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ABSTRACT
One of the primary differences among various test methods used to evaluate fabrics for
thermal protective clothing is the presence or absence of a horizontal air gap between
the fabric to be tested and the test sensor. Numerical modeling and flow visualization
experiments were used to study the effect of the size of this air space on bench-top test
results. The relative magnitudes of conduction, convection and radiation heat transfer in
the air gap are shown, and photographs of the flow patterns in these enclosures are
included. Applications of this work to other areas of fire protection engineering are discussed.

(e.g., NFPA 1971), the fabric is heated using one
or two laboratory burners, and a radiant heat
source (e.g., a set of quartz tubes). This is to
simulate an exposure to a source with a larger

INTRODUCTION
In order to prevent burn injuries from accidents,
workers in various industries wear thermal protective clothing, such as protective coveralls or
fire fighters’ turnout gear. The flame resistant
fabrics that are used to make these garments can

radiative component (e.g., a fire fighter some distance from a fire) than the primarily convective
exposure simulated in the pictured test (e.g., a
worker engulfed in a flash fire). In addition, the

be evaluated using bench-top tests. Examples of
test methods include ASTM D 4108,1 ISO 9151,~
CAN/CGSB-155.13 and NFPA 1971.4
A schematic of the test apparatus used in many
of these tests is shown in Fig. 1. The particular
test arrangement shown consists of a fabric
heated from below by a Meker burner using premixed reactants (propane and air), a copper calorimeter test sensor mounted in an insulating
block, and an enclosed horizontal air space, 8, of
6.4 mm (1/4 inch) between the fabric and test
sensor. The cross section of the apparatus (looking from above) is 150 mm by 150 mm. The fabric
specimen is 100 mm by 100 mm, while the portion of the fabric specimen that is heated is
50 mm by 50 mm. The nominal heat flux from the
laboratory burner for these tests is 80 kW/m2.

There are variations among the individual test
methods for these fabrics. In some test methods

1. Fabric-Air Gap-Test Sensor System (Nominal
Heat Flux Provided by Burner is 80 kW/m2) (not to scale)

Figure
1

through numerical modeling and flow visualization experiments. This study was part of a larger
study dealing with heat transfer in the entire

test methods

use different techniques to analyze
the data from the copper calorimeter test sensor.
Some tests rank the fabrics based on an estimate
of the time required to initiate second-degree
burn damage to skin if it were located behind the
fabric. This estimate is made using test sensor
temperatures and the data from Stoll and Chianta5 (often referred to as the Stoll criterion - see
ASTM D 41081). Other tests simply rank fabrics
based on the time needed for a specified increase
in the temperature of the test sensor. Another
difference among various test methods is the
placement of the fabric. Some tests place the fabric in contact with the copper disk test sensor,
while others place an air gap between the fabric
and test sensor, such as shown in Fig. 1.

fabric-air gap-test sensor system, the results of
which are described elsewhere.9
Heat transfer across air spaces is also important
in the performance of components of a building,
such as in wall and ceiling assemblies, during
fires or under ordinary conditions. These air
spaces will affect test results or predictions made
using numerical models. Another example of
heat transfer in a much larger air space of interest to the fire protection community is a fire
plume in a compartment. This study may, thus,
serve as an example of how heat transfer across
air spaces in other systems of interest to fire
protection engineers may be treated. Heat transfer in horizontal enclosures heated from below
(as well as in vertical enclosures heated from
one side) is also of importance in other areas of
engineering, such as the design of solar collectors
and electronics. Some of the results of this study,
therefore, could also be of interest to others outside the fire protection and textile communities.

properly evaluate protective fabrics for a
given application, it is important to understand
To

how differences among test methods affect the
performance of flame resistant fabrics in these
tests. Research on the effects of some of these
differences in test methods on fabric performance
has already been published in the literature. For
example, Lee and Barker6.7 investigated the
effects of changing the percentage of radiation
and convection in the nominal heat flux on the
results of bench-top tests of common flame resistant fabrics. Torvi, et a18 examined modifications

This paper describes previous research in energy
transfer in air gaps between thermal protective
clothing and a sensor or skin, as well as a numerical model, developed from previous work. This
paper also discusses results from the numerical
model and compares these to results from flow
visualization experiments. Photographs from
these flow visualization experiments are
included to qualitatively describe heat transfer
in these enclosures.

to existing bench-top test methods, such as using
different test sensors, and evaluated a number
of methods used to make skin burn predictions.

investigators have examined the effect of
changing the width of the air space between the
fabric and test sensor on bench-top test results.
Some

The presence and size of this air space will affect
the energy transfer between the heated fabric
and test sensor in bench-top tests and between
the heated fabric and skin in real life. As this
energy transfer governs thermal damage to the
skin in real life, it is important to quantify the
role of air spaces between the fabric and skin or
test sensor. The results of some of the previous
studies in this area, however, appear to contradict each other, and there is some confusion as
to the importance of various modes of heat transfer in this air space. It was decided, therefore, to
examine in detail heat transfer across the air
space between the heated fabric and the benchtop test sensor during these tests. This was done

PREVIOUS RESEARCH IN ENERGY
TRANSFER IN AIR GAPS IN
THERMAL PROTECTIVE CLOTHING
As mentioned previously, some bench-top test
methods place the fabric directly in contact with
the test sensor, while others place an air space
between the fabric and sensor. Each method has
advantages and disadvantages.9 If an air gap is
used, as long as this air space remains stagnant,
its insulating value will increase as its width
increases. However, if the air space becomes wide
enough, natural convection will begin to take
place in the air space. This will increase the heat
2

lation for natural convection in horizontal enclosures under steady state conditions to predict
the transition to natural convection in the air
gap. The relative magnitudes of the convection
and radiation heat transfer in the air gap are
compared. These calculations were then compared to observations made using flow visualization techniques. The results of these studies are
described in turn below.

transfer across the air space, which will decrease
its insulating value. Radiation heat transfer will
also affect the insulating value of the air space.
In this paper, the term optimal air gap width
will be used to describe the air gap width below
which the insulating value of the air space
increases with thickness, and above which the
insulating value of the air space decreases with
thickness. Several investigators have postulated
values of the optimal air gap widths between
individual fabric layers, or between fabric layers
and the skin. Some of these values have been
determined through analysis or experimentation
while, in other cases, no reasons are given. A
summary of these optimal air gap widths is
shown in Table 1. Other experimental work in
this area includes Hoschke, et apo and Benisek
and Phillips,l1 who compared test results for fabrics with different air gaps. Unlike the references
in Table 1, no optimal spacing was observed in
either of these two cases.

NUMERICAL MODELING
Model of Heat Transfer in Air

Gap

The complete heat transfer model of the fabricair gap-test sensor system is described elsewhere.l9 Two inherently flame resistant fabrics
were modeled in this work, Kevlar~/PBI* and
Nomexg IIIA. The model includes conduction,
natural convection and radiation heat transfer
in an air space between the fabric and a test
sensor. The finite element method was used to
solve the appropriate differential equations for
the temperatures at various locations within the
fabric, air space and copper test sensor. Five elements were used to model the fabric, one element
was used to model the air gap and two elements
were used to model the copper disk. An additional
element was used to model heat losses from the
copper disk. The copper test sensor temperatures
were used to estimate the time required to produce second-degree burn damage to human skin
placed in the same position as the test sensor
using the Stoll criterion discussed in .the Introduction section of this paper. It should be noted
that, in this study, one of the simplifying assumptions made is that the width of the air space
between the fabric and sensor remains constant
throughout the exposure. In practice, the width
of the air space will not remain constant, because
of the thermomechanical response of the fabric&dquo;
(e.g., shrinkage) and the movement of the

From Table 1, it is obvious that there is no agreement as to the value of an optimal air gap width.
This may be partially due to the fact that some
of these investigators looked at vertical air gaps
where the physics of natural convection are different from the physics in the horizontal air gap
studied here. Many of these studies were experimental, with observations made under only one
set of conditions. Sometimes these results are
applied to situations unlike the experiment from
which they were derived. For example, one of the
references often quoted from the above table is
that of Stoll and Chianta.l4 They studied the role
of air gaps between two, relatively light, fabric
layers during the first 3 s of an exposure to a
flame. These results have since been quoted
when dealing with the air space between heavier
fabrics and a test sensor at longer times of exposure to a flame and/or radiant heat source.
There also appears to be some confusion as to
the relative importance of heat transfer modes
in these air spaces. Most of the previous work
considered natural convection heat transfer in
the air space, but few have considered radiation
heat transfer, which should also be important at
the elevated temperatures these fabrics reach
during bench-top tests. In order to investigate
the heat transfer in the air space between the
heated fabric and test sensor, numerical modeling and flow visualization were used in this
study. The numerical model uses a simple corre-

human

body.

Conduction/Convection Heat Transfer

description of the natural convection
occurring in the air spaces in bench-

A detailed
processes

*Certain commercial products are identified in this paper in
order to adequately specify the experimental procedure. In
no case does such identification imply recommendations or
endorsement by the National Research Council, nor does it
imply that the product or material identified is the best
available for the purpose.
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Table 1

Suggested Optimal

Air

Gap Widths for Protective and Other Clothing

4

where Nu is the Nusselt number and Ra is the
Rayleigh number based on the temperature difference across the horizontal air gap,

top tests is daunting. The problem is a transient
one. For an exposure of 80 kW/ml, temperatures
at the back of typical
in thermal protective

single layer fabrics, used
clothing, reach 500°C in
several seconds, resulting in a temperature difference across the air gap of greater than 400°C.
These fabrics undergo thermochemical reactions
at elevated temperatures, which affect their
properties and the nature of the boundaries of
the enclosure. Therefore, the boundary conditions and the properties of the fluid in the enclosure change rapidly. Additional energy transfer
modes, such as mass transfer due to the evaporation of moisture from the fabric and thermochemical reactions, and radiation, can interact with
the convection heat transfer. Only part of the
bottom of the enclosure is heated by the flame,
and the heat flux over this heated section is not
uniform. In addition, due to the nature of the
fibrous structure of the fabric, even if the front of
the fabric were evenly heated, the temperatures
along the back surface of the fabric would not be
uniform at any given time. To completely describe
the physics of the enclosure, the temperatures at
each point in the space should be known. Ideally,
these should be compared to measurements in
actual enclosures. Studies that include at least
some of these effects have been performed for specific situations (e.g., Pallares, et al21). These, however, require large computing resources. In this
study, only estimates of the total heat transfer,
and the relative magnitude of convection and
radiation heat transfer, between the fabric and
the skin or test sensor were desired, not the exact
temperature distribution in the enclosure. Therefore, simple correlations were used.

and the notation [ ]’ indicates that if the argunegative, the
should
be
taken
as
zero.
Other
quantity
symbols
are defined in the Nomenclature section of this
paper. The values of the thermal properties of the
air gap used in Eqs. (1) and (2) were determined
using standard tables for air and the average
temperature in the air gap at the previous
time step.
ment in the square brackets is

The first term on the right hand side of Eq. (1)
represents conduction (i.e., for Ra < 1708,
Nu
1), while the second and third terms represent different regimes of natural convection. Hollands, et a122 determined this correlation through
fitting data from the experimental work conducted by themselves and others over a wide
range of Rayleigh numbers for steady-state conditions. At extreme values of the Rayleigh number (Ra < 1700 and Ra - -), this equation gives
similar results to those from a theoretical model
they developed based on estimates of the sizes
of conduction layers on each of the upper and
lower boundaries of the enclosure.
=

Thermal Radiation Heat Transfer
A rigorous model of the thermal radiation heat
transfer in the air gap would include radiation
heat transfer between the fabric, test sensor,
specimen holder, insulating block and the side
walls. It was found, however, that test sensor
temperatures obtained by considering only the
heat transfer between the heated portion of the
fabric and the test sensor were only slightly different from the temperatures calculated using a
more complicated radiation network. Therefore,
the model only includes the thermal radiation
heat transfer between the heated portion of the
fabric and the test sensor. Absorption and emission of radiation by gases in the air gap were
shown to have a negligible effect on the net heat
transfer by thermal radiation between the
heated fabric and the test sensor and, hence,
were ignored.9 Scattering by particles in the air
gap generated by thermochemical reactions
involving the fabric was also investigated. It was

Heat transfer in the air gap was modeled as follows : mass transfer across the air space was
neglected; the effects of the side walls were found
to be negligible; and convection heat transfer was
assumed to be quasi-steady-state. For these reasons, the convective heat transfer coefficient, hgap
in Eqs. (1) and (3) below, was determined at each
time step using the correlation of Hollands, et
a122 for air in a horizontal enclosure of thickness
8, heated from below.

5

found that many particles were produced and
that these were generally small (less than 2 ~Lm)
relative to the dominant wavelengths of the radiation from the back of the heated fabric (greater
than 9 ~Lm). As data could not be obtained on the
exact size distribution and concentration of the
particles in the air gap, such scattering was
also ignored.

Total Heat Transfer
Radiation and convection were assumed to be
uncoupled and, hence, the total heat transfer was
assumed to be the sum of the heat transfer by
each mode. An effective thermal conductivity
was used to represent the air gap, as suggested
by Stelzer and Welzel.23 The effective thermal
conductivity for this air space is given as

2. Temperatures of Back of Fabric and Copper
Disk Test Sensor for Typical Bench-top Test Predicted
by the Numerical Model for Air Gap Width of 6.4 mm

Figure

(1/4 in.)
mine whether any optimal air gap is predicted
using the numerical model, times required to
exceed the Stoll criterion for the onset of second

degree burns to skin were predicted using the
numerical model for air gaps between the fabric
and test sensor from 0.5 to 20 mm.** These
results are shown in Fig. 3. No optimal air gap
size was indicated, unlike the studies summarized in Table 1. There was, however, a point of
inflection in the curve at an air gap of 8-9 mm.
The predicted Rayleigh numbers (based on the
temperatures of the top and bottom of the air

where 8 is the total width of the air gap and
the subscripts &dquo;sens&dquo; and &dquo;fab&dquo; refer to the test
sensor and fabric, respectively. The emissivity of
the test sensor, Esens, which was painted black,
was assumed to be 0.95 and the emissivity of the
fabric was assumed to be 0.9. The view factor
between the fabric and test sensor, F fab-sens, was
calculated for a given air gap width using the
geometry of the particular air gap (surface areas
of test sensor, Ase~, and exposed fabric, Afab and
the air gap width) and the relationship given
in Jakob.24

To further simplify the problem, the values of
the Rayleigh number, convective heat transfer
coefficient, effective thermal conductivity and
other thermal properties at each time step were
calculated using temperatures from the previous
time step. During testing of the numerical model,
it was estimated that this would have a minimal
effect on the numerical results, as the time steps
used were relatively small (0.05 s).

3. Times Required to Exceed Stoll Criterion Predicted by Numerical Model for Air Gap Widths from 0.5
to 20 mm

Figure

**It should be noted that the Stoll Criterion is not a linear
function of the temperature of the test sensor, therefore,
a curve of the time to reach a criterion based on temperature rise versus air gap width would not have the same
shape as Fig. 3.

Numerical Results
The temperatures at the back of the fabric and
the test sensor predicted by the numerical model
for a typical fabric are shown in Fig. 2. To deter6

gap and thermal

properties of air at the average
the
air gap) are plotted as a funcof
temperature
tion of time for a number of air gap widths in
Fig. 4. Theoretically, natural convection should
begin at a Rayleigh number of about 1700 in
an enclosure between two infinite parallel plates
heated from below.22 This criterion is plotted
along with the Rayleigh number histories in
Fig. 4. For Rayleigh numbers from 1700 to about
5500, the flow patterns are expected to consist
of steady rolls. Above the larger value, flows are
expected to increase in complexity until, at some
higher value of the Rayleigh number, the flow
becomes fully turbulent. The estimated Rayleigh
numbers indicate that natural convection is predicted to occur in air spaces of about 7 mm or
larger. The theory also predicts that, in these
cases, natural convection should begin fairly
quickly after the beginning of the exposure, and
be quite vigorous at larger air gap sizes.

Figure

5. Flow Visualization

Arrangement

In order to observe the flow patterns in the air
space, the insulating block and test sensor on top
of the specimen holder and spacer were replaced
with a clear piece of pyrex glass, 1.6 mm thick.
This arrangement is shown in Fig. 5. A slide projector lamp was mounted above the apparatus
and two razor blades were taped over the lamp
in order to produce a thin beam of light, less than
a few millimeters wide, across the air space. This
allowed a single cross-section of the flow pattern
across the air gap to be photographed. Still and
video cameras were mounted, in turn, in front of
the air gap and at about 20° to the horizontal to

record the flow patterns within the air gap. As
it was difficult to produce good photographs of
the front views of the fabrics, and so as to compare the behavior in air gaps with solid and
porous bottom boundaries, photographs using
pieces of steel shim stock were also taken. The
-thickness of these pieces of shim stock were chosen so as to have pieces with approximately the
same volumetric heat capacity as the fabrics
studied here. These were painted with TREMCLAD&reg; High-Heat Manifold Paint (TREMCO
LTD., Toronto, ON). This paint began to smoke
very shortly after the exposure began, hence, this
smoke was used to mark the flow in the air spaces
above the painted shim stock pieces. This simplified the design of the experiment, as it was not
necessary to introduce an external source of
smoke to mark the flow.

4. Rayleigh Number Histories Predicted
Numerical Model for Various Air Gap Widths

In Fig. 6, the flow patterns observed in different
air gaps above the shim stock pieces are shown.
The air gap widths should be regarded as approximate, as the shim stock pieces did not remain
rigid during the exposures. Photographs which
show the progression of the flow patterns with
time for these air gaps can be found in Torvi.1 The
flow visualization study indicated that natural
convection occurs in air gap widths of about
6.4 mm (1/4 in.) or larger in bench-top tests. At
these smaller air gap widths, flow patterns were
similar to Benard cells. At the larger air gap
widths in this study, the cells were considerably
stronger, which is expected from the dependence
of the Rayleigh number on the cube of the air gap

FLOW VISUALIZATION

Figure

by
7

Figure 6. Examples of Flow Patterns Observed
(1/2 in.), 9.5 mm (3/8 in.), 6.4 mm (1/4 in.))

in Various Air

Gaps (from top to bottom-19.1

mm

(3/4 in.),

12.7 mm

DISCUSSION

width (Eq. (2)). The flow patterns above fabrics,
which are not shown here, were different from
those above the shim stock pieces at air gaps of
less than 12.7 mm (1/2 in.). This may indicate that

Both the simple numerical model and the flow
visualization experiments indicate that natural
convection should occur at air gaps of about 67 mm or larger, assuming a critical Rayleigh
number of approximately 1700. Both studies also
indicate that natural convection occurs fairly
quickly after the beginning of the exposure and
becomes quite vigorous at larger air gap sizes.
However, the numerical results do not indicate

the porous nature of the fabric has an effect on
the natural convection flow patterns in the air
gaps. Alternatively, this may be due to effects of
the mass transfer between the fabric and test
sensor of products of the thermochemical reactions that occur in these materials at high tem-

peratures.
8

optimal value of air gap width, beyond which
the times required to exceed the Stoll criterion
an

decrease, unlike many of the studies in the literature. This indicates that radiation heat transfer
must also be considered in the
air gaps.

analysis

of these

In order to gain some insight into these observations, the relative magnitudes of the two modes
of energy transfer in the air gap, conduction/convection and radiation heat transfer, were determined at each time step using the numerical
model. These data are shown in Fig. 7 for three
particular air gaps, 6, 12 and 20 mm. These data
indicate that the model predicts that heat transfer by convection (actually conduction and convection) is about the same at each air gap, while
heat transfer by thermal radiation is quite different at each air gap.

Figure 8. Maximum Values of Convective Heat Transfer
Coefficient Predicted by Numerical Model for Air Gap
Widths from 1 to 20 mm
conductance rather than the convective heat
transfer coefficient, hence the use of quotation
marks in the title on the y-axis. The convective
heat transfer coefficient actually decreases with

The fact that the magnitude of natural convection heat transfer remains about the same with
increasing air gap sizes is somewhat puzzling as
both the numerical and flow visualization results
indicated that convection should be more vigorous as the air gap size increases. However, it is
not the extent of natural convection in the air
gap that is important to the ultimate test result,
but the energy that is transferred by this process
from the heated fabric to the test sensor. Therefore, the maximum value of the convective heat
transfer coefficient, hgap in Eqs. (1) and (3), was
compared for different air gap widths (Fig. 8). At
smaller air gap widths, before natural convection
is initiated, this quantity is actually the thermal

increasing air gap width until an air gap of about
8 mm, then increases very slightly and remains
about constant with increasing air gap width.
These data demonstrate the importance of the
of the air gap width. Even if strong
convection cells are set up in larger air spaces,
these will take a finite amount of time to transfer
energy from the fabric to the test sensor. When
considering these results, it must be remembered
that the model is based on several simplifying
assumptions and is only intended to give a gross
estimate of the heat transfer across the air gap.

magnitude

The energy transfer by radiation was also examined. The view factor between the heated portion
of the fabric and the copper disk was compared
for different air gap widths (Fig. 9). The view
factor decreases as the air gap increases. This
explains the fact that heat transfer by thermal
radiation decreases with increasing air gap, as
shown in Fig. 7.
These results clearly indicate that, while much
of the past work in the area of energy transfer
across these air spaces has been concerned with
natural convection in the air spaces, it is the
thermal radiation between the fabric and the test
sensor which is of primary importance. These
results also indicate that, while the size of the
air gap has a significant effect on bench-top test
results, there is no optimal value of the width of
this air gap for bench-top testing.

Figure 7. Relative Magnitudes of Energy Transfer by
Conduction/Convection, and Thermal Radiation Across
the Air Gap Predicted by Numerical Model for Air Gap
Widths of 6, 12 and 20 mm
9

extended to study heat transfer in other enclosures of interest to fire protection engineers. For

example, Torrance,

Figure 9. Radiation View Factor Between Heated Fabric
and Test Sensor as a Function of Air Gap Width

all’,&dquo; presented pictures

As mentioned in the Introduction, heat transfer
in vertical enclosures, heated from one side, is
also important in areas of engineering, such as
in the design of solar collectors and electronics.
Vertical air gaps may also occur between protective fabrics and skin. The techniques described
in this paper could also be used to study heat
transfer in these vertical enclosures.

CONCLUSIONS AND
RECOMMENDATIONS
The numerical and experimental results indicate
that the width of the air gap in bench-top tests
does play an important role in the results of
bench-top tests of thermal protective fabrics. The
energy transfer between the heated fabric and
test sensor is mostly by thermal radiation for
practically all of the exposure. The decrease in
the value of the view factor with an increase in
spacing between the fabric and the test sensor
is responsible for much of the increase in times
required to exceed the Stoll criterion as the air
gap increases. There was no optimal value of this
air gap, as some investigators have speculated.

et

from a flow visualization experiment in which a
heated disk of radius approximately one-tenth
of the height of an enclosure was used. These
observations were compared to those from a
numerical model of the same situation. Experiments were run for Grashof numbers from
8 X 105 to 1 X 101°, which indicate stronger convection cells than those observed here. Information from these and similar studies have been
used to understand flows in rooms when designing fire detection systems and in developing
other design tools for fire protection engineers.

’

It should be noted that the air space in the benchtop test studied here is a horizontal enclosure
heated on a portion of its bottom surface. Air
spaces in some bench-top and thermal mannequin tests, and in some actual flash fires, involve
vertical enclosures. As the physics of natural convection in horizontal and vertical enclosures are
different, the work described here should be
repeated for vertical air gaps. Differences
between the two orientations of enclosures and
their effects on test results should be examined.
This work did not include the mass transfer
between the heated fabric and the test sensor.
More work is needed to understand the effect of
the size of the air gap on this process.

It must be remembered that, in the present
study, the width of the air space between the
fabric and sensor (or skin) is assumed to remain
constant throughout the exposure. As mentioned
previously, the width of the air space will not
remain constant in practice. Therefore, other
phenomena that affect the size of the air space
during an exposure, such as thermomechanical
effects, the movement of the human body and
the sizing of protective clothing, should also be

investigated.

CAUTIONS

.

In applying the results of the work in this paper,
it must be remembered that these results are
based on common bench-top tests and a numerical model with certain limitations. An exposure
to a laboratory Meker burner, used in the benchtop tests modeled, is different from an actual
flash fire or other industrial accident. Human

during an accidental exposure was not
considered. Hence, for these and other reasons,
response

the results and discussion in this paper may not
be applicable to the performance of actual protective fabrics or garments during actual flash fires
or other industrial accidents.

This study has primarily been concerned with
heat transfer in relatively small horizontal enclosures used in fabric tests. This work could be
10

2. Protective

Clothing Against Heat and
Flame&mdash;Determination of Heat Transmission on Exposure to Flame, ISO 9151, International Organization for Standardization,
Geneva, Switzerland, 1995.
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NOMENCLATURE
Notation
A
F

area

(m2)

radiation view factor
gravitational acceleration (9.81 m/sl)
convection heat transfer coefficient

g

h

5.

Stoll, A.M., and Chianta, M.A., Method and
Rating System for Evaluation of Thermal
Protection, Aerospace Medicine, Vol. 40,
1969, pp. 1232-1238.

6.

Lee, Y.M., and Barker, R.L, Thermal Protec-

(W/m2·°C)
thermal conductivity (W/m-OC)
Nusselt number (dimensionless)
heat flux (W/M2)
Rayleigh number (dimensionless)

k
Nu

q&dquo;
Ra
T

tive Performance of Heat-Resistant Fabrics
in Various High Intensity Heat Exposures,
Textile Research Journal, Vol. 57, 1987,

temperature (°C, K)
time (s)
width of air gap (m)

t
x

pp. 123-132.
7.

Greek

symbols

on the Thermal Protective Performance
of Heat-Resistant Fabrics, Journal of Fire
Sciences, Vol. 4, 1986, pp. 315-331.

ture

thermal diffusivity (m2/s)
coefficient of thermal expansion (K-1)

a

~3
0
8

change in

.

8.

air gap width (m)

e

emissivity (dimensionless)

v

kinematic viscosity (ml/s)
Stefan Boltzmann constant

or

(5.669

x

Subscripts
convection
fabric

gap

air gap

rad

radiation

sens

sensor

conv
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