (3) is the environment above the rear fabric

surface. Surface I is the interface between Regions (1) and
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Porous
Cloth

f VRV

Burner

Figure 1. Model of Fabric-Flame Geometry
for Heat Transfer Analysis
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(2) and Surface II is the interface between Regions (2) and

()

Governing Equations

The description of the convective heating of a
porous cloth surface and the associated pyrolysis and flame
penetration is presented in this section along with the
derivation of the governing dimensionless groups. These
dimensionless groups correlate the heat transfer data and
provide criteria for similarity between the fabric ignition
time measurements and the film coefficient determination
tests.

The equations describing the convective heating of
Surface I are first derived and the associated boundary
conditions are specified. Specification of these boundary
conditions requires the solution to the mass and momentum
conservation equations for Region (2) and an analytical
correlation which describes the convective cooling of the
rear surface of the fabric. The governing equations and
boundary conditions are normalized to form the similarity
parameters which relate the film coefficient to the dimen-
sionless groups accounting for flame dynamics, fabric
pyrolysis, and flame penetration. The conservation of
energy equation for the convective heating of a fabric is
then presented, and a closed form solution which is used in

the evaluation of fabric ignition time measurements is given.
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Convective Heat Transfer Equations

The conservation equations for Region (1) shown in
Figure 1 are first given in their general form and then
specialized to the axisymmetric geometry of the flame-fabric
system and to steady flow. For the range of parameters of
interest in this study, the Mach number and the Eckert
number are much less than one. Consequently, the flow is
considered to be incompressible.

Momentum and Mass Conservation. The conservation of

momentum equation is written as

oV > oo =
p sz * p(VeV)V = -Vp-Ver+pg (3)
where p is the mass density, p is the pressure, T is the
stress tensor, § is the gravitational acceleration, and A
is the velocity vector.
The cloth surface is perpendicular to the burner axis

and hence the flow is axisymmetric and

V, = 0
9 (4)

8/88 = 0

The momentum and mass conservation equation for steady,

incompressible, axisymmetric flow is then written as

p(V-7)V = -Vp+u?ZV+D§ (5)
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where u is the dynamic viscosity of the fluid.

Energy Conservation. The conservation of energy

equation is written as

1
2 (pUr5pVE) +7+ (pUT+7pTVE) =

(6)
Ve [(pV+T+V)+q]+pg-V

where U represents the local specific internal energy of the
gases, and a is the heat flux vector. There are no reactions
with thermal effects taking place in Region (1) and therefore
the thermal generation term has not been included. Neglecting
the terms of mechanical energy with respect to the terms of
thermal energy and neglecting the viscous dissipation, the
conservation of energy equation is written for steady,

incompressible axisymmetric flow as
pC, (V+71) = KV 2T (7)

in which a is expressed in terms of temperature gradients
using the Fourier law and the specific heat at constant
pressure Cp and thermal conductivity k of the gases are mean
values.

Boundary Conditions. The boundary conditions for the

conservation equations are, for the porous slab
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at z = V. =0

5T 4 (8a)
"k g57l,-0 = B (TgTQ)
_ ~ aT - _
at z = 6 k ﬁ|z=5 Hz(Tm ) )
for the external flow
z = -L V. =0
at% r
0<r<D/2 v, = Vy
T =T, > (8b)
at z = = T =T /

where Hl is the effective film coefficient for the front
surface, EZ is the effective film coefficient for the rear
cloth surface, r and z are the radial and axial coordinates,
respectively, as defined in Figure 1, ¥ is the radial
component of the velocity vector, Vz is the axial component
of the velocity vector, k is the thermal conductivity of the
gases, T 1is the ambient temperature, and Vb is the burner
exit velocity. For porous cloths which are heated in depth

by the perfusion of gas flames, the axial temperature

gradients are small [4] and are neglected. Hence, a single
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cloth temperature TS is used for both the front and rear
surfaces of the fabric.

Two of these above boundary conditions will now be
specified. First, the unknown mass flux at the porous
boundary, (sz)]z=O, is related to the known fabric porosity
and decomposition rate through the momentum and mass
conservation equations for Region (2). (The energy conser-
vation equation for this region is given later in this
chapter in conjunction with the fabric ignition time
predictions.) Secondly, the natural convective heat transfer
from the rear surface of the fabric, hzﬁTs-Tm), is described
using analytical and empirical correlations from the
literature.

The mass and momentum conservation equations for
Region (2) are simplified and then combined to form an
expression for the mass flux at Surface I in terms of the
porosity and decomposition of the fabric.

The first term of the mass conservation equation
-
op/atT + V-pV =0 (9)

represents the rate of mass accumulation and is described

here by an nth order Arrhenius decomposition law

9p/0T = -(p,8)e, A, /6 (10)
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where § is the effective cloth thickness, poa is the original
mass per unit area of the fabric, ag is the fraction of

original mass that participates in the gasification reaction
and Ag is the reacted mass fraction of the completed reaction

and ig is the reaction rate given by
g
dkg/dr = kg(l*kg) exp(~Eg/RT5) (11)

where kg is the frequency factor, n_ is the reaction order,

g
and Eg is the activation energy. Substituting equation (10)
into (9) and neglecting the mass flux within the cloth in
the radial and angular directions, the mass conservation

equation reduces to

3(pV,)/3(2/8) = (p,8)e, A, (12)

Integrating this expression from 0 to a position (z/§) less
than 1 gives the conservation of mass equation for a

decomposing solid
= | 3
oV, = (V) l,og * (poﬁ)eg kg(Z/G) (13)

The momentum conservation equation for the flow through

a porous solid is [23]
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=

P == = -Vp-og-fD (14)

—

where the viscous term is expressed by the frictional drag
per unit volume ﬁD' From Darcy's experiments, it is shown
that for very slow flows dominated by viscous forces, the

inertia terms are negligible

DV
ey = 0 (15)

and the frictional drag is proportional to the velocity v

= By
FD eV (16)
where K is the average permeability of the porous solid.
Then, for one dimensional, steady, laminar flow, the
conservation of momentum equation is

pV_ = -pK(3p/3z+pg)/u (17)

Z

and this equation is known as the Darcy law. The gravita-
tional term is less than 2% of the total driving potential
and is neglected. Equations (13) and (17) are combined and
integrated over the cloth thickness § to obtain the mass

flux across Surface I
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(pV,) |2 g = PK(Py P ) /08 (p,6) e A/ 2 (18)

where p_1is the absolute pressure at z = 0 and Ps is the
absolute pressure at z = § (barometric pressure). Depending
on the relative magnitudes of the two terms on the right
hand side of the equation (18), the mass flux at surface
z = 0 may be positive, negative, or zero.

The use of the simple form of Darcy's law is restricted
to cases in which the inertia effects of the interstitial
flow through the cloth are negligible with respect to the
viscous effects. In general, this occurs when the Reynolds

number based on the characteristic diameter
Rey = pVd/u (19)

is less than 1 [24]. The best choice for the diameter d is
the hydraulic diameter of the flow passage formed by the
cloth threads or screen wires. Using this diameter d, Re 4<<1
so that the flow is laminar. Furthermore, the deviations
from laminar behavior are negligible for Red<10 for screens
and less than 10% for the fabric porosities reported by
Factory Mutual [8] forx Re;<1.2. Consequently, the mass flux
at the boundary z = 0 can be expressed by equatién (18):

The natural convective heat transfer from the rear

surface of the fabric, HI(TS~TM), is described using
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analytical and empirical correlations from the literature.
These correlations are described and summarized in the
following paragraphs. The domain of interest is Region (3)
shown in Figure 1.

The fabric pyrolysis and gas flame perfusion produce
a mass flux out of the rear surface of the fabric. This
flow disrupts the natural convection currents and influences
the convective cooling rate.

It is therefore desired to obtain a solution to the
natural convection problem with mass transfer at the
boundary, which, in the limit as the mass flux approaches
zero, reduces to the solution of the problem describing a
solid boundary.

The limiting case, that of no mass injection, is
analyzed using the empirical correlations of Fishenden and
Saunders [25]. The correlations for the case of free
convective heat transfer with no mass transfer from horizontal
and vertical surfaces are identical for a Prandtl number of
.645 and differ by less than 1.6% over the entire Prandtl
number range of interest in this study [25,26]. Assuming
that there is a similarly close correlation between the heat
transfer from horizontal and vertical plates with mass
transfer, the analysis of Rohsenow and Hartnett [27] for
vertical surfaces can be employed. This analysis treats the
constant fluid property problem of free convection from an

isothermal vertical plate with uniform mass injection. The
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solution involves the approximation of local similarity,
i.e. conditions at a given location are not severely influenced
by conditions upstream. This assumption appears reasonable
since the solution not only reduces to the correlation given
by Fishenden and Saunders for zero mass injection, but also
closely approximates the solutions for both small mass
injection rates [28] and large mass injection rates [29].

The numerical solution obtained by Rohsenow and
Hartnett is used in this thesis by fitting a polynomial
through the numerical solution presented in Reference [27]
to obtain a correlation of the form

1/4

Nu_ /Gr M4 = £ 1ov )| x4 auc) (20

X, 2 X

where the convection parameter C is given by

C = [gB(T,-T,)/av?1Y/* (21)
Gr, = gB(T -T,)x /v (22)
and Nux’2 = hZX/k (23)

and where fn represents a second order polynomial. This
functional relation is then integrated over x to obtain the

average Nusselt number
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Nu,/Ge /Y = g ] (24)

where s is a second order polynomial and the injection

parameter w is given by

W= [(oV,) | R */auc] (25)

and
Nu2 = HZR/R (26)
Gr = g8 (T -T )R>/v? (27)

where R is the cloth radius and [sz)|5 is the mass flux at
the porous surface. These calculations and the resultant
coefficients are given in Appendix E.

The effective film coefficient for the free convective

cooling of the rear fabric surface is then given by

R, = cr'/%g (/R (28)

where the thermodynamic and transport properties are evalu-

ated at the mean film temperature

T = (T T )/2 (29)
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As in the previous section, the mass flux at the
porous boundary (pVZ}|6 is related to the known fabric
porosity and decomposition rate. Equation (13) is evaluated

at z equal to § and combined with equation (18) to give

(oV,) |5 = pK(py-Pg)/ub*(p,6)e A /2 (30)

The heat transfer coefficient for the convective
cooling of the rear fabric surface is then given as an
explicit function of the Grashof number Gr and the injection

parameter w
Nu, = f{Gr,w} (31)

The Grashof number describes the magnitude of the
natural convective currents, and w characterizes the fabric
porosity and decomposition rate with respect to the rear
surface of the fabric.

The boundary conditions, then, for the conservation
equations describing the convective heating of a fabric are
as summarized below.

For the porous slab



at z = 0 Vr
oV
-k
at z = § -k

z = -1, V.
at ;
OiriD/Z
V—i
A
T
at z = o« T
The
condition,
Region (1)
for Region (2).
experimentally.

li
o

= pK(Py-Pg)/us-(py8)e /2

aT _

§E|z=0 - Hl[Tf—Ts)
5T ) )
571220 = Ba(T4-Ty)

]
=
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> (32a)

f (32b)

surface temperature Ts is a time varying boundary
and, consequently, the governing equations for
are coupled with the energy conservation equation

The degree of dependence will be determined

Normalization of Conservation Equations and Boundary

Conditions.

The conservation equations and boundary

conditions given in the preceding two sections are normalized

using the following dimensionless quantities
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r* = r/R
z* = z/R
Vo= vr/Vb
Vz* = Vz/vb

} (33)
T* = (T-T_)/(Tg-T,)

o 2
p* = (P-p )/ pgVy

P
k3
n

ngkgexp(—E/RTi)

/
where R is the cloth radius, Vb is the velocity at the
burner exit, T is the ambient temperature, Pg is the density
evaluated at the flame temperature Tes and Ti is the fabric
ignition temperature. Substituting, then, equations (33)
into the momentum conservation equation (5) and multiplying

by'R/prbz vields

o* (P77 = -Taphe [T [ (34)

where

Ty = prbR/u (35)
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- &
T, = Vg /gR (36)

Similarily, using equations (33), the energy conserva-

tion equation (7), after multiplying by RXCpprb, yields

o* (VAVAT) = [—o—] {V2°T} (37)
T
1°3
where
Ty = Cou/k (38)

The nondimensional boundary conditions are,
for the porous slab

at z* = 0 Vr* =0

pK(po-gS) _{(poﬁJsgkgexP(-E/RTi)}i ,
MSDbe prVb g

1]

(p*V,*)

T4 = Tshg L (39a)

h.R
* 1
432* k (1_T5*) N TT6(1-TS*J

at z = {6/R) '-_é-i—*- = TTS ‘]'T-?TS*

for the external flow
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z* = -q vV*& =0
at 8 t
<r¥*< 2 v = 1
brting/ z 5 (39D)
T* =1
at z% = o« T* =0
/
where Tg = L/R (40)
Ty = D/R (41)
T * = (T_-T,)/(T¢-T,.) (42)

For the range of parameters encountered in this
study, the square of the Froude number, Tys is much greater
than one so that this term may be readily neglected.

According to the Buckingham Pi theorem, the arrange-
ment of the dimensional quantities in the above dimensionless
groups 1is afbitrary; any one of the dimensionless groups may
be replaced by the product of that one (raised to any power)
by any of the others raised to any power. This allows the

convenient rearrangement into the following scaling parameters:

L/D = ﬂsfﬂg (43)

R/D = 1/7 (44)

9

Re M Ty = prbD/p (45)
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Pr = Mg = Cpu/k (46)

Nul o HIR/k (47)
Nu, = m, = E,R/k (48)

T A = (T-T,)/(T¢-T,) (49)
(Re), , = mymy = pK(py-P IR/u’s (50)
[Re)o,g = myTe = (poﬁ)sgkgexp[-Eg/RTi)R/2u(51)

For a given decomposition rate ig*, the mass flux at

the boundary is specified by the injection Reynolds number

(Re), = (Re)o,p-(Re]O,gig* (52)
The nine scaling groups, equation (43) through (51),
are sufficient to describe the convective heat transfer to
the fabric. The natural convective cooling of the rear
surface of the fabric is expressed through the rear surface
Nusselt number

Nu f{Gr,w!} (31)

[}
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and the forced convective heating of the front surface of
the fabric is expressed through the front surface Nusselt

number and is correlated by
Nu, = £{L/D, R/D, Re, Pr, T_*, (Re)} (53)

The geometric ratio L/D is the burner-cloth spacing
measured relative to the burner diameter, R/D is the ratio
of the cloth radius to the burner diameter, Re describes the
burner exit velocity, the Prandtl number describes the fluid
properties, Ts* represents the thermal response of the cloth
to the convective heat source, and the injection Reynolds
number (Re)o characterizes the fabric porosity and decompo-
sition rate. This functional relationship expressed by
equation (53) is as yet unknown and must be determined
through experimental efforts.

Dynamic and thermal similarity is achieved when the
scaling groups listed in the above equations (31) and (53)
are identical for both the film coefficient determination
tests and the fabric ignition time measurements, and these
groups are employed in the reduction and correlation of data
in the determination of the film coefficient Hl‘

Fabric Ignition Under Convective Heating

The third task of this chapter is to predict the
ignition time of fabrics in terms of the material properties

and convective heating conditions. To predict the fabric
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ignition time, the conservation of energy equation for the
convective heating of a fabric must be solved. This

equation has been developed earlier [3,4], closed form
solutions were presented [3,4] for idealized systems, i.e.
convective or radiative heating of inert, thermally thin
materials, and numerical solutions were obtained [3,4] for

the complete equations describing the thermal decomposition

of thermally thin media. A summary of the governing equations
and the closed-form solutions is presented here.

The conservation of energy equation for the convective
heating of a fabric is derived from equation (6), after
including the energy generation term, and integrating over
the slab thickness [3,4]

dT 4

p8C_ GE = hy (T¢-T)-hy(T-T,)-2a0F  (1*-1_")

(54)
+(ﬂi)d[d(pﬁ)/df]d+(Ai)g[d(pﬁ)/df]g

where
Tf = free flame gas temperature
T, = ambient temperature
T = fabric temperature

Hl = effective film coefficient for forced convective
heating of front surface

h, = effective film coefficient for free convective
cooling of rear surface
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pé = specific mass of fabric
Cp = specific heat of fabric
B s ™ TLEW factor of fabric with respect to the
environment, averaged over front and back
surfaces

o = absorptance

Al reaction enthalpy

The subscript d refers to the desorption of water and the
subscript g refers to the gasification or pyrolysis of the
fabric.

The mass which underwent reaction is expressed through

the fraction X of the total, decomposable mass as

(Oﬁ)d Ed(pﬁJo(l_kd) [55)

) 1-X 56
(08 = eg(p8)(1-2,) (56)
where € is the fraction of original mass per unit area that
participates in the reaction. The rate of reaction is

described by Arrhenius type laws

—= = kg(1-14) “exp[-E4/RT] (57}

dA

T

]

n
- g -
kg(l Ag) exp| Eg/RT] | (58)

The convective heating and cooling terms are combined
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by an overall convective film coefficient 2h averaged over

front and back surfaces and based on the flame temperature.

hy (TeT) -hy (T-T
o 1 (Tg-T)-h, (T-T_) —
[Tf‘T)

Normalization of equation (54) yields [3]

do _ 4 4 dAg ffg
(_TI? = ef'a"ﬁ‘lz{[l*'ﬂllte"l)] '(1_“11) }'Trl ( ) TT14( J
(60)
where
= 5%%1 (61)
P
T-T,
A e (62)
1 -]
Ty3 = L-[T/T,) (63)
aUstTi4 (643
Wi o B0 L 64
12 ger.-t)
ed(&i)d 653
‘|T = "
13 C;TT;TT;T
E _(Ai)
Tig * " (66)
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T, is the fabric ignition temperature and T_ is the ambient
temperature or initial fabric temperature.

The normalized
desorption and gasification terms are then given by

Il
) a i
= T M50 explom/llemyy (6-1)1)

(67)
and
ii& = my7(1-2 )ngexp{-ﬁ /[1+m 4 (8-1)]11} (68)
= g 18 11

where

Tig = (pé)OCpkd/ZE (69)

Tig = Ed/RTi (70)

Ty = (08),C K,/ 2R (71)

myg = Eg/RT; (72)

An order of magnitude analysis reveals that the T19

term, which represents the ratio of radiative exchange to

convective heating, can be neglected for cloth temperatures
below 300°C,
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Similarily, since the fabrics of Reference [4] were
desiccated in a 5-7% relative humidity environment before
the ignition tests, the energy required for the desorption
of water is neglected.

The energy required for gasification is neglected with
respect to the larger convective heating fluxes since several
of the GIRCFF fabrics have small Ty4 values. The significance
of the gasification term will be reviewed later in the
evaluation of ignition time predictions. Although the energy
required for gasification is neglected, the effect of gasifi-
cation on the convective heat transfer coefficient is not
neglected, but is introduced in the evaluation of the
convective film coefficient.

The conservation of energy equation is then reduced

to the ordinary first order differential equation

a8 _ 0.6 (73)
=
T

for which the solution is [3,6]

(74)

O = TT-TY (75)
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At 6 = 1.0, the dimensionless time becomes the ideal

or predicted ignition time ?io

T.% = an[eg/ (04-1)] (76)

The actual ignition times of several different
fabrics, measured at various heating intensities, are
presented using the nondimensional fabric destruction time

given by the Fourier number [4]

_ Ti(k/ﬁj
Fo = mj—— (77)

P
where T, 1is the actual ignition time, (k/8) is the fabric
thermal conductance, Cp is the fabric specific heat, and
(p§) is the mass per unit area of the fabric. The convective
heating intensity is also nondimensionalized to form q¥*,

where
a* = (o) (0g-) (78)

The nondimensional heating intensity q* is the product of

the Biot number, the ratio of conductive resistance to
convective resistance, and the nondimensional average excess
flame temperature above the fabric temperature. The average,

nondimensional fabric temperature 6 is defined [3,6] by
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Tos 6]

which is evaluated using equation (76) to give

@|
i

ef+1/£n(1—1/efj (80)

Using this definition, equation (74), the solution to the

inert heating equation, is written as

- .0
T, (k/8) 1

Fo = W)_ = (Q*)‘

(81)

These nondimensional groups and the above equation
are used in the presentation of actual and predicted
ignition times of fabrics,

The dimensionless heat flux g*, which is required by
equation (81) for the prediction of fabric ignition times,
depends on the overall convective film coefficient 2h. The
overall convective film coefficient, in turn, depends on
both the fabric front surface film coefficient Hl and the
fabric rear surface film coefficient HZ' Consequently,
explicit functional relationships in terms of known parameters
are required for both Hl and Hz. The fabric rear surface
film coefficient Hz is given explicitly in dimensionless

form in equation (24) and in dimensional form in equation
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(28). However, the functional relationship expressed by

equation (53) for the fabric front surface film coefficient

h, is as yet unknown. It is therefore necessary to conduct

experiments which will determine the functional relationship
which correlates the seven parameters listed in equation (53).
The experimental simulation and determination of the fabric-

flame interaction is discussed in the following chapter.
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CHAPTER III
EXPERIMENTAL SIMULATION OF FABRIC-FLAME INTERACTION

Fabrics which are exposed to a methane-air flame under-
go water desorption, pyrolysis, and eventually melt or
ignite. Because of the reactive nature of fabrics, the
convective film coefficients which describe the fabric-flame
interaction must be determined from inert wire cloths which
simulate the fabric geometry.

The experimental simulation of the convective heat
transfer to a fabric requires the geometric, dynamic, and
thermal similarity established by the dimensionless groups in
equations (31) and (53). In this section, the methods of
experimental simulation are discussed and each of the
similarity parameters are considered.

The first requirement of the experimental apparatus is
to maintain geometric similarity between the fabric ignition
time measurements and the convective film coefficient determi-
nation tests. A fine mesh wire cloth is used to simulate
the fabric weave and is mounted in a geometrically similar
holder. Geometric similarity of the cloth surface exposed
to the burner is then insured by using the same blast type
burner for the convective heat flux and the same Convective

Ignition Time Apparatus [4]. With the above configuration,
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the R/D parameter remains constant and the burner-to-cloth
spacing is characterized by the ratio L/D.

Simulation of the fabric porosity and pyrolysis 1s
achieved through the duplication of the injection Reynolds
number (Re)o. This requires the controlled mass flux at the
surface of the porous cloth. It is accomplished by proﬁiding
an aif injection/suction chamber behind the wire cloth
which will regulate the pressure behind the cloth and thereby
control the mass flux through the screen.

Depending on the relative magnitudes of fabric porosity,
stagnation pressure on the flame side of the fabric, and the
fabric decomposition rate, the net mass flow rate through
the fabric may be greater than, less than, or equal to the
flameward flow rate induced by the decomposed mass.

The experimental tests, accordingly, can be divided
into three categories: Measurements with injection, no
injection, and suction. The physical cases which are simu-
lated by each of these categories are considered separately.

(i) Film coefficient measurements in which there is
no air injection simulate two cases. The first occurs when
there is negligible fabric decomposition and when the fabric
is very dense. The second case occurs when the rate of
pyrolysate evolved toward the burner is exactly equal to the
mass flux through the fabric, determined by the external
pressure differential.

(ii) Film coefficient measurements in which the air
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is injected through the screen toward the burner simulate
the case where the fabric is decomposing at a sufficient
rate to force some of the pyrolysates to escape from the
front surface of the fabric.

(iii) Film coefficient measurements in which there
is air suction simulate the third case in which the fabric
does not decompose at a sufficient rate to keep the free
stream gas flames from passing through the fabric.

The external flow is characterized, in part, by the
burner Reynolds number Re. This is duplicated by maintaining
equal stoichiometric equivalence ratios and the same mixture
mass flow rates of the air and methane.

The Prandtl number Pr relates the temperature
distribution to the velocity distribution and must be the
same in both the fabric ignition time measurements and the
film coefficient determination tests. Since the flame
temperature is dictated by process parameters which are
duplicated in these studies (stoichiometric equivalence
ratio, mixture mass flow rate, and spacing), and since the
Prandtl number does not vary appreciably either between
various gases or with temperature, it is expected that this
parameter will remain constant for both studies.

The effect of the excess temperature ratio (TS*) is
determined by maintaining the same flame temperature Te and
varying the surface temperature T.. This is accomplished by

heating the air being injected through the screen into the
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boundary layer.

The two parameters which characterize the convective
cooling of the rear fabric surface are the Grashof number
Gr and the injection parameter w. Neither of these parameters
is simulated in the determination of the convective film
coefficient, However, the heat transfer from the rear
surface of the screen is negligible with respect to the
convective heat flux to the front surface of the screen.
Before the screen is exposed to the burner, the air being
injected through the screen is at approximately the same
temperature as the screen, and the air therefore has no
cooling effect on the screen. When the screen is then
exposed to the burner, there is a step change in the front
free stream temperature. As shown in Figure 2, there is a
large temperature difference between the cloth and the front
free stream temperature at time tv = 0+, but only a small
temperature difference AT between the cloth and the rear
environmental temperature. Consequently, the film coeffi-
cient, evaluated at time 1t = 0+ (where AT = 0), is not
reduced by any convective cooling of the cloth and describes
the effective heat transfer to the front surface only. The
coupled heat transfers of convective cooling and convective
heating of the fabric are decoupled in the determination of
the film coefficient. The convective cooling of the cloth's
rear surface is described by the analytical correlation given

by equation (31) and the convective heating of the cloth's
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Figure 2. Chamber Temperature and Screen
Temperature Versus Time
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front surface is described through the film coefficient
determination tests.

The results of the film coefficient determination
tests are therefore correlated in terms of the parameters
listed in equation (53) which describe the convective
heating of the cloth's front surface.

The conservation of energy equation for the convective
heating of a fabric is specialized for the convective heating
of a screen to provide a method of determination of the
convective film coefficients. The screen does not undergo
desorption or gasification, nor does it experience any
convective cooling, as discussed previously. The energy
balance for the screen then gives the following expression

for the convective heat transfer coefficient,ﬁl:

(pd). € (dT_/dr)
hl = (%" _g,? S (82)
f s
where [pG]s is the specific mass of the screen, Cp,s is the

specific heat of the screen, T, 1is the screen temperature
and Te is the flame temperature. A radiation term does not
appear 1n this expression since the film coefficient is
evaluated at the initial screen temperature where the net

losses are balanced to be zero.
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CHAPTER IV
EQUIPMENT AND INSTRUMENTATION

In this chapter, the equipment and instrumentation
which is required for the determination of the film coeffi-
cient is presented first, and then the equipment and instru-
mentation which was used to determine the stagnation

pressure of the gas flame is described.

Introduction and Operating Principle

The primary task of determining the convective film
coefficients is accomplished experimentally by using a
stainless steel screen thermocouple. The screen was
exposed to the same convective heat flux source (blast type
burner) as used in the fabric ignition time tests. This,
in conjunction with a similar holder design and the same
burner-cloth spacing, insure geometric similarity of the
cloth surface exposed to the burner. Using the screen as
one of the two dissimilar metal components of a thermocouple
junction allows the direct measurement of the thermal
response of the screen to the ignition source.

The convective heat transfer coefficient, Hl' is
derived from an energy balance for the screen, and given

previously by equation (82).
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_ (e8), €, (4T /d7)
hl - S(Ti:%S) . (82)

where (pﬁ)s is the specific mass of the screen, Cp s is the

specific heat of the screen, T, is the screen temperature,
and T¢ is the flame temperature. The determination of the
convective heat transfer, then, requires the measurement of

T T and (dTS/dT).

f’ "s?

The convective heat source is described in terms of
its stoichiometric equivalence ratio (0.86), the total mass
flow rate of air and methane, the burner diameter, and the
resultant flame temperature.

The action of air injection or suction over the range
of -3 to +3 cm/s simulates the evolution of pyrolysates
during fabric decomposition and the mass flux through the
fabric due to its porosity, respectively. The entire range
of fabric porosities as well as decomposition rates are
covered by this variation of injected mass flow rate.

The use of wire cloth insures geometric similarity
with the fabrics and the effect of fabric weave is determined
by testing screens of varied mesh. The range of thread
count for the 20 fabrics selected by GIRCFF is 26 (GIRCFF
fabric No. 7, Jersey Tube Knit) to 130 (GIRCFF fabric No. 2,
Textured Woven Blouse). The corresponding range of thread
diameters, as indicated by the fabric thickness, is .00144-

inch (GIRCFF fabric No. 14, Taffeta) to .0273-inch (GIRCFF
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fabric No. 9, Terry Cloth). Two wire cloths were used to
determine the heat transfer coefficients. The first was a
200 mesh, .0021-inch wire diameter screen. The second was
a 150 mesh, .0026-inch wire diameter screen.

The Convective Film Coefficient Apparatus (CFCA) was
designed to be used with the Convective Ignition Time
Apparatus (CITA) to determine the film coefficients describing
the cloth-flame interaction. CITA was designed to expose a
fabric sample to a premixed methane-air flame. The action
of two solenoid valves retract water cooled shutters which
initially shield the fabric from the burner flames. The
shutter system, the gas burner, and the related instrumen-
tation are the major components of CITA which are used in
determining the film coefficients. The operating procedures
and the design details of CITA, CFCA, and the instrumentation

used for the tests are described in the following sections.

Convective Ignition Time Apparatus

The design of CITA centers around a six-inch diameter
opening in a one-inch thick aluminum base plate. A super-
structure is mounted directly over this opening and a support
‘cradle and vertical adjusting rod are used to position and
support the CFCA. An overall view of the CFCA and CITA
superstructure is given in Figure 3. A burner support base
is provided directly below the opening to allow accurate

positioning of the gas burner during testing. A water-cooled,
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pneumatically controlled shutter system is mounted just
below the opening and protects the CFCA from the convective
heating of the burner before the test takes place. The
burner and shutter system are shown in Figure 4, and the
related instrumentation is shown in Figure 5. The burner,
which was used in both the fabric ignition tests and the
film coefficient determination tests, is a Blast Type
burner, Fisher Scientific Co., No. 3-910-5. This burner
was modified by totally blocking the air ports and providing
the air to the burner from the compressed air supply in the
laboratory. The burner exit nozzle was fitted with a course
screen and has an exit diameter of 37 mm. This burner
provides a premixed air-methane flame with a useable methane
flow rate range of 10-200 g/hr. The results of the burner
characterization tests are given in Reference [3] and the
relevant results reproduced in Appendix H.

A schematic of CITA is given in Figure 6. Specific
design details of CITA are given in Appendix B.3 of Refer-

ence [3] and in Reference [6].

Convective Film Coefficient Apparatus

The Convective Film Coefficient Apparatus (CFCA)
consists of three primary sections: (i) an aluminum clevis
and its support rod, (ii) a transite inlet chamber and
porous bronze assembly, and (iii) an inert wire cloth and

screen holder assembly. A cross-sectional view of the CFCA
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is given in Figure 7 and the three primary sections are
discussed below.

(i) The clevis and support rod have been designed to
allow vertical to horizontal positioning of the wire cloth
for testing at vafious angles between the wire cloth and
the burner axis.

(1ii) The transite inlet chamber and porous bronze
assembly have been designed to produce uniform temperature
and velocity profiles of the injected air. The inlet
chamber and the porous bronze holder were constructed from
transite. Its low thermal conductivity helps insulate the
heated air and minimize the heat losses. A porous bronze
filter was used to produce a uniform velocity profile
across the wire cloth. It was inserted between the inlet
chamber and the filter holder and the two parts tightened
securely. A chromel-alumel thermocouple was then positioned
behind the bronze plate through a 1/8-inch diameter opening
in the inlet chamber. Provision was made for thermocouple
probes to check the temperature profiles for uniformity both
upstream and downstream of the bronze filter and for
continuous monitoring during testing.

(1iii) The screen holder assembly was designed primarily
for structural support of the test screen. The holder tops
were made of transite for insulation and the holder bases
were made of stainless steel for protection from the burner

flame and for the structural support. The stainless steel



57

/— Support Rod

D

) Clevis
/ Inlet Chamber
/ [’ Thermocouple
Porous —/\ // //

Bronze

Screen
Thermocouple

fertse

’//////////7 /—Inlet Chamber
Insulation

Heated —7—> . Shield

Air Inlet //

Screen\

;l"'der f///// “\\\ P Filter

o WY Ry Fleer

Exit Air

Screen
Holder
Base

Figure 7. CFCA Assembly Drawing



58

screens were cut to 3-inch diameter circles, the diameters
measured (+1/64-inch), and the screens weighed on a Christian
Beckers Analytical Balance (+0.0006 g). From these measure-
ments, a specific mass (g/cmz) was determined for each screen
(+3%). The results are given in Appendix A along with other
relevant test screen data. A 0.006-inch diameter 316
stainless steel wire and a 0.005-inch diameter constantan
wire were welded to each screen using a Baldwin Lima Hamilton
Corporation Model VTW 34 Welder so that the screen-constantan
weld formed the thermocouple junction. The wire leads were
routed through ceramic insulators in 1/8-inch diameter
stainless steel tubing through holes provided in the screen
holder.

The screens were mounted between the stainless steel
holder base and the transite holder top, being insulated
from the base by a 0.020-inch thick 1/4-inch wide asbestos
ring.

The diameter of the portion of the 3-inch screen which
was exposed to the gas flame burner was 2.5-inches (6.35 Cm).
A bottom view of the CFCA is given in Figure 8 along with a

stainless steel screen mounted in one of the screen holders.

Alir Preheater

An electric preheater was used to heat the air before
1t entered the injection chamber, thereby requiring only

guard heating for the chamber. The air preheater is shown



Figure 8.

View of Bottom of the CFCA, 63 mm Diameter Stainless
Steel Screen.
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in Figure 9. The air flows first through the outer annulus,
reverses itself and passes through the 1.3 mm wide inner
annulus along the 300 mm long, 16 mm diameter Watlow heater
element of 1 kW heating capacity (Type L12A21). The outer-
flow passage is insulated with fiberglass.

The preheater power was controlled by a Superior
Electric Co. Type 5649 Powerstat variable transformer. The
Watlow heater element had a resistance of 14 ohms which was
constant with temperature. A voltage measurement was used

to indicate the power output.

Guard Heating and Apparatus Assembly

Three separate guard heaters were used to eliminate
heat loss from the CFCA and from the preheater-to-inlet
chamber air line. The inlet chamber was first wrapped with
a single layer of Scotch glass cloth electrical tape (No.
20), and approximately 13.2 feet of Driver-Harris Nichrome
resistance tape (1/8-inch x .005-inch, 1.010 ohms per foot)
was then wrapped around the assembly taking special care to
avoid any shorts. This, in turn, was covered with two more
layers of the glass cloth tape.

A 3 foot, 7.3 ohm shielded resistance wire (.006-
inch diameter) was wrapped around the air inlet line and
4,2 foot 10 ohm resistance wires (.006-inch diameter) were
wrapped around the transite screen holder top of each screen

assembly. The estimated heat losses from each part of the
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CFCA were approximately equal, and so all of the guard
heaters were wired in series, a total resistance of 30 ohms.
The entire assembly was then checked for electrical shorts.

The power input to these heaters was controlled by
a separate Superior Electric Co. Type 5649 Powerstat variable
transformer. A voltage measurement was used to indicate
the power output.

An inconel insulation shield was mounted to the
stainless steel holder base, separated by an asbestos paper
ring. Fiber glass insulation was packed around the chamber
behind fhe insulation shield.

The apparatus was positioned over the shutters of
CITA at the desired height above the burner. The guard
heater wires were connected and routed to the powerstat and
the thermocouple leads connected to the recording equipment
via an Omega Model TRC ice point reference chamber.

Since AC guard heating was used, it was necessary to
provide special grounding wires to the apparatus to elimi-

nate interference on the thermocouple.

Instrumentation

Instrumentation was required to monitor and control
the air and methane flow rates to the burner and the air
flow rate to the injection chamber. Metering systems were
also required to supply air to the pneumatic shutters and

water to cool these shutters. Schematics of the
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instrumentation are shown in Figures 10 and 11. Instrumen-
tation and operatioﬁ of the burner and shutter systems
remained the same as those for CITA (Reference [6]).

The mass flow rate through the heater and the film
coefficient assembly was determined by means of flow rate,
pressure, and temperature measurements.

An iron-constantan thermocouple was used to measure
the air temperature at the flow meter and its output was
recorded on a Leeds and Northrup Model Speedomax W strip
chart recorder. The air flow rate was measured using a
calibrated Brooks Type 1357-01F1AAA Sho-Rate flow meter
R-2-25-B tube with tantalum and glass floats. This provided
a volumetric air flow rate range of 1 to 15 SCFH. The air
pressure at the flow meter was measured using a Meriam
Instrument Company 24-inch u-tube manometer. Water was used
in the manometer for the injection tests and mercury was
used in the manometer for the suction tests. The pressure
in the laboratory air lines was used for air injection tests
and a water aspirator was used to produce a vacuum for the
air suction tests.

The air temperature in the inlet chamber was monitored
continuously on a Hewlett-Packard Moseley Autograf model
7100MB strip chart two pen recorder.

For the film coefficient determination, a 6-volt DC
voltage source and a microswitch, which was activated by

one of the moving shutters, were used to detect the instant
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of shutter separation and wire cloth exposure to the burner
flame. A schematic of this instrumentation is shown in
Figure 12. This signal triggered a dual beam Type 502A
Tektronix Oscilloscope which recorded the wire cloth
thermocouple mV output on Polaroid film (oscillogram).
The signal from the microswitch was also used to
produce a spike in one of the traces of the two-channel
Hewlett Packard Moseley Autograf model 7100MB strip chart
recorder at the instant of exposure. The other trace
recorded the output of the thermocouple probe upstream of
the bronze filter. This record was used to determine the
temperature of the incoming gas, and helped to select the
minimum amount of guard heating required to keep the

injected air temperature within 10°C of the screen temperature.

Flame Stagnation Pressure

Numerical evaluation of the injection Reynolds
number given by equation (52) for decomposing porous fabrics
requires the stagnation pressure of the combustion gases in
the flame which impinges on the front surface of the cloth.

In general, it is not difficult to predict the pressure
drop for a given velocity or to accurately determine the
total pressure. The problem, however, arises in that firstly,
the velocity profiles can not be accurately predicted because
of the many interacting effects previously discussed.

Secondly, the total or stagnation pressure is extremely
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small, i.e. of the order of 1074 psig, and can not be
accurately measured by ordinary water manometers. For this
reason, two of the methods and techniques of micro-manometry
were investigated.

For the first method, a Meriam micro-manometer, Model
34FB2 was used. The reported accuracy is +0.00l-inch of
water (+.36 x 10_4 psi) when corrected for temperature
variations from the calibrated conditions. A simple quartz
pitot tube shown in Figure 13 was used to obtain the
stagnation pressures.

For the second method, a Datametrics Electronic
Manometer, Type 1014A was used with a Barocel pressure
sensor, Type 511-10 (Range: 10 mm Hg). The full scale
linearity was calibrated and deviations found to be less than
0.35%. The x0.001 full scale reduction was used and
afforded an accuracy of better than +2.0 x i psi.

For both of the instruments used above, the pressure
line from the quartz pitot tube to the measuring device was

a four foot long 1/4-inch diameter Tygon tube.
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CHAPTER V
EXPERIMENTAL PROCEDURE

The previous chapter presented the equipment and
instrumentation required for the determination of the
convective film coefficients. This chapter lists the
experimental procedures which were followed in obtaining
the required data. First, a detailed outline of the film
coefficient testing procedure is given. This includes not
only the screen calibration and operating procedures, but
also the ranges of process parameters. Secondly, the
procedures followed in obtaining the gas flame stagnation
pressure profiles are reviewed. Finally, the methods used
to determine the rear surface free stream temperature are

given.

Film Coefficient Testing Procedure

Since the temperature-time response of the stainless
steel screens is required for the determination of the
convective film coefficient, it was first necessary to
calibrate the screen thermocouples. Small samples of the
test screens selected to simulate the fabric geometry were
made to form a thermocouple junction and their mV-temperature
response was calibrated‘

The wire cloth samples were first cut to approximately
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11/16-inch diameter circles. A 0.0065-inch diameter 316
stainless steel wire was then welded to each screen using a
Baldwin Lima Hamilton Corporation Model VTW 34 welder.
Similarly, a 0.005-inch constantan wire was welded to the
screens approximately 1/4-inch from the first weld. These
second welds then formed the dissimilar thermocouple
junctions. The three screens were placed inside radiation
shielding along with an iron-constantan thermocouple. The
entire assembly was placed in a Thermodyne Type 1400
furnace. The furnace temperature was raised in approximately
34°C increments to 540°C, each time allowing the furnace to
reach a steady state, isothermal temperature. The mV output
of each screen and the thermocouple were recorded at each
step increment. The thermocouple output was converted to
temperature readings, and the screen mV thermocouple
temperature data was used to determine the fifth degree
polfnomial coefficients for a least square fit. Only one
set of coefficients was determined from all the data of the
screens since there was no significant difference in mV
response among the three screens tested (150, 200, 250
mesh). The coefficients and a T-mV plot are given in
Appendix G.

The following is a detailed outline of the testing
procedure used in the determination of the convective film
coefficients.

All recording equipment was turned on and sufficient
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time allowed for it to warm up. The ventilation hood fan
was turned on, the shutter solenoid power connected, and the
OV trigger battery switched on. Next, the cooling water to
the shutters was turned on, and the primary valve for the
injection air was opened, and both the room temperature and
the barometric pressure were recorded.

The screen support assembly was mounted on the CFCA
and positioned as required with respect to its height and
orientation above the burner nozzle. The inlet line was
connected to the air preheater. The oscilloscope triggering
level, time base, and beam sensitivities were adjusted to
the appropriate values and checked for triggering and
response. The shutters of CITA were closed and the air
tanks pressurized. The temperature of the injected air was
slowly increased to the desired value, avoiding significant
differential thermal expansions within the CFCA chamber
while maintaining the required injection air flow rate.

For the suction tests, there was no preheating and so the
flow was simply set at the desired rate.

After the methane was ignited with the burner placed
outside of CITA, the flame was stabilized at the desired
heating intensity through air and fuel rate selection. The
thermocouple output, manometer readings and flow meter
readings were recorded for both the burner gases and the
injection air.

The temperature behind the porous bronze plate in the
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CFCA was monitored continuously on a Hewlett-Packard Moseley
7100MB strip chart recorder. The initial screen temperature
(emf) was read from a Leeds and Northrup potentiometer.

The burner was placed below the water-cooled shutters,
the shutter on the camera was opened, and the CITA shutter
solenoid quickly released. The activation of the solenoid
valves pressurized the air cylinders, retracted the shutters,
and exposed the screen to the gas flame. One of the moving
shutters closed a microswitch which connected a 6V DC
voltage source and triggered the oscilloscope. One of the
beams of the dual channel oscilloscope traced the temperature-
time response of the wire cloth. The traces were recorded
on Polaroid film (oscillogram).

After the oscilloscope trace was completed, the
burner was removed from under the screen to avoid extensive
heating of the chamber. The chamber thermocouple output,
the oscilloscope time baseland sensitivity, and the voltages
which were required for the guard heater and air preheater
were then noted.

Testing was done at three heights above the burner:
1.9 em (3/4-inch), 7.9 cm (3-inches), and 10.5 cm (4-1/8-

inches). At each height, three air-methane flow rate

combinations were used: mair = 1197.2 g/hr, Mo sl = 60.8 g/hr
(low flow rate); Moy ™ 2072.0 g/hx, L 104.6 g/hr
(medium flow rate); Mmoip = 2814.3 g/hr, Mevel = 140.7 g/hr

(high flow rate). The above approximate flow rates produced
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a stoichiometric equivalence ratio ¢ of 0.86 + .01 (lean
mixture, excess oxygen).

At each height, the injection mass flow rate was
varied from 0 to approximately 300 g/hr. At the spacing of
1.9 c¢cm, the suction mass flow rate was alsc varied from 0
to approximately -400 g/hr.

The temperature of the injected air was varied from
room temperature to 300°C at each of the spacings as
required for correlation.

The above tests were performed on the 200 mesh
screen. For the 150 mesh screen, the air was injected at
room temperature and the mass flow rate was varied from 0
to approximately 300 g/hr for each of the three air-fuel

flow rate combinations at a spacing of 1.9 cm.

Rear Surface Reference Temperature

Since there are hot flame gases which flow through
the cloth surface, it was suggested that the free stream
reference temperature for the cloth's rear surface be the
plateau temperature of the temperature-position profile.
This plateau is shown in Figure 14, To determine whether
or not such a plateau exists, the following test was made.
An inert, 200 mesh stainless steel screen was mounted in a
sample holder and suspended from the CITA support cradle
with a sample holder support, as shown in Figure 15. A

chromel-alumel thermocouple was suspended over the screen
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so that the T. C. bead could be positioned at various
heights. Both a constantan wire and a stainless steel wire
were welded to the screen and the screen was calibrated with
a procedure similar to that used for the test screen.

The screen was suspended 3/4-inch above the burner and
exposed to the high intensity convective heat flux. For
these exposure conditions, the pressure differential which
was exerted across the screen produced a mass flux through
the screen. The free stream temperature position profile
was recorded as the thermocouple bead was moved from a zero
spacing to approximately 2.5 inches above the screen. This
profile is shown in Figure 16.

The temperature initially decreased rapidly with
spacing, and then decreased linearly at a lesser slope.

The linear decay may be due to a mixing plume. However,
there is neither an apparent temperature-position plateau
nor an exponential temperature decay and the results must
be viewed as inconclusive. For the special case of convec-
tive cooling of a plane horizontal solid surface, the
driving potential for the heat transfer is the temperature
difference between the plate and the ambient air. Due to
the lack of conclusive evidence, this difference was used

in this study.

Flame Stagnation Pressure Profiles

In order to determine a numerical value for the
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injection Reynolds number (Re)o for decomposing, porous
fabrics, it is necessary to know the stagnation pressure of
the flame impinging on the fabric. This was determined
experimentally.

The stagnation pressure profiles were first obtained
using the simple quartz pitot tube shown in Figure 13 and
the Meriam micromanometer described in the previous section.
The maximum stagnation pressure was measured at five
positions above the burner (0, 3/4, 1-3/4, 3, and 4-1/8
inches) for each of three burner mass flow rates (1265,
2158, and 2951 g/hr).

These measurements were then repeated using the
Datametrics Electronic manometer in place of the micro-
manometer., The maximum stagnation pressures were measured
at ten positions ranging from 0 to 12 cm above the burner.
Again, these measurements were made for each of the three
burner mass flow rates. There was considerable variation
between the minimum and maximum stagnation pressures at
less than 6 cm above the burner for the large burner mass
flow rates. Consequently, both the maximum and minimum
stagnation pressures were recorded at these positions.

At the larger spacings (greater than eight centime-
ters), there were considerable convective lateral fluctuations
of the flame, particularly at the lowest burner flow rate.
To minimize these fluctuations in order that representative

pressure measurements could be made, two 12-inch x 20-inch
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boards were placed vertically on each side of the burner
and spaced 12-inches apart. This did not restrict the flow
of air in the vicinity of the burner, but reduced the

influence of the convective air currents in the laboratory.
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CHAPTER VI
DATA REDUCTION AND RESULTS

In the previous two chapters, the equipment and
instrumentation required for the determination of the
convective film coefficients was discussed in detail and
the experimental procedures were reviewed. In this chapter,
the specific details of property evaluation are given and the

results and correlations of the convective film coefficient
determination tests are presented. The stagnation pressure
profiles of the gas flame are then given and these experi-
mental results and correlations are used in the prediction

of fabric ignition times.

Determination of Property Data

The overall formulation of the problem was presented
in the analysis and here are given the subsidiary details
required for the determination and evaluation of thermo-
physical and material properties appearing in the dimension-
less groups.

The problem of evaluating the gas properties is
twofold. Firstly, the flow field consists of both the
injected air and the combustion products of methane-air
mixture from the burner. The properties of different gases,

in general, behave differently with temperature. Secondly,
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the temperature variations encountered in the flow field
are very large.

It was first noted, however, that for a stoichiometric
equivalence ratio of 0.86, the properties of the combustion
products of methane in air are very closely approximated by
those of air alene. Hence, the transport properties of the
gases are taken to be that of air. Polynomial coefficients
were determined for the least-square-fit of the property
data of air and used in the evaluation and reduction of
data. The property evaluations are given in Appendix D.

To account for property variation with temperature,
the reference temperature method was employed. For this
method, the transport properties appearing in the dimension-
less groups are evaluated at a mean temperature between the
cloth temperature and the flame temperature. The selection
of the reference temperature was based on a least-square-
fit criterion in correlating the data from the film coeffi-
cient determination tests. The gas properties within the
cloth instirstices and below the cloth surface were evaluated
at this reference temperature. Above the cloth surface, the
gas properties were evaluated at the mean film temperature
defined by equation (29).

The thermophysical properties of the twenty GIRCFF
fabrics were determined at Georgia Tech and presented in
the Second Final Report on the Fabric Flammability Research

[3]. Those properties relevant to this study are summarized
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in Appendix F.

One of the material properties which must be speci-
fied in order to compute the numerical values of the
dimensionless gfoups is the fabric permeability K. The ratio
of permeability to viscosity u and effective cloth thickness
§ 1s commonly given as the porosity P.

P = (83)

K
ué
Factory Mutual measured the room temperature porosities [8]
of the twenty GIRCFF fabrics and these measurements are used
to determine the ratio of the room temperature permeability

to the effective cloth thickness

O =

= Pu_ (84)
The porosity measurements, as reported by Factory Mutual,
are given in Appendix B. The range of room temperature
porosities for the twenty GIRCFF fabrics is 0.072 to 7.4
3
ft /lbf.
The porosity values for fine mesh wire cloths are

available from the literature, Appendix C, and are given by

3/2
)
gl

_ 0.02

G (85)
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where o is the fraction of open area and M is the mesh
number. Typical fine mesh screens have a porosity range
of 0.80 to 8.9 ft3/1bf. A '"zero porosity'" screen can be
simulated by a metal foil or the heat transfer can be
inferred by interpolation of injection and suction data to

zero mass flux at the screen surface.

Determination of Convective Film Coefficients

The equipment and instrumentation used in the deter-
mination of the convective film coefficients were described
in Chapter III and the associated procedures were outlined
in Chapter IV. The scaling parameters which describe the
heat transfer process and correlate the experimental data
were presented in Chapter II. Here the results of these
tests are presented and the data are correlated in terms of
the derived scaling parameters.

A total of 128 tests were made in which the following
five process parameters were varied over the ranges described
in the previous chapter: the screen temperature Ts’ the
injection mass flow rate ﬁo, the burner mixture mass flow
rate ﬁb’ the cloth-burner spacing L, and the screen mesh M.

The description of the external flow required the
stoichiometric equivalence ratio, the total mass flow rate
to the burner, and the free flame temperature at the
selected screen position. The stoichiometric equivalence

ratio ¢ was held at 0.86 + 0.01 (lean mixture, excess
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oxygen). Both the air and methane flow meters had been
calibrated and each measured flow rate was corrected for
both temperature and pressure variations from the air

calibration conditions [30] using

= VTT-—p—R °c (86)
g te c 2

where the subscript 1 refers to the laboratory or actual
conditions, the subscript c refers to the calibration
conditions, and q is the volumetric flow rate. The gas
flame temperatures Tf used in this study are the results of
averages taken over several fabric ignition time tests [3].
The steady state flame temperature was measured during these
ignition time measurements in the plane of the fabric

holder after the fabric had burned or melted away. Each of
these temperatures were experimentally confirmed by repeating
the flame temperature measurements and additional data taken
where needed. A summary of these temperatures is given in
Appendix H,

The mass flux through the screen was measured as
outlined in Chapter IV using a calibrated variable area flow
meter. The volumetric flow rate reading was corrected for
both temperature and pressure using equation (86).

The film coefficient was evaluated directly from

equation (82)
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(06) (AT /dT)C
hy = T 1) £ (82)

in which the specific heat Cp,s was evaluated at the initial
screen temperature. The specific mass of the screen (pé)s
was determined as outlined in Chapter IV and is given in
Appendix A. The thermal response of the screen to the gas
flame was characterized by its temperature-time profile as
recorded on the oscillograms. From each emf-time oscillo-
gram, 30 to 40 points were read and the emf values converted
to temperatures using the calibration polynomial given in
Appenidx G. The temperature-time values were then plotted
and the curves found to be very nearly linear. The screen
response was therefore characterized by the linear slope
(dT/dt) obtained by passing a straight line through the
points. In cases where the entire temperature-time profile
was not linear, the initial slope was used to characterize
the response. A sample data sheet and its reduction are
shown in Figures 17 and 18.

The film coefficient Hl is presented in terms of the
Nusselt number based on the screen radius as given by

equation (47). This equation is repeated here for convenience

Hlﬂ
Bk = == (47)



GEORGIA INSTITUTE OF TECHNOCLOGY
SCHOOL OF MECHANICAL ENGINEERING
FABRIC FLAMMABILITY PROJECT
CONVECTIVE HEAT TRANSFER COEFFICIENT

DATE: /2-4-73 TEST NO. /¥
DATA: G.4. W HOLDER NO. /
SCREEN TEMP. /[744 mv 379 ©C MESH 200
SCREEN HEIGHT ABOVE BURNER 3/y inches.
SCREEN INCLINATION ANGLE Jo) degrees.
ROOM TEMPERATURE 67 °F
BAROMETRIC PRESSURE 28 985
INJECTION AIR PRESSURE 5.%5 inches, water.
INJECTION AIR I-C THERMOCOUPLE L020 Y, 20 Pc.
INJECTION AIR FLOW RATE &./25 zant. cm, 5.479 CFH.
P, REG
DEL,PSI | P("Hg) | T(mv)| T(°F)| R(cm) | R(CFH)
METHANE b /2.6 /o040 | (8.7 | 945 | 350
ATR 20 /38 /.008 676) 685 5.2
A/F:_ /755 @: 0.8582
PREHEATER AC VOLTAGE /7 V.
GUARD HEATER AC VOLTAGE 1) V.
INLET CHAMBER C-A T.C. £360 mv, 33.9 e

coLD JUNCTION O °c.

-—0SCILLOSCOPE-~
TIME BASE 50 m sec/cm
UPPER BEAM 2. V/cm

LOWER BEAM / mv/cm

Figure 17. Sample Dats Sheet (Oscillogram).
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Temperature-Time Plot of Screen Response

Figure 18,
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The heat transfer data was then correlated using the
burner Reynolds number Re and the injection Reynolds number
(Re)0 given by equations (45) and (52), respectively.

The mass flux at the fabric suface is simulated by
the controlled mass injection or suction. The injection
Reynolds number (Re]0 is based on this mass flux ﬁo and is
given as

(mO/AS)R

% (87)

(Re), =
where AS is the area of the screen, 31.67 cmz, and R is the
screen radius. The Nusselt number was found to vary
linearly with this parameter as seen in Figures 19 to 23.
Further, there were no systematic departures from this
linear dependency with the 25 tests with elevated initial
cloth temperatures.

The burner Reynolds number is based on the burner
mass flow rate ﬁb and is given as
(my /A, )D

Re = -u—- (88)

in which A is the burner exit area, 10.75 en? .

The selection of the reference temperature was based
on a least-square-fit criterion in which the reference

temperature, Reynolds number exponent ex, and constant
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5...._
] ] ] J .
-39 -20 -10 0 10 2
(Re),
Figure 19. Nusselt Number vs Injection Reynolds Number

with Free Stream Reynolds Number as
Parameter at L/D = 0.515 (Open symbols
designate elevated temperature)
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Figure 20. Nusselt Number vs Injection Reynolds Number
at L/D = 1.20
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Figure 21. Nusselt Number vs Injection Reynolds Number
at L/D = 2.06 (Open symbols designate
elevated temperatures)
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Figure 22. Nusselt Number vs Injection Reynolds Number
at L/D = 2.83
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Figure 23.

(Re),

Nusselt Number vs Injection Reynolds Number
with Free Stream Reynolds Number as
Parameter at L/D = 0.515 for a 150 Mesh
Screen
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coefficients Cl and C2 were simultaneously optimized for

the form
Nu = Cq(Re) + CZReex (89)

Using this optimization for the data at L/D = 0.515, the
minimum standard deviation was obtained when the thermo-
dynamic and transport properties are evaluate& 4t the free
flame temperature Tf and the Reynolds number exponent was
found to be 0.59. For this spacing, the numerical coeffi-
cient Cl is -0.19829. (Positive injection Reynolds number
indicates injection. Negative injection Reynolds number
indicates suction.)

The least-square-fit criterion was also used to
correlate the data at the other spacings. Again, the free
flame temperature gave the best correlation. For each
spacing, the numerical coefficient of the injection Reynolds
(Re) , was found to agree very well with that obtained at
L/D = 0.515. There also was no discernable mesh number
effect or burner Reynolds number effect on this coefficient.
Since more data values were obtained at this spacing than
at the other spacings, a greater confidence is placed on
that coefficient and that value of C1 was chosen to be a
constant for all the tests.

Six heat transfer coefficients were obtained at a

spacing of L/D = 1.20 (1.75-inch spacing) to confirm the
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linearity of the Nusselt number dependence on the injection
Reynolds number. Since all six tésts at this spacing were
at the high burner flow rate, the free stream Reynolds.
number exponent could not be determined, and was arbitrarily
set equal to zero.

At the two largest spacings (L/D = 2.06 and L/D =
2.83), the heat transfer was found to be independent of the
burner flow conditions, within the range of this study as
defined in the previous chapter. That is, the least-square-
fit criterion gave a zero exponent for the burner Reynolds
number.

The coefficient of the burner Reynolds number was
found to vary with both spacing and mesh, so that this
coefficient must be given as a function of L/D and mesh
number. Without additional data, small differences in the
exponent of the burner Reynolds number for different screen
meshes are not distinguishable, and the exponent is listed
as 0.59 for both the 200 mesh screen and the 150 mesh screen.

The resultant correlation equations are given below.

For the 200 mesh screen:

59

Nu = -0.19829 (Re)0 + 0.5159 Re’ for L/D = .515 (90)
0 L/D = 1.20
Nu = -0.19829 (Re)o + 14,829 Re for Re =~ 515 (91)
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Nu = -0.19829 (Re)  + 14.085 Re? for L/D = 2.06 (92)
Nu = -0.19829 (Re), + 15.066 Re’ for L/D = 2.83 (93)
For the 150 mesh screen at a spacing of L/D = 0.515:

Nu = -0.19829 (Re), + .65501 Re*>?

(94)
The values of the Nusselt number predicted by the above
equations (Nu)pr are plotted versus those measured experi-
mentally Nu in Figure 24. The standard deviation is 0.835.
A sample listing of the experimental results is given in
Table 1. A complete listing is given in Appendix I.

Two of the parameters listed in equation (53) which
may effect the heat transfer were not varied. The first
of these is the geometric scaling parameter R/D. Neither
the burner diameter D nor the screen radius R were varied
in these tests. The second parameter was the Prandtl number
Pr which was found to remain constant over the entire range
of testing. The influence of the Prandtl number on the
heat transfer could not be determined, but since the free
flame temperature was used to evaluate the properties, the

same Prandtl number would also occur in the fabric ignition

*
As was noted previously, the exponent on the Reynolds

number could not be determined and was arbitrarily set equal
to zero.
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Nu

Figure 24. Correlation of Experimental Results
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40.3
38.4
33.6
3.3
40.1
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33.2
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38.0

Te(°C)
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1352
1352
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.00223852
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0043943
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00273841
0026114
+0030990
0032607
.0050836
.0060540
0036537
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18.26
17,38
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13.82
14,76
9.04
3.47
10.05
10.58
19499
18.99
11.85
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19.32
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19.80
15,80
19 .40
19.40
19,49
12.87
19.487
19.82
20.27
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9.67

9.47

9.44

.00

Re

227.6
228.1
517.1
5148.9
516.4
36U.3
382.3
385.3
382.4
228.1
2273
226.0
227 .2
381.2
517.3
225.9

Pr

.683
.083
631
.681
031
.64d1
681
0ol
.08l
.033
.683
.083
.683
631
.081
.083

L/D

M

200
200
200
200
200
200
200
200
200
200
200
200
200

200

200
200

Vo lcm/s)

2,950
2.947
3.U88
3.092
3.0839
3.030
3.101
3,101
3.094
3,032
3.099
1.489
l.476
1.488
1.489

.000

66
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tests and so thermal similarity is maintained.

In addition to the parameters used in the above
correlations, the injected air velocity was computed to allow
possible comparison to experimental investigations in which
the results are correlated in terms of a velocity. To
calculate this velocity, the injected air temperature is
required. The screen and initial injected air temperatures
were taken as being equal since the chamber temperature was
found to be within 10°C of the screen temperature. The mass
flow rates were used directly for both the free stream and
injection Reynolds numbers and therefore these parameters are
not affected by this assumption and represent area averaged

rates.

Flame Stagnation Pressure Profiles

The equipment and instrumentation used to measure the
stagnation pressure of the burner gas flames were described
in Chapter III and the associated procedures outlined in
Chapter IV. The results of these measurements are presented
in this section.

Two sets of stagnation pressure measurements were
obtained using the Meriam Micro-manometer and the quartz
pitot tube. The maximum variation between pressures measured
in the consecutive tests was as much as 40%. The results of
the two sets of pressure measurements were averaged and these

averages are given in Table 2. Despite the considerable



Table 2. Pressure Profile Measurements
Test 1 = Meriam Micromanometer

P x 104 psi Test 2 = Electronic Manometer
L Burner Mass Flow Rate, g/hr
cm in 1265 2158 2951

0 0 4.695 3.868 5.5025 | m=—-- 8.216 | ====-
1 e 0.5995 miasus l1.643 | ----- 2.166/.6382
1.905 3/4 0.900 0.7253 1.569 1.296 2.057 1.895/.735
3 - ———— 0.8703 | ==——- 1.431 | =-———- 1.934/1.354
4.445 1 3/4 1.165 1.064 1972 1.644 2.422 2.031/1.683
6 - | mm—— 1.2%96 S 1.837 | === 2.03
7.62 3 1.499 1.451 2..395 2.031 2.740 2.166
9 = | = 1.354 | ==—=- 2,263 | =meem 2.263
10.775 4 1/8 1.330 1.354 2.495 2.418 2.981 2.398
12 - ]| m=——- 1.354 | ~——-- 2.514. | ===—= 2.514

Test 1 Test 2 Test 1 Test 2 Test 1 Test 2

I0T
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error, these readings indicate the trend, if not the
magnitudes, of the pressure profiles.

A third set of stagnation pressure measurements was
obtained using the Datametrics Electronic Manometer in
place of the Meriam micro-manometer. The accuracy and
resolution of the Electronic Manometer was recognized to be
much better than the Meriam manometer and, consequently,
this set of measurements was used to characterize the
stagnation pressure. These results are also given in Table
2 and plotted in Figure 25. Several stagnation pressure
profiles were also obtained as the quartz pitot tube
traversed horizontally through the flame. These profiles
were obtained at several heights above the burner. A
representative profile is shown in Figure Z26.

It may be noted from both Table 2 and Figure 26 that
there were large global pressure variations in addition to
the local fluctuations for the burner flow rate of 2951 g/hr.
The global variations remained relatively fixed in location
with respect to the burner exit nozzle. However, these
variations rapidly decreased in about one burner diameter,
and so the global maximum and minimum pressure readings
(within the projected area of the burner face) are recorded
for the lower spacings only.

It may be noted from Figure 25 that the stagnation
pressure dropped sharply to a minimum and then began to

gradually increase. Each of these phenomena are discussed
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p X 104 psi

Figure 25.

L,cm

Flame Stagnation Pressure Profiles (Dashed line
represents the pressure profile predicted by

using equation (66) for the large burner mass
flow rate)



" T

L.ITi -

| sudmid el
0D o

2iaNssaagy

Position

104

Horizontal Plane Pressure Profile at L/D = 0.515

Figure 26.
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below.

The sharp increase in stagnation pressure found at
very small burner-pitot tube spacing is accounted for by
noting that a very course érid at the face of the burner
reduces the effective cross-sectional area by approximately
38%. Thus, the velocity or mass flux through the Zmm square
grid openings is considerably larger than that a short
distance downstream.

The gradual increase in stagnation pressure (and
hence velocity) is largely attributable to the buoyancy
forces associated with the temperature difference between
the flame gases and the ambient air. The extent to which
these buoyancy forces influence the velocity profile 1is
determined by applying the Bernoulli equation for inviscid
flow between the burner and a point within the flame
potential core at some distance L above the burner. Combining

this with the static ambient pressure drop

\/ZgL(pm-of) . i
VL = i + vy (95)
in which V. is the velocity at location L. This equation

L
is readily nondimensionalized by introducing the Reynolds

number Re as defined in equation (45) to form the expression

Re, = Re‘/1+(§—1“2) (%)2 (96)

e
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in which the ratio of buoyancy forces to inertia forces is
expressed by the familiar term Gr/Rez. The modified Reynolds

number at spacing L in the above expression is defined as
e

Since the burner gases form a free jet, the stagnation
pressure is equivalent to the dynamic pressure so that the
velocity V, predicted by equation (95) is used to predict

A

the shape of the stagnation pressure profile
_ 1 2
AP = 5 pp Vy (98)

It was found, however, that this simple model can be
used only to predict the shape of the stagnation pressure
profile for the high burner mass flow rate. This predicted
curve is shown in Figure 25 as a dotted line. The pressure
profiles for the other flow rates can not be as accurately
predicted, especially for the low flow rate at larger
spacings. Both the drag and heat loss, which were implicitly
neglected in using the Bernoulli equation, would tend to
lower the velocity and hence the measured stagnation
pressure. Since the Bernoulli equation predicted a higher
pressure drop than what was experienced, the drag and heat

loss are considered to be significant.
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Exposure Time Delay

There is a time delay between the instant the CITA
shutters separate to the time when the flame gases reach the
fabric surface. This time was considered [6] to be negligi-
ble with respect to the much longer fabric ignition times.
The interval of time from the instant the two shutters
separate to full exposure of a 63.5 mm diameter cloth was
reported [6] to be about 15 milliseconds. This time,
combined with the effective time required for the flame to
reach the cloth surface, comprise the exposure time delay,.

A convenient byproduct of the film coefficient tests is the
determination of this cloth exposure time lag.

At the instant of shutter separation, a spike was
placed in the oscilloscope trace which recorded the thermal
response of the screen. The time that is effectively
required for the shutters to open and the flame to reach the
screen can then be determined from the known sweep rate and
the distance between the spike and the sudden rise in the
screen temperature. This time depends on both the spacing
and the burner mass flow rate. Averages were taken over all
of the film coefficient tests and the results are given in
Table 3. Since the ignition time of the fabrics in Reference
[6] was taken to be the time between the oscilloscope spike
and the fabric ignition, these time lags can be used to
correct the ignition times to reflect only that time which

the fabric was actually exposed to the convective heating



Table 3. Exposure Delay Times

T, seconds

108

Burner Mass Flow Rate, g/h

cm inches 1265 2158 2951
1.906 3/4 .0316 L0171 .0147
4,445 1-3/4 -- .- .06025
7.62 3 .15408 .0987 .09048

10.48 4-1/8 .1740 .1334 .1254
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of the burner. The error associated with neglecting this
time lag is generally less than 5%. These corrections become
significant only for extremely short ignition times. Never-
theless, all of the fabric ignition times used in the

following section were corrected for the exposure delay.

Fabric Ignition Times

The experimentally determined ignition times of
several fabrics were compared to those predicted by the
inert heating model and the film coefficients determined in
this investigation. Each of the ignition times was corrected
for the exposure time delay. The normalized heat flux g*

1s given as

. zH(ef-Ta')
a* = 75y — (69)

and the normalized ignition time is represented by the

Fourier number

Fo = W {77]

The solution of the inert heating equation (without radiative
and convective losses) is represented by the straight line
shown in Figures 27, 28 and 29. The closer the points are

to the inert heating line, the better the inert model

predicts the heat transfer process.
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Figure 27.

110

Normalized Ignition Times vs Normalized
Convective Heat Flux for the GIRCFF Fabric
No. 5, 100% Cotton (Open symbols designate
previous film coefficients in reduction of
data)
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Figure 28.

LALL

Normalized Ignition Times vs Normalized
Convective Heat Flux for the GIRCFF
Fabric No. 10, 100% Cotton (Open symbols
designate previous film coefficients in
reduction of data)
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Figure 29.

q

Normalized Ignition Times vs Normalized

Convective Heat Flux for the GIRCFF Primary

and Secondary Igniting Fabrics
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figures 27 and 28 show the experimentally determined
ignition times of GIRCFF fabrics 5 and 10, respectively,
plotted against the normalized heat flux. (A complete list
of the GIRCFF fabrics identifying their composition is given
in Appendix B.1.) These are shown using both the present
heat transfer coefficients and those used previously. The
increase in correlation is apparent. Figure 29 shows the
same results for all of the primary and secondary igniting
GIRCFF fabrics.

A sample of the results of ignition time tests are
listed in Table 4. A complete listing is given in Appendix
J. The standard deviation of these points from the line of
inert heating is less than .717. This may be compared to
the standard deviation of .935 when using the film coeffi-
cients previously employed. The standard deviations of

particular fabrics were reduced by as much as 72%.



GIRCFF FABRIC NO. 1

NO.

25

28

32

33

39

k/8

%

ps

10.50
10.50
7.60
7.60

1.90

1l

i

Table 4.

GIRCFF Fabric No.

(Polyester Cotton)
.017300 W/cmK
1.494 Ws/gK

.023490 g/cm®

416.00 °C
mmix Tb Tf Gf
g/h °C e
2929 22.2 1255 3.130
1262 22,7 1082 2.693
2176 22,9 1310 3.270
1265 22.2 1220 3.041
2948 23,0 1352 3.381

6.985
9.826
6.401
9.066

3.315

1

. 384
.464
.364
.398

.350

Sumary of Fabric Destruction Times

0.908
1.210
0.805
1.069

0.618

with CITA,

«9231
.538
.530
.533

.529

.004563
.004324
.004415
.004139

.006550

Fo

3.443
4,843
3185
4.469

1.634

q*

0.685
0.538
0.699
0.600

1.080

Il



115

CHAPTER VII
DISCUSSION

It was established that the convective film coeffi-
cients can be measured as presented in this thesis and that
the results can be applied, through modeling techniques, to
the prediction of ignition times of fabrics. The modeling

rule can be expressed by
Nu = f{(ReJO, Re, Pr, L/D, R/D, TS*, GR, w} (99)

where the overall heat transfer coefficient is expressed
through the Nusselt number Nu as a function of 8 parameters.
The Reynolds number Re and the geometric ratio L/D charac-
terize the external flow, the injection Reynolds number (Re)
characterizes the fabric porosity and decomposition rate

with respect to the front cloth surface, the Prandtl number
Pr relates the thermal and momentum boundary layers, R/D

is a constant geometric parameter, TS* represents the thermal
response of the cloth to the convective heat source, and the
Grashof number Gr and injection parameter w characterize the
convective cooling of the rear surface of the fabric.

The simulation of the fabric flame interaction

produced the heat transfer coefficient which describes the
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convective heating of the cloth's front surface. These heat
transfer coefficients were than correlated by expressing

the Nusselt number as a function of the two Reynolds numbers
and geometric parameters. The theoretical analysis of

Eckert and Drake [31] on transpiration cooling in plane
stagnation flow predicts the same form of the heat transfer
correlation if the numerical solution is linearized about

the zero injection case. The coefficients are comparable,
however, the Nusselt number dependence on the Reynolds number
in that study is 0.5 since the flow was considered laminar.

The Nusselt number was consistently found to vary
linearly with injection Reynolds number over the range
-30<(Re) ,<30. Extrapolation beyond the range of this study
requires further experimental justification. This range,
however, was sufficient for all fabrics encountered in this
study.

The heat transfer coefficients previously obtained
using a freely suspended screen were predicted using the
methods of this study. The general trend could be predicted,
but the magnitude was somewhat lower. This is partly
attributed to the porosity which was computed for this screen.
Accurate predictions of heat transfer to screens requires
experimental determination of the screen porosity using
procedures similar to those used by Factory Mutual in the
determination of fabric porosities.

The corrections for the exposure time delay did not
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greatly change any of the ignition times since most of
these times were of the order of one to ten seconds.

In the predictions of fabric ignition times, the
convective film coefficients were first evaluated for the
fabrics at room temperature, then evaluated for the fabrics
at the ignition temperature allowing for pyrolysis, and:
finally evaluated for the fabrics at the ignition tempera-
ture, but neglecting pyrolysis.

In the first case, there is no convective cooling of
the rear surface of the fabric and the fabric has not yet
begun to decompose. Assuming that the permeability of the
fabric does not change with time or temperature, then the
overall convective film coefficients evaluated for this
case are the largest expected for this particular fabric.
These heat transfer rates were used in the last chapter in
the prediction of fabric ignition times and produced a 23%
reduction in the standard deviation of the actual ignition
times to the predicted ignition times.

In the second case, convective cooling of the rear
surface of the fabric is at its maximum and the fabric is
decomposing at the largest conceivable rate. Again, assuming
that the permeability of the fabric has not changed, then
the overall convective film coefficients for this case are
the smallest expected for this particular fabric. There was
a 10 to 20% reduction in the film coefficients and these

produced a further reduction in the standard deviation, but
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only a 3.6%.

In the third case, convective cooling of the rear
surface of the fabric is again at its maximum; however,
there is no fabric decomposition. The reduction in the
overall convective film coefficients from those of the first
case (fabric at the ambient temperature) is due entirely to
free convection, Comparison with the case in which decompo-
sition is considered shows that approximately 40% of the 10
to 20% reduction in heat transfer coefficients is due to
pyrolysis for GIRCFF fabrics 1, 4, 5, 6, 8, and 9. The
others showed the effect of pyrolysis is negligible.

The following is a brief discussion of the external
flow conditions encountered in this investigation.

At a spacing of L/D equal to .515, the Nusselt number
dependence on the Reynolds number was found to be to the
0.59 power. McNaughton and Sinclair [32] report fully
laminar jets for a Reynolds number less than 1000. The 0.59
exponent, however, indicates that the flow was somewhat
turbulent, even though the Reynolds number was always less
than about 600. This is expected for three reasons. The
first is that the burner tube was fitted with fine mesh and
coarse mesh screens and also with a coarse grid. These act
as turbulence promoters [17]. Secondly, a further increase
in the level of turbulence is caused by the combustion
process itself. Thirdly, the cloth surface roughness or

screen mesh produce an effect similar to that occuring in
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flows in circular pipes in which an increase in roughness
causes an early transition from laminar to turbulent flow.

The stagnation pressure profile for the low burner
flow rate (Re = 220) did not increase with L as did the two
other flow rates (Re z 380, Re = 515). It was noted by
McNaughton and Sinclair [32], however, that a dissipated
laminar jet occurs at a Reynolds number less than 300. 1In
this case, the viscous forces are large compared to the
inertia forces and the jet diffuses rapidly into the
surrounding fluid.

Buoyancy forces predominate for the other two burner
flow rates at only a few burner diameters. This was antici-
pated in view of the similar pressure (hence velocity)
profiles obtained at spacings greater than two burner

diameters.
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CHAPTER VIII
CONCLUSIONS AND RECOMMENDATIONS

The first objective of this thesis was to describe
the fabric-flame interaction through the determination and
evaluation of film coefficients which would account for the
effects of fabric decomposition and fabric porosity. This
objective has been met and the results of the film coeffi-
cient determination tests were presented and discussed in
the previous chapter.

The second objective of this thesis was the prediction
of fabric ignition times using the results of the film
coefficient determination tests. This was done using the
model of inert heating in which the overall heat transfer
coefficiént accounted for fabric porosity and gasification.

As was pointed out in the presentation of the
ignition time data, more accurate predictions of fabric
ignition times are made using the film coefficients of this
study. Nevertheless, there is still considerable deviation
which must be considered.

It may first be noted that the fabric ignition times
varied by more than 30% for a given fabric under the same
exposure conditions. Consequently, only gross and systematic

deviations may be meaningfully considered without a
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statistical representation of the scatter.

The most outstanding of these deviations occured
for GIRCFF fabrics 1, 4, 5, 9 and 18, as seen in Figure 29.
These fabrics have consistently longer ignition times than
those predicted by the inert heating model. It has been
theorized that these fabrics require a significant amount
of energy to decompose, and hence the inert model is not
totally applicable [3]. The gasification terms in the
conservation of energy equation can not be neglected for
these fabrics.

The only other systematic departure from the predic-
tions of the inert model occurs with fabric number 8.
This fabric ignites much sooner than would be predicted.
The explanation offered here is that this polyester cotton
blend exhibits an early collapse of the polyester fibers
(at approximately the melting temperature of the polyester
alone). This collapse causes an increase in the fabric
porosity and the associated increase in heat transfer. In
using the fabric porosities, it was an implicit assumption
that the permeability did not vary with temperature. This
assumption would be violated if either the collapse of the
polyester fibers or the rate of decomposition is significant.

The prediction of fabric ignition time was also noted
to be highly dependent on ignition temperature. Both fabrics
5 and 10 are 100% cotton, and yet a 122°C difference in the

ignition temperatures was reported. If it is assumed that
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the ignition temperature is dependent only on the fiber
chemistry, then this difference should be nominal. For this
reason, the ignition temperature of fabric number 5 was
taken to be equal to that of number 10 (443°C) and the
correlation was seen to be much better. Careful checks on
the fabric ignition temperature are therefore recommended.

The only available porosity measurements were made
at room temperature necessitating the assumption that there
was no permeability dependence on temperature. The validity
of this assumption should be verified if the film coeffi-
cients of this study are to be further refined.

The heat transfer coefficient may decrease by up to
20% for a particular fabric as its temperature is increased
from room temperature, where there is no convective cooling,
to its ignition temperature, where the maximum rates of
decomposition and convective cooling are encountered.
Consequently, the use of time-varying heat transfer coeffi-
cients, as well as the inclusion of the gasification term
in the energy equation, would be expected to produce a more
accurate description of the convective heating of a fabric.

Much of the experimental scatter encountered in this
study resulted from the convective fluctuations of the burner
flame. A disproportionately large number of free flame
temperature measurements were found in error in the fabric
ignition time tests at larger spacings. For this reason,
the lower spacing ignition time tests and film coefficient

tests are considered with a higher degree of certainty.
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APPENDIX A

TEST SCREEN DATA

The relevant data on the two screens used in the
film coefficient determination tests is given in Table
A.1. The first two screens listed are the ones investigated
in this study. The others, which were considered for

future investigations, are included for completeness.



Table A.1. Test Screen Data

Screen Wire Material Supplier po 2 3P
Mesh Diam. (g/cm™) (ft”/1b sec)
(inches) (inches) 4 %
150 .0026 St.St.31l6 Multi-
Metal .032964 7.66 37.4
200 .0021 " ' .025541 4.74 33.6
250 .0016 o " .020645 4.29 36.0
325 .0014 w Cambridge .0188475 2.40 30.0
400 .0010 " " .0149574 2.68 36.0
200 .0021 e 02742 4.74 35.0

SCT



APPENDIX B
FABRIC POROSITY VALUES

The twenty primary fabrics designated by the
Government-Industry Research Committee on Fabric
Flammability (GIRCFF) are listed in Table B.1l. The
corresponding porosity measurements, as reported by

Factory Mutual [8] , are given in Table B.2.
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Table B.1.

Fabric Identifications [33]

GIRCFF Fiber
NO. Classification Composition Color Finish
1 Durable Press
Slack 85/357Pe./C. White DP Treated
2% Textured Woven
Blouse 100% Polyester Yellow -
3 Double Knit 1007 Polyester White -
4 Denim 1007 Cotton Navy BL. -
5% T-Shirt Jersey 100% Cotton White -
6 Untreated Slack 65/35%Pe./C. White -
7 Jersey Tube Knit 1007 Acrylic Gold =
8% T-Shirt Jersey 65/35%Pe./C. White &
9 Terry Cloth 1007% Cotton White -
10* Batiste 100% Cotton Purple -

LCT



Table B.1.

Fabric Identifications (continued)

GIRCFF Fiber
NO. Classification Composition Color Finish
11* Tricot 80/20%Acet./Nyl. White -
12% Tricot 100% Nylon White =
13=% Tricot 100% Acetate White -
14 Taffeta 100% Nylon White -
15 Durable Press
Slack 65/35%Pe./Ray. Brown DP Treated
16 Shirting 50/50%Pe./C. White -
17% Batiste 65/35%Pe. /C. White -
18* Flannel 1007 Cotton White -
19% Flannel 100% Cotton White | Fire Retard
20 Flannel 100% Wool Navy Bl. -

*Ten Primary GIRCFF Fabrics

8¢T
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Table B.2.

GIRCFF
NO.
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Results of Porosity Measurements at
Ambient Conditions (Approx. 30% R.H.

and 77 *F)

Porosity:

Face Exposure

(ft/sec)/(1b/ft?)

Back Exposure

0.
.70
.1
.072
.18
.182
.6
865
.20
4
.40

=

not applicable (face

not done

O O H O H O O v O W H H N O +FH O W

181

.8

.28
.71
.92

.89

L
.90

.92

0

= N O =2 O B

. .39

ND

: 9
.074

.14
.180

v
19

NA
NA

.40 i

ND
ND

NA
NA
NA

NA

.99
.70

ND

and back nominally identical)
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APPENDIX C

SCREEN POROSITY VALUES

The technical data on screen porosities given in

Reference [34] is reproduced in Figure C.1 where

It

b/Va

.00674A

77408

[l-az)/a

D,/a, inches

fraction of open area

[%—DWJ = size of each projected

hole, inches
wire diameter, inches
mesh number, wires per inch
pressure differential, psi
velocity, ft/sec

viscosity, centipoise
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The equation for the screen porosity was obtained as

follows: The linear portion of Figure C.1,

rV§&E <40, can be represented by the equation
2 o AD,
log (EE_Y__] = d log (E._.Qégj+log e
P H
where
d =1.0

From Figure C.1
e = 0,01

This equation is then rearranged as follows:

(apvz)lfz _ rYpAp 0.01
Ap Hu ’

V = 0.01 rAp/uva

0.01(b/Ya) AP

Vv =
uva

A e 0.01(7740B) AP
u(.00674R)
11483.7(D0/m)

V = > 3 AP
u(l-a”)/a

v = 11483.7 va/M

u(l-0%)/a

132
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11483.7 /2

5 AP
uM(1-a")

V =

Recognizing the term in brackets as an expression for
the porosity, then the form of the screen porosity equation
is the same as that of the fabric porosity equation, i.e.

VaAP. Hence,

b oV _ 11483.7 a2 _frisec
35T i [ —]

p(l-0°)M 1bf/1n
p - /9.748 o3/2 ft/sec

]
uM(l-az) lbf/ftz

where u is expressed in g/cms and M in mesh number per inch.
This equation can be made to be independent of property

dimensions to give

- 202 (QSXZ)
uM 1-a2
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APPENDIX D
THERMODYNAMIC AND TRANSPORT PROPERTIES

The dimensionless property data for k, Cpo and u of air
was obtained from References [35,36] at one atmosphere over
the temperature range shown in Figures D.1, D.2 and D.3,
respectively. The corresponding polynomial coefficients are
given in Table D.1.

The polynomial coefficients for the specific heat of
the screen CP,S are the result of a least square fit over

the data given for 316 stainless steel in References [37,

38,39,40]. The results are shown in Figure D.4 and Table D.1.



Table D.1.

Polynamial Coefficients for Property Data

k%o C /R M/ Mo C_ (cal/g°C)
P pP.,s

bO .185890286300 ex-1 .371861259452 ex+1 -.236068199600 ex-1 .394695550590 ex-1
bl .361946702360 ex-2 -.186161061660 ex-2 .477489753837 ex-2 .358010348962 ex-3
b2 .101434163520 ex-5 .490115530370 ex-5 -.465988336552 ex-5 ~-.469174397802 ex-6
b3 -.566424575090 ex-8 -.407680617060 ex-8 .354942007466 ex-8 .217933235101 ex-9
b4 .610446806220 ex-11 .148863491912 ex-11 ~.146516791303 ex~12 a

bg —-.273249831464 ex~-14 -.189988653180 ex-15 .243464237004 ex-15 0

b6 .451608274299 ex-18 0 0 0

S¢T
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APPENDIX E
REAR SURFACE CONVECTIVE HEAT TRANSFER

The analysis of the free convection problem with a
blowing boundary condition is given by Rohsenow and
Hartnett [27]. The results of the numerical solution
presented in Figure 3, page 612 of Reference [27] are given
in Table E.1. A second degree polynomial which represents

this analysis may be given as

Nu v xl/4
—177 = )
4 n vC

Gr
X

where

'—h
1}

polynomial coefficients

gB(Tw-Tw)]1/4

= 4v2

This is integrated over x to obtain the average Nusselt

number :
. .1/4 1/4
V_x V. _x
(hx/k) - o] 0 2
S I £ 8 =) + 6050

fﬁch/k)x1/4dx . i
o (g8AT/v%)
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Table E.1. Numerical Solution to the Blowing Natural
Convection Problem

1/4
[Y-";—f—) Nu,/Gr 174
vC X 5 &
-4 15 1y 555
-6.25 1.328
_— , 1.103
= w3 .863
=l 676
= ;125 .5143
0 .375
125 « 250
<25 152
i 375 .080
5 .032
« 525 .0015

75 .0010
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(hL/k) g e (V0R1/4J£4+f (Vo£1/4)2 44,
AL " L [fo24 8 (gpp—0g* g5 5

1/4 1/4
N 59 4 f-l-(vq——" ) 4 By
Gr 4 5% 4vC _3_ vC

:

Introducing the approximation of the characteristic length

given by Kreith [26],

Nu VOR1/4 V0R1/4 , V0R1/4
on) 78 T ot (aur ) 8y (r)” for (g 20.7
v pi/4

for (—55)>0.75

where g = 5 f (1.8) A-1)/4, 544y,

The coefficients fi and g; are given in Table E.2.



Table E.2. Polynamial Coefficients Representing the
Numerical Solution
i fi gi
0 .372330069926 .4018093
I -1.050628571420 -1.0506300
2 . 734420779241 .7088949

143
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APPENDIX F
FABRIC THERMOPHYSICAL PROPERTIES

Summarized in the following tables are the thermo-
physical properties and the reaction kinetics parameters
for several selected fabrics. These properties were taken
from Reference [3]. The activation energy Eg and frequency

factor kg were determined by McCarter [41].



Table F.1.

Fabric Thermophysical Properties [3,41]

GIRCFF

T

. Po i X8 G kg Eg By
Number g/ am? e W/mzK Ws/gK 1/s kwWs/g mole
1 .02349 4le 173 1.494 1.28 ex27 365.5 Dol
4 .02963 297 150 1.424 --— See GIRCFF No. 5 ——
5 .01371 311 95 1.761 .92 ex12 142.6 Lsil
6 .02357 416 183 1.545 1.28 ex27 365.5 2.1
8 .01619 450 112 2.045 1.28 ex27 365.5 2.1
9 .02648 308 50 1.558 3.07 ex21 206.9 1.4
10 .00665 443 360 2.398 .285 exl4 228.3 14l
15 .02282 426 210 1.624 - - -
16 .01314 473 150 1.500 - e -
17 .00855 480 290 1.840 .18 ex20 310.3 1.6
18 .01288 311 75 1.735 .498 exl4 229.6 i
19 .01489 497 110 2.132 .533 ex50 603.0 2.
20 .01993 480 75 1.270 - = -

St1
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APPENDIX G
SCREEN THERMOCOUPLE CALIBRATION

Three screens were calibrated as outlined in Chapter
IV, and the results of the 5th degree least-square fit
polynomial for the screen thermocouple and for the reference
iron-constantan thermocouple [42] are given in Table G.1
and shown in Figure G.1. A least-square fit quadratic was
obtained by Champion [6] for a similar 200 mesh stainless
steel screen and constantan wire. These coefficients are
also given in Table G.1l. The screen calibration curves
differ by a maximum of 5°C over the range of 0 to 500°C.

For each calibration polynomial

=1 tn

TSR] & b (emf ,mv)"

0

n



Table G.1.

Thermocouple—-emf Polynomial Coefficients

Iron—Constantan Screen-Constantan Screen—-Constantan, Ref. [6]
bO .046559698000 -.7922292669 ex+l -.466141655000
bl 19.751133411400 .2737347650 ex+2 .234839290784 ex+2
b, ~.190938952723 -.64689638712 -.138178833174
b3 .9330944558800 ex-2 .268350881006 ex-1 0
by ~-.190685801004 ex-3 -.705346166825 ex~3 0
bg .115635581696 ex-5 .822123493823 ex-5 0

F
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Figure G.1. Thermocouple Temperatures versus emf
(Reference Junction = 0°C)
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APPENDIX H

FLAME TEMPERATURES

The flame temperatures are listed in Table H.1 as
a function of burner mass flow rate and position above the
burner. These temperatures are the results of averages
taken over several fabric ignition time tests in which the
steady state flame temperature was measured in the plane of
the fabric holder after the fabric had been burned or
melted away [3]. Each of these tests were experimentally
confirmed by repeating the flame temperature measurements

and additional data taken where needed.
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Table H.1l. Flame Temperatures ¢ = 0.86

. T

b Mnix £

in am g/hr °®©
4 1/8 10.5 1265 1165
2158 1287
2951 1257
3 7.6 1265 1205
2158 1319
2951 1320
1 3/4 4.4 1265 1256
2158 1351
2951 1359
3/4 1.9 1265 1290
2158 1347

2951 1352
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APPENDIX I
CONVECTIVE HEAT TRANSFER TESTS

Listed in Table 1.1 is the reduced data for all of
the film coefficient determination tests. Table 1.2 contains
the reduced data for the freely suspended screen tests of
Reference [6]. The last three tests listed are the tests
which were repeated to check repeatability.

An asterisk (*) designates those tests for which
¢ # 0.86 + 0.01. A cross hatch (#) designates those tests

which were found to be defective.
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W~ Oy

19
11
12
13
14
15
16

T

S

Table I.l Convective ileat Transfer -

(°C)

38.2
40.3
38.2
33.6
38 .3
40.1
38.6
38,9
38.2
38.9
38.7
38.1
38.7
37.9
38.4
33.0

Tf(“C}

1290
1290
1352
1352
1352
1347
1347
1347
1347
1290
1290
1290
1290
1347
1352
1290

# i |
n(W/ecm<°C)

0022852
.0029682
.0060385
.0058241
.0055423
.0046522
.0043764
.0043943
.00463955
.0027881
.0026114
.003033%0
.0032607
.0050836
.0060540
.0036537

Na

9.68

9.63
18.94
18.26
17.38
14.63
13.76
13.32
14.76

9.04

8,47
10.05
10.58
¥5.:99
18.99
11.85

(Re) 4

19.32
19.17
19.80
19.80
15,80
19.40
19.89
19.87
19.87
19.82
20,27
9.65
9.67
9.47
9.44
.00

Similarityv Parameters

Re

227 .6
228.,1
517.1
518.0
516.98
380.3
332.3
385.3
382.4
228.1
2273
226.5
227.2
381.2
517.8
225,9

2 o

.683
.683
.681
.681
.681
.681
.681
.681
.681
.633
.683
.683
.683
.681
.681
.683

.514
.514
.51l4
.514
.514
.514
.514
.014
.514
.514
.514
.514
.514
.514
.214
.514

M

200
200
200
200
200
200
200
200
200
200
200
200
200
200
200
200

Vo (cm/s)

Z.»950
2.947
3.088
3.092
3.089
3.038
3.101
3.101
3.094
3.032
3.099
1.489
1.478
1.488
1.489

.000

ST



LXp.

17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32

Taple I.]l Jonvective teat

e

38.2

38.5

38.7

37.3
154.0
154.0
154.9
154.3
153.9
154.2
154 .4
154.2
155 .2
154,2
154.5
154.5

Ty (90

1290
1347

1347

1352
1299
1230
1290
1230
1347
1347
1347
1352
1352
1290
1347
1352

n (‘.\.’,/Ch”l2 ¢)

0037722
.0056302
.0060193
.0068964
.JU026950
.0027358
0028809
.0028515
.J043276
.004450606
.0045157
0057994
0052323
.0034354
.0050547
+u064213

Transfer

NUd

12.24
17.89
18.93
21,63

8.74

8.87

9.34

9.25
13.61
14.14
14.20
18,13
l6.41
11.34
15.89
20,14

- Similarity Parameters (continued)

(re) ,

.00
.00
.00
.00
15.61
15.68
14.49
14.54
14.24
14.25
14.25
14.22
14.22
7.36
.28
7.20

Re

220.7
381.6
382.8
515.9
225,.7
227.0
226.,0
226.0
379.8
381.4
381.0
512,9
517.0
226.0
382.2
5125

Pr

.6383
.681
.681
.681
.683
.683
.683
.683
.681
.681
631
.631
.6381
.683
.631
.681

L/

.514
.514
.514
«514
.514
.514
.514
.514
214
.514
.514
214
«514
«514
.ol4
+314

M

200
200
200
200
200
200
200
200
290
200
200
200
200
200
200
200

Volcn/s)

.J00

.000

.000

.000
3.304
3.286
3.053
3.059
34053
3.057
3.059
3.055
3.J064
1.549
L+550
1.549

£91



EXp.

33
34
35
36
37
38
33
40
41
42
43
44

46
47
43

Table 1.1 Convective leat Transfer - Similarity Parameters (continued)

Tl %)

154.5
154.8
154.9
302.5
302.7

§ 303.2
18.6
20,3
21.2
19.5
20,2

# 21,1
23 1
24.1

24 .9

29:5

Tg(°C)

12990
1347
1352
1290
1347
1352
1299
1347
1352
1290
1347
1352
1299
1347
1352
1290

h (W/cm4°C)

0041364
.0056410
.00601386
.0033239
.0045950
.0045611
.0038408
.0052354
.0065159
.J038655
.0054322
.0052386
0035225
.0050611
.0062207
.0029943

wua

13.61
1734
18.88
10.78
14.45
14.30
12.46
16.46
20.44
12.54
17.08
l6.59
11.43
15.91
19.51

2.71

(Re) 4

2,38
2.33
2:32
10.63
10.42
10,43
.00
.00
.00
.00
.00
.00
7.10
6.96
6.35
14.03

Re

226.0
381.1
514.1
226.0
383.8
514.9
226.4
385.3
514.1
227.3
382.1
517:1
227.1
383,2
516:8
247.1

Pr

.683
.681
.6381
.683
.681
.681
.683
.681
.681
.683
.681
.681
.683
.081
.681
.683

L/D

.514
.0l4
.514
.514
«214
.214
.514
.514
.514
.514
.514
.514
.5l4
.514
.514
.014

M

200
200
200
200
200
200
200
200
200
200
200
200
200
200
200
200

Vs (cm/s)

.204
.504
«503
3.028
3.029
3.037
.000
.000
.000
.000
.000
000
1.030
1.032
1.034
2,048

PST



SXp.

Tanle T.1

T (°C)

25.6
26,2
231
20,6
2449
239.9
300.4
300.4
301.1
294 ,6
24,5
28.0
30.1
315
32.5
34.6

Convective lHeat Transfer

r11f (OC)

1347
1352
1352
1352
1352
1352
1352
1352
1352
1352
1320
1320
1320
1320
1320
1320

h(4/cm?°C)

.0047263
.0042308
.U05906005
.0051415
.0058205
0057329
0056721
.U059154
.0003329
.0049023
.0043950
.0037436
.0030300
.0026954
.0029332
.0035320

Nua

14.38¢0
13.29
14.71
16,12
18.25
18.17
17,79
18.56
19.86
15.38
14,02
11,94
9.67
3.60
937
1Y 27

- Similarity Parameters (continued)

(Re)O

13.7>
13.73
13 L

.00
13.07

Pr

.08l
.081
.68l
.631
081
04l
081
.631
o8l
681
.082
.0682
.682
.682
.682
.682

200
200
200
200
200
200
200
200
200
200
200
200
200
200
200
200

2,044
2.052
2,027

.000
2,021
2.344
1.752
E S )

.209
5.423

«208
1.547
2.872
3.812
3.400
2.273

SST



Exp.

65
66
67
64
63
70
T4
72
73
74
72
76
17
73
79
80

Table 1.1

‘-l-rs ( oc)

23 .9
231
260,38
27.7
28.4
£9.1
24.0
26.7
279
28 .9
30.0
31.vu
31,2
33.5
34,0
154.6

convective ileat Transfer

Tel?C)

1257
1257
1257
1257
1257
12957
1320
1313
1205
1257
12387
llob
1355
1351
1256
1320

h (W/cm4°C)

0048675
.u042075
0035602
.0032356
0030372
.U002846
.0038001
.0033730
.0030734
0037631
0029750
0026074
00444385
.004212¢
.00327380
.0032153

Na

l6.09
13,390
11.83
10.69

- Similarity Parameters (continued)

(Ra)o

3.91
10.48
19.43
25.66
22.81
15.03
14.82
14.82
15.45
15.15
14.99
1587

3ol
10.11
25,61
14.93

Re

531.5
531.3
231.2
531.1
531.0
531.4
514.9
383.0
230.5
528.3
386.7
234.4
511.4
513.0
530.8
512.5

Px

.634
.bd4
.684
.684
.684
.684
.682
.682
.686
.684
.683
.080o
L0381
.681
.bod

.682

L/

2,831
2,831
2.831
2.831
2.831
2,331
2,059
2:059
2.059
2,831
2.831
2.d831
1.201
1.201
1.201
24099

M

200
200
200
200
200
200
200
200
200
200
200
200
200
200
200
200

Vo (ca/s)

209
L.,232
2,851
3,776
3.364
2,221
2,134
2,152
2.162
2.169
2.177
2.132

504
l.o0l9
3736
3.202

9ST



Exp.

31
82
83
34
35
do
a7
88
39
90
91
92
33
94
95
96

Table I.1

T {*C)

156.6
157.0
15,2
156.9

26.1
27.6
30.5
32,6
34.4
§  26.1
23.6
26,7
28.9
30.8
32.9
33.5

convaective ieat Transfer

Tel%e)

1320
13158
1205
1320
12390
1347
1352
1352
1332
1290
1352
1352
1352
1347
1347
1347

h(W/cme°C)

.00313805
.0032102
0023419
.0u28845
0039404
0063173
077273
.0069910
0072992
LJU07249
.J082708
.0072256
.0004483
.0068707
.0065576
.0057929

Na

10.15
10.25

9.067

9.20
12.80
19,87
24,24
21.593
22.439

2.44
25.94
22,66
20,22
21.61
20,62
18,22

- Similarity Parameters (continued)

(Re)0

14,21
14.91
1554
20,25
14.99
14.70
i4.07
19.61

.87
14,99

3.40
10.13
24 .86
3.40
10.16
24 .89

Re

5L1.3
3717 .8
228 .9
511.3
224.3
379 .4
513.7
513.0
5li.4
224.0
513.6
513.6
213.6
379.8
380.6
380,1

Pr

.682
.682
.686
.682
.633
.631
L0681
.03l
L6381
.0383
.681
.081
.681
.081
.b81
. 631

L/D

2059
2,039
20359
2.059

M

200
200
200
200
150
150
150
150
150
250
150
150
150
150

150

V, (cm/s)

3,213
3.214
3.216
4,366
2.229
2.240
2,261

3.044
1.072
2,229

.509
1.538
3.792

.521
1.569
3.849

LET



Lxp.

97

94

99
100
101
102
103
104
105
106
107
103
109
110
111
112

Tatrle T.l

['L‘S ( Oc)

34,3
33,9
3Dk
22,1
24,5
27.0
29 .3
31.8
32.0
33.0
34.3
338
# 33.0
35.8
35.3
Je.l

Convective tleat Transfer - Similarity Parameters (continued)

Tf(°C)

1290
1230
1290
1309
1355
1353
131y
1319
1310
1205
1205
1205
1287
1287
1247
lieo

n(W/cm2°C)

.0U4799>
.JU42V62
.0031043
.0044227
0040865
0023445
.0040773
.003603%6
.0025422
.00338035
.0034796
0024882
0026359
0032757
.0030808
.0041314

Na

15.57
13.64
10.07
13.82
12,77

.20
13.02
11,52

8.11
12,95
11.85

8.47

8.50
lu.64
10,01
14.40

(RE)O

3.47
10.30
25,39

3.32

9.93
24,34

3.36
10.06
24,64

343k
10.43
2569

3.40
10.17
24 .94

3.56

e

225.7
225.4
225,17
506.1
506.2
505.7
373.7
372.7
378.6
228.5
228.5
228.5
383 .3
382.9
382.4
232.4

P

.683
.083
.04d3
.681
.681
.08l
.682
.682
.82
.0686
.086
.086
.683
.683
.633
.638

L/D

«514

«21l4d

.514
1.201
1.201
1.201
2,059
2,059
2,059
2.059
2.059
2.059
2.831
2.831
2.831
2,831

M

150
150
150
200
200
290
200
200
200
200
200
200
200
200
200
200

Vo lcm/s)

a2
l.584
3.871
«219
1.563
3.864
« 5312
1.601
3.928
.53%
1.614
3.943
+238
l.622
3.968
«543

8aT



Exp-

113
114
115
116
117
1134
113
120
121
122
123
124
125
126
127
123

Taple I.1 Convective Heat [ransfer

Tg(°C)

36.6
357
3.9
35.4
29.1
20,7
28,4
27.7
26.1
29.3
3l.3
29.34
34.4
30.8
20,5
28.5

TelC)

1lleb
1165
1205
1287
1352
1332
352
1352
1352
1352
1347
1347
1290
1250
1290
1230

h (W/cm4°C)

.0032331
.00294381
.00384821
00276906
.0004074
LUu70033
.JU74715
LUU72636
.J073773
0084615
LU0U63201
LUUGB9210
.0042730
0046245
.U051074
0053156

Nu

11,27
10.41
13.22

9.00
20.10
21.96
22,18
22.76
23.14
20,24
19,07
21.70
13.4d6
15.900
16,37
17.24

- Similarity Parameters (continued)

(Re)

10.04
26,10
3.31
24,95
-3.41
-3 .39
“7' a5
=10.19
~19 .14
“dDsdL
-10.22
-25,70
-3.45
=18.98
-19.66
=-26,57

Re

232.4
232.4
228.5
382.4
512,2
510.0
512,2
511.0
511.¢
510.2
373.4
3793
225.3
245,59
22544
225.2

Pr

.683
.6384d
.686
.683
031
.0381
.b81l
.081
b3l
.68l
.03l
081
.083
.683
.683
.683

M

200
200
200
200
200
200
200
200
200
20U
20U
200
200
200
200
200

Vo (cm/'s)

1.625
3.974
.5306
3.972
-.524
-2217
-1.142
=1.559
~2.890
-34943
-1.o5068
-3 .921
-+524
~1.953
2,928
-3.959

6ST



LXDP.

65
67
08
62
79
71
73
74
5
76
77

Table 1.2 Convective Heat Yransfer - Similarity Parameters

i oyt

41.9
24 .4

23,0

Freely Suspended Screen

Tf(aﬁ}

1237
1352
1230
1257
1leo
120,
1319
1347
1256
1351
1303
1320

1352
1257
1257

h(W/cim?°C)

00067447
.UU097309
.0056933
.QUB8OYU
0036470
«U053637
.0U67393
.0074423
.0040437
.0064245
.0078480
.0071295

.0083099
0081960
0080392

U

24.U5
30.02
lg.47
29,11
12.TL
18.26
21.52
23.41
13.37
20.16
25l
24.15

26.06
27 .09
26,97

(Re) 4
.0u
.00
.00
.00
.00
.00
.00
.00
.00
.00
.00
.00

.00
U0
.00

¥ .4
512,49
221.4
349 .3
231.d
228.2
371 9
374 .3
224.0
373.8
519.8
517.7

511.4
529 .3
529.3

.083
.081
083
.0d4
.038
.0646
682
.681
.684
681
.082
.682

.681
.084
.684

.514
2.831
2.831

M

200
200
200
200
200
200
200
200
200
200
200
200

200
200
200

Volen/s)

.000
00U
.00V
VY
.000
.000
.000
.000
.000
.000
.000
.000

.000
.000
.000

09T
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APPENDIX J
SUMMARY OF FABRIC DESTRUCTION TIMES

Listed in Tables J.1 to J.13 is the reduced data for
the ignition time measurements of the igniting GIRCFF
fabrics [6]. The ignition times were corrected for the
exposure time delay and the overall convective film coeffi-
cients used to normalize the heat flux were evaluated using

the results of this thesis.



Table J.1.

GIRCFF FABRIC NO. 1

No.

25
28
32
33

39

10.50
10.50
7.60
7.60

1.90

I

Il

GIRCFF Fabric No. 1

.017300 W/cm?K

1.494 Ws/gK

,023430 g/cm’

416.00
e T
g/h °C
2020  22.2
1262 22.7
2176 22.2
1265 22.2
2948 23.0

5C

1255
1082
1310
1220
1352

Sumary of Fabric Destruction Times with CITA,

(Polyester Cotton)

3.130
2.693
3.270
3.041

3.381

6.985
9.826
6.401
9.066
3315

.384
.464
.364
.398
.350

0.908
1,210
0.805

1.069
0.618

wD3
.538
.530

.533
329

.004563
.004324
.004415

.004139
. 006550

Fo

3.443
4,843
3155

4.469
1.634

0.685
0.538
0.699

0.600
1,080

Z9T



GIRCFF FABRIC NO. 4

12
31
34

38

k/8

%
pé

10.50
10.50
7.60
7.60
7.60

1.90

Table J.2.

(Cotton)

015000 W/cm2K

1.424 Ws/gK

.029630 g/cu

29

Mmix
g/h

1263
2933
1262
1264
2170

2945

700 2

22.2
22.2
22.2
22.2
22.8

23.0

1165
1257
1226
1220
1307

1348

Sumary of Fabric Destruction Times with CITA,

GIRCFF Fabric No. 4

4.158
4,493
4.380
4,358
4.683

4.835

-l

9.382
7.874
10.512
9.513
8.568

5.385

-

275
L
+259
.260
.240

.231

0.961
0.851
1.030
0.932
0.895

0.835

L2
.520
-S21
.521
.519

+519

2h

W/cm2

.004322
.004560
.004137
.004137
.004412

.006548

Fo

1.047

.207

[

1.064
1.058
1.224

1.884

£9T



Table J.3. Sumnary of Fabric Destruction Times with CITA,
GIRCFF Fabric No. 5

GIRCFF FABRIC NO. 5 (Cotton)

k/8 = .009500 W/cm®K

Cp = 1.761 Ws/gK

pS = 013710 g/am?

T, = 311.00 °C
Bp. L fmix T T o . ;Oi T o 2h Fo q*
No. cm g/h °¢ e s W/a'nzK
21 7.60 1306 22.7 1205 4.100 4.376  .279 .753  .523 .004158 1.721 1.565
35 7.60 2204 23.6 1319 4.507 3.406  .250 .626  .520 .004439 1.340 1.862
39 10.50 2925 24.1 1257 4.297 2.950  .264 .56l  .522 .004562 1.160 1.824
64 10.60 1266 22.7 1165 3.962 3.826  .290 .688  .524 .004342 1.505 1.571
93 1.90 1261 24.4 1327 4.545 2.818  .248 .455  .520 .003906 1.108 1.654
94 1.90 2190 21.9 1351 4.597 2.663  .245 .604  .520 .005483 1.047 2.353
95 1.90 2965 21.9 1346 4.580 2.435  .246 .662  .520 .006572 0.958  2.808

ASA!



Table J.4. Summary of Fabric Destruction Times with CITA,
GIRCFF Fabric No. 6

GIRCFF FABRIC NO. 6  (Polyester Cotton)

k/8 = .018300 W/am’K

Cp = 1.545 Ws/gK

P8 = .023570 g/cm?

T, = 416.00 °C
Exp. L My T, T 6 ; ry 4 8 2h Fo gt
No. an g/h e i@l s W/cmzK
35 7.60 1266 23.0 1172 2.923 6.166  .418 700  .534 .004139 3.098 0.540
63 7.60 2183 22.8 1293 3.230 5.734  .370 .695  .530 .004415 2.881 0.65L
66  10.50 2988 22.8 1272 3.177 5.542  .377 .694  .531 .004563 2.785 0.659
68  10.50 1264 23.0 1154 2.877 6.226  .426 .739  .535 .004324 3.128 0.553
71 1.90 2968 22.8 1347 3.367 3.335  .352 .599  .529 .006550 1.675 1.015

S9T



GIRCFF FABRIC NO. 8

No.

41
43
45
47
56
119

123

k/&

%

pod

7.60
1.90

1.90

]

1l

I

Table J.5.

Sumnary of Fabric Destruction Times with CITA,

GIRCFF Fabric No. 8

(Polyester Cotton)

,011200 W/cn®K

2.045 Ws/gK

.016190 g/cm?

45

s

g/h

1261
2937
2955
1257
2176
3025

2951

0.00 °C

To

°C

24.4
24.4
222
22,2
22,2
22.2

22.5

Tf

°C

1176
1338
1314
1165
1343
1282

1367

2.705
3.086
3.019
2.671
3.087
2.944

3.145

[{]]

.346
.745
.875
.436
.036
»185

.857

.461
« 391
.402
.468
«391
.414

.382

.294
.147
w121
319
.138
.235

170

.538
.532
.533
.538
522
.534

«53L

2h

hvtnFK

.004155
.006569
.004588
.004339
.004435
.006569

.006569

« 793
S ADR
.295
.824
.350
.400

.289

.804
. 497
.018
.826
.011
.413

.532

99T



Table J.6. Sumnary of Fabric Destruction Times with CITA,
GIRCFF Fabric Na 9

GIRCFF FABRIC NO. 9 (Cotton)

13
14

29

k/8 = .005000 W/cmK

Cp = 1.558 Ws/gK

P& = .026480 g/am?

T, = 308.00 °C
¥ M. P T Bf T T i *i Qm 2h Fo g*
cm g/h L4 5 °C s W/cmzK

10.50 1271 21.6 1165 3.992 6.270  .288 .659  .523  .004342 0.759 3.011

10.50 2138 22.2 1303 4.481 4.154  .252 .470  .521 .004670 0.503  3.699

7.60 1264 22.2 1226 4.212 8.290 .271  .835 .522  ,004158 1.004 3.068
7.60 2067 22,2 1340 4.610 4.845 .244 521 .520 .004439 0.587 3.631

1.90 2947 21.4 1352 4.642 3.318 .242  .528 .520 .006572 0.402 5.418

9T



GIRCFF FABRIC NO. 10

No.

65
75
76
78
118

122

k/&

“p
pé

an

10.50
10.50
7.60
7.60
1.90

1.90

Il

Table J.7.

(Cotton)

.036000 W/cm?K
2.398 Ws/gK

.006650 g/cm®

Sumnary of Fabric Destruction Times with CITA,
GIRCFF Fabric No. 10

443.00 °C
Mrix To T
g/h €© °C
1266 22.7 1165
2939 23.8 1257
1262 22,5 1205
2181 22,6 1319
2990 22,2 1316
2951 22.5 1357

8¢ T T L Qm 2h
s W/cm’K
2.717 1.396 .458 .383 .538 .004382
2.941 0.974 .415 .284 .534 .004658
2.812 1.396 .439 .367 .536 .004199
3.083 1.376 «391 .387 .532 .004492
3.074  1.245 .393 .516 .532 .006620
3.173 0.885 .378 .367 «a31 .006620

Fo

3.151
2,200
3,151
3.106
2.810

1.997

.265
.311
.265
.318
.467

.485

89T



GIRCFF FABRIC NO. 15

No.

41
42
44
46
56

k/8
%
pd

Ty

10.50
10.50
7.60
7.60

1.90

Il

Il

Table J.8.

Sumary of Fabric Destruction Times with CITA,

GIRCFF Fabric No. 15

(Polyester Cotton)

.02100 W/am?K

1.624 Ws/gK

.022820 g/cm?

426.00

thx To
g/h °C
2953 22.7
1269 22.7
1268 22.8
2177 22.8
2950 22.8

2e

Ts

°c

1257
1165
1205
1319

1397

3.060
2.832
2,932
3.214

3.408

2.930
2.882
3.846
3.096

2.013

«395
.435
.417
372

. 347

.364
.338
.432
371

.357

«532
.536
.534
.530

.528

2h

W/cnzK

.004608
.004351
.004168
.004451

.006584

Fo

1.660
1.633
2.179
1.754

1.140

q*

601



18

26

270

30

Table J.9.

NO. 16
2
= .015000 W/cm'K
= 1.500 Ws/gK
2
= ,013140 g/cm
= 473.00 °C
g/h °C °G
2174  21.9 1294
1269 21.9 1219
2945 22,2 1267
1264 22.7 1165
2949 21,6 1352

(Polyester Cotton)

2.819
2.653
2,761
2.536

2.947

Summary of Fabric
GIRCFF Fabric No.

2.346
2.068
2.542
2,826

1.874

Destruction Times with CITA,

16

437
.472
. 449
.501

.414

D27
.435
591
621

.624

.536
+539
L i
.541

.534

2h

PL&:nZK

.004432
.004153
.004585
.004337

.006566

Fo

1.785
1,573
1.934
2.150

1.426

0.674
0.585
0.679
0.576

1.056

0LT



GIRCFF FABRIC NO. 17

§

66
77
79
80
117

121

10.50
7.60
7.60

10.50
1.90

1.90

]

I

Table J.10.

Summary of Fabric Destruction Times with CITA,

GIRCFF Fabric No.

(Polyester Cotton)

.029000 W/cm?K

1.840 Ws/gK

2
.008550 g/cm

480.00 °C
. T,
g/h °C
1267  22.7
1262 22.6
2179  22.7
2954  22.7
2958  22.2
2941 22.5

S

“C

1165
1205
1285
1257
1340

1381

2.497
2.585
2.760
2.699
2.878

2.969

1,736
1.696
1.341
0.835
0.995

1.075

17

~

L
.489
.449
.462
.426

.410

=4

.480
.449
379
.244
.416

.450

.542
.540
+337
.538
.535

.534

2h

vbﬁmnzK

.004355
.004171
.004456
.004613
.006587

.006587

Fo

3.200
3.126
2.471
1.539
1.834

1.981

«293
.294
.341
.343
<232

.553

ILT



GIRCFF FABRIC NO. 18

5 8

60
82
83
84
116

120

10.50
10.50
7.60
7.60
1.90

- 1.90

Table J.11.

(Cotton)

= 311.00
Mix  To
g/h °C
1258 23.5
2958 23.0
1260 22.8
2168 23.0
2949 22.2
2952 22.5

.007500 W/cm®K
1.735 Ws/gK

.012880 g/am®

°C

iy

w©

1165
1257
1198
1315
1353

1381

Sumary of Fabric Destruction Times with CITA,
GIRCFF Fabric No. 18

O

3.970
4,284
4.077
4.486
4,608
4,708

3.580
2.824
3.596
2,551
2.745
2.010

.290
. 265
.281
22
.244

.238

.695
.580
.669
.506
.807
591

.524
«922
023
.520
.520

. 519

2h

W/cmK

.004342
.004593
.004158
.004439
.006572

.006572

Fo

1.201
0.947
1.206
0.865
0.921

0.674

1.995
2,304
1.970
2.346
3.581

3.670

LT



GIRCFF FABRIC NO. 19

58
59
61
62

105

k/8
Cp
po

Ty

L

i

10.50
10.50
7.60
7.60

120

Table J.12.

Sumary of Fabric Destruction Times with CITA,
GIRCFF Fabric No. 19

(Cotton, Fire Rtd)

.011000 W/am’K

2,132 Ws/gK

.014890 g/cm’

497.00 °C
ﬁhﬁx To
g/h °C
2946 22.2
1257 23.5
1258 23.:5
2166 23.6
2953 21.6

e

1301
1165
1186
1325

1363

2.693
2.410
2.455
2.749

2.821

2.335
2.646
2.931
2,391

1.641

b

.464
«535
523
.452

.437

~1

325
.361
.383
-333

.339

.538
.544
.543
$937

.536

2h

i@kmFK

.004584
.004337
.004153
.004432

.006566

Fo

0.809
6.516
1.015
0.828

0.568

0.897
6.735
0.721
0.891

1.364

gLT



Table J.13. Summary of Fabric Destruction Times with CITA,

GIRCFF Fabric No. 20

GIRCFF FABRIC NO. 20 (Wool)

k/8 = .007500 W/cmK

Cp = 1.270 Ws/gK

pd = .019930 g/am’

T, = 480.00 °C

. -C - =
Fxp. L fge T T o, . N o 2h Fo q*
No. cm g/h °C 2C © W/cmzK
16 7.60 2175 21.9 1334 2.864 2.568  .429 .449  .535 .004432 .760  1.376
19 7.60 1270 21.9 1208 2.589 2,290  .488 .375  .540 .004153 .678  1.134
2 10.50 1263 21.6 1029 2.197 2.826  .607 .484  .550 .004337 .837  0.952

10 10.50 2948 22,2 1291 2.771 1.875  .447 .339  .537 .004585 .555  1.365
36 7.60 1263 23.0 1196 2.566 2.958  .493 .485  .540 .004153 .876  1.121
37 7.60 1265 23.0 1229 2.638 3.013  .476 .494  .539  ,004153 .892  1.162
61 1.90 2950 22,8 1366 2.937 1.595  .416 .413  .534  ,006566 .472  2.104

vLT
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