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ABSTRACT

Despite the existence of standardized bench top tests for evaluating fabrics for
thermal protective clothing for flash fire and other high heat flux exposures, there are still
many questions about the thermal response of these thin fibrous materials @der high heat
flux conditions. While others have developed analytical and numerical models of these
materials, these models are difficult to use and have not been overly successful in
predicting fabric temperatures.

The finite element method was used to develop a model of the heat transfer in two
common inherently flame resistant fabrics, Nomex® IIIA and Kevlar®/PBI, subjected to
the high heat fluxes used in bench top tests, such as the thermal protective performance
(TPP) test. The apparent heat capacity method was used to model thermochemical
reactions in these materials using information from thermal gravimetric analysis (TGA)
and differential scanning calorimeter (DSC) tests. In-depth absorption of radiation,
variable thermal properties, and the heat transfer across an air space between the fabric
and a test sensor were also included. The absolute temperatures predicted by this
relatively simple model are within 4% of those measured by an infrared thermometer.
Estimated times to the Stoll second degree burn criterion are within 6% of those from
actual tests. Flow visualization was also used to describe the natural convection flow
patterns in the air space.

A parametric study conducted using this numerical model indicated that the most
important parameters are the boundary conditions used to describe the high heat flux

exposure. Effects of varying other parameters. such as fabric thickness and moisture



regain were also demonstrated. These results were used to explain differences in the
performance of the two fabrics.

Possible modifications to existing bench top test methods were also investigated.
From the heat transfer perspective planar tests are shown to be adequate representations
of the human body. Fixed duration flame exposure tests provide more information than
existing tests. Advantages and disadvantages of using copper disk and skin simulant heat
flux sensors were outlined. Different methods used to treat data from these test sensors,

and to make skin burn predictions, were also compared.
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NOMENCLATURE

Notation

A
AWG.

Pr

o

Ra

area (m?)

American Wire Gauge

circumference (m)

specific heat (J/kg-°C)

diameter (m)

time step (s)

elemental distance (m)

radiation view factor

energy generation due to chemical reaction (J/m’)
gravitational acceleration (9.81 m/s?)

Grashof number (dimensionless)

enthalpy function (J/m’)

convection heat transfer coefficient (W/m?-"C)
time step number (dimensionless)
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CHAPTER 1: INTRODUCTION

A large number of people are injured every year as a result of burns, many of
which occur in industrial accidents. For example, it is estimated that there are 7000
clothing-related workplace injuries due to fire in the United States each year, resulting in
200 fatalities [1]'. In order to minimize or prevent burn injuries from possible accidents,
workers wear thermal protective clothing. To properly assess protective clothing
alternatives, realistic tests must be performed to determine how much thermal protection
clothing can provide.

In the author’s previous work [2], a finite element model of bare skin subjected
to a flash fire was presented. This work has been extended in order to develop a finite
element model of the heat transfer in thin fibrous materials, such as thermal protective
fabrics, under the high heat flux conditions used in bench top fabric tests to simulate flash
fires. Energy transfers across air spaces between the heated fabric and bench top test
sensors are also included in the model. Numerical results from this model are presented
in this thesis and compared with experimental results obtained using a bench top test
apparatus. This apparatus was also used to evaluate proposed modifications to standard
test procedures for protective fabrics.

This introductory chapter describes the flash fire environment, and common fabric
tests used to determine the suitability of materials for thermal protective clothing.
Research conducted in the area of heat and mass transfer in fabrics subjected to flash fire-
like conditions, and other materials subjected to high heat flux conditions is also

summarized. An outline of the remainder of this thesis closes the chapter.

1.1 Flash Fires and Other High Heat Flux Exposures
One hazardous situation encountered in the petrochemical industry is the flash fire.

Flash fires can result from the release of combustible gas, such as a leak at a well head

! Numbers in square brackets denote references
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site, compressor station, or petrochemical plant. They are of short duration, typically less
than S s, and involve intense heat fluxes. Thermal protective clothing for these high
intensity, short duration exposures is designed to protect the worker for several seconds
if they happen to be exposed to a flash fire, giving them an opportunity to escape. At the
same time, it must also be comfortable to wear under normal working conditions.
Therefore it is different from protective clothing which is designed for other applications,
where longer exposures to different heat fluxes occur. For example fire fighters’ tunout
coats are designed to provide protection for long term exposures to moderate heat fluxes
and short term exposures to higher heat fluxes which can also occur during the course of
their work. However, this clothing would not be appropriate for workers at a well site.
Even though the turnout coats would do a good job of protecting the workers if they were
caught in a flash fire, the coats would certainly be uncomfortable to wear during the
course of their normal duties, especially during summer months.

Protective clothing can be evaluated using tests which simulate possible accidents.
The evaluation of the protective qualities can be done by a variety of methods such as
predicting the skin burns that a person wearing various fabrics or garments in such
accidents would receive. Methods used to make these predictions are described in
Section 1.3. In a paper describing the development of one of these tests, Behnke [3]
describes some of the visible changes which protective fabrics made of Nomex® undergo
after exposures to a 2.0 cal/cm®s (84 kW/m?) heat flux for different lengths of time.
Fabrics similar to those used in garments from actual industrial accidents were exposed
to this heat flux until they resembled the damaged garments. The total energy to the
garments was determined from the product of this heat flux and the exposure time
necessary to cause the fabric to resemble the damaged garment. If eyewitness accounts
of the duration of the exposure were available, an estimate of the heat flux during the
accident could be made by dividing the total energy estimate by the time duration
estimate. For a variety of accidents, heat fluxes between 1.0 and 3.0 cal/cm’s (42 to
126 kW/m?) were estimated, with a flux of about 2.0 cal/cm®s (84 kW/m?) being the
estimate for a flash fire. Heat fluxes similar to the latter are now used in many tests for

flame resistant fabrics and garments, which are described in Section 1.4.
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These estimates assume that the changes which were seen in the garments were
only dependent on the total energy absorbed, and not on the magnitude of the heat flux
itself (e.g. a heat flux of 160 kW/m’ for 2 s and a heat flux of 40 kW/m® for 8 s both
represent an energy input of 320 kJ/m?. This may or may not be the case. Other
investigators have reported heat flux measurements for flash fires and other hazards. For
example, Holcombe and Hoschke [4] reported estimates of 130-330 kW/m? for simulated
mine explosions, and 167-226 kW/m? for JP-4 fuel fires. Krasny, et al. [S] measured heat
fluxes of up to 180 kW/m? in seven room fires from just before flashover to flashover and
severe postflashover fires.

Recently, the author has participated in an experiment in which a house was
partially filled with natural gas, and then the gas/air mixture was ignited (House Full Of
Gas (HFOG) I [6]). During this experiment, heat flux sensors used in the University
of Alberta thermal mannequin (discussed in Section 1.4.3) were placed in the vicinity of
the ignition point in order to measure the heat fluxes from the resulting explosion. As
shown in Figure 1.1, the peak heat flux measured during the explosion was about twice
the heat flux estimated as that for an ideal flash fire (80 kW/m?), and about 40% higher
than the peak heat flux in a typical thermal mannequin test. Therefore the fluxes used
in these existing tests may not be in fact indicative of the accident which is being
simulated.

For the work described in this thesis, heat fluxes of the order of 80 kW/m® will
continue to be used. However, as evident by the above discussion, future work is
required to determine more exactly the range of fluxes expected during flash fires and

other exposures of interest.
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III) Experiment with Those Estimated for Ideal Flash Fire and Used in

Thermal Mannequin Tests

Figure 1.1

1.2 Thermal Protective Clothing
Thermal protective clothing is designed to prevent or minimize skin burn damage

from flash fires by reducing the heat transfer from the fire to the skin underneath the
clothing. This is accomplished by using a garment which is flame resistant and thermal
insulating. The garment must also maintain its integrity during the exposure, so that it
will not rupture as a worker attempts to escape from a fire.

Some of the desired properties of thermal protective clothing are as follows [7].
The constituent fibres should be flame resistant and non-melting. They should not emit
toxic gases at high temperatures. The fibres should be shrink-resistant, and maintain their
strength and flexibility even at high temperatures. They should also have a low thermal
conductivity so that they transmit as little heat as possible to the underlying skin. Fabrics
made of these fibres should shrink very little and not split when exposed to flames, have
low air permeability (so as to decrease convective heat transfer through the fabric), and
be free of flammable finishes or coatings. The garment itself should have a proper fit and

be easy to maintain. Closures and waistbands should be designed so as to reduce possible
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chimney effects during exposures. Garments must also be comfortable to wear during the
normal course of work, which may result in some trade-offs in garment design. An
example of this was given earlier when the different protective clothing needs of fire

fighters and workers at a well site were compared.

1.2.1 Flame Resistance

Flame resistance is defined as "the property of a material whereby flaming
combustion is slowed, terminated, or prevented” [8]. As this ability depends on the
specific flame or thermal ignition source, it is a relative, rather than an absolute term,
such as "flame proof” (as any fibre or fabric will burn if the exposure is severe enough).
As mentioned above, fibres for thermal protective clothing should be flame resistant.
Textile materials can be made flame resistant through chemical treatments, or by use of
inherently flame resistant fibres. This study is limited to fabrics made of inherently flame
resistant fibres.

Inherently flame resistant fibres are those in which the flame resistant properties
are built into the polymer or fibre structure. Examples of some inherently flame resistant
polymers used in this study are shown in Figure 1.2. These molecules have a "stiff
backbone” due to the aromatic groups in the structure, thus there is limited bond
rotation [9]. This results in a very stable structure, and therefore very high decomposition
and melting temperatures, good thermal resistance and strength retention at high
temperatures, and low shrinkage. As the flame resistant properties are inherent in the
fibres, they will remain good over the entire working lifetime of the garment. Further

details on these fibres can be found in Crown and Kerr [9].
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Figure 1.2  Inherently Flame Resistant Polymers Used in This Work

Inherently flame resistant fibres are classified as aramids, novoloids, or polyamide
imides. Common aramids are E.I. du Pont de Nemours and Company’s Nomex®IIIA (a
meta/para-aramid blend) and Kevlar® (a para-aramid), Teijin Fenilon’s Conex® (a meta-
aramid), and Kermel, SNC’s Kermel®. A novoloid which is used is Carborundum
Company’s Kynol®. A polyamide imide that is in common use is Hoechst Celanese
Corporation’s polybenzimidazole (PBI). Often these fibres are blended with another fibre
to increase their breathability and hence comfort [10].
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Samples of three common flame resistant fabrics, Keviar®/PBI, and Nomex® III
and IITA, were used in this study. Specific details about the fabrics used will be given

in Section 3.1.

1.3 Skin Burn Predictions

In the fabric and garment tests which will be described in subsequent sections,
individual fabrics or garments are rated on the basis of estimates of the amount of thermal
damage which could occur to human skin behind that particular fabric or garment during
and/or immediately after a high heat flux exposure. A brief description of human skin
and skin burns is given immediately below. Two common methods used to estimate skin
burns in fabric or garment tests are then described.

Before proceeding, however, it should be noted that while the term "burn
prediction” is used in the literature and this thesis, it must be realized that this is simply
a prediction made using a mathematical model of human skin or experimental data from
a small number of human or animal experiments. Human skin and its thermal properties
vary widely from person to person (due to factors such as the age of the individual), and
from body site to body site on an individual. The accidents which occur in industry also
vary widely. Therefore, although much effort has been put into making these predictions
as realistic as possible, it must be remembered that the predictions are merely a rating
system, rather than an indication of how much protection fabrics or garments might
actually offer in a real accident. For example, just because the test results of a given
fabric indicate it would take S s for a second degree burn to occur does not mean that this

fabric would necessarily provide 5 s of protection to a worker in the field.

1.3.1 Skin Structure and Skin Burns

Skin is the largest organ of the human body both in terms of surface area (1.6 to
1.9 m’ for most adults) and weight (about 15% of total body weight). The main regions
of the skin are the epidermis, dermis, and subcutaneous tissue. The epidermis is the very
thin outer layer of the skin. Typical thicknesses are 0.06 to 0.8 mm, depending on

location on the body and individual. It contains no blood vessels or connective tissue,
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and receives nourishment from the dermis below. The bottom layer of the epidermis is
called the basal layer (or stratum corneum), where cells constantly divide to form new
cells, which move upwards through the rest of the epidermis. The dermis is much thicker
than the epidermis (typically 20 to 30 times). It provides the strength and elasticity for
the skin, and contains the glands, hair follicles, lymphatic vessels, nerves, and blood
vessels. The subcutaneous tissue consists of connective tissue and specializes in the
formation and storage of fat. In some parts of the body, such as the neck or the face,
subcutaneous muscle exists under the fat layer. Further details on the skin can be found
in [11].

Burns are one of the worst injuries possible to man. Many different local and
systemic responses occur in the skin as a result of thermal insult. Burns take a long time
to heal and are sometimes difficult to treat clinically. The systemic effects provide
further complications which must also be treated. Damage can become a serious social
hindrance and a blow to self esteem if it occurs on visible portions of skin.

Different classification systems are used to categorize skin burns. One common
method traditionally used (and described below) is to clinically classify burns as first,
second, third, or fourth degree burns. As shall be discussed later, burns are temperature
and time dependant. Therefore, two different exposures can result in the same degree of
burn, but leave the skin with different appearances. Hence, making an exact clinical
classification of actual burns is difficult, and in practice may take days. However, the
following general comments, summarized from [11], are appropriate.

First degree burns involve damage to the epidermis. There is little damage other
than redness in the burned region. There are no systemic effects. Discomfort is
temporary, and healing is normally quick with no permanent scarring or discolouration.

Second degree (or partial thickness) bumms involve damage to the epidermis and
the dermis. Blistering may occur, as well as damage to the structure of the dermis and
the circulatory system. There is a loss of fluids, leading to many systemic effects, and
a loss of plasma volume, which is a major factor in causing shock in untreated burn
patients. Second degree burns may be further classified as superficial or deep, depending
on the penetration depth of the injured zone. Superficial second degree burns are those
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in which a significant fraction of the cells at the base of the dermis are not destroyed.
Therefore healing can occur in a normal pattern. Deep second degree burns result in
much of the dermal base being lost.

Third degree (full thickness) burns occur when all epidermal elements and the
supporting dermal structures are destroyed. This includes the destruction of blood vessels
in the burned region. With no blood flow, the cells in this region of full thickness burn
eventually die. Large volumes of extravascular fluid are lost due to injury to tissue
beneath and surrounding the area of full thickness injury. There is no possibility for
spontaneous healing, and skin grafts are required for resurfacing from the margins of the
wound.

Fourth degree burns can occur with the incineration of tissue. Muscle, bone, and
other structures below the subcutaneous tissue may be injured. Healing is not
significantly different from that with third degree burns except for greater complications
due to the injuries to underlying tissue.

Besides the aforementioned effects of first, second, third, and fourth degree burns,
there are also systemic effects of heat trauma, as a major burn will alter the functions of
all organ systems to some extent. Some of these changes are a direct result of the
thermal stress and the inflammatory mediators within the body which are released locally
into the circulatory system. However most are due to the altered condition of the skin.
These systemic changes can include shock resulting from fluid loss, a decrease in cardial
output, severe injuries to the respiratory system, an increase in the metabolic rate to
compensate for the large heat losses from surface evaporation of water from the injured
areas, and other complications such as nutritional defects, and altered immune function.

Two different methods can be used to estimate the times to thermal damage.

These two methods, and their advantages and disadvantages are briefly described below.

1.3.2 Stoll Second Degree Burn Criterion
Bench scale tests of protective fabrics (to be discussed in Section 1.4) use data
from the work of Stoll and Chianta [12] to make estimates of the time it takes for second

degree burn damage to begin to occur for a given exposure. These data are shown in
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Figure 1.3. Some of the data were based on observed exposure times required to produce
second degree burn in blackened buman skin subjected to incident heat fluxes from 0.1
to 0.4 cal/cm®s (4.2 to 16.8 kW/m?) [13]. Other data were theoretically determined for
heat fluxes from 0.4 to 1.0 cal/cm®s (16.8 to 41.9 kW/m?).

40
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Figure 1.3 Stoll Criterion for Time to Second Degree Burn for Various Incident
Square Wave Heat Fluxes on Bare Human Skin

These data are converted to the total amounts of energy which must be absorbed
by the skin to cause second degree burns for a given length of exposure. A record of the
energy absorbed by a test sensor, such as a copper calorimeter, can hence be compared
with this criterion to estimate the time required to produce a second degree burn.

The main advantage to this method of predicting skin burns is its simplicity.
Burns can quickly be predicted without the use of sophisticated mathematics. However,
Stoll and Chianta state that "in applying these data it is absolutely essential that the heat
pulse used be rectangular, for any variation from this shape invalidates the data” [12].
Holcombe and Hoschke [4], among others, have correctly pointed out that the pulse
measured behind an exposed fabric is not rectangular. The effect of this on burmn
predictions will be discussed in Chapters 4 and 5. It should also be noted that this
criterion is based on limited data. An average of 2.6 readings were taken at five heat

fluxes and no indication was given as to the range of the data at each heat flux level [13].
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In addition, as will be shown in Section 4.3.1, the peak heat fluxes under single layers
of some thermal protective fabrics may be greater than the upper bound (16.8 kW/m?®) of
the heat fluxes used to obtain their experimental data.

1.3.3 Henriques Burn Integral
Henriques [14] found that skin damage could be represented as a chemical rate

process, and that a first order Arrhenius rate equation could be used for the rate of tssue

damage,

dQ AE .
= =p —— (LD
dt exp ( RT )

Equation (1.1) can be integrated to produce

‘ AE
Q= |Pexp (~—-)dt (1.2)
! RT

This integration is performed over the time the basal layer temperature, T, is greater than
or equal to 44°C. This temperature was found to be the threshold temperature for thermal
damage.

Second degree burns were said to occur when Q is unity. By fitting experimental
data for pig skin burns to Equation (1.2) for Q = 1.0, the activation energy, AE, was
found to be 150 000 cal/mol (627 900 J/mol). This activation energy is very close to that
of thermal denaturation (destruction through heating) of proteins (such as keratin in the
epidermis). Therefore, the investigator postulated that this is the process by which skin
tissue is destroyed. The value of the pre-exponential factor, P, was also determined by
curve-fitting to be 3.1 x 10%®. However, these values and some of the other calculations
in Henriques’ paper have been shown to be incorrect [2,15], which will have an effect on
burn predictions made using Equation (1.2).

As Equations (1.1) and (1.2) suggest, damage is dependent on temperature and
time. For example, at a basal layer temperature of 44°C, a six hour exposure was said

to be necessary for irreversible damage to begin, while at 70°C, less than an one second
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exposure was required. It was also found that first degree burns occurred when = 0.53
in Equation (1.2). Other investigators have also determined constants so that
Equation (1.2) can be used to predict third degree burns [16].

Henriques burn integral is used in conjunction with teniperature—time data from
skin simulants to predict times to second and third degree burn. Details of this procedure
will be discussed in Section 4.3.2. This method is valid for any heat flux history, while
the Stoll criterion is strictly valid only for rectangular heat fluxes. However, this method
is considerably more involved, and requires the use of a computer and specialized
software. It should also be noted that Equations (1.1) and (1.2) are also used to make
predictions of thermal damage in other exposures, such as laser surgery, with different
values for the pre-exponential factor and activation energy. It has been shown that it is
very important to ensure that the values of these two parameters are appropriate for the

situation being modelled, or incorrect results may be obtained [17].

1.4  Fabric and Clothing Flammability and Thermal Protection Tests
Decisions about the appropriate thermal protective clothing for a particular
application can be made using the framework shown in Figure 1.4. Important selection

criteria can include [18]:

. protection and safety

. comfort and functional fit
. durability

J functional design details
. appearance

. maintenance

. cost

An example of how protective clothing was chosen for a variety of applications for U.S.
Navy fire fighters is given in Stull, et al. [19].

In order to determine the protection offered by candidate materials and garments,
flammability tests are first performed on fabric specimens to determine if these materials

are in fact flame resistant. Materials that meet flammability criteria can then be tested
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Figure 1.4 Decision Framework for Making Protection Clothing Decisions. Reprinted
from [18] with permission.
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using small scale tests which estimate the thermal protection provided by these fabrics
under high heat flux conditions. Once possible fabrics have been selected, thermal
mannequin tests can be used to estimate the protection which garments made of these
materials might offer the worker. These flammability, small scale, and thermal

mannequin tests are briefly described below.

1.4.1 Flammability Tests

Flammability tests are used to determine whether a candidate material can be
considered flame resistant. These tests measure the ease of ignition, rate of flame spread,
ease of extinction, afterglow, heat generated, or the amount and toxicity of combustion
products. Some of the most common tests used are briefly described below, and in
Crown and Kerr [9], and Conn and Grant [20].

The 45° test method (e.g. CAN/CGSB-4.2 No. 27.5-94 [21], ASTM D 1230 -
94 [22]) uses a 50 mm by 165 mm specimen held in place at 45° to the horizontal. A
standard burner flame is applied to the upper surface near the lower end for 1 s. The
time for the flame to travel 127 mm is then recorded. As this test fails to ignite many
fabrics, it only eliminates dangerously flammable fabrics. However, the test is very
reliable in its ability to eliminate these dangerously flammable fabrics.

Various vertical tests (e.g. CAN/CGSB-4.2 No. 27.10-M91 [23], CAN/CGSB-4.2
No. 27.4-94/1SO 6940:1984 [24], Federal Standard for Textile Materials 191A 5903 [25],
and ASTM D 3659 [26]) are used. These are more difficult to pass than the 45° test
described above. In these tests a specimen is held vertically and a burner flame is
impinged on it for a given length of time. The damaged length, afterflame, and afterglow
times are measured. Most countries have standards based on these tests for a fabric’s
resistance to flaming in a fire only. The reliability of each individual test varies
considerably.

The Limiting Oxygen Index (LOI) (e.g. ASTM D 2863 [27]) is the lowest
concentration of oxygen necessary to support combustion of the sample. The test is
conducted by igniting the top of a vertically-oriented sample with a hydrogen flame. By

having the fabric burn from top to bottom, the flame itself does not assist in burning the



15
sample, therefore repeatable results are easily obtained. When the fabric ignites, the flows
of oxygen and nitrogen are adjusted until the sample is completely consumed at a slow
and steady rate. The test is repeated until consistent results are obtained. The LOI is
simply the minimum fraction of oxygen in the chamber at which this slow and steady
combustion takes place. Atmospheric air is about 21% oxygen, so a LOI less than 21%
indicates that the candidate material will burn readily in air, while a LOI greater than 21%
indicates that the material will only burn if additional oxygen is available.

As flame resistant clothing was developed for industry, it became necessary to
supplement these flammability tests with tests that estimate the protection that these
pieces of clothing provide the skin. Tests were developed which include the response of
the skin under this clothing to a thermal insult. A review of the development of these and
other test methods can be found in [28]. A few of these and other test methods relevant

to this study are outlined below.

1.4.2 Bench Top Tests

Behnke [3] devised a test for measuring the performance of fabrics subjected to
high heat flux, short duration exposures, such as flash fires and JP-4 fuel fires caused by
aircraft carrier deck crashes of planes. This test was based on the work of Stoll,
discussed earlier in Section 1.3.2. Various versions of this test are now used to provide
a basis of comparing competing fabrics.

In the original Thermal Protective Performance (TPP) test both radiation and
convection heat sources were used. Nine quartz tubes powered by a variable voltage
supply were used to supply the desired level of radiant energy. A pair of Meker burners
supplied the appropriate amount of convective energy. Different tests now use only a
burner (or bumers), only a radiant source, or both in some combination to provide the
same relative contributions of radiation and convection as in the exposure modelled. A
water cooled shutter was used to time the exposure. The test fabric itself was mounted
over a blackened 40 mm diameter copper disk mounted in an insulating block, which
served as a heat flux sensor.

The TPP rating of a fabric is the amount of energy in cal/cm® which must be
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supplied to the fabric until it is estimated that second degree burns of the skin behind the
fabric would occur using the Stoll criterion. As a heat flux of 2 cal/cm’<s (84 kW/m’)
is used, the rating is simply found by multiplying the time to exceed the Stoll criterion
by two.

Different versions of this test use different methods of mounting the fabric
specimen. ASTM D 41082 [29] lists some of the common variations used. The fabric
can be unrestrained, or restrained through the use of weights, steel pins, or a restraining
plate held in place by clamps. The mounting of the specimen has been shown to have
a pronounced effect on test results [30]. The fabric can be separated from the sensor by
an 1/4 in. (6.4 mm) air gap, or placed directi: in contact with the sensor. Quantifying
the energy transfer across this air space was one of the focal points of the research
described in this thesis and is described further in the next few chapters. Multiple layers
of fabrics can also be tested.

Other similar tests include ISO 9151 [31], which uses a slightly different copper

In this test fabrics are rated on the basis of the time required for the temperature of the
copper disk to rise by 24°C, rather than an estimated time to a second degree burn. The
Canadian test [32] includes pins which hold the fabric in place, thus partially testing the
fabric’s mechanical integrity during the exposure to the flame. A similar test to
ASTM D 4108 for a different thermal hazard is NFPA 1971 [33] which uses a
combination of a burner and a radiant source to provide the specified heat flux.

These test methods are relatively straight-forward, and can be performed very
inexpensively. The analysis of data is fairly simple. Tests which use a convective heat
source require no specialized equipment. However, there are some shortcomings to
existing bench top test methods. For example, these tests are based on planar geometry,
rather than the complex three-dimensional geometry of the body. The mechanical
integrity of the fabric is not tested either during or after the exposure in some versions

of the TPP test (it is indirectly tested in versions of the test where the fabric is

? D 4108 was not reapproved in 1995
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restrained). The nature of the test exposure may be different from that of an actual flash
fire. No information on deeper skin burn damage is provided by the tests. In order to
address these and other concerns, these existing test methods could be modified in various
ways. Several modifications which may address the above and other concerns will be
discussed in Chapters 4 and 5.

1.4.3 Mannequin Testing

In order to test protective clothing under more realistic conditions, non-
instrumented and instrumented mannequins have been used. By using mannequins, the
performance of the entire garment subject to simulated accidents can be evaluated, rather
than just the performance of the fabric which makes up the garment. Factors such as the
location of closures, finishes, and fit of the garment can then be studied. However, very
few of these facilities exist and these tests remain expensive and time consuming.

Rather than using a copper disk test sensor and the Stoll criterion, most modern
thermal mannequins use skin simulant heat flux sensors and specialized software to
predict the resulting heat transfer in human skin. Skin simulants are materials whose
combination of thermal properties is such that the heat transfer in these materials will be
similar to the expected heat transfer in human skin. Skin simulants and the analysis of
their data will be discussed in more detail in Sections 4.2.2 and 4.3.2. Henriques burn
integral is then used to make skin burn predictions. This provides information on deeper
third degree burn injuries in addition to the information on second degree burns provided
by existing bench top tests.

Thermal mannequins have become progressively more complicated. In the 1940°s
non-instrumented mannequins were used to observe garment burning behaviour (e.g. the
rate and pattern of flame spread), the self-extinguishment process, and the garment area
consumed in burning of shirts for forensic purposes [34]. Garments were also tested on
wire frame body forms. In 1962, Stoll conducted tests for the United States Navy using
leather-covered mannequins equipped with temperature detector paper and melting point
indicators [35]. This was the first of many instrumented mannequins. Mannequins which

are used to test garments under flash fire conditions include Thermo-Man®, Pyro-man®,
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and Harry Burns.

Thermo-Man® was first developed by the Aerotherm Division of the Acurex
Corporation for the United States Military for testing flight suits in JP-4 fuel fires [36].
It was later purchased by E.I. du Pont de Nemours and Company, who altered its data
acquisition system and registered the trade name Thermo-Man®. There are now Thermo-
Men at the company’s facilities in Wilmington, Delaware and Geneva, Switzerland. A
similar mannequin, Pyro-man®, is used for research at North Carolina State University.
Propane torches are used to simulate accident scenarios, and a data acquisition system
takes information from sensors located over the surface of the mannequin and converts
these sets of data into burn predictions for the portion of the body around that sensor.
From this information, the percentages of body surface area which receive second and
third degree bumns can be determined. A Thermo-Leg system has also been developed
in conjunction with these mannequins [37]. This system allows the testing of garments
under dynamic conditions similar to a worker escaping a flash fire.

"Harry Burns” is a male, size 40 regular, thermally instrumented mannequin,
similar to Thermo-Man®, which is used to test flame-resistant clothing in simulated flash
fire conditions [38). Twelve propane diffusion flames are used to simulate flash fire
conditions. The information from 110 skin simulant sensors is used to compute the
percentages of the body which would experience second and third degree burns using a

finite difference computer code.

1.5 Fabric/Skin Heat and Mass Transfer Models

Many investigators have developed analytical or numerical models of the heat and
mass transfer in fabrics and underlying skin under different conditions. Many of these
models are used in the study of human comfort under normal every-day conditions such
as those found in the home or workplace. This particular study is however concerned
with heat transfer through inherently flame resistant fabrics under suddenly applied
intense heat fluxes. It is expected that models of fabrics under these conditions will be
quite different from those for comfort conditions. Therefore, this particular review is

limited to models of fabrics under high heat flux exposures such as flash fires or pool
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fires. A review of some of the work done for comfort and other conditions can be found
in Ukponmwan [39]. A review of skin models for high heat flux conditions can be found

in the author’s previous work [2], and [40].

1.5.1 Chen

Chen [41] developed models of one-dimensional heat transfer through clothing
systems consisting of a dry or moist diathermanous fabric, an air gap, and skin exposed
to a constant, purely infrared radiant heat source. Predictions made by these models were
compared with measured surface temperatures of copper-air skin simulants mounted small
distances (e.g. 0.08 - 0.38 mm) behind fabrics irradiated in a solar furnace. The fabric-air
gap-skin simulant system was mounted in a vertical orientation. No measurements of
fabric temperatures were made as it was thought to be difficult to define the exact
location of the "surfaces” of the fabric. Low to medium intensity (less than 4 cal/cm’s
(168 kW/m®)) exposures were used, so as to avoid having to model thermochemical
effects, such as charring. The predictions made using the dry fabric model were
reasonably accurate, assuming that the appropriate thermal physical and optical properties
were known.

Chen found that in higher intensity exposures (for the ranges of heat fluxes he
used), moisture in the cloth vapourized when heated, and that part of it recondensed on
the skin surface. This raised skin temperatures at the beginning of the exposure. In
lower intensity exposures, the moisture acted as a heat sink, dissipating part of the
incident energy. He modelled the moist fabric using the partial differential equations
based on energy and mass balances, and the vapour-liquid equilibrium equation. Moisture
transfer by diffusion and bulk flow of vapour were considered, but not diffusion on the
fabric surface or through pores in the fibres. The general model included several new
nondimensional groups, which accounted for the initial moisture content of the fabric, gas
diffusivity, and mass transfer coefficients across the air gap at the front of the fabric.
Other groups were used to describe the water vapour pressure curve, fabric moisture
content as a function of relative humidity and temperature, and a workable recondensation

mechanism.
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Chen then assumed that moisture transfer was by diffusion only, and also
neglected the sensible heat of the vapour phase in the energy balance. This simplified
"engineering” model involved twelve dimensionless groups. A corresponding numerical
solution was presented. Skin simulant temperatures were predicted reasonably well using
this model for low to medium intensity exposures.

It should be noted that Chen’s model did not look at air spaces of the order of
those found in bench top tests (e.g. 1/4 in. (6.4 mm)). A single constant overall heat
transfer coefficient was used to represent the energy transfers across air spaces in his
model. Constant fabric thermal properties were also used in the model, and

thermochemical reactions were not included.

1.5.2 Stoll

Stoll’s work related to skin burning has already been described in a previous
section. Some of her other contributions will now be given. Her early work involved
determining skin pain threshold temperatures, and constants for use in Henriques burn
integral (Equation (1.2)). Stoll then went on to look at the thermal protection offered by
fabrics to skin.

Along with her co-workers Chianta and Munroe [42], she determined the
destruction temperature and heat transfer resistance of fabrics using an experimental
apparatus for flame contact studies, which eventually led to the development of the
previously described TPP test. The insulating effects of air spaces between fabric layers
were investigated in order to better explain the performance of multiple layers in fabric
tests. This and similar work by others will be described in detail in Section 2.4.1. A
simple model of a fabric layer in perfect contact with the skin was developed based on
an analytical solution presented by Griffith and Horton [43]. Results from this model
were found to be within four percent of experimental results for an assembly of silicon
rubber on a skin simulant, after an error in the original derivation of the analytical
solution was corrected. However, it was felt that the error would be larger if this
analytical model was used in practical situations with their inhomogeneities (e.g. non-

homogeneous fabrics, non-constant surface heat fluxes).
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Later Stoll and Chianta [44] used Griffith and Horton’s critical thickness concept
(the thickness of the top layer beyond which the bottom layer does not affect the
temperatures in this top layer) to determine the minimum thickness of fabric required to
limit the temperature rise in the bottom layer (skin) to a certain value for a given incident
flux and exposure time. This critical thickness concept will be further investigated in
Chapter 5. They also applied a rectangular pulse of heat and measured the heat passing
through the fabric to a skin simulant in order to compare the temperature-time history in
the simulant with those for pain and blistering in human skin so as to determine the

protective value of individual fabric specimens [12].

1.5.3 Government Industry Research Committee on Fabric Flammability
The Government Industry Research Committee on Fabric Flammability involved
four research groups: the Factory Mutual Research Corporation, the Mechanical
Engineering Department of the Georgia Institute of Technology, the Gillette Research
Institute, and the Massachusetts Institute of Technology (M.L.T.) Department of Chemical
Engineering’s Fuels Research Laboratory. An overview of the program was written by
the Mechanical Engineering Department at M.I.T. [45]. Studies conducted included the
following.
e  relating the properties of fabrics to their flammability
¢ determining the probability of ignition of a fabric, given a specific thermal
exposure
e examining the ignition and propagation of flames on the fabric, and the resulting
heat flux and damage to the skin below. This included examining the effects of
fabric weight, orientation, and fabric/body spacing on garments burned on a test
mannequin.
This work was primarily concerned with flammable fabrics, some of which were ignited
at an edge, rather than energy transfers through flame resistant fabrics. Various methods
were used to model the thermal response of these fabrics, with particular emphasis on the
prediction of their ignition times. Some information was also given on the magnitudes

of the various modes of energy transfer from burning fabrics to skin for various



22

fabric/skin spacings and orientations. The latter information will be discussed in

Section 2.4.1.

1.54 Aerotherm
In the early 1970’s, Howard Morse [46] and his colleagues at the Aerotherm
Division of the Acurex Corporation conducted a theoretical and experimental study into
the thermal response of clothing covered skin subjected to a JP-4 fuel fire. This research
was done in conjunction with the development of the company’s thermal mannequin (see
Section 1.4.3). Morse and his co-workers were interested in determining the properties
or qualities required for good protective clothing, and in evaluating three materials
(Nomex®, PBI, and stabilized PBI) for use in air force flight suits.
At the same time, ablation heat shields were being designed for space capsules.
One of the charring ablation models used to design these heat shields was modified in
order to treat high-performance fabrics. This model of the fabric-skin system included
the effects of the following:
* conduction and radiation within and between fabric layers and the skin
e mass losses from fabrics due to pyrolysis
e  vapourization of moisture from the fabric and subsequent condensation of water
vapour (or other condensible vapours) on the skin
e  variations in fabric-fabric and fabric-skin air gaps due to fabric shrinkage
e thermochemical reactions between pyrolysis gases and the environment.
Arrhnenius rate equations were used to determine the mass losses and this
information was combined with information on the energies associated with the
reactions in the energy balances for the fabric. This enabled the model to predict
the ignition of fabrics
e  variations in fabric properties with temperature
* radiation and convection heat transfer between the system and its surroundings
An one-dimensional finite difference computer code was developed based on the
energy balances in the analytical model. Results of a study into the characteristics of JP-4

pool fires were used to determine the appropriate surface boundary conditions for the
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system. The heat flux from this hazard was found to be approximately 20% convective
and 80% radiative.

This model was said to be the first attempt to predict the pyrolysis, ignition, and
combustion of fabrics from first principles. It was coupled to a skin burn model based
on Henriques burn integral. The model was used, along with laboratory work, to
determine the importance of various fabric properties in thermal protective clothing, to
study the relative importance of different heat and mass transfer modes, and to test the
performance of the three candidate materials.

It was found that the most important fabric characteristics were the dimensional,
structural, and thermochemical stabilities. Fabric optical properties were also very
important, especially in radiation-dominated exposures such as the pool fire considered
here. Thermal properties such as fabric density, specific heat, thermal conductivity, and
thickness were of lesser importance. The presence and maintenance of air gaps was very
important in providing protection from thermal hazards.

Moisture transfer to, and condensation on, the skin surface is possible, and may
represent a significant amount of heat transfer to the skin. However, as the dynamic
pressure across a fabric during an exposure and the internal pressures developed by the
evaporation of moisture were shown to be similar in magnitude, no conclusions were
drawn as to whether most of the moisture will flow towards the skin or the fabric surface
during an exposure. It should be noted that these conclusions were for a JP-4 fuel fire
and may not be representative of other accidents, such as flash fires.

The relative rankings of the performance of the three candidate materials were the
same using either the numerical or experimental results. The researchers felt that there
was good agreement between the analytical and experimental results. However, some of
the properties that were used in their model were determined by fitting the results of the
model to experimental results. For some of the fabrics considered, this still resulted in

differences of about 100°C at times.



1.5.5 Barker

Other work of interest in this area has been performed by R.L. Barker and his
graduate students at North Carolina State University. Shalev and Barker [47,48] did work
to further understand the thermal response of fabrics during bench top tests. They stated
that the characteristic nonlinear calorimetric traces in bench top tests can be explained by
changes in fabric thermal physical properties throughout the exposure. By running these
tests, and stopping them at predetermined increments (0.5 s), changes in fabric thermal
and spatial properties during the tests due to pyrolysis, char formation, and shrinkage
could be observed.

It was found that basic thermal physical properties changed greatly during TPP
exposures. Retention of thermal properties, and not the initial values of these properties
was said to determine the heat transfer in these exposures. The polymer to air ratio of
the fabric, and the maintenance of its air volume were found to be key to good thermal
performance. Air and fibre conduction were found to dominate in this type of exposure;
as the fabrics were relatively opaque, direct radiation transmission was not as important.
As there was no correlation between bench top test results and air permeability, hot gases
did not appear to blow through the fabric, as is often assumed. The ability of a fabric to
maintain a profusion of surface fibres was said to be very important in convective
exposures, as these were thought to serve as a baffle, which extends the still air boundary
layer on the fabric, and increases the effective heat transfer resistance. At these heat flux
levels, the specific fibres used had a significant effect on the heat transfer through fabrics.
This is unlike lower heat flux levels (such as comfort conditions), where the fabric
structure itself is the dominant factor, and the specific fibre type plays a minor role in
determining the heat transfer through a fabric. Moisture was said to increase the
volumetric heat capacity of a fabric and to also provide an ablative effect, which further
increased the thermal protective performance of a fabric. The effects of different thermal
properties, including moisture regain, on the thermal response of the fabric and bench top
test results will be discussed further in Chapter 3.

The above findings were for a bench top test using a heat source which was 50%

convection and 50% radiation. Lee and Barker [49,50] ran bench top tests for single
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layers of fabrics using combinations of three heat flux levels (0.48 cal/cm®s (20 kW/m?),
1 callem?s (42 kW/m?), and (2 cal/cm®*s (84 kW/m?), and three radiation and
convection heat flux compositions (30% radiation and 70% convection, 50% radiation and
50% convection, and 100% radiation and 0% convection). For all fabrics the times
required to exceed the Stoll criterion were lowest for the 100% radiation and 0%
convection exposure. Except for the 0.48 kW/m? exposures, the fabrics insulated best
against a 50% radiation and 50% convection exposure. This was said to be partly due
to the role of surface fibres, as explained earlier, as well as other factors. In fact
competitive comparisons between different fabrics changed depending on the test
conditions used. Variations in thermal properties with time for different exposures were
presented. Effects of the different test conditions and fabric properties on test results
were also discussed. Moisture in fabrics was found to be beneficial to bench top test
results in some cases, and detrimental in others [50]. Lee and Barker also measured the
temperatures of the front and. back sides of the fabric during these exposures using fine
gauge thermocouples. Fabric temperature measurements will be further discussed in

Chapter 4.

1.5.6 Heat and Mass Transfer Models of Other High Temperature Materials

Like Aerotherm’s charring ablator model discussed previously, other models of
high temperature materials may be of interest to investigators examining protective
clothing for high heat flux exposures. For example NASA has spent considerable effort
in designing thermal protective systems for the space shuttle (e.g. [S1]). Others have
modelled fire exposed composites [52], thin cellulosic materials in microgravity
environments [53], and intumescent paint coatings designed to undergo endothermic
chemical decomposition and thermochemical expansion in order to provide protection
during a fire [54]. A good review of some other models of high temperature materials
can be found in [52].



1.6 Overview of the Research in this Thesis

As seen by the above literature review, models of the thermal response of
protective fabrics and other materials subjected to high heat flux conditions do exist.
However, no model which successfully predicts the thermal response of a flame resistant
fabric-air gap-test sensor arrangement during bench top tests has appeared. As will be
seen later, these fabrics reach temperatures of many hundreds of degrees Celcius in a
matter of seconds. Simple closed-form solutions do not include the variations in thermal
properties which would occur over these temperature ranges. Even some of the more
complicated models do not include the energies associated with thermochemical reactions
which occur at these high temperatures. Other models rely simply on curve-fitting data
from tests in order to obtain the energies associated with these reactions. This
information is in turn used to predict the temperatures which were used in the original
curve-fitting. However, even these models have not been overly successful. In addition,
these complex models require the knowledge of the values of many thermal and
thermochemical properties over wide ranges of temperatures. Determining this
information for fabrics can be difficult and time-consuming. Many of the recent models
for high temperatures materials are of interest, but most of these have been developed for
longer term exposures of thicker materials rather than very short exposures of very thin
fabrics.

Therefore, the goal of this work was to develop an improved model which can be
used to predict the thermal response of inherently flame resistant fibrous materials under
high heat flux conditions, as well as estimating the energy transfer between the fabric and
a bench top test sensor mounted behind it. More specifically, the heat transfer in ASTM
D 4108 standard bench top tests of two common inherently flame resistant fabrics,
Kevlar®/PBI and Nomex® IIIA, was modelled. These tests used a heat flux of about
80 kW/m® and an air gap of 1/4 in. (6.4 mm) between the fabric and a copper calorimeter.
This work will help to further the understanding of the thermal response of these
materials, and the energy transfers between fabrics and skin or test sensors. The model
can also serve as a useful design too!l for protective fabrics, allowing the user to determine

the effects of varying fabric parameters on the protection a fabric might offer in a flash
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fire. Besides these direct applications to thermal protective clothing, results of this work
should also be useful in the study of other high temperature materials and energy transfers
in enclosures.

The model will be described in Chapter 2. Numerical results from the model will
be presented in Chapter 3. Included in these results are those from a parametric study
(sensitivity study) which illustrate the effects of different fabric thermal properties on the
predicted thermal response of the fabric and bench top test results. This information will
help to increase the understanding of the roles of different fabric thermal properties on
the thermal protection provided by these fabrics. It will also help to indicate where
further work is required to better quantify relevant properties over the wide temperature
ranges expected in these exposures.

Results from the model will be then be compared with results from actual bench
top fabric tests, and videotaped observations, including a flow visualization study inside
the air space between the fabric and test sensor. The experimental apparatus developed
for this study was also used in a study of alternative small scale test methods for fabrics
for flash fire protective clothing. All of this work will be discussed in Chapter 4.

The numerical and experimental results are compared in Chapter 5. Applications
of these results to fabric design and test standards will also be discussed. Conclusions

of the work described in this thesis, and suggested future work will be given in Chapter 6.



CHAPTER 2: HEAT TRANSFER MODEL

In this chapter the development of a model of the heat transfer in the protective
fabric-air gap-test sensor system used in the ASTM D 4108 bench top test will be
outlined. The use of one-dimensional planar bench top tests will first be justified. The
treatment of the thermal response of the fabric and the energy transfers between the fabric
and skin will then be discussed. The application of the finite element method to solve
the resulting differential equations will be outlined. Results found using the numerical
model will then be compared with those found using several closed form and numerical

solutions in order to validate the model.

2.1 Effects of the Geometry of the Human Body on Heat Transfer in Fabric Tests

Existing bench scale fabric tests utilize a planar geometry. Numerical models used
to analyze data from thermal mannequin tests assume that the heat transfer inside human
skin can be treated as one-dimensional. The human body, on the other hand, exhibits a
complex geometry. Therefore, it is important to determine how closely planar fabric tests
and one-dimensional heat transfer models represent the heat transfer in the human body.
If the planar geometry is not adequate, a more complex test geometry, such as a fabric
covered cylinder, may be necessary. More complex heat transfer models of the skin
would also be necessary for use with thermal mannequins.

Numerical heat transfer models which treat the skin as either a slab or a cylinder
were developed to determine the effect of these geometries on burn predictions under
conditions indicative of flash fires. The models assume that the heat flux incident on the
skin will be constant over the surfaces of the cylinder and slab, and will be of the same
intensity in each case. Details of this work are given in Appendix 1. The differences
between the bum predictions made using the two geometries were less than 3%
(Table Al.l in Appendix 1). This indicates that one-dimensional models of the heat
transfer in human skin are adequate for mannequin testing. It also indicates that from the

heat transfer perspective, the planar geometry used in existing bench top tests is an
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adequate representation of the more complex geometry of the human body. Therefore,
a numerical model of the planar ASTM D 4108 test.apparatus will be developed here,
rather than that of a more complex test geometry, such as a fabric covered cylinder.

It should be noted that this particular analysis was limited to the heat transfer in
human skin under certain assumptions. No attempts were made to determine the effects
of the two geometries on aspects of the thermal response of fabrics, such as thermal
shrinkage. In addition the value of the heat flux incident on the surface of the skin was
assumed to be the same for each geometry. No attempts were made to determine whether
the two geometries affect the energy transfers between fabrics and human skin or test
sensors differently. If any of these effects are significant, the development of small scale
tests such as fabric covered cylinders may be necessary. This and other recommended

future work will be discussed in Chapter 6.

2.2 Fabric-Air Gap-Test Sensor System
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Figure 2.1 Fabric-Air Gap-Test Sensor System

The fabric-air gap-test sensor system used in ASTM D 4108 and other bench top
tests and studied here is shown in Figure 2.1. It consists of a flame resistant fabric
subjected to a convective and radiative heat flux from a Meker burner below on part of

its surface, a test sensor behind the fabric, and an enclosed air space between the fabric
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and the test sensor. The convective heat fluxes from the hot gases from the burner to the
fabric and from the fabric to the test sensor are indicated in the figure by q.,,,. while the
net heat fluxes due to thermal radiation exchanges between the burner head, fabric and
ambient, and between the fabric and test sensor are indicated by q.,. The cross section
of the apparatus is 150 by 150 mm. The fabric specimen is 100 by 100 mm, while the
portion of the fabric specimen which is heated is 50 by 50 mm. The width of the air gap
is of the order of 6 mm in standard bench top tests. More details about this particular
apparatus will be given in Chapter 4.

A model could also be developed for the case of a fabric-air gap-human skin
system. This would be different in that the fabric might be completely heated on its
surface rather than only partially heated. The skin would also cover the entire surface
behind the fabric, rather than just a portion of it, such as in the bench top test. The bench
top test apparatus includes a horizontal enclosure locally heated from below, whereas a
fabric-air gap-skin system may form a vertical enclosure heated from the side. While the
theory outlined in this chapter is for the test shown in Figure 2.1, it could easily be
adapted so as to allow the model to examine fabric-air gap-skin systems in this or other
orientations.

It will be seen throughout the next two chapters that representing the precise
thermal response of the fabric is very difficult. The goal of this work was to estimate the
thermal response of the fabric and the energy transfer between the heated fabric and the
bench top test sensor. The temperatures of the fabric will only be measured at certain
locations to validate the results of the model. The copper disk test sensor only records
an average temperature of the entire copper disk. Hence, even if detailed temperature
distributions are determined for the fabric, air gap, and test sensor, it will be difficult to
validate these. Therefore, in order to make the problem manageable, heat transfer in the
fabric-air gap-test sensor system was assumed to be one-dimensional. The fabric was
treated as a slab with thermal properties which represent average values of the thermal
properties of the more complex fibrous structure. The fabric was treated as a grey body.
Mass transfer was also neglected. These assumptions resulted in a model which is

relatively simple, yet, as will be shown in the next few chapters, does a reasonably good
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job in predicting the thermal response of the fabric and the energy transfer between the
fabric and the copper disk. The implications of some of these assumptions will be
discussed in Chapter 5.

A volumetric element of the fabric is shown in Figure 2.2.
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Figure 2.2 Elemental Volume for Heat Transfer Analysis of Fabric Including Energy
Transfers by Conduction (cond), Radiation (rad), and Energy Generated
Within the Element (G)

In addition to the assumptions discussed above, the heat flux was assumed to be uniform
over the heated portion of the fabric. The convective portion of the flux transfers energy
to the surface of the fabric, while the radiative portion can penetrate the fabric to a certain
depth, depending on the fibrous structure of the fabric. Thermochemical reactions are
possible at the temperatures expected in the fabric. The thermal properties of the fabric
were taken to be functions of temperature only. Mass transfer was also neglected. Under
these assumptions, an energy balance on an infinitesimal element of fabric produces the

following differential equation.

oaT _ 4d aT d
T)(T) — = —\k(T) — ) ~— G 2.1
p( ) p( ) at ax ( ( ) ax ) ax (qmd) + chem
where: Qra is the portion of the directly transmitted incident heat flux

on the surface of the element due to thermal radiation from



the heat source
Gaem is the energy generated by thermochemical reactions in the
fabric per unit volume, and
P, ¢, k, T, and x have their usual meanings.

The boundary conditions are:

at the heated surface (x =0), fort> 0

«7) 9 -g 2.2)
ax

where

Qconv is the convective portion of the incident heat flux

and at the inner boundary of the fabric (x =L,), fort> 0

aT
-k (T ) _a;' = 4y rad+ qair condiconv (2.3)
where
Qair ma is the energy transfer by radiation from the fabric to the
skin/test sensor across the air gap, and
Gair cond/conv is the energy transfer by conduction and convection from

the fabric to the test sensor across the air gap

For the test sensor the differential equation is (assuming that the thermal properties

do not change much over the limited temperature ranges expected in the sensor)

aT _, o°T
pc = = k = (2.4)
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The boundary conditions are
at the front surface of the test sensor (x = L), fort> 0

-k "a-; = air rad+ qlar cond/conv

and at the base of the air space inside the insulating block immediately behind the test

sensor (x = L,) (see Section 2.5), fort >0
T=T,, (2.6)

where T, is the ambient temperature, taken as 300 K.

The initial condition is a given temperature distribution, T,(x) at time zero.
T(xt=0) =T, (%) 2.7

Here it was assumed that the fabric is initially at a uniform temperature of 40°C, while
the copper disk is initially at 30°C. This slight difference in initial temperatures was
necessary to avoid singularities in the calculation of the Rayleigh number (discussed in
Section 2.4.2) for the air gap between the fabric and copper disk at the first time step.
The temperature gradient in the air gap was assumed to be initially linear between these
two temperatures.

Details about the treatment of the thermal response of the fabric, the energy
transfers across the air gap, and the heat transfer in the test sensor will now be discussed

in turn below.
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2.3 Thermal Response of Fabric

There are several interesting aspects to the treatment of the thermal response of
the fabric, namely the energy generation term due to thermochemical reactions which
occur as the fabric is heated, the in-depth absorption of the incident radiation from the
heat source, and the boundary condition on the front surface of the fabric. These are

discussed in turn below.

2.3.1 Thermochemical Reactions

Heat transfer problems involving thermochemical reactions can be treated using
similar methods to those used to treat problems involving phase changes (e.g. freezing
and melting). Huang and Usmani [55] give a good review of methods used in finite
element models to treat phase change problems. Basically the methods fall into two

categories.

Front-tracking (or two-domain) methods treat the two phases separately and

determine the location of the moving boundary between the phases explicitly.
Mathematically, these methods solve the appropriate equations in their strong
form, that is, their solution satisfies the differential equations at any point in the
domain of interest. However, these methods are very difficult to use in cases
where phase changes occur over a range of temperatures. In addition, knowledge
of the particular location of the boundary between the phases is not always
important in some problems such as those under consideration.

Fixed grid (or one-domain) methods, on the other hand, represent the phase
change implicitly, treating the two phases as a continuous system. Therefore these
methods provide no information about the location of the boundary between the
two phases. Mathematically these methods are based on solving the appropriate
equations in their weak form (i.e. their solution satisfies the differential equations
only at certain discrete points in the domain of interest). These methods can
handle phase changes which occur over a range of temperatures, and can handle

phase boundaries with complex shapes.
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A fixed grid method will be used here. The particular location of the boundary
between the two phases - the virgin material and the material which has undergone
thermochemical reaction(s) is not of particular interest here. Even if it was of interest to
predict this for the idealized homogeneous slab said to represent the fabric, it is uncertain
as to how this location could be verified in the actual fibrous material being studied. In
addition thermochemical reactions take place over finite temperature ranges rather than
at one particular temperature. The particular formulation used in the fixed grid method
is called the enthalpy formulation. First let H be the enthalpy function defined by:

m

T
H(T) = [pe(T)dT T<T
Tr

- T
pc:(T)dT+f(p.gé+pcm(T))dT T <TST,
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i (2.8)
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where: T, is some reference temperature, less than T
T, is the temperature at the beginning of the range in which the phase
change takes place
T, is the temperature at the end of the range in which the phase
change takes place
L is the latent heat for the phase change of interest
and the subscripts s, m, and 1 refer to the values of the thermal properties in the material
before the phase change takes place, while the phase change is taking place, and after the
phase change has taken place.
If the two phases were treated separately, the Fourier field equation would need
to be solved for each of the two phases simultaneously, with the two equations linked

with the equations for continuity of temperature at the boundary between the phases and
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conservation of energy at the boundary between the phases

aT, aT, oS
k. = -k —=p L — (2.9)
T oox tox P dr
where: S is the location of the boundary between the phases at the time of

interest
It can be shown that when Equation (2.8) is substituted into the Fourier field equations
for the two phases, continuity of temperature at the boundaries, and Equation (2.9), the

following differential equation results fort >0,0<x <L

OH _ 9 (T 2.10)
o

where H is the enthalpy function defined earlier in Equation (2.8). This is known as the

basic enthalpy formulation.
Huang and Usmani [55] discuss the advantages and disadvantages of three

common methods used to implement the enthalpy formulation. These are

. apparent (or effective) heat capacity method
. enthalpy method
o heat source method

The apparent heat capacity method was chosen for this model. It is very easy to
implement in finite element and other numerical routines, as the enthalpy function is not
present explicitly in the appropriate differential equations. Therefore these equations will
be the same as for a problem without phase changes, allowing existing numerical routines
to be utilized [56]. The only modification which is necessary is to add a subroutine to
calculate values of the apparent heat capacity as a function of temperature. The main
disadvantage of the apparent heat capacity method is that small time steps and element
sizes are necessary, so that the temperature ranges over which phase changes occur are
not "skipped over” as the solution marches on in time and space. As the fabrics of
interest here are thin (generally less than 1 mm), and the times of flame exposure are

short (10 s), using small element sizes and time steps will not be problematic. Any
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increases in computation time will be acceptable in light of the savings in program
development time, since existing finite element programs can be used with minimal
changes. In addition, as will be discussed in Chapter 3, additional efforts to improve the
representation of phase changes may not be justifiable in light of the limited accuracy to
which thermal and thermochemical properties are known for this problem, and the effects
of these values on the numerical results. For problems in which larger time duration
exposures are studied, Yao and Chait [S6] have presented a version of the apparent heat
capacity method which allows larger time steps and coarser element sizes. In addition,
the other two enthalpy formulation methods, especially the heat source method could also
be used. One other reference of note is Fanucci [57] who used the apparent heat capacity
method to model Kevlar® and graphite/epoxy composites under simulated nuclear weapon
or laser exposures. The method was used to successfully model rates of increase of
temperatures which were similar to those expected in the fabrics studied here.

The apparent heat capacity method utilizes Equation (2.10) by defining an apparent

heat capacity as

OoH(T )
CAT ) = (2.11)
(T) 57
substituting (2.11) into (2.10) produces
oT d aT
CAT) — = — | KT ) =—— 2.12)
() or ax( ) dx )

Equations (2.8) and (2.11) give the definition of the apparent heat capacity

CAT) =pc(T) T<T,
pL

T,"Tm m {

=pcT) T>T,

(2.13)

=pc(T) +

This apparent heat capacity formulation will be used to simplify Equation (2.1).

The particular equations used to represent the apparent heat capacity in order to model
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the thermochemical reactions for the Nomex® IIIA and Kevlar®/PBI fabric specimens
will be discussed in Section 3.2.5. It should also be noted that in this particular problem,
mass transfer has been neglected. Therefore, this analysis and the resulting numerical
model do not include the effects of energy transfers by water vapour or thermal
decomposition products, which can occur at the elevated fabric temperatures expected in

bench top tests.

2.3.2 Treatment of In-Depth Absorption of Incident Radiation

While an impinging flame is usually referred to as a convective heat source, a
significant amount of energy is also transferred by thermal radiation because of the high
temperatures of the flame. Correct treatment of the absorption of this radiation by a
fibrous material will be very important in developing a2 model of the thermal response of
a flame resistant fabric.

The literature is full of examples of models of heat transfer by thermal radiation
in fibrous materials. For example in insulations for buildings, fibres are generally spaced
randomly some distance apart and interactions between the fibres and the incident
radiation and other fibres are very important. In textile science, there has been
considerable work in the past decade or so in developing thin insulative layers for
clothing, such as Thinsulite™, or other nonwoven fabrics for other applications. These
materials use very fine fibres spaced in a random manner. Models which include the
contributions of radiation to the heat transfer in these materials include those developed
by Farnworth [58], Stuart and Holcombe [59], and Woo, et al. [60].

In the particular protective fabrics studied here, bundles of fibres are twisted into
yarns, which are then placed in somewhat regular patterns in fabrics, rather than a random
orientation. The temperatures of interest here are also considerably different from those
for human comfort. It will be shown in Chapter 4 that protective fabrics may reach
temperatures of about 1000 K during bench top tests, while the temperatures of fabrics
at comfort conditions will be about 300 K. Hence the wavelength distributions of the
radiation will be considerably different in this problem from those in problems of human

comfort. In addition, the fibre sizes in protective fabrics may be different from the fibre
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sizes in fabrics for human comfort or in insulating layers.

The model of the interaction between the fabric and the incident radiation was
developed in stages. These stages are shown in Figure 2.3. First the interaction between
the incident radiation of wavelength A and the fibre of diameter D; was considered
(Figure 2.3a). Next the interaction between the incident radiation and collection of fibres
in a yamn of diameter D, was considered (Figure 2.3b). Finally the interaction between
the radiation and the entire fabric structure was considered (Figure 2.3c). To simplify this
analysis the fibres and yarns which make up the fabric structure were assumed to be grey
bodies.

A measuring microscope was used to determine the order of magnitude of the size
of the fibres, Dy, in the fabrics studied. It was found that the distances across the
crosssection of the fibres were roughly of the order of 10 - 17 um. This agrees with
Futschik and Witte [61] who quote fibre diameters of 15 - 17 pm from Nomex® fibre
technical literature. While these fibres are not necessarily circular in cross section, they
were assumed to be so in order to simplify the analysis.

The flame temperature for the Meker burner was estimated to be of the order of
2000 K, and the total emissivity of the flame was estimated as 0.02 (Section 2.3.3).
According to Gaydon [62], the majority of the radiation emitted by the flame is in the
infrared region of the spectrum. The emission is mostly due to carbon dioxide and water
vapour in the hot gases. The strongest absorption bands are those around 4.8 and 2.8 pm.
Weaker bands are around 185, 6.7, and 2.0 pm.

It was first assumed that there are no interactions between a single fibre and its
neighbours. Therefore independent scattering theory was used. First it was determined
whether the fibre is much smaller, much larger, or of the same order of magnitude of size
as the wavelengths of interest, as in the first two cases, certain simplifications can be
made to the analysis. According to Hottel and Sarofim [63], if the ratio between the
circumference of the particle and the wavelength of the incident radiation is greater than
five, then particles of interest are considered to be large relative to the wavelength of
radiation, allowing simplifications to the analysis. Taking 15 um as a typical fibre

diameter and using 4.8 um, the longer of the wavelengths of the two main absorption
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Figure 2.3 Models for the Interaction Between Incident Radiation and the
Fibrous Structure a) Single Fibre, b) Collection of Fibres in One
Yarn, ¢) Collection of Yarns (Perpendicular Fibres and Yarns Left
Out for the Sake of Clarity)

bands, the ratio of the circumference to wavelength is

D, _m15s _ 0 (2.14)

A 4.8

Therefore the fibres can be treated as being large with respect to the wavelengths of
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incident radiation. Hottel and Sarofim show that the absorption (K,) and scattering

coefficients (K)) for this case are

K = 2 (2.15)
“ 4
k< PA 2.16)
: 4
where: € = the emissivity of the fibre
p = the reflectivity of the fibre
A, = the total surface area per unit volume of a fibre

= 4/D;
Using Equations (2.15) and (2.16), it can then be shown that the decay of radiation with
depth is

M = exp (_(e *0) ) 2.17)

This analysis includes only absorption and out-scatter, and does not consider in-scatter or
emission. As other authors have estimated the emissivity of fibres to be of the order of
0.95 [60] scattering will be of less importance than absorption and emission. Exchange
between the fibres themselves will be considered in the effective thermal conductivity of

the fabric (Section 3.2.4). If it is assumed that € + p = | then

s @) exp (-i ) (2.18)
d,0a (0) D,

Therefore, after a distance of one fibre diameter, only 37% of the incident radiation will
continue to be transmitted. After a distance of two fibre diameters, only 14% will be
continue to be transmitted, while after a distance of three fibre diameters, about 5% of

the incident radiation has not been absorbed. Hence most of the incident radiation on one



of the fibres of interest will be absorbed or scattered by that fibre.

The above analysis was for a single isolated fibre. In the fabric, fibres are twisted
into yarns. In these particular protective fabrics, the fibres are tightly bunched with
spaces of no more than about two fibre diameters in between. Most of the fibres are
spaced even closer together. Van de Hulst [64] reports an estimate that a mutual distance
between particles of at least three times their radius is sufficient in order to consider the
scattering by the particles to be independent. In the yarns in the fabrics considered here,
many of the spacings between fibres will be closer than this distance. Therefore, it is safe
to assume that multiple scattering between the fibres will increase the amount of the
incident radiation absorbed or scattered in a given distance over that predicted above
using independent scattering theory. In addition, the order of magnitude of the diameters
of the yarns was estimated to be 250-400 um, while the nominal thicknesses of the fabrics
in this study will be of the order of 1 mm. Therefore even if it does take up to a few
fibre diameters to absorb or scatter the vast majority of the incident radiation, this
distance (order of magnitude 3 x 15 = 45 pm) is relatively small compared with the
diameter of a yarn, or the thickness of the fabric. Hence, each of the yarns will be treated
as opaque, with any incident radiation hitting the surface of a yarn being absorbed in a
very small distance from the surface of the yarn.

The protective fabrics considered here are tightly woven, with very few apparent
air spaces between the yarns. To determine how tightly woven the fabrics were, the cover
of these materials was determined. Cover is defined by Davis [65] as "the proportion of
the space in a given area of fabric occupied by warp and filling yamns relative to the
empty space”. Two methods were used here to determine cover. In the first, a fabric
specimen is placed on a microscope lit from below and the image from the microscope
is sent to a computer equipped with a EIDETIC CRSIO Remote Sensing Image Analysis
System®’. The image of the fabric can be analyzed by determining how light a portion
of this image must be before light is considered to penetrate the fabric at this point. Once

a cut-off level has been established, the percentage of the fabric which is cover can be

} available from EIDETIC Digital Imaging Ltd., Brentwood Bay, B.C.
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estimated by determining the percentage of the pixels in the image which are darker than
this cut-off. The second method estimated the cover by measuring the amount of covered
and open spaces in a given area in the fabric specimens using a measuring microscope.
Further details about both of these methods can be found in Davis [65]. Both methods
gave cover measurements of 93 - 100%. These measurements rely on visible light, which
will be at shorter wavelengths than the infrared radiation from the Meker burner flame.
This shorter wavelength light will penetrate further than the longer wavelengths of
thermal radiation. Therefore, it can be assumed that based on these measurements
practically no incident radiation from the flame will be directly transmitted through these
particular fabrics.

In order to determine how far incident radiation must travel to be absorbed, three
simple models of the fabric structure were examined. These are shown in Figure 2.4.
The first (Figure 2.4a) assumes that the fabric is a collection of yamns in contact with one
another along the surface of the fabric. The second and third (Figures 2.4b and c) use
a staggered arrangement of yarns. If it is assumed that radiation is absorbed once it
contacts the yarn, the in-depth absorption of radiation can simply be described by the

cross sectional area at any particular depth.

4. x) -1 - A, (x) 2.19)
4,y 0 A (L)
where A, is the cross sectional area of the yarns normal to the incident

radiation. For a cylinder, the cross sectional area at any depth, x,
from the tip of its diameter towards its centre on a straight line is

proportional to (Figure 2.5)
A_ o< cos (arc sin (1 - 2 )) (2.20)
r

This relation can be utilized along with the position of the yarn(s) at any depth in the
three models to predict the fraction of the incident radiation which will be absorbed at
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any depth. This information is shown in Figure 2.6 for the three models. Also included
in Figure 2.6 are three curves which assume that the absorption of radiation in the fabric
can be treated using Beer's law with transmissivities of 0.005, 0.01, and 0.05. These
values were chosen as being representative of the fabrics of interest here, based on
measurements described in Section 3.2.6.

As can be seen by Figure 2.6, the decay of the radiation using the area models is
similar to the exponential decay described by Beer’s law, other than in the portions of the
fabric where there is no decay until the next yarn has yet to be encountered. There was
good agreement between the fabric structure models and Beer's law in the upper and
lower portions of the fabric. Recall that the simple yarn models do not include
interactions between the yarns themselves, which will cause the radiation to decay even
more at a given depth inside the fabric structure than predicted by the simple yarn
models. Therefore, it was decided to simply model the in-depth absorption of radiation
using Beer’s Law with an extinction coefficient measured using transmissivity
measurements in the infrared region. This will result in a simpler model which will only
require the measurement of the transmissivity of the fabric, rather than knowledge of the
full fabric structure. The implications of this model will be discussed in light of the

numerical and experimental results in Chapters 3 and 5.
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Figure 2.4 Three Representations of the Fabric Structure a) Single Yarn
Model, b) Two Yam, Two Layer Model, c) Two Yarn, Staggered
Centres Model (Perpendicular Yarns Not Sketched for the Sake of
Clarity)
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A .« rcos 8 =r cos (arcsin ((r-p)/r)
= r cos (arcsin (1 - p/r)

Figure 2.5  Determining the Cross Sectional Area of a Yamn as a Function of Depth
From Its Surface (p)

Figure 2.6  Absorption of Incident Radiation with Depth using Fabric Structure Models
(M Figure 2.4a, + Figure 2.4b, * Figure 2.4c) and Beer’s Law for
Transmissivities of 0.005 (OJ), 0.01 (X), and 0.05 (A)
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2.3.3 Boundary Condition on the Front of the Fabric
As shown in Figure 2.1 the flame will transfer heat to the fabric by convection and
radiation during the exposure. Heat transfer by thermal radiation between the heated
portion of the fabric and the burner head itself will occur. The heated portion of the
fabric will also transfer heat to the ambient by thermal radiation. This particular model
was only concerned with the heating of the fabric and not what happens after the
exposure to the flame ends. This was because many of the thermal properties discussed
in Chapter 3 were only determined during the heating of a fabric. If information was
available, the model could be extended to handle the cooling of the fabric after the
exposure ends.
Convection heat transfer will enter the differential equations as the boundary
condition on the front of the fabric, given earlier as Equation (2.2). This can now be

written as

aT
K) = | =T, - T)

x=0

where the subscripts fl and g refer to the flame and the hot gases, respectively
Radiation heat transfer will enter the differential equations through the term q,,

in Equation (2.1). This term can be written as

Qs = OET, — OEF oy (1 =€) (T = Toms)

_ (T = T ) (2.22)
(1—%+ 1 +A,‘,,,(l-e,,,,)]
€ F, fab-bh(]‘ - eg) A, Eon

where the subscripts g, fab, amb, and bh refer to the hot gases from the flame, the fabric,
the ambient, and the burner head, respectively. The terms on the right hand side of
Equation (2.22) represent radiation heat transfer from the hot gases, between the fabric
and the ambient, and between the fabric and the burner head, respectively.

The view factors, F, ..., and F., ., for the radiation heat transfer between the
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fabric and the ambient and burner head, respectively, must now be determined. The
heated portion of the fabric is about 50 by 50 mm. The bumner head is approximately
40 mm in diameter. The view factor between two plane parallel surfaces, one of

differential area and the other of finite area and circular shape is given by Jakob [66] as

Foo=Ll1- 1+C*-B (2.23)
2
JC* +2C¥1 - B + (1 + BY?

where B = the ratio between the radius of the finite circular area and the
distance between the two surfaces, and
C = the ratio between the distance from a point in the differential area
to the central normal to the circular area, and the distance between
the two surfaces (see Figure 31-3 in Jakob [66])
This can be numerically integrated (Gaussian quadratures were used here) to give the
value of the view factor for particular values of the sizes of the square and circle, and the
spacing between them. Representing the dimensions in the bench top test as a square
with 50 mm sides, a 40 mm diameter circle, and a spacing of 50 mm between them, the
view factor from the square to the circle is 0.11. Assuming that the fabric only emits
radiation to the burner head and the ambient, the view factor from the fabric to the
ambient is simply 1 - 0.11 = 0.89.

An estimate of the temperature of the hot gases and their emissivity was also
required. Originally it was thought that the temperature of the hot gases could be
measured using a thermocouple. However this is very difficult to do. Other methods
such as sodium line reversal could also be used. However, it was decided to instead
estimate the flame temperature and then determine the effect of varying this parameter
during the sensitivity study, discussed in Chapter 3. If the propane is assumed to react
with stoichiometric air, then the overall chemical reaction for complete combustion can

be written as
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CH, +5 0, + 53.76) N, » 3 CO, + 4 H,0 + 53.76) N,  (229)

Adiabatic flame temperatures of about 2400 and 2270 K were calculated using
STANJAN* with and without dissociation, respectively. The adiabatic flame temperature
is the maximum possible temperature for this flame. Actual flames will be cooler than
this, due to heat transfer from the flame and incomplete combustion. Experimental values
of about 2200 K have been reported by Siegel and Howell [67]. Maximum flame
temperatures measured in laboratory burners using methane have been shown to be of the
order of 2000 to 2100 K by Lewis and von Elbe [68]. It was therefore decided to assume
that the flame temperature was 2000 K. This should account for heat transfer from the
flame, incomplete combustion, and the extra dilution of the hot gases by the surrounding
air. Assuming stoichiometric conditions and a total pressure of 1 atm, and determining
the partial pressures of water and carbon dioxide using Equation (2.24), the emissivity of
the flame was estimated using the charts given in Hottel and Sarofim [63] and an estimate
of the mean beam length of the hot gases using the 50 mm distance between the burner
head and the fabric. A value of about 0.02 at a temperature of 2000 K was obtained.
Using this emissivity and temperature, the radiation emitted by the flame would be about
18 kW/m?, which is about 23% of the nominal 80 kW/m? heat flux used in bench top
tests. This percentage of radiation heat flux to total heat flux agrees with the
measurements of Holcombe and Hoschke [4] who reported that approximately 25% of the
energy released by a Meker burner was thermal radiation (although it was not specified
whether or not they used propane in their Meker burner), and Shalev [48], who found that
a Meker burner using propane produced a heat flux which was approximately 70%
convective and 30% radiative.

The convective heat transfer coefficient could be determined by looking at
convective heat transfer coefficients for impinging jets presented by Martin [69].
However this information is for impinging jets with larger Reynolds numbers than those

estimated for the flow of hot gases from the Meker burner. Therefore, it was decided to

* available from Stanford University, Palo Alto, CA, U.S.A.
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estimate the convective heat transfer coefficient by subtracting the radiative flux
calculated above from the nominal heat flux from the flame. A heat flux of 82 kW/m*
was used in the experimental work described in Chapter 4. This heat flux is determined
by the rate of temperature increase in a 18.0 g bare copper disk test sensor measured
during a 10 s flame exposure. Using the thermal properties of this copper disk sensor,
a heat flux of 82 kW/m’ should produce a temperature rise of about 15°C/s. In the case
of the copper disk, there will be no direct transmission of radiation. Therefore the q,,
term given by Equation (2.22) is included in the surface boundary condition given in
Equation (2.21). Substituting the copper disk temperature rise and the flame temperature
and emissivity discussed above into Equations (2.21) and (2.22), it was found that a
convective heat transfer coefficient of 40 W/m>C gave an average heat flux over the
10 s exposure of 82.5 kW/m?. In order to determine if this calculated value was of the
correct order of magnitude, rough estimates of the flow of propane to the burer, the
air/fuel ratio in the burner, the volumetric expansion across the bumer, and the air
entrainment in the flame were made. Extrapolating the information in Martin [69] for
impinging jets to treat the above data, it was estimated that the convective heat transfer
coefficient was of the same order of magnitude as calculated above. Therefore, the
convective heat transfer coefficient calculated here can be used with some confidence.
As with the other parameters, the numerical model will be used to perform a parametric
study to determine the effects of varying the convective heat transfer coefficient on the
final results. This will be discussed in Chapter 3.

2.4 Energy Transfer Between Fabric and Test Sensors

In the area of thermal protective fabrics, not only is the thermal response of the
protective material of interest, but so is the energy transfer between the heated material
and the skin or a test sensor. It is this energy transfer which will cause thermal damage
to the skin and govern test results. Therefore it is important to understand the various
modes of energy transfer which will occur between the fabric and a test sensor or human
skin. In this model, the energy transfer between the fabric and the test sensor was
described in the boundary conditions given as Equations (2.3) and (2.5).
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In this section, previous research into these energy transfers is reviewed, along
with research in the general area of energy transfer in enclosures. A model of the energy
transfer in the air gap between the heated fabric and a small scale bench top test sensor
is then developed.

2.4.1 Previous Research in Energy Transfers in Air Gaps in Thermal Protective
Clothing

As mentioned in Section 1.4.2 some existing versions of bench top fabric tests use
a 1/4 in. (6.4 mm) air space between the fabric and the test sensor, while other versions
place the fabric in contact with the test sensor. Tests using air spaces allow the fabric
to heat up independently of the test sensor, thus the fabric will reach higher temperatures
and be tested more severely than if it was in contact with a test sensor. As it takes longer
for heat to be transferred from the heated fabric across an air space to a test sensor than
if the fabric was in contact with the sensor, times to exceed given criteria for bench top
tests will be larger for spaced than contact tests. Therefore, differences between the
performance of individual fabrics may be more apparent in tests with an air gap.
However, it has also been noted that as different fabrics react in different ways
thermomechanically during bench top tests, the size of the air space is affected in
different ways for different fabrics, which has a major effect on the results of bench top
tests using an air gap [4]. As also noted in that paper and discussed in Section 4.5.5, the
heat fluxes incident on test sensors in tests which use an air gap are different from the
ideal square wave heat flux for which the Stoll criterion is strictly only valid [12]. This
may affect the validity of test resuits. The other alternative, placing the fabric in contact
with a test sensor, is said to result in a more severe test of the protection that the fabric
offers to the skin. It also avoids some of the problems with thermomechanical effects and
data analysis from which the spaced bench top tests may suffer. However, because the
times to reach the criteria of interest are much shorter with contact tests, differences
between various candidate fabrics may not be as large as with the spaced tests. One
investigator who compared the two alternatives with other larger scale tests was

Geshury [70] who found that contact tests produced results which correlated better with
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results from the dynamic Thermo-leg system, while spaced tests produced results which
correlated better with those from the static Thermo-man® system.

Assuming that the air gap is in fact used, it is well known that a stagnant air space
can be a good insulator. It is also well understood that if an air space is stagnant, its
insulating value will increase as the width of the air space increases. However if the air
space becomes wide enough, natural convection may occur, which will increase the heat
transfer across the air space, and may decrease its value as an insulator. The gap at
which convection is initiated is often termed a critical or optimal gap, as the insulation
offered by the air space increases with width below this critical value, and decreases with
width above this critical value. Several investigators have postulated values of the
optimal or critical air gaps between protective fabrics, and other fabric layers or 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 critical air gap widths is shown

in Table 2.1, while a few of these and other pertinent studies are highlighted below.
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Most attempts to model the energy transfer in the air gaps between the fabric and
the skin have simply used overall heat transfer coefficients between the two surfaces.
One example of this approach was Chen [41] (whose work was discussed in
Section 1.5.1) who used a constant overall heat transfer coefficient to model gas
conduction and radiation in very small vertical air spaces with widths of 0.4 mm or less.
Natural convection was not included, as he estimated that the Grashof number was less
than 1, versus the critical value of 2000 for the onset of natural convection in vertical air
gaps [75]. However, Chen remarked that the Grashof criteria may not be applicable for
fabric covered air spaces as the cloth is porous so the enclosed air may have room to
move around. Chen also noted that radiation across the gap would also be significant.
and should be considered in more detail. For example, radiation heat transfer was
assumed to occur between the back of the fabric and the skin simulant, when in fact the
skin simulant can also "see" part of the inside of the fabric due to its porous nature.
However this error was estimated not to cause significant errors in his results.

Another example of a model which utilizes an overall heat transfer coefficient for
the air gap is the Aerotherm model of the fabric-air gap-skin system discussed in
Section 1.5.4 [46]. Here conduction and radiation between infinite parallel plates with
given emissivities were considered. Fabric shrinkage, and the effect this had on the size
of the air gap was also included. The transfer of energy by products of thermochemical
reactions involving the fabric which condense on the surface of the skin was also
considered. The value of the overall heat transfer coefficient for the air gap was
recalculated at each time step. A model of the heat transfer across air gaps of 0.01, 0.1,
and 0.25 in. (0.25, 2.5, and 6.4 mm) between infinite parallel plates by radiation and
conduction for a temperature difference of S00°F (278°C) was also used to examine the
effect of air space size on the heat transfer between fabrics and skin. It was found that
air gaps greater than 0.1 in. (2.5 mm) did not improve protection, as beyond this distance
radiation heat transfer is the predominant form of energy transfer for this temperature
difference. Below this air gap width, conduction dominates, and hence the protection
offered by the air space increases as the width of the air space increases. However. this

study simply used infinite parallel plates, rather than examining the heat transfer between
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finite sized areas, such as in the bench top tests modelled here. In addition, the
temperature differences across air gaps in bench top tests will be shown in Chapters 3
and 4 to be much greater than 500°F (278°C). Heat transfer by convection and absorption
of radiation by water vapour and gaseous products of thermal decomposition reactions,
which may move into the air gap, were not considered in the Aerotherm analysis.
Predictions of the temperatures in the skin simulant mounted behind the fabric were not
compared with experimental results as no experimental results of the effects of varying
the size of the air gap between the fabric and skin were presented.

Other investigators have made statements as to the importance of various modes
of energy transfer in air spaces between heated fabrics and skin or test sensors.
Geshury [70] noted two stages in the copper disk temperature histories in ASTM D 4108
bench top tests. The first was thought to represent the time period in which the fabric
was being heated, while the second began when the fabric had been-heated to the point
where its rear surface temperature was high enough to emit a significant amount of
thermal radiation. Shalev [48] examined the deposits found on bench top test sensors
after tests of treated flame resistant cotton fabrics and determined their reevaporation
energies using a differential scanning calorimeter (see Section 3.2.5). These energies
were found to be insignificant compared with the overall heat transfer. However, others
(e.g. Davies, et al. [76]) have found that tars from other flame resistant treated cottons did
transfer a significant amount of energy to test sensors in vertical fabric tests.

Others have examined the energy transfers between heated fabrics and skin or test
sensors experimentally. Rees [71] measured the percentage thermal insulating value
(%T.1.V.) of various fabric/air gap combinations. This %T.L.V. value was simply the
percentage by which a fabric reduced the heat loss from a heated copper plate, which was
maintained at about the temperature of the human body. Increasing the size of the air gap
increased the overall insulative value of the fabric and air gap until an air gap of 0.35 in.
(8.9 mm), and then decreased for an air gap of 0.4 in. (10.2 mm). This behaviour was
said to occur because convection currents have a greater effect at air gaps above
0.35 in. (8.9 mm), although no calculations were shown to back up this statement.

Stoll and Chianta [42] experimentally determined the relationship between
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temperature rise at a depth of 0.5 mm below the surface of a skin simulant (total
thickness of about 1 ¢m) and the thickness of an air gap between two 3 oz/sq. yd.
(100 g/m®) fabric layers mounted on top of this simulant and subjected to a flame.
Curved plates were used to hold the fabrics so that they had a curvature similar to that
found on the human body. It was found that by examining the data during the time
period of 1 to 3 s, there appeared to be an air gap thickness which results in the greatest
insulative effect. Below this thickness, it was said that conduction is enhanced because
of the decreasing thickness of the air gap. Above this thickness, Stoll and Chianta stated
that convection currents arise and contribute to the propagation of the flame front through
the fabric, which eventually leads to perforation. They also examined the effect of the
air space between the two layers on the time to produce a fixed amount of burn damage
to the skin of anaesthetized, depilated laboratory rats. In both of these cases, the optimal
thickness was found to be about 4 mm. However it must be noted that Stoll and Chianta
were examining the air space between two fabrics placed on top of a sensor. Bench top
tests of interest here for a single layer fabric contain an air gap between a single fabric
layer and a sensor, a different physical situation from what Stoll and Chianta were
investigating. As well, from this reference it is unclear whether or not the air spaces were
open or closed at the edges of the fabric specimens. In addition, these data were for a
single type of fabric, which had a mass per unit area of 3 oz./sq. yd. (100 g/m’). Many
protective fabrics have a nominal mass per unit area of 4.5, 6 oz./sq. yd. (150, 200 g/m?),
or larger. Temperatures in the sensor were considered only during the first three seconds
of exposure. Bench top tests which use a 1/4 in. (6.4 mm) air space involve longer
exposures than this. It was assumed that an increase in convection was the reason for the
decrease in protection offered by the fabric. No analysis was presented to support this
theory. For example, convection cells may take longer than 3 s to begin. They aiso
noted that the flames began to penetrate the fabric as the air space increased. This may
in fact be the reason for this apparent optimal thickness of air gap between the fabric
layers, rather than the onset of natural convection.

Some other examples of experimental work in this area are described by

Backer, et. al. [45] in their review of work done by the Government Industry Research
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Committee on Fabric Flammability (GIRCFF). Fabric-air gap-skin simulant assemblies
with air gaps between O and 1 in. (254 mm) were exposed to a radiant heat flux of
340 kW/m’. Temperatures at the back surface of the fabric, the surface of the skin
simulant, and various other points in the air space between the fabric and simulant were
made. The effects of spacing and orientation on the flame propagation and predicted burn
damage from burning fabrics ignited on their edges with a laboratory burner were also
studied. Fabrics were placed in horizontal, 45°, and 90° orientations. The spacing at
which the thermal dose to the skin reached a maximum was different for each orientation.
The transfer of energy to, and hence subsequent injury to the skin from the burning of
flammable fabrics was said to be due to radiation from hot gases and the fabric,
convection and conduction through the gas phase, condensation of steam and pyrolysis
products, and length of exposure to the flame. These modes of energy transfer were used
to explain the experimental observations. At fabric-skin spacings where condensation of
pyrolysis products did not occur, it was found that radiation and gas conduction each were
responsible for about half the total energy transfer across the gap. For smaller spacings
where the condensation of pyrolysis products became significant, radiation and
condensation of products each contributed 35 to 40% to the total energy transfer, with the
remainder being due to gas.conduction. It should be noted that this work was primarily
concerned with tests involving flammable fabrics, not flame resistant fabrics, placed in
a variety of orientations, most of which were different than bench top tests such as
ASTM D 4108.

Other experimental work includes Hoschke, et al. [77] who compared estimated
pain and burn times for fabrics with different air gaps (0 and 3 mm with the fabric
restrained, 3 and 6.4 mm with the fabric unrestrained) and curved copper calorimeters.
It was found that increasing the spacing from 3 to 6.4 mm increased pain and burn times
by a couple of seconds in aluminized glass and Zirpro™ wool samples. Little differences
in results were seen in the flame resistant cotton samples, and it was thought that the
energy transfers between the fabric and test sensor were due more to condensation of
pyrolysis products on the sensor rather than heat transfer through the material. Benisek

and Phillips [78] looked at the effect of changing the air gap from O to 8 mm on the



58

estimated times to second degree burn and pain alarm time for fabric specimens made of
Zirpro™ wool, an aramid, and flame resistant cotton for an incident heat flux of
3.3 cal/cm®s (138 kW/m?). Their data indicated that the times to second degree burn and
pain alarm time continued to increase with increasing air gap up to 8 mm. Therefore,
unlike Stoll’s work, no optimal spacing was observed.

As seen by the above review, there is no consensus as to the importance of various
modes of energy transfer in the air space between the heated fabric and skin or test
sensors. Therefore, it was deemed important to examine this part of the problem using
information from the general area of natural convection in enclosures. Radiation heat
transfer between the heated fabric and the test sensor will also be discussed in a

subsequent section.

2.4.2 Natural Convection in Enclosures

Natural convection in enclosures of various orientations has been studied
extensively. Examples of areas in which this problem is important include building
materials, solar collectors, and electronics. Natural convection in a vertical enclosure
heated from one side would be of interest in modelling the heat transfer between fabric
and test sensors in some experiments (e.g. a thermal mannequin test), while natural
convection in horizontal enclosures is of interest when studying the bench top tests used
in the work described in this thesis. Goldstein and Volino [79] include a review of many
of the key early papers in natural convection in horizontal enclosures, and Catton [80] has
also published a review of work on natural convection in vertical, horizontal, and tilted
rectangular enclosures. Due to the orientation of the laboratory test studied here, only

natural convection in horizontal enclosures heated from below will be considered here.
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Hollands, et al. [81] gave the following correlation for air in a horizontal enclosure

heated from below.

Nusselt = 1 + 144 [ 1 - L8 1", 1 Ra Y% _ ] (225)
Ra 5830

where: Nusselt = the Nusselt number (Nu) (hd/k, here)
Ra = the Rayleigh number (gBAT&*)/(av)
g = gravitational acceleration (9.81 m/s’)
o = the thermal diffusivity of the fluid (m%s)
B = the thermal expansion coefficient of the fluid temperature

K" |

AT = the temperature difference across the enclosure (K)
v = the kinematic viscosity of the fluid (m%s)

The notation [ ] in Equation (2.25) indicates that if the argument in the square brackets
is negative, the quantity should be taken as zero. The values of the Rayleigh number
included in the equation represent the accepted values for the onset of steady natural
convection (1708), and the transition to time-unsteady natural convection (5830). This
correlation was found to agree with the experimental data of Hollands, et al. and others
over a wide range of Rayleigh numbers.

This correlation is strictly valid only for steady state conditions in an enclosure
of infinite width heated entirely from below with small differences in temperatures across
the enclosure. The situation in the air space between the fabric and the skin or test sensor
will be different for several reasons. These will be discussed in turn below.

Transient Conditions: The above work was for steady state conditions in an
enclosure. This is the situation in many of the applications in this area (e.g. heat transfer
in air gaps in windows and building materials). However, in the case of interest here, the
boundary conditions change rapidly with time. Chen {41] points out that this can have
a significant effect on the value of the convective heat transfer coefficient. Some

investigators have examined transient natural convection in enclosures. Examples include
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Mantle-Miller, et al. [82] who studied natural convection in enclosures with a periodically
changing bottom plate temperature boundary condition for Rayleigh numbers of the order
of 10% to 10°. Goldstein and Volino [79] investigated natural convection in a thick
(146 mm) horizontal layer of water subjected to a near-constant heat flux from below, and
observed convection currents which occurred only in the bottom of the layer. Thus a
critical Rayleigh number based on a conduction layer thickness (the distance which
energy has moved into a fluid layer at a given time) rather than the height of the
enclosure was used. However, the temperature differences used were much smaller than
those across air gaps in bench top fabric tests (less than 5°C rather than 100’s of degrees
Celcius). As well, air gaps in bench top tests cannot be considered as "thick" layers
according to their criteria.

Finite-Sized Enclosures: In the case of interest here, a finite-sized enclosure is
used, rather than infinite parallel plates. Catton [80] presents results from his earlier
studies of the effect of side walls on the onset of natural convection and the heat transfer
during convection. The largest air gap width used in the work described in this thesis
was about 20 mm, while the specimen holder is about 150 mm across. Therefore the
largest height to width ratio of the air gaps used was about 1 to 7.5. According to
Catton’s data, the side walls for these height to width ratios will have no effect on the
onset of convection or the heat transfer during convection.

Localized Heating: Not only is the enclosure of finite dimensions, but the bottom
portion is only partially heated. It is also expected that the heat flux across the heated
portion of the fabric will not be constant due to the nature of the flame and the fabric
structure. Two other situations which have been studied in which the bottom plate of the
horizontal enclosure is locally heated are the cooling of components on circuit boards in
the microelectronics area and the study of plumes rising from fires in rooms.

In a study of room fires Torrance, et al. [83] presented pictures 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. Curves of the Nusselt number as a function of

the Grashof number, and the heat transfer as a function of the dimensionless time and
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Grashof number were presented in a companion paper [84]. Experiments were run for
Grashof numbers from 8 x 10° to 1 x 10°. These conditions are considerably different
from those in the air spaces in these bench top tests, where it will be shown in Chapter 3
that the largest Rayleigh numbers are about 4 x 10*. In addition, the time scales in room
fires are much different from those in short duration fabric tests.

Variable Thermal Properties: In the air gap under consideration there are
temperature differences of up to 500°C between the upper and lower boundaries of the
enclosure. This is considerably different from almost all of work reported in the
literature, where temperature differences between the top and bottom walls are relatively
small. It is known that the thermal properties of air change greatly over the large
temperature ranges seen in this problem. MacGregor [85] showed that solutions for
problems of natural convection in vertical enclosures which include variable thermal
properties are different from those which use constant thermal properties.

In solving the Navier Stokes equations for the enclosure, the Boussinesq
approximation is normally used. This assumes that the density and the other thermal
properties are constant other than in the body force term. Charts prepared by Gray and
Giorgini [86] show that for air at ordinary room temperature, the Boussinesq
approximation is valid up to a temperature difference across the enclosure of about 29°C.

Investigators who have looked at the effects of variations in thermal properties
(especially the density) on the onset of convection and the heat transfer in enclosures
include Kuo and Ball (horizontal enclosures) [87], and Sparrow and Gregg (vertical
enclosures) [88]. The latter investigators determined that a reference temperature along
with constant property relationships could be used to solve problems of free convection
on vertical plates. This simplified analysis of the heat transfer agreed with more
complicated analyses taking the variable properties into account even for differences
between the vertical wall and ambient temperature of up to 1200°F (667°C). However,
experimental verification was only provided for enclosures with small temperature

differences.



2.4.3 Treatment of Natural Convection in this Study

As can be seen by the above discussion, a detailed description of the natural
convection processes occurring in enclosures in bench top tests is daunting. The problem
is a transient one in which the boundary conditions and the properties of the fluid in the
enclosure change rapidly. Additional energy transfer modes such as mass transfer and
radiation can affect the convection heat transfer. The enclosure is locally heated, and the
heat flux over the heated section itself is not uniform. In addition, due to the nature of
the fibre structure, even if the front of the fabric was 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 which include at least some of these effects have been performed for
specific situations (e.g. Pallares, et al. [89]). However, these require large computing
resources. In this case an estimate of the heat transfer between the fabric and the skin
or test sensor is desired, not the exact temperature distribution in the enclosure.
Therefore, in this study it will be assumed that each time step in the model can be treated
as quasi-steady state. The simple steady-state correlation of Hollands and Raithby [81]
(Equation (2.25)) will then be used for each time step, which has been shown to be quite
accurate for steady-state conditions for horizontal enclosures undergoing heating along the
entire bottom surface. As discussed earlier, the effects of the side walls will be neglected
according to the work of Catton [80]. Localized heating will also be ignored. All of
these are expected to result in some differences between predicted and actual convective
heat transfer coefficients in the air gap. However, as will be shown in the comparison
of the relative magnitudes of the different modes of energy transfer in the air gap, these
differences should have less of an effect than differences in parameters which affect the
radiation heat transfer (Section 3.4.8). The ability of the model to predict experimental
results in bench top tests will be discussed in light of all of these -assumptions in
Chapter 5. In addition, results of the numerical model using the simple correlation of

Hollands and Raithby will be compared with flow visualization observations described
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in Section 4.5.5 to determine if they also qualitatively predict the behaviour in the air gap

during bench top tests.

2.4.4 Thermal Radiation in the Air Gap

Besides natural convection heat transfer, heat transfer by thermal radiation will
also be important in the air gap. This is because of the high temperatures expected on
the backside of the fabric. A rigorous model of the radiation heat transfer in the air gap
would include radiation heat transfer between the fabric, test sensor, specimen holder.
insulating block, and side walls. A radiation network could be developed for this
analysis [67]. However, it was found that test semsor temperatures obtained by
considering only the energy transfers between the heated fabric and test sensor using the
finite element model described in this chapter differed only very slightly with those
calculated using a more complicated radiation network. Therefore, the model will only
include the radiation heat transfer between the heated fabric and test sensor.

First it must be determined whether or not any gases which enter the air gap due
to thermal decomposition of the fabric will affect the radiation heat transfer between the
fabric and test sensor due to absorption and scattering. The chemical formulae of the
fibres were used to determine the amounts of carbon dioxide and water vapour in the air
gap assuming complete combustion. The heat transfers by thermal radiation from the
fabric to the test sensor with and without including absorption by the gases in the air
space and the emission of radiation from these gases to the test sensor were then
calculated. These calculations are shown in Appendix 2. It was found that including the
absorption and emission of radiation by the gases had a negligible effect on the net heat
transfer by thermal radiation between the heated fabric and the test sensor.

To determine whether particles in the air gap would cause significant scattering
of the radiation, an attempt was made to determine the sizes and concentrations of the
particles in the gases of decomposition reaction products in the air gap. Nomex® IIIA
and Kevlar®/PBI fabric specimens were exposed to a Meker bumner and a phased Doppler
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anemometer’ was used to determine the particle sizes in the gases which came off the
back sides of the specimens. This experiment simply indicated that most of the particles
in the gas cloud were smaller than 2 pm. Due to the resolution of this device, the exact
sizes of the particles could not be determined. A funnel was also used to direct some of
the gases into a filter, which turned noticeably darker in colour after a short period of
time. The filter was then examined using a measuring microscope where it was found
that once again most of the particles were less than 2 pm in size. One other estimate of
the size of particles is provided by Drysdale [90] who stated that the mass median
diameter in a mist of particles from heated carbon-based materials is of the order of 1 pm.

It was assumed that these particles were 2 um in diameter, and that the
temperature of the fabric is about 1000 K and a grey body. It can be shown using
Planck’s spectral distribution [67] that 90% of the radiation emitted from the fabric will
be at wavelengths of less than 9.4 um. The ratio of the circumference of these particles

to the wavelength of radiation from the fabric is therefore

b _m2 g (2.26)
A 94
According to Hottel and Sarofim [63], if this ratio is less than 0.6, then particles of
interest are considered to be small relative to the wavelength of radiation. As this is the
highest temperature the fabrics reach, it provides a bound for the wavelength range.
Lower temperatures will produce higher wavelengths, which would result in lower ratios
between the circumference of the particles and the wavelength. Therefore, depending on
how small the particles actually are it may be possible to treat the particles as small
relative to the wavelength (which would be considerably simpler to treat than Mie
scattering, where the particles are about the same size as the wavelength). However, as
no information could be obtained about the exact size distributions and concentrations of
the gas, it was decided to ignore scattering in the air gap. If information on the size

distributions and concentrations could be obtained, this phenomena could be included in

5 available from Dantec Electronics Inc., Mahwah, N.J., US.A.
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the analysis. Non-optical sizing techniques could be used to determine particle size
distributions (e.g. special filters, cascade impactor, electrical techniques). Details of these
and other methods can be found in Willeke and Baron [91].

The heat flux due to thermal radiation heat transfer between the heated fabric and

test sensor is therefore given by

_ (T ~ Tons )
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(2.27)
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The view factor, F, ... can be determined using Equation (2.23) previously used to

calculate the view factor between the heated fabric and the burner head, using the
dimensions of the heated portion of the fabric (50 by 50 mm), the copper disk (40 mm
diameter), and the size of the air space.

Equation (2.27) above is strictly valid only for steady-state heat transfer by thermal
radiation. However, as mentioned in Siegel and Howell [67], because of the high speeds
at which thermal radiation travels, storage of thermal radiation is generally neglected in
the treatment of all but a few problems (e.g. effects of nuclear weapons and astrophysics).
Therefore, a quasi-steady-state representation of thermal radiation will be used here, with

the heat transfer assumed to be quasi-steady-state at each time step of interest.

2.4.5 Interaction Between Natural Convection and Radiation Heat Transfer in The
Air Gap
Now that the equations for the heat transfer by conduction, convection®, and
radiation heat transfer in the air space have been determined, these must be combined to
determine the total heat transfer between the heated fabric and the test sensor. The

simplest way to treat this interaction is to assume that radiation, conduction, and

® Conduction will occur for conditions where the Rayleigh number is less than 1708, as
discussed in conjunction with Equation (2.25)
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convection are uncoupled, and hence simply add the heat transfers by each mode. Siegel
and Howell [67] mention that this approach gives good results for estimating the heat
transfer between parallel plates when the boundaries are black, the medium between the
plates is optically thin, and the magnitude of the radiation is much larger than the
conduction/convection term. While the boundaries for the enclosure here are not strictly
black, they have emissivities of 0.9 or larger. The air space was shown above to be
optically thin, and as will be shown later in Section 3.4.8, the heat transfer by radiation
is much larger than that by conduction/convection across the air space. Therefore, the
conduction/convection and radiation terms were simply added to get the total net heat flux

across the air space

qair net = qm'r rad * qair conv

(T = T
= T ) +h,, (T, -T,) (2.28)
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It would be useful to combine the thermal response of the fabric, the energy transfer

across the air gap, and the response of the copper disk test sensor into one differential
equation. In order to accomplish this, the concept of an effective thermal conductivity
was used. This is suggested by Stelzer and Welzel [92] and others. Fourier’s law can

be written for finite dimensions and constant properties as

g=-X ar (2.29)
Ax

Equation (2.28) can be rearranged as
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Comparing Equations (2.29) and (2.30) the effective thermal conductivity of the air space

is given as
(T + Tos ) (T + T, )
keﬁ' = * hxap Axxur' (2.31)
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where Ax,,, is the total width of the air gap’

2.5 Treatment of Test Sensor

The copper disk test sensor shown in Figure 2.1 was modelled as follows. The
disk itself is 1.6 mm thick. Thermal properties of pure copper at room temperature taken
from standard tables [93] were used. An air space of about 8 mm® was placed behind
the sensor, just as in the design of the bench top test sensors. This air space was given
an effective thermal conductivity to account for conduction heat losses from the back and
sides of this disk. In order to determine the appropriate value of this effective
conductivity, the disk was heated using the Meker burner for several seconds and then

allowed to cool. Using an energy balance on the disk and estimates of the radiative and

7 It should be noted that no matter how many elements are used to represent the air gap, the
total width must be used in calculating the effective thermal conductivity, which will then be the
same for all elements in the air space

| This air space may in fact be large enough for natural convection to occur if the
temperature difference is large enough. This was not considered here, but is discussed in [77]
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convective heat losses from the disk, the effective conductivity was determined to be
about 25 W/m="C. As this air space was merely used to account for heat losses from the
copper disk, its volumetric heat capacity was assumed to be negligible. The temperature
at the base of this air space was assumed to remain constant throughout at the ambient

temperature of 300 K during the flame exposure.

2.6 Differential Equations for Fabric-Air Gap-Test Sensor System
Applying the results from the previous three sections to the equations given in
Section 2.1 for the fabric-air gap-test sensor system produces the following differential

equation.

T _ 3 aT
AT ) = = =— -]+ 232
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where
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and ¥y = the extinction coefficient of the fabric, which can be determined from

the transmissivity, T, and the thickness, L, of the fabric using

y = _In(7)
= 2
L, (2.34)
The equation is solved subject to the following initial and boundary conditions:
fort=0
Tx) =T, (x) (2.35)

where T,(x) is some initial temperature gradient in the fabric-air gap-skin system.
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forx=0,t>0

)L =g, =h, T, -T (2.36)
X
forx=L,t>0
Ta=L)=T,, (2.37)

As the thermal properties in Equation (2.32) are temperature dependent, and the
boundary condition on the front of the fabric and the effective thermal conductivity of the
air gap (Equation 2.31) include the fourth power of the temperature, the series of
equations to be solved is non-linear. This introduces many complications into the solution
of the equations. Stelzer and Welzel [92] discuss methods to reduce the complications
introduced by non-linear equations. One of their suggestions was used earlier to treat the
energy transfer across the enclosure by using an effective thermal conductivity. Another
suggestion is to treat variations in thermal properties with temperature and the values of
boundary conditions by taking the values of thermal properties and boundary conditions
to be those calculated using the temperatures at the previous time step. Here, the average
temperature in each element would be used to determine the values of the appropriate
thermal properties for that element, which would then be assumed to be constant for that
element for that particular time step. Stelzer and Wenzel suggest that this method is
generally appropriate, but not unconditionally stable.

Following this suggestion leads to the following differential equation

T _ k(T)aZZ
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In Section 2.9 the model is verified by comparing its results to those from closed form
and other numerical solutions. One of these comparisons was between the finite element
model utilizing this method to calculate the thermal properties and boundary conditions
and solutions where an iterative technique was used to solve a non-linear equation for

appropriate temperatures and values of thermal properties and boundary conditions at each
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time step. It will be shown that the results using either method are similar for the

expected variations in thermal properties and boundary conditions in this problem.

2.7 Solution of Differential Equations Using the Finite Element Method

In this work, the finite element method was chosen to solve the differential
equation, as initially it was thought that this model would include complex geometries
such as those found on the human body. The finite element method has been used to
solve heat transfer problems in many areas of engineering over the past few decades
(e.g. [94-96]). In addition, as many commercial finite element packages contain heat
transfer modules, findings from this study may be applied to the analysis of other heat
transfer problems using these commercial packages.

Galerkin's weighted residual method was used to formulate a finite element matrix
equation to solve the differential equation, subject to the given initial and boundary
conditions. This and other weighted residual methods are alternatives to variational
methods, which are also commonly used to derive finite element matrix equations.
Weighted residual methods, unlike variational methods, do not rely on forming
functionals, but instead use the differential equation directly to form a matrix equation.
Weighted residual methods can also be used to solve more general problems than the
variational methods, which cannot handle first derivatives, dissipation terms, and non-
linearities. The derivation of the finite element equation is described in detail in
Appendix 3, and is based on [97].

Based on findings from the author’s previous work [2], elements based on cubic
Hermitian temperature interpolation polynomials were used. These were found to model
conduction heat transfer more efficiently than elements utilizing linear or quadratic
temperature interpolation polynomials. If the full set of non-linear equations were used
in this problem, Hermitian elements might be troublesome, because of the difficulty in
integrating the resulting matrices. However, for this case where the properties were
assumed to be constant for each element at each time step, tabulated values of the
appropriate integrals [98] can be utilized. The Hermitian temperature interpolation

polynomials are as follows
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As shown in Appendix 3, the finite element matrix equation for the differential

equation is
(81 + & (w1 - ) ) 7o)
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or
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[LHS] <T,> = <RHS> (2.41)

As the nodes and elements in the model were numbered in order from the surface
of the fabric to the back of the air space behind the copper disk, [LHS] is a banded
matrix with a bandwidth of four. Therefore a banded matrix solver was used to solve
Equation (2.41) at each time step. This decreases the computation time considerably over
the time that a Gaussian elimination matrix solver would take to solve Equation (2.41).

It was found that a very small number of Hermitian elements were needed to
model the fabric-air gap-test sensor system. The number of elements required for each

component in the system were as follows:

. fabric 5 elements
. air gap 1 element
. copper disk 2 elements
. to account for heat losses from copper disk I element

No benefit was realized in increasing these numbers of elements. For example, it was
found that there was no practical difference between fabric and copper disk temperatures
predicted using 5 or 10 elements to model the fabric. Similarly, constant time steps of
0.05 s were found to be adequate, as predictions made using these time steps were
practically the same as those made using time steps of 0.02 s. These results are shown

in Figure 2.7 below.
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Figure 2.7  Comparison Between Temperatures of Front and Back of Fabric Predicted
Using Various Numbers of Fabric Elements and Time Steps (M - 5 el,,
At=005s;X-10el., At=005s;+-5el, At=0.02s)

2.8 Finite Element Computer Program

A computer program based on the above finite element derivation was written to
solve for the nodal temperatures and fluxes. The program was written in Microsoft®
QuickBASIC™ 4.5. A flow chart for the program is shown in Figure 2.8.

The program operation is as follows. In the initial stages of the program, shown
in Figure 2.8(a), variable declarations are made and parameter values are read (e.g.
number of elements, thermal properties, etc.). Vectors of thermal properties for each
element, depths from the fabric surface for each node, and initial nodal temperatures and
fluxes are formed. A nodal connectivity matrix which relates the node and element
numbers, and a vector of elapsed time for each time step are also formed.

The program then marches forward in given time increments. At each time step
the incident heat flux and fabric and air gap thermal properties are determined using the
temperatures calculated at the previous time step. The [LLHS] matrix and the information
used to calculate the <RHS> vector are then formed for each element, and then assembled
to form the global [LHS] matrix and <RHS> vector using the information in the nodal
connectivity matrix. The [LHS] matrix and the <RHS> vector are then constrained by
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Figure 2.8(a) Flow Diagram of Finite Element Computer Program - Initial and
Final Stages

CALCULATE RADIATIVE AND CONVECTIVE COMPONENTS OF INCIDENT HEAT FLUIX ]
USING TEMPERATURES FROM TIME STEP (-1
CALCULATE EFFECTIVE THERMAL PROPERTIES AND [LHS] MATRIX FOR EACH
ELEMENT USING TEMP'S FROM TIME STEP(-1) & ASSEMBLE GLOBAL [LHS] MATRIX

CALCLRATE GLOBAL <RHS> VECTOR USING INFORMATION FROM EACH ELEMENT
AND TEMPERATURES AND FLUXES FROM TIME STEP(1-1}

Y

APPLY BOUNDARY CONDITIONS TO GET
CONSTRAINED GLOBAL MATRIX AND VECTOR

]
CONVERT CONSTRAINED GLOBAL [LHS] MATRIX
TO BANDED FORM
—¥

SOLVE FOR NODAL TEMPS AND FLUXES USING

BANDED SOLVER: COMPARE CU TEMPS WITHSTOLL oL s )
AT THIS TIME STEP
TOOUTPUT ALE

Figure 2.8(b) Flow Diagram of Finite Element Computer Program - Temperature
Calculations

applying the boundary conditions at the fabric surface and base of the air space behind
the copper disk. This constrained [LHS] matrix is then converted into a banded matrix,

and the matrix equations are solved for nodal temperatures and fluxes. These steps are
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shown in Figure 2.8(b).

The program continues to calculate temperatures for the entire flame exposure.
The temperature rise in the copper disk at each time step is compared with the Stoll
criterion in order to determine the time to reach the criterion. The program prints this
time and the temperature history at the surface of the fabric, the middle of the fabric, the
back of the fabric, and of the copper disk to a datafile. A sample partial datafile
generated by the program is shown in Appendix 4.

2.9 Verification of Model with Closed Form and Other Solutions
In order to validate portions of the computer program separately, temperatures
calculated using the model were compared with those determined using closed form and

other numerical solutions for several simplified cases.

2.9.1 Semi-Infinite Solid

Temperatures at various depths in human skin subjected to a square wave heat flux
were estimated using the current model and the author’s previous skin heat transfer
model [2]. The results were identical in each case. This indicated that no changes were
made by accident to the basic conduction heat transfer model during the course of

modifying the original computer program.

2.9.2 Two Layer Semi-Infinite Solid

The closed form solution for a material in perfect contact with a semi-infinite solid
was originally presented by Griffith and Horton [43]. Stoll and Chianta [42], while
experimentally verifying Griffith and Horton’s equation, noted an error, and presented the

corrected solution.
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The temperature, T,, of the top layer of thickness L, is given by
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where

y = kpe, + \/(kpc),(kpc), (2.44)
kpc, - v(kpc)l(kpc 2

pe o -] 245

and o, and o, are the thermal diffusivities of the two layers (note that y and A are used

differently here from in the equations presented earlier in the chapter). The two solutions
were used to determine the temperatures at various depths in a thin layer with the same
nominal thermal properties as the fabrics used in this study placed in perfect contact with
a semi-infinite layer having the same thermal properties as human skin. In the finite
element model, five elements were used to model the fabric, while five were used to
model the skin. A square wave heat flux of 80 kW/m? for 3 s was placed on the surface
of the fabric, and temperatures were calculated for 10 s total.

A comparison of the temperatures of the surface of the fabric is shown in
Figure 2.9. The temperatures calculated using the finite element model were very close
to those calculated using the closed form solutions. Temperatures predicted by the two
models at other depths in the system were even closer. The largest differences were seen
at the beginning of the exposure and immediately after the end of the exposure to the
intense heat flux at 3 s. This indicates that the finite element model can handle the case
of multiple layers with different thermal properties. It also serves as a useful check of

the original finite element model used to determine the temperatures of human skin.
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Figure 2.9  Comparison Between Surface Temperatures for a Layer in Perfect Contact
with a Semi-Infinite Solid Calculated Using the Finite Element Model (CJ)
and the Closed Form Solution of Griffith and Horton [43] (1)

2.9.3 Lumped Capacity Analysis

In the experiments described in Chapter 4, thin pieces of shim stock were used in
bench top tests. These materials were selected to compare the numerical results with
experimental results for materials which did not contain moisture, did not thermally
degrade, and were opaque. This was done so as to determine whether the model could
represent conduction in the materials and the boundary conditions adequately. The
temperature of such a piece of steel shim stock during an exposure to a square wave heat
flux of 80 kW/m’ for 10 s was estimated using the computer program and a program
based on the non-linear equation that results when the steel shim stock is treated using
the lumped capacity method for a unit area(which is appropriate as the Biot number for
the shim stock is less than 0.1 [93]).

p“”‘% = e (2.46)
= Qe ™ Qoo * Qaircom ) ™ Graa * it )

where Ax is the thickness of the shim stock. and the incident heat flux, g,,.. is its nominal

value of 80 kW/m® and the losses by convection and radiation from each side are
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calculated in a similar manner to those in the model of the fabric-air gap-skin system.

The equation was solved numerically using the Newton-Raphson false position method

at each time step. Two cases were examined.

. constant values of density and specific heat of the metal shim stock. The absolute
temperatures predicted using the two programs were very close (less than 1%
different) and hence are not plotted.

. constant value of density, and using the variations in the specific heat of steel
found in standard tables [93]. The finite element program used the value of
specific heat calculated using the temperature at the previous time step, while the
lumped capacity model iterated to find the temperature and corresponding value

of specific heat at each time step. These results are shown in Figure 2.10.
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Figure 2.10 Comparison Between Temperatures Predicted for Steel Shim Stock Piece
with Temperature Dependent Specific Heat using Finite Element Model (0J)
and Lumped Heat Capacity Model (W)

Absolute shim stock temperatures predicted by the two models were within 3%
of each other when the exposure ended. One of the reasons for the differences
was that the temperatures predicted by the finite element model were very
dependent on the width of the air space used in the model. As the lumped

capacity system treated the shim stock as losing heat to the surroundings by
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convection and radiation, no thickness of air space needed to be specified. The
finite element method treated the heat losses from the shim by introducing
effective thermal conductivities to account for the transfer of heat by convection
and radiation across finite air spaces, and therefore these losses were dependent
on the size of air gap chosen. In addition the relations used in the finite element
model to predict convection heat losses are based on convection inside an
enclosure rather than convection from a horizontal flat plate to the surroundings.
Based on the above comparisons, it was thought that the finite element model was
in fact performing as it should, and that it did do an adequate job of treating the
variations in specific heat with temperature by using values calculated using the
temperatures at the previous time step. Therefore, treating the fabric and air gap thermal

properties in this manner shouid be acceptable.

2.9.4 Semi-Infinite Solid with Variable Thermal Conductivity

As with the above comparison, a comparison was also made with a simpler case
where the thermal conductivity varied with temperature. The integral method (which
approximates analytical solutions) was used to solve for the heat transfer in a semi-infinite

solid whose thermal conductivity is a function of temperature
KT)=KT,)(1-x(T-T,)) (2.47)

where K is a constant. It can be shown that the solution is [99]

() x\3
Ty =T + 2 (1 -2 2.48
0 " 3k, ( 8) (248)
where & is the penetration depth, calculated using

5 = 12k ¢ (2.49)
J pc

and k, is the thermal conductivity at the surface, calculated using
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: (2.50)

and Kk is the thermal conductivity at the initial temperature of the solid, T;

The semi-infinite solid was given values of density and specific heat representative
of the protective fabrics studied here. Two test cases were used. The first assumed a
constant value of thermal conductivity of 0.1 W/m-C, the second used values of
k(T,) = 0.047 W/m+~C at 300 K and k = -0.000415 W/m*-°C for Equation (2.47), which
were determined by assuming a straight line through the values calculated for the thermal
conductivity at 300 K and 700 K using the relationship determined in Section 3.2.4. It
was assumed that the fabric was 10 mm thick for the purposes of the finite element model
in order to have a semi-infinite solid for the times of interest here. Assuming fabric
thicknesses of 5 mm and 25 mm did not have a significant effect on results.

Comparison of the temperatures calculated at the surface of the fabric and at a
depth of | mm are shown in Figure 2.11 and Figure 2.12. For the case of constant
thermal conductivity (Figure 2.11), the results found using the two models were also
compared with those from the closed form solution for a semi-infinite slab with the same
boundary conditions [100]. It was found that the temperatures calculated using the finite
element model and the closed form solution were identical. The temperatures found using
the integral method were slightly different from these temperatures (at 10 s , the absolute
surface temperatures were 1% different, the absolute temperatures at 1 mm were 3%
different). For the variable thermal conductivity case (Figure 2.12), there were some
differences between the temperatures calculated using the integral and finite element
methods (at 10 s, the absolute surface temperatures were 5% different, the absolute
temperatures at 1 mm were 2% different). As both methods are approximations, it is not
clear which of the two solutions should be more correct. The integral method takes the
variation of thermal conductivity into account implicitly at each time step, while the finite
element model relies on values calculated using the temperatures at the previous time
step. On the other hand, the finite element model proved to be closer to the closed form

solution for the constant property case. Regardless, the finite element model appears to
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do an adequate job of predicting temperatures in a body over a wide temperature range

when the thermal conductivity is temperature dependent.

§
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Figure 2.11 Comparison Between Temperatures Determined Using Finite Element
Model (0J), Closed-Form Solution (+), and the Integral Method (X) for a
Semi-Infinite Slab with Constant Thermal Properties
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Figure 2.12 Comparison Between Temperatures Determined Using Finite Element
Model (O), and the Integral Method (X) for a Semi-Infinite Slab with
Variable Thermal Conductivity
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2.9.5 Semi-Infinite Solid with In-Depth Absorption of Incident Radiation

The portion of the finite element model which considers the in-depth absorption
of radiation using Beer’s law was verified by comparing the results of the model with
those from the closed form solution for the steady state distribution of temperature in a
semi-infinite solid with a known heat flux on its surface, q.,,, and in-depth absorption of
radiation incident on its surface, q_,. The equation used to describe the steady state
situation is

dT

k _F, + 4 v exp(-yx) =0 2.51)

The boundary conditions are

atx=0

atx=L

I -0 (2.53)

The solution to Equations (2.51) through (2.53) is

[/ ‘Y( CXp(JYL) - CXP(—'YX) ) . ( q +q ) ( L -x ) :l (254)
rad conv

1
T = _
(x) k[ -

Temperatures predicted using the finite element method and the closed form solution were
within a small fraction of 1% of one another. The finite element and closed form solution
also both predicted that the temperatures in the solid approach those which would be
calculated for an opaque solid as the transmissivity of the solid approached zero.
Therefore, it can be concluded that the portion of the model which handles the in-depth
absorption of radiation is working properly.
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2.10 Summary
A model of the heat transfer in fibrous materials subjected to the high heat fluxes

of a flash fire has been described. Methods used to treat energies associated with thermal
decomposition reactions, absorption of radiation, energy transfers between the fabric and
test sensor, and boundary conditions on the front of the fabric were described in detail.
The finite element method was used to numerically solve the resulting differential
equations. The computer program based on this model was also described. Results from
the model compared favourably with results found using closed form and other solutions
for several simplified cases. The specific values which will be used for the thermal
properties in this model will be determined in the next chapter, along with numerical

results obtained using the model.
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CHAPTER 3: NUMERICAL RESULTS

In the previous chapter, a numerical model of a bench top test of an inherently
flame resistant fabric was developed. In this chapter, results from this numerical model
will be presented. First, the techniques used to measure and/or determine the values of
the thermal and thermochemical properties to be used in the model will be discussed.
Then numerical results for simulated bench top tests of Nomex® IIIA and Kevlar®/PBI
fabric specimens will be presented. Lastly results from a parametric study (i.e. sensitivity
study) using the numerical model will be presented. This parametric study should help
to illustrate the effects of various material properties on the thermal response and bench

top test results of protective fabrics.

3.1 Fabrics Used in This Study

Samples of three common flame resistant fabrics, Kevlar®/PBI (60% Kevlar® and
40% PBI), Nomex® III, and Nomex® IIIA, were used in this study. Each had a nominal
mass per unit area of 200 g/m* (6 oz/yd?). The Kevlar®/PBI samples were 2/1 twills,
while the Nomex® III and Nomex® IIIA samples were plain weaves. The only
difference between Nomex® III and Nomex® IIA is that the Nomex® IIIA contains a
static-dissipative fibre to provide extra comfort and protection in workplaces where static
electricity may be a problem. It is expected that the two Nomex® fabrics will perform
in a similar manner. For example, Nomex® technical literature [101] quotes TPP values
of 13.1 and 13.7 callcm® for 6 oz/yd> (200 g/m?) Nomex® IIA and III fabrics,
respectively. For the numerical modelling and most of the experimental work, the
Kevlar®/PBI and Nomex® ITIA samples were used. Nomex® III samples were used only
for a portion of the work dealing with investigating alternative bench top test methods,
described in Section 4.5.6.
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3.2 Determination of Relevant Thermal and Thermochemical Properties
Methods used to determine the thickness, density, thermal conductivity, apparent
heat capacity and decomposition temperature ranges, and transmissivity are discussed in

turn below.

3.2.1 Preparation of Samples

Before beginning the tests, the fabrics samples were washed twice in medium
temperature (50°C) water with moderate mechanical action, using a synthetic detergent.
The fabrics were then tumble dried. Unless otherwise specified, fabric specimens 100 by
100 £ 2 mm were cut, and conditioned at 20 + 2°C, 65 + 2% relative humidity. Further
information on the effects of conditioning fabric samples on bench top test results will

be given in Section 4.5.1.

3.2.2 Thickness

Using a particular value of thickness to describe a fabric is somewhat misleading.
As the fabric structure varies from location to location on the surfaces of a fabric, so will
the thickness. For example, various parts of the fabric structure, such as the individual
fibres on the surface of yarns at the fabric surface, have been shown to play key roles in
the thermal response of a fabric [48,49]. While thicknesses are generally measured before
a bench top test, they have been shown to change during a bench top test exposure [48].
In addition, fabric thicknesses can vary considerably depending on the pressure at which
they are measured. Some investigators have therefore treated the thickness by including
it in the thermal conductance (the thermal conductivity divided by the thickness) rather
than measuring it separately (e.g. [41]).

The thickness of the conditioned fabric specimens was measured using a C&R
Model CS-55 thickness tester’. Here, measurements were made under 1 kPa pressure
using a small (6.5 cm?) pressure foot. This pressure is in accordance with CAN/CGSB-
4.2 No.37-M87 [102], which states that unless otherwise specified, the thickness

9

available from Custom Scientific Instruments, Cedar Knolls, N.J., U.S.A.
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corresponding to this particular pressure should be taken as the thickness of the fabric.
Using this pressure, the average thicknesses were found to be

. Nomex® HIA 0.70 mm

. Kevlar®/PBI 0.62 mm

As mentioned above, fabric thicknesses are simply nominal values and will change during
an exposure. These particular values of thickness will be used in the model and a
parametric study will then be carried out to determine the effect of varying the thickness

of the fabric on the thermal response and bench top results of these fabrics.

3.2.3 Density

The fabrics used in these tests have a nominal mass per unit area of 200 g/m*.
These nominal values were confirmed by determining the average masses of several
Nomex® and Kevlar®/PBI fabric specimens using a scale and dividing these masses by
the nominal surface area of the specimens. For the model, the density of each of the
fabrics was taken as the nominal mass per unit area value of 200 g/m* divided by the
appropriate thicknesses from Section 3.2.2. While the density of the fabrics is expected
to change during bench top test exposures, these changes were shown to be relatively
small by Shalev [48], and thus the density will be assumed to be constant throughout the
exposure. This assumption can be further justified by noting that materials containing
Nomex®, Kevlar®, and/or PBI found in a NASA database of properties of thermal
protective materials [103] have densities which change very little with temperature from
about 20 to 400°C (although no information is provided for higher temperatures at which

thermochemical reactions are expected - please see Section 3.2.5).

3.2.4 Thermal Conductivity

A variety of methods can be used to determine the thermal conductivity of a
material. For fabrics at comfort conditions or somewhat elevated temperatures a guarded
hot plate can be used. Others have also used a thin heater apparatus (an unguarded hot
plate) or a heat flow meter. A review of these three methods and their applicability for

measurements of the thermal conductivity of thin fabrics is given in [104]. Other
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methods which can be used include a so-called "pulse” method, similar to that used to
determine the thermal absorptivity of the skin simulant sensors used in the work described
in this thesis (Section 4.2.2). In a similar manner, Stoll and Chianta [42] and
Baker, et al. [105] fitted experimental data to results from analytical models to determine
the thermal conductivity of protective fabrics and charring ablators, respectively, under
high heat flux conditions. One other novel technique for estimating the values of thermal
conductivity of protective fabrics, as described by Shalev [48], is to use data from a
differential scanning calorimeter (DSC) (a DSC was used in the study outlined in the
following section).

Other than the method which utilizes the DSC, none of these methods are directly
applicable here. Guarded or unguarded hot plates, and heat flow meters capable of
measuring the thermal conductivities over the wide range of temperatures expected during
bench top test exposures were not available for this work . Unless very difficult inverse
heat conduction problems are solved, the "pulse” and other methods which determine the
thermal conductivity by fitting experimental data must assume that the thermal properties
of the material are constant with temperature. These techniques are also dependent on
the choice of analytical or numerical model which is used to fit the data. The
development of such a model is one of the goals of the present work. In addition, as will
be shown in Section 4.5.2, it is very difficult to measure temperatures at specific locations
within the fabric. Therefore, it was decided to calculate the thermal conductivity at the
temperatures of interest, rather than measuring the values.

The heat transfer in fibrous materials is a combination of conduction and
convection in the gases in between fibres, conduction in the solid fibres, and radiation
heat transfer between fibres. As the structure of these materials can be thought of as
consisting of series and parallel paths for heat transfer, thermal resistant networks are
often used to estimate their thermal conductivity, much like the method which is used to
estimate heat transfer in composite walls in houses [93]. Futschik and Witte [61] have
reviewed models used for fibrous materials and compare the results from these models
with measurements made using Nomex® specimens with various fill gases over a pressure

range from vacuum conditions to atmospheric, and at temperatures from -180°C to 230°C.
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However, these samples were quite different from the fabrics used here. In addition,
models which are based on estimating the portions of heat transfer through series and
parallel paths in a given fabric structure may not be applicable in this work since, as will
be shown in Section 4.5.3, the fabric structure changes in some of these materials when
they are heated.

Therefore another approach was taken. Rather than calculating the thermal
conductivity as a function of the fabric structure, a simplified model which uses a
weighted sum of the contributions from the solid fibres and the air, as well as the
contribution of radiation heat transfer between fibres was utilized. This can be
represented as

kg = ( Keas * Keotia ) L G.D

gas

where the first two terms represent the contributions of gas conduction and convection,
and conduction in the solid fibres, and the last term represents the radiation heat transfer
between the fibres. Assuming that the relative magnitudes of the contributions of the first
two terms to the sum in the brackets are approximately equal to their volume fractions

in the fibrous materials

keﬂ(T ) = ( vairkair(T ) + (1 - Vair ) kﬁbre(T ) ) * kmd(T ) (32)
where Vair is the volume fraction of air in the fibrous material

The NASA database of thermal properties [103] contains an entry for the thermal
conductivity of Nomex® felts used as flexible reusable surface insulation for the space
shuttle orbiter. Data is given for temperatures from about -155 to 1100°C . The density
of this material is given as 86.5 kg/m’. The density of Nomex® fibres is given by
Futschik and Witte [61] as approximately 1443 kg/m’. The density of PBI fibres is given
as 1430 kg/m’ in PBI technical literature [106]. The density of air at ambient conditions
is 1.2 kg/m® [93]. Working backwards from the densities of the felt, and those of the
fibres and air, it can be shown that the volume fraction of air is about 0.94 for this felt.

Now, neglecting the contribution of radiation between the fibres, Equation (3.2) becomes
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k(T ) = 94 k(T ) +006 k, (T ) (3.3)

As k_, is given over a wide range of temperatures in standard tables [93], the values of
kg, can be determined at several points over the temperature range of interest using the
data from the NASA database. It is also known that the thermal conductivity of Nomex®
fibres at room temperature is 0.13 W/m-"C [61). Taking all of this information into
account, an equation which approximates the thermal conductivity of Nomex® fibres over

the temperature range of interest was developed.

kT ) = 0.13 + 00018 (T (K) -300 K) T <700 K 3.4)
=10 T>700K

This equation shows that the thermal conductivity of Nomex® fibres appears to remain
approximately constant after about 700 K. As will be seen in the next section, this
temperature is close to the temperature range at which thermochemical reactions begin
to occur.

The thermal conductivity of the air was also represented by an approximately

linear relationships using data from standard tables [93].

k(T ) =0.026 + 0.000068 (T (K) -300 K) T<T0K (33
= 0.053 + 0.000054 (T (K) - 700 K) T > 700 K

The volume fractions of air and fibres in the fabrics were then determined. The
density of the fabric is 0.2 kg/m* divided by the thickness, 0.7 mm. This gives a density
of about 286 kg/m’. Using the densities of air and fibre given above, a volume fraction
of about 0.8 for air was calculated. These values are similar to those reported by Shalev

[48] for heavier Kevlar®/PBI and Nomex® fabric samples. Substituting these fractions
into Equation (3.2) produces

kfT) = (08 k(T) + 02 ky (T) ) + k (T ) (3.6)

Equations (3.4) through (3.6) give a value of the thermal conductivity of the fabrics at
300 K of 0.047 W/m“C, which is close to the value of 0.042 W/m~C generally reported
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in the literature for these fabrics (e.g. [106]). As differences between the thermal
conductivities of the Nomex® ITIA and Kevlar®/PBI samples are expected to be very
small, these relationships will be used to represent the effective thermal conductivity of
both materials. The parametric study discussed later in this chapter should also provide
some guidance as to whether any small differences between the thermal conductivities of
the two materials will have a significant effect on their temperatures and the protection
which they provide.

In Section 2.3.2 the interaction between the incident radiation and the fibrous
material was discussed. At that time it was stated that the radiation heat transfer from
fibre to fibre would be accounted for in the value of the thermal conductivity of the
fabric. A rigorous solution of this would account for the interaction between the
individual fibres and would be daunting. However, it will be shown that the portion of
the thermal conductivity due to thermal radiation is quite small relative to the total
thermal conductivity of the fabric. Therefore, to simplify the analysis, the fibres were
assumed to act as a number of infinite plates acting as radiation shields, all of which were
placed at the boundaries between adjacent finite elements. Hence the portion of the
thermal conductivity due to thermal radiation between the fibres was assumed to simply
be equal to

2 2
i 2w M (T + L) (T +T,) (3.7

rud
2 -€,,

The emissivity of the fibres, &g, was taken as 0.95 [60], while in this equation, Ax, was
taken as the width of the particular finite element for which the radiation conductivity is
being calculated. As mentioned above, this portion of the thermal conductivity is very
small. For example for an 100 K temperature difference across one finite element in the
fabric, the contribution due to thermal radiation is about 5% of the total thermal
conductivity of the fabric.

Therefore the effective thermal conductivity of the fabric was calculated for each

clement using the temperatures of the nodes of that element at the previous time step and
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Equations (3.4) through (3.7). The average temperature of the nodes was used to
calculate the first two terms on the right hand side of Equation (3.6), while the two nodal
temperatures were used to calculate the radiation term. The estimated values of the
thermal conductivity of the fabric are plotted for the temperature range of interest along
with the thermal conductivities of the fibres (calculated), air (from standard tables), and
Nomex felt (from the NASA database) in Figure 3.1. As with the other properties the
effects of variations in the values of thermal conductivity on the temperatures predicted

by the model will be discussed later in this chapter.
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Figure 3.1 Thermal Conductivity of Nomex® Felt (M), Fabrics (X), Fibres (*), and
of Air (+) for Temperatures from 300 to 1400 K

3.2.5 Apparent Heat Capacity and Thermal Decomposition Temperatures

As mentioned in Section 2.3.1, the apparent heat capacity method can be used to
represent thermochemical reactions implicitly in the differential equations. This method
requires a knowledge of the energies associated with chemical reactions, and the
temperature range over which these reactions take place. Two standard tests from the
area of thermal analysis were used to make estimates of these pieces of information for

the fabrics.

Thermal gravimetric analysis (TGA) is a technique where the mass of a sample
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is measured continuously by a thermobalance while it is heated. The mass loss-
temperature data can be used to determine the temperature ranges over which chemical
reactions occur as well as determining how much mass is lost in these reactions. A flow
of an inert gas such as helium can be used to carry any gaseous products away from the
sample in order to determine their composition. TGA tests in this inert environment can
be used to provide information on endothermic pyrolysis reactions. A flow of oxygen can
be used in place of helium if information about exothermic pyrolysis and oxidation
reactions is desired. If TGA tests are run at various heating rates, information about the
chemical kinetics of reactions can also be obtained.

Very small (about 10 mg) specimens were cut from Nomex® IIIA and
Kevlar®/PBI fabric samples for testing. It should be noted that these specimens were not
conditioned, as the tests were performed at a laboratory approximately one hour drive
from the conditioning room. This may have some effect on the amount of water
evaporated from the fabric when it is heated, but should not affect the information for the
reactions which occur at higher temperatures. A BOMEM TG/Plus Analyzer'® was used.
This apparatus includes a Bomem Michelson Fourier Transform Infrared spectrometer, a
multi-pass gas cell, and a DuPont 951 Thermal Analyzer. Specimens were heated in
stainless steel baskets from about room temperature to 900°C at a rate of 20°C per minute
in both helium and oxygen environments. As the apparent heat capacity method was used
here, no attempts were made to determine the Kinetics of reactions. Information on the
kinetics of reactions involving Nomex® and PBI materials produced in the early 1970’s
is given in Morse, et al. [46]. In addition, as this model did not include mass transfer and
the main interest here was the temperature ranges of reactions, no attempts were made
to determine the complete composition of the gaseous products of the reactions. Studies
have been reported in which the principal components of these compositions were
determined for Nomex® [107,46] and PBI [108,46].

Thermogravimetric curves for the two fabrics are shown in Figure 3.2 in both

helium and oxygen environments. These curves are similar to those in the literature for

' available from BOMEM, Inc., Quebec City. Quebec
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Figure 3.2  Thermogravimetric curves for Nomex® IIIA and Kevlar®/PBI Specimens
(Nomex® ITIA in He [J, and O2 A ; Kevlar®/PBI in He +, and O, X)
the two materials (e.g. [109, 106]). From these curves it can be seen that after the water
is evaporated out of the sample, the mass of the sample remains fairly constant until the
onset of thermal decomposition. The approximate temperature ranges over which the
majority of the thermal decomposition occurs for these materials in Helium and Oxygen

environments are as follows.

Material Helium Oxygen
Nomex® IITA 430 - 620°C 420 - 640°C
Kevlar®/PBI 575 - 620°C 530 - 660°C

Caution should be exercised when looking at TGA results. While very small
specimens are used so as to reduce the differences in temperature across the specimen,
in the case of heterogeneous materials such as fabrics these temperatures may not be
completely indicative of the whole material. It has also been pointed out that there can
be major differences in TGA results conducted by different laboratories, as TGA results
are extremely sensitive to the surface-to-volume ratio of the specimens used in the tests

[110]. A review of other potential sources of inter-laboratory differences or errors in



TGA tests can be found in Wendlandt and Gallagher [111].

As will be shown in the next two chapters, fabrics in bench top tests are heated
at rates of the order of about 10*°C per minute. Fabric specimens in these particular TGA
tests were heated at 20°C per minute. It is well known that the heating rates at which
tests are run can affect TGA test results. For example, at higher heating rates certain
reactions may not have adequate time to take place. This will tend to increase the
temperature at which thermal decomposition takes place and in general to shift the
thermogravimetric curve to the right (Figure 3.3). Examples of investigators who have
been able to develop equipment to make measurements at higher heating rates and
compare these data to those at lower heating rates include Henderson and O’Brien [112]
(up to 800°C per minute), Bingham and Hill [113] (3000°C per minute), and
Shilensky, et al. [114] (over 600 000°C per minute).

Heating Rate Increasing

Mass Fraction Remalning

Temperature
Figure 3.3  Effect of Increasing Heating Rate on Thermogravimetric Curve

Aspects of the latter two examples are of interest to this work. Bingham and
Hill [113] found that the temperature at which degradation began in high heating rate tests
of several protective fabrics correlated very well with the estimated time to 20% skin
damage in fire pit tests. Shlensky, et al. [114] describes various techniques to make
measurements under very high heating rates., and discusses the practical problems

associated with TGA and other thermal analysis techniques. These authors also discuss
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the effect of heating rate on thermogravimetric curves for polymers, polymer-based
materials, and some natural coals. It was found that these curves do not shift indefinitely
as the heating rate increases, but in fact tend to some ultimate thermogravimetric curve
which is no longer heating rate dependent (shown schematically in Figure 3.3). This
behaviour was also seen in Henderson and O’Brien’s [112] data.

Despite the dependence of TGA results on heating rate, in the absence of any
other information, the thermal decomposition temperature ranges observed in these TGA
tests will be used in the model. The effect of varying these temperature ranges of
reactions on the thermal response of fabrics will be discussed in Section 3.4.5. TGA test
results will also be compared with measured mass losses during bench top tests in
Section 4.5.3.

The differential scanning calorimeter (DSC) is a device in which a sample and
some reference material, whose thermal properties are known, are maintained at the same
temperature by individual heaters. By comparing the amounts of energy required to
maintain the sample and reference material at this temperature, energies of reactions
(endothermic or exothermic) and the specific heat of the sample as a function of
temperature may be determined. Some of the advantages of using this apparatus for
measuring the specific heat include good accuracy, rapid data acquisition, and relatively
small sample sizes [115]. A Perkin Elmer DSC-4 with System 7/4 Thermal Analysis
Controller'' was used here. Analysis of the data was performed using a computer
equipped with TA-PC Thermal Analysis software'?. Tests were conducted in a nitrogen
environment.

Before testing the fabric specimens, the mass of an aluminum sample pan and top
was determined and a DSC test of the empty sample pan and its top from 30 to 500°C
at 20°C per minute was conducted. A DSC test of a sapphire reference material using

this same heating procedure was then conducted. Data from these two tests were used

"' available from The Perkin-Elmer Corporation, Norwalk, Connecticut, U.S.A.

2 available from MC? Thermal Systems, Antioch, Hlinois, U.S.A.



97

to help determine the specific heats and energies of reactions of the fabric specimens.
Samples of Nomex® IIIA and Kevlar®/PBI fabrics were cut into very small pieces and
used to fill aluminum sample pans. Roughly 10 to 14 mg of fabric was used in each pan.
A top was then crimped onto each of the sample pans and the mass of each of the filled
pans was determined.

All tests used a heating rate of 20°C per minute. In order to provide highly
accurate estimates of the specific heat and energies of reactions over the entire
temperature range of this instrument, tests should be run over very small (e.g. 50°C)
temperature increments. However, this would prove to be very time consuming, not only
for these fabrics, but for any other fabrics which might be modelled in the future.
Therefore, the following temperature ranges were used. The specimen was first heated
from 30°C up to an intermediate temperature of 200, 300, or 400°C and then cooled. The
mass of the specimen and pan were determined after each run. This was repeated a
number of times for each specimen. These tests provided information specifically about
the evaporation of water from the fabrics and any other thermochemical reactions which
might occur at lower temperatures. Finally, the specimen was heated from 30 to 500°C
and cooled (once or twice). This was done to provide information about reactions which
occur at temperatures around 500°C. The final mass of the fabric sample and pan was
then determined.

It should be noted that the maximum temperature possible with this DSC apparatus
was 500°C. As shown in the TGA data, thermal decomposition reactions either begin at
temperatures greater than 500°C or begin below this temperature but continue past it.
Two other methods were used to attempt to overcome this limitation. First DSC tests
were run to temperatures up to 525°C at heating rates down to 2°C per minute, as it was
thought that using slower heating rates would allow reactions to go to completion at lower
temperatures (see Figure 3.3). However, no new information could be obtained using this
method. Therefore, differential thermal analysis (DTA) tests using a Perkin-Elmer DTA
1700 Thermal Analyzer with a System 7/4 Controller'* were run to temperatures of

* available from The Perkin-Elmer Corporation. Norwalk, Connecticut, U.S.A.
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1000°C. This apparatus does not provide information which is as accurate as the DSC
and is more difficult to use, but does have a larger temperature range. However, it was
determined that establishing an accurate baseline for these materials over a large
temperature range was problematic. Therefore, obtaining any information additional to
the DSC information would be extremely time-consuming, and hence DTA testing was
abandoned.

Examples of the DSC test results are shown in Figures 3.4 and 3.5. These figures
show the heat flow to the samples as a function of temperature. From this information,
the software determines the specific heat and energies associated with reactions. For
example, it was found that the hump shown around 100°C in Figures 3.4 and 3.5 is due
to the evaporation of water from the sample, as the energy per unit mass associated with
this reaction was about the same as the latent heat of vapourization of water multiplied
by the fraction of mass lost in this temperature range. Examples of the specific heat
curves are shown in Figures 3.6 and 3.7. The upper experimental curve in each case
represents data calculated from a test on a particular sample from 30, to 200 or 300°C.
while the lower experimental curve represents data from a later test from 30 to 500°C.
This second curve is lower due to the amount of energy which was removed during the
heating of the fabric specimen during tests prior to this final test. Another piece of
information which will be used in estimating a relationship between specific heat and
temperature for each material is the quoted value of the specific heat of these fabrics at
room temperature, about 1300 J/kg-"C (e.g. [106]).

The definition of the apparent heat capacity of the fabrics was given earlier as
Equation (2.13).

CMT)=pc(T) T<T,

(3.8

=p(:m(7')+Tp T <T<T,

! m

=pc(T) T>T,

As the densities of these two materials are assumed to be constant, any variations in the
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Figure 3.4  DSC Test Data for Nomex® IIA
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Figure 3.5  DSC Test Data for Keviar®/PBI

apparent heat capacity with temperature will be due solely to the variations in the specific

heat with temperature. Equations for the specific heat as a function of temperature for
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Figure 3.6  Specific Heat as a Function of Temperature for Nomex® IIIA
(X DSC from 30 to 200°C, + DSC from 30 to 500°C,__ Equation (3.9))
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Figure 3.7  Specific Heat as a Function of Temperature for Kevlar®/PBI
(X DSC from 30 to 300°C, + DSC from 30 to S00°C, __ Equation (3.9))

the two fabrics were determined as follows. First the initial value of the specific heat at
300 K was taken as the published value of 1300 J/kg-"C for both fabrics. The slope of
the specific heat with temperature curve was then assumed to be equal to the average
value of the slopes of all the experimental specific heat-temperature curves for that

particular fabric. The initial mass fractions of moisture in Nomex® I[IIA and
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Kevlar®/PBI fabrics were taken as 5% and 8%. respectively, the moisture regain for each
of the fabrics according to PBI technical literature [116]. The energy associated with
evaporation of water from the fabric was assumed to take place from 75 to 125°C
(remembering that the apparent heat capacity method requires that reactions take place
over a range in temperatures rather than a single temperature or very narrow band of
temperatures - see Section 2.3.1). The value of the energy associated with the
evaporation of moisture from the fabric was taken as the initial mass fraction of moisture
in the fabric multiplied by an estimate of the latent heat required to remove the moisture
from the fabric, about 2500 kJ/kg".

Temperature limits for thermal decomposition reactions were determined using
TGA test data from the previous section. The energy associated with the thermal
decomposition of Nomex® IIIA cannot be determined precisely using the information
from the DSC tests as this reaction had not gone to completion by S00°C. Therefore as
a first estimate, it was decided to determine the energy associated with the part of the
reaction from 400 to 500°C and double it. The energy associated with the thermal
decomposition of Kevlar®/PBI is even more uncertain as the thermal decomposition
reactions do not start until temperatures greater than 500°C. Therefore, as a first estimate,
it was assumed that the energy associated with the thermal decomposition reactions would
be the same as that estimated for the Nomex® IHA samples. Using all of this
information, the equation for the apparent specific heat, c*(T) (i.e. CA(T) = p cX(T) ) of

the two fabric samples with temperature can be shown to be:

' this value was estimated from the DSC tests and should account for the latent heat
of vapourization of water and the additional energy required to remove moisture from
fabrics due to the interaction between the water and the fibrous structure
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cX(T ) = 1300 + slope (T - 300K) T<T,,
Ah st AT __ slope
o M (0B 1300 « Al TOPE 1 e
ATu'lr 2 B
= 1300 + slope (T - 300K) T,<T<T, (3.9)
Ah AT _ slope
= 2 + 1300 + slope (T, - 300) o 2o TP G ST<T,
= 1300 + slope (T - 300K) T>T,
where: Ah, . is the latent heat of vapourization of water
Ah, is the energy associated with thermal decomposition
moist is the initial mass fraction of moisture in the fabric
slope is the slope of the specific heat-temperature curve for each

fabric

and the subscripts wtr and rx refer to the vapourization of water and the thermal
decomposition reaction and the subscripts 1 and 2 refer to the beginning and end of the
temperature range of these reactions. It should be noted that Equation (3.9) is slightly
different from Equation (3.8) as Equation (3.9) is for the case of a specific heat which
varies with temperature and also incorporates the energies associated with reactions,
whereas Equation (3.8) represents the case where the specific heat is constant with
temperature other than in the temperature ranges where reactions occur.

Values of the properties in Equation (3.9) for each of the fabrics are shown in
Table 3.1 below.
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Table 3.1 Values of Properties for Use in Equation (3.9) for Nomex® IIIA and

Kevlar®/PBI Fabrics
Constant Nomex® MIA Kevlar®/PBI
Ah,, (KJ/kg~C) 2500 2500
moist 0.05 0.08
Tum (C) 75 75
Tur (C) 125 125
slope (J/kg~C?) 1.8 1.6
Ah_, (kJ/kg=C) 130 130
T, CC) 425 550
T (C) 625 650

The specific heat curves for these two materials determined using Equation (3.9) and the

information in Table 3.1 are shown along with the experimental data in Figures 3.6

and 3.7.
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It should be noted that the values of the apparent specific heat around 100°C are
much larger than would be expected looking at the experimental data. This is because
the initial mass fractions of moisture used to calculate the apparent specific heat were the
nominal values for conditioned fabrics, while the specimens used in the DSC were not
conditioned. The mass losses during these tests indicated that the mass fractions of
moisture in the fabrics were in fact less than their nominal values for conditioned fabrics.

It must again be stated that the information used to determine these specific heat
equations was from tests of the materials at heating rates of 20°C per minute, while the
fabrics are heated at much higher rates in bench top tests. Shlensky, et al. [114] have
noted that effective specific heat values should only be used under conditions similar to
those in which they were determined. However there are no other methods readily
available to determine this information for higher heating rates. In addition, the actual
energies of the thermal decomposition reactions remain unknown. Therefore, these
specific heat equations must be taken as merely estimates of the actual values. The
effects of varying parameters in these equations will be discussed in Section 3.3.5.

In the above discussion, it has been assumed that the thermal decomposition
reactions of the fabrics are endothermic as they occur in flame contact tests where there
is little oxygen available for exothermic oxidation reactions. Schoppee, et al. [117] have
noted that in tests which use a radiant heat source rather than a flame exothermic
reactions may be possible due to the significantly higher amount of oxygen available to
the fabric. The approximate magnitudes of the energies associated with exothermic
reactions involving these materials were determined using a Parr oxygen bomb
calorimeter”. Average values of 12.7 MJkg for Nomex® ITIA specimens and
142 Ml/kg for the Kevlar®/PBI specimens were obtained.  For comparison
Chouinard, et al. [118] report values of about 15.5, 22.0, and 29.0 MJ/kg for the heats of
combustion of cotton, polyester, and nylon, respectively, measured using an oxygen bomb
calorimeter. If a model of a radiant exposure was attempted this information could be

useful in describing the thermochemical reactions. Information on oxidation reactions

15 available from Fisher Scientific Limited, Edmonton, AB
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could also be obtained using TGA and DSC tests. This and other recommended future
work is described in Chapter 6.
3.3.6 Transmissivity and Emissivity

In Section 2.3.2, the in-depth absorption of incident radiation was discussed, along
with how Beer’s law was chosen to model this phenomena. In order to use Beer’s law,
the extinction coefficient, v, for each of the two fabrics of interest must be determined.
These can be calculated from the transmissivities of the fabrics using
_In(7)

L,

Y:

(3.10)

A Nicolet Fourier Transform Infrared (FTIR) spectrometer'® was used to measure
the transmissivities of the Nomex® IIIA and Kevlar®/PBI fabric samples. As it was
important to also determine if the transmissivities of these fabrics varied significantly
during bench top tests, fabric specimens which had been subjected to a heat flux of
approximately 80 kW/m’ for 10 s were tested along with specimens which had not been
used in bench top tests. The transmissivity measurements for these specimens are shown
in Figure 3.8. Note that the Figures marked "blue" are the Nomex® IIIA specimens,
while those marked "gold" are the Kevlar®/PBI specimens. Figure 3.8 also presents
results in terms of wave numbers, which are the reciprocal of wavelengths. These tests
were performed over the range of wave numbers from about 600 to 4000 cm’, or
wavelengths from about 2.5 to 17 um. The transmissivities of all the fabrics, both before
and after a 10 s exposure, were less than 1% over these wavelengths. This agrees with
the cover measurements discussed in Section 2.3.2. For the purposes of the model, a
transmissivity of 0.01 was chosen for each of the two fabrics.

An emissivity of 0.9 was chosen for the two fabrics. This agrees with the work
of Morse, et al. [46] who measured values between 0.88 and 0.91 for virgin and charred
Nomex® and PBI fabrics.

' Available from Nicolet Instrument Corporation, Madison, WI, U.S.A.
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Figure 3.8  Transmissivity Measurements for Nomex® IHA (Blue) and Keviar®/PBI
(Gold) Fabric Samples Before and After a 10 s Bench Top Test Exposure

3.2.7 Summary of Relevant Fabric Properties
The values of the thermal and other properties of the fabric samples discussed in

this section are summarized in Table 3.2 below.
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Table 3.2 Summary of Thermal and Other Properties of Nomex® IIA and
Kevlar®/PBI Fabrics Used in this Study
Property Nomex® IITA Kevlar®/PBI
Thickness (mm) 0.7 0.6
Density (kg/m?) 286 323

Thermal Conductivity
(W/m°C)

Equations (3.4) - (3.7)
range: 0.047 - 0.255

Equations (3.4) - (3.7)
range: 0.047 - 0.255

Apparent Specific Heat
(DSC, J/kg-"C)

Equation (3.9),
Table 3.2
range: 1300 - 3845

Equation (3.9),
Table 3.2
range: 1300 - 5340

Initial Mass Fraction of

Moisture

0.05

0.08

Decomposition Reaction
Temperature Range (°C)
(TGA)

425 - 625

550 - 650

Decomposition Reaction
Energy (DSC,
endothermic, kJ/kg+"C)

130

130

Enthalpy of Combustion,
Oxygen Bomb
Calorimeter, exothermic,
Ml/kg)

14.2

Emissivity

0.9

0.9

Transmissivity

0.01

0.01
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3.3 Numerical Results

The temperatures of the Nomex® IIIA and Kevlar®/PBI fabric samples were
predicted using the numerical model described in Chapter 2 and the thermal properties
listed above in Table 3.2. An air gap of 1/4 in. (6.4 mm) was used. The temperatures
of the front faces of the two fabrics were practically identical, while the temperatures of

% % 3 3 5 & F & &% 1o

Tume (s)

Figure 3.9  Temperatures of the Front and Back of Nomex® IIIA (W) and
Kevlar®/PBI ([J) Fabrics Predicted by Numerical Model (10 s exposure to
nominal 82 kW/m® Heat Flux)

the back faces of the two fabrics were only slightly different (Figure 3.9). The times
required to exceed the Stoll criterion were as follows:

Nomex® HIA 6.55s

Kevlar®/PBI 630s
In Chapter 4, experiments conducted to verify these results will be described. As will be

shown in Chapter 5, these numerical results were similar to the experimental results.

3.4 Parametric Study
As described earlier in this chapter, many of the thermal properties used in the

numerical model are difficult to determine, and/or are associated with much uncertainty.
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In order to determine the effects of varying these thermal properties on the results from
the numerical model, a series of parametric studies was performed. As the thermal
properties of the Nomex® IIIA fabric are better known than those for the Kevlar®/PBI
fabric, the properties of the Nomex® IIIA fabric were used as the base case for the
studies. The range of values for each of the properties used in the parametric studies are

given in Table 3.3, while the results of the studies are discussed below.

Table 3.3 Range of Values of Thermal and Other Properties Used in the Parametric
Studies
Property Range of Values used in Parametric Study
(typical value for fabrics used in study)
Thickness (mm) 03-2.000.7)
Moisture Regain (%) 0 - 100 (6)
Thermal Conductivity (W/m-"C) 0.04 - 0.2 (0.04)

Specific Heat (J/kg-"C)

1000 - 3900 (1300)

Decomposition Reaction Temperature

Range (°C)

Initial Temperature: 350 - 600 (500)
AT for Reaction: 100 - 300 (150)

Decomposition Reaction Energy 30 - 300 (130)
(endothermic, kJ/kg-°C)
Convective Heat Transfer Coefficient 25 - 50 (40)

(W/m?~<C)

Flame Temperature (°C)
(corresponding Emissivity)

1800 - 2200°C (2000°C)
(0.018 - 0.22) (0.02)

Air Gap Width (mm)

0.5 - 20 (6)
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3.4.1 Thickness
The thickness of the fabric was varied between 0.3 and 2.0 mm. The temperatures
predicted for the front and back of a Nomex® IIIA fabric are shown in Figures 3.10 and
3.11, while the times required to exceed the Stoll criterion for different thicknesses are
shown in Figure 3.12. It should be noted that for the sake of clarity only temperatures
for fabric thicknesses of 0.5, 1.0, 1.5, and 2.0 mm were plotted in Figures 3.10 and 3.11,

while the times to exceed the Stoll criterion were plotted for these and other thicknesses

in Figure 3.12.

8 8 8 8

Temperature (C)

-

T T 3 i 5§ v 5 5

Time (s)

Figure 3.10 Temperatures of Front of Fabric Predicted by Numerical Model for
Various Fabric Thicknesses (+ 0.5 mm, @ 1.0 mm, X 1.5 mm, & 2.0 mm)
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Figure 3.11 Temperatures of Back of Fabric Predicted by Numerical Model for Various
Fabric Thicknesses (+ 0.5 mm, B 1.0 mm, X 1.5 mm, A 2.0 mm)
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Figure 3.12 Times Required to Exceed the Stoll Criterion Predicted by Numerical
Model for Different Fabric Thicknesses

The temperatures of the front of the fabric increased as the thickness increased,
while the temperatures of the back of the fabric decreased as the thickness increased.
This is expected, as increasing the thickness of the fabric increases the internal resistance

to heat transfer within the fabric. This decrease in the temperature of the back of the
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fabric leads to a decrease in the rate of energy transfer between the fabric and the test
sensor across the air space. This in turn results in an increase in the time required to
exceed the Stoll criterion. The relationship between the time required to exceed the Stoll
criterion and fabric thickness was found to be linear for these fabric thicknesses. This

last trend agrees with the experimental work of other investigators (e.g. [119]).

3.4.2 Moisture Regain

The initial amount of moisture in the fabric was varied between 0 and 100%. The
temperatures predicted for the front and back of a Nomex® IIIA fabric are shown in
Figures 3.13 and 3.14, while the temperatures predicted for the copper disk test sensor are
shown in Figure 3.15. The times required to exceed the Stoll criterion for different initial

amounts of moisture are given in Table 3.5 below.

ANNEER

Time (s)

Figure 3.13 Temperatures of Front of Fabric Predicted by Numerical Model for
Various Initial Mass Fractions of Moisture (CJ 0.01, B 0.05, + 0.10,
X 0.25, A 1.00)
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Time (s)

Figure 3.14 Temperatures of Back of Fabric Predicted by Numerical Model for Various
Initial Mass Fractions of Moisture ((J 0.01, I 0.05, + 0.10,
X 025, A 1.00)

8

3

Copper Disk Temperature Rise (C)
8

Figure 3.15 Copper Disk Temperature Rise Predicted by Numerical Model for Various
Initial Mass Fractions of Moisture ((J1 0.01, B 0.0S, + 0.10,
X 0.25, A 1.00)
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Table 3.5 Required Times to Exceed Stoll Criterion Predicted by Numerical Model

for Various Initial Mass Fractions of Moisture

Moisture Regain (%) Time Required to Exceed Stoll Criterion (s)
0 6.15
3 6.35
5 6.55
7 6.65
10 6.85
15 7.15
20 7.50
25 7.80
100 > 10

As the initial amount of moisture in the fabric increased, the predicted rates of
increase of the temperatures of the front and back of the fabric, and the copper disk
decreased. This was due to the increased amount of energy from the Meker burner which
was required to evaporate the water in the fabric. The magnitude of the differences
between the temperatures of dry (0%) and conditioned (5 - 7%) fabrics, and the
corresponding times required to exceed the Stoll criterion were similar to the differences
measured by Lee [120] for 50% convective/50% radiative bench top tests.

It would therefore appear that moisture would enhance the performance of fabrics
in bench top tests. However, it must be remembered that only one parameter, the
moisture regain, was varied independently, and moisture transfer and the energy transfers
associated with it were not included in the numerical model. In Section 1.5.4, work by
Morse, et al. [46] was discussed in which it was shown that it is difficult to determine

whether water vapour from heated fabrics will travel towards the skin or test sensor or
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towards the heat source. If some of the moisture from the fabric does in fact travel
towards the skin or test sensor, then there may be a point at which increases in the initial
moisture content may in fact have a detrimental effect on the protection which a fabric
offers. This would be particularly important if studying longer exposures to high heat
fluxes. For example, many fire fighters suffer steam burns during the course of their
duties. Future work which may help to address this and other concerns will be discussed

in Chapter 6.

3.4.3 Thermal Conductivity

The specific heat of the fabric was held constant at 1300 J/kg°C, the nominal value
for the fabric at room temperature, while the thermal conductivity was given constant
values between 0.04 and 0.2. The temperatures predicted for the front and back of a
Nomex® IIIA fabric are shown in Figure 3.16 and 3.17, while the temperatures predicted
for the copper disk test sensor are shown in Figure 3.18. The times required to exceed
the Stoll criterion for different values of thermal conductivity are given in Table 3.6
below.



116

v % 5 3 5 & %t & & 10
Time (s)

Figure 3.16 Temperatures of Front of Fabric Predicted by Numerical Model for

Various Constant Values of Thermal Conductivity (l8 0.04, X 0.08, +0.12.
£0.16, A 0.2 W/m+-C)
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Figure 3.17 Temperatures of Back of Fabric Predicted by Numerical Model for Various

Constant Values of Thermal Conductivity (I8 0.04, X 0.08, +0.12, [J0.16,
A 0.2 W/m-C)
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Figure 3.18 Copper Disk Temperature Rise Predicted by Numerical Model for Various
Constant Values of Thermal Conductivity (I8 0.04, X 0.08, + 0.12, [10.16,
A 02 W/m-~C)

Table 3.6 Required Times to Exceed Stoll Criterion Predicted by Numerical Model
for Various Constant Values of Thermal Conductivity

Thermal Conductivity (W/m-"C) Time Required to Exceed Stoll Criterion (s)
0.04 > 10
0.08 7.00
0.12 595
0.16 5.45
0.20 5.15

The value of thermal conductivity used had some influence on rate of increase of
the temperature of the front of the fabric, and an even larger influence on the rate of
increase of the temperature of the back of the fabric (Figures 3.16 and 3.17). The

differences in the temperatures of the back of the fabric manifested themselves in
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differences in the copper disk temperatures (Figure 3.18), and hence the times required
to exceed the Stoll criterion (Table 3.6). These results are expected for the same reasons
discussed above in Section 3.4.1. An increase in the thermal conductivity of the fabric
will increase the rate of heat transfer in the fabric, causing the temperature of the back
of the fabric to increase faster, and hence increasing the energy transfer between the
fabric and the skin or test sensor.

As a practical illustration of how the thermal conductivity could vary from fabric
to fabric, the volume fraction of fibre was varied from 5 to 30%. The expressions for
thermal conductivity as a function of temperature and volume fractions of fibre and air,
discussed earlier in Section 3.2.4 were used. The times required to exceed the Stoll

criterion are shown in Table 3.7 below.

Table 3.7 Required Times to Exceed Stoll Criterion Predicted by Numerical Model

for Various Volume Fractions of Fibre

Volume Fraction of Fibre (%) Time Required to Exceed Stoll Criterion (s)
5 7.80
10 7.10
20 6.55
30 6.25

As apparent from the above table, increasing the volume fraction of fibre in the
fabric will increase the thermal conductivity of the fabric, and hence decrease the time
required to exceed the Stoll criterion. Of course, this statement only takes into account
the effect of an increase in volume fraction of fibre on the thermal conductivity of the
fabric, and does not account for effects on the mechanical stability of the fabric, other

thermal properties of the fabric, etc.
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3.4.4 Specific Heat

The thermal conductivity was allowed to vary according to fabric temperature
using the equations discussed earlier in Section 3.2.4. The specific heat was given
constant values between 1000 and 3900 J/kg-"C. The specific heat was also calculated
using Equation (3.9), discussed in Section 3.2.5, and using an empirical relationship given

by Schoppee, et al. [121] as being typical for an "average” polymeric material
c,(T)=222T + 629 (3.11)

where the temperature, T, is in Kelvin and ¢, is given in J/kg'’K. The temperatures
predicted for the front and back of fabrics with these specific heat values are shown in
Figure 3.19 and 3.20, while the temperatures predicted for the copper disk test sensor are
shown in Figure 3.21. For the sake of clarity, data predicted using Equation (3.11) were
not included in Figures 3.19 through 3.21. However the time required to exceed the Stoll
criterion predicted using Equation (3.11), is shown in Table 3.8 below, along with the

predictions made using the model and the other specific heat values.

Time (s)

Figure 3.19 Temperatures of Front of Fabric Predicted by Numerical Model for
Various Constant Values of Specific Heat (X 1000, + 1300, (I 2600,
A 3900 J/kg=C), and B Equation 3.9
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Figure 3.20 Temperatures of Back of Fabric Predicted by Numerical Model for Various
Constant Values of Specific Heat (X 1000, + 1300, (J 2600,
A 3900 J/kg~C), and W Equation 3.9
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Figure 3.21  Copper Disk Temperature Rise Predicted by Numerical Model for Various
Constant Values of Fabric Specific Heat (X 1000, + 1300, [J 2600,
A 3900 J/kg~C), and B Equation 3.9



121
Table 3.8 Required Times to Exceed Stoll Criterion Predicted by Numerical Model
for Various Constant Values of Specific Heat

Specific Heat (J/kg-"C) Time Required to Exceed Stoll Criterion (s)
1000 445
1300 5.00
2600 7.25
3900 9.30
Schoppee, et al. (Eqn. (3.11)) 6.10
Equation (3.9) 6.55

The value of specific heat used significantly influenced the rate at which the
temperature of the front and back of the fabric increased (Figures 3.19 and 3.20), as
expected from basic heat transfer theory. Once again, differences in the temperatures of
the back of the fabric manifested themselves in differences in the rates of increase of
copper disk temperatures (Figure 3.21), and hence the times required to exceed the Stoll
criterion (Table 3.8). It should also be noted that Equation (3.9) is for a specific heat
based on an apparent heat capacity (see Section 2.3.1), whereas the constant values of
specific heat and Schoppee’s equation did not include energies associated with the

evaporation of moisture and thermal decomposition reactions.

3.4.5 Energies Associated with Thermal Decomposition Reactions

In Section 3.2.5 earlier in this chapter some of the difficulties and uncertainties
associated with determining the energies associated with thermal decomposition reactions
were discussed. In order to help determine how accurately these energies must be known,
the energy associated with this reaction was varied between 30 and 300 kJ/kg. The
temperature range over which this energy was to be released was set at 425 to 625°C.

To determine the effect of varying the temperature range over which the energy is
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released at, the energy was set at 130 kJ/kg and the temperature range for the thermal
decomposition reaction was varied from 100 to 300°C. The differences in the
temperatures of the fabric and the copper disk were minimal, and hence these
temperatures are not shown here. The times required to exceed the Stoll criterion are

shown in Tables 3.9 and 3.10 below.

Table 3.9 Required Times to Exceed Stoll Criterion Predicted by Numerical Model
for Various Values of Energy of Thermal Decomposition Reaction

Reaction Energy (klJ/kg) Time Required to Exceed Stoll Criterion (s)
(endothermic)
30 6.35
60 6.40
80 6.45
100 6.45
130 6.55
150 6.55
200 6.65
300 6.85
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Table 3.10  Required Times to Exceed Stoll Criterion Predicted by Numerical Model

for Various Temperature Ranges for Thermal Decomposition Reaction
a) Effect of Initial and Final Temperature

Initial Temperature (°C) Final Temperature (°C) Time Required to Exceed
Stoll Criterion (s)
350 550 6.65
425 625 6.55
500 700 6.40
600 800 6.25

b) Effect of Temperature Range

Initial Temperature | Final Temperature Temperature Time Required to
O °0) Range (°C) Exceed Stoll
Criterion (s)
425 525 100 6.65
425 575 150 6.60
425 625 200 6.55
425 725 300 6.50

Changes in the energy associated with the thermal decomposition reactions had

a minimal effect on the protection offered by the fabrics. This seems counter-intuitive.

However, while conditioned fabrics have small amounts of moisture, (e.g. 5% to 8% by

mass), the amount of energy required to evaporate this water can be equal to or greater

than the amount of energy required for thermal decomposition reactions (e.g. 125 to

200 kJ/kg for evaporation of moisture as compared with 130 kJ/kg for thermal

decomposition reactions). This is why the initial amount of moisture in the fabric had
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a much larger effect on the thermal response and protection offered by the fabrics.
Likewise, the temperature range over which the reactions were said to occur had a
relatively small effect on the protection offered by the fabrics. Reactions which occur at
lower temperatures will “stall” the temperature rise on the back of a fabric. hence
reducing the energy transfer to the skin or test sensor, and increasing the time required
to exceed the Stoll criterion. It will be shown that this effect is responsible for some of
the difference between bench top test results of Nomex® IIIA and Keviar®/PBI fabric
samples in Chapter 5. The temperature range (i.e. AT) over which the energy was
released had a very minimal effect on the results of the numerical model. These results
appear to indicate that further work is not required to refine the estimates of the energies
associated with the thermal decomposition reactions for use in this model.

This analysis does not include the effects of decomposition reactions on the
mechanical integrity of fabrics, nor is mass transfer of decomposition products considered.
Therefore, while the results of the parametric study indicate that it is desirable to have
decomposition reactions occur at lower temperatures, caution must be exercised in
applying these results. If these reactions severely damage or destroy the mechanical
integrity of the fabric, cause it to shrink towards the skin or test sensor, or release large
quantities of decomposition reaction products which can condense on the skin or test
sensor, decomposition reactions which occur at lower temperatures will certainly decrease

the protection which a fabric offers.

3.4.6 Transmissivity

A parametric study of the effect of the transmissivity on fabric temperatures and
bench top results was not attempted, as the model of the interaction between the incident
radiation and the fibrous structure was based on the assumption that the fabric structure
allowed practically none of the incident radiation to pass through the fabric. If other
fabrics with a looser fibrous structure are to be modelled, then these may have to be
modelled differently from the analysis in Section 2.3.2 which led to the simple Beer’s law

treatment. A parametric study using such a model could then be conducted.
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3.4.7 Boundary Conditions
The effects of the convective heat transfer coefficient for the flow of hot gases
from the Meker burner and the flame temperature on the thermal response and bench top
test results of the fabric were examined. The convective heat transfer coefficient was
varied between 25 and SO W/m?°C. The temperatures predicted for the front and back
of fabrics using these values are shown in Figures 3.22 and 3.23, while the temperatures
predicted for the copper disk test sensor are shown in Figure 3.24. The times required
to exceed the Stoll criterion for different values of the convective heat transfer coefficient

are given in Table 3.11 below.

Table 3.11  Required Times to Exceed Stoll Criterion Predicted by Numerical Model

for Various Values of Convective Heat Transfer Coefficient

Convective Heat Transfer Time Required to Exceed Stoll Criterion (s)
Coefficient (W/m?~°C)

25 8.30
30 7.55
35 7.00
40 6.55
45 6.15

50 5.75
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Figure 3.22 Temperatures of Front of Fabric Predicted by Numerical Model for
Various Values of Convective Heat Transfer Coefficient (X 25, + 30, l 40.

J 50 W/m*-C)
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Figure 3.23 Temperatures of Back of Fabric Predicted by Numerical Model for Various
Values of Convective Heat Transfer Coefficient (X 25, + 30, B 40,
J 50 W/m?~°C)
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Figure 3.24 Copper Disk Temperature Rise Predicted by Numerical Model for Various
Values of Convective Heat Transfer Coefficient (X 25, + 30, B 40,
[J 50 W/m?~<C)

The convective heat transfer coefficient on the front face of the fabric had a very
large influence on the temperatures of the fabric and the protection that it offers. This
parameter, and the flame temperature, are used to define the boundary condition and
hence the heat flux incident on the fabric.

The temperature of the flame and its corresponding emissivity was varied between
1800 and 2200°C. The temperatures predicted for the front and back of fabrics using
these values are shown in Figures 3.25 and 3.26, while the temperatures predicted for the
copper disk test sensor are shown in Figure 3.27. The times required to exceed the Stoll
criterion for different values of the flame temperature and emissivity are given in

Table 3.12 below.
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Figure 3.25 Temperatures of Front of Fabric Predicted by Numerical Model for
Various Values of Flame Temperature and Emissivity (X 1800°C/0.022.
8 2000°C/0.02, + 2200°C/0.018)
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Figure 3.26 Temperatures of Back of Fabric Predicted by Numerical Model for Various
Values of Flame Temperature and Emissivity (X 1800°C/0.022,
8 2000°C/0.02, + 2200°C/0.018)
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Figure 3.27 Copper Disk Temperature Rise Predicted by Numerical Model for Various
Values of Flame Temperature and Emissivity (X 1800°C/0.022,
W 2000°C/0.02, + 2200°C/0.018)

Table 3.12  Required Times to Exceed Stoll Criterion Predicted by Numerical Model

for Various Values of Flame Temperature and Emissivity

Flame Temperature ("C) Emissivity Time Required to Exceed

Stoll Criterion (s)

1800 0.022 7.60
2000 0.02 6.55
2200 0.18 5.75

As with the convective heat transfer coefficient above, the flame temperature and
emissivity had a very large influence on the temperatures and bench top test results of the
fabric. In fact, the description of the front boundary condition was the parameter which

had the largest effect of all of the parameters examined in this parametric study.



130

34.8 Air Gap Width
As mentioned earlier in Section 2.4, there is some question as to whether there is

a critical air gap width between the fabric and test sensor or skin, below which the energy
transfer between the fabric and air gap decreases with increasir.g air gap, and above which
the energy transfer increases with increasing air gap. In order to determine whether any
critical air gap is predicted using the numerical model, times required to exceed the Stoll
criterion were predicted using air gaps between the fabric and test sensor from 0.5 to

20 mm. These results are plotted in Figure 3.28.

Time to Stoll Criterion (s)

%533 & & 1 12 14 % 1 2
Air Gap Width (mm)

Figure 3.28 Times Required to Exceed Stoll Criterion Predicted by Numerical Model
for Air Gap Widths from 0.5 to 20 mm

No critical air gap was indicated, unlike the studies summarized in Table 2.1.
There was, however, a point of inflection in the curve at air gaps of about 8 to 9 mm.
In order to gain some insight as to the cause of this point of inflection, the two modes
of energy transfer in the air gap, conduction/convection, and radiation heat transfer were
examined separately. First the relative magnitudes of the two modes were determined at
each time step using the numerical model. These data are shown in Figure 3.29 for three
particular air gaps, 6, 12, and 20 mm. These data indicate that the heat transfer by
convection (actually conduction and convection) is about the same at each air gap, while

the heat transfer by thermal radiation is quite different at each air gap.
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Figure 3.29 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
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Figure 3.30 Rayleigh Number Histories Predicted by Numerical Model for Air Gap
Widths of 6 (+), 8 (C)), 10 (W), 12 (X), and 20 mm (A)

To determine why the magnitude of the conduction and convection heat transfer
is about the same at each gap, the Rayleigh number was plotted as a function of time for

a number of air gap widths in Figure 3.30. Recalling the discussion in Section 2.4.2
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natural convection should begin at a Rayleigh number of about 1700 in an enclosure
between two infinite parallel plates heated from below. This criterion is plotted along
with the Rayleigh number histories in Figure 3.30, along with the transition to time-
unsteady natural convection (Ra = 5830). The estimated Rayleigh numbers indicate that
natural convection should occur in air spaces of about 8 mm or larger. The theory also
predicts that natural convection should begin fairly quickly after the beginning of the
exposure, and be quite vigourous at larger air gap sizes. It should be noted, however, that
these results are based on a highly simplified analysis of the heat transfer in the air space.
These predictions will be compared with experimental observations in the next two
chapters.

The fact that natural convection appears to be more vigourous as the air gap size
increases would appear to indicate that the heat transfer by convection should continue
to increase with increasing air gap sizes. However, it must be remembered that it is not
the extent of natural convection in the air gap which is important, but the energy which
is transferred by this process from the heated fabric to the test sensor. Therefore, the
maximum value of the convective heat transfer coefficient was compared for different air
gap widths (Figure 3.31). At smaller air gap widths before natural convection is initiated,
this quantity will actually be the thermal 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 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 magnitude 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.

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
(Figure 3.32). The view factor decreases as the air gap increases. This explains the fact
that the heat transfer by thermal radiation decreases with increasing air gap, as shown in
Figure 3.29.

Clearly, these results indicate that while much of the work in the area of the
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Figure 3.31 Maximum Values of Convective Heat Transfer Coefficient Predicted by
Numerical Model for Air Gap Widths from 1 to 20 mm
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Figure 3.32 Radiation View Factor as a Function of Air Gap Width

energy transfer across the air spaces between protective fabrics and test sensors or
underlying skin 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.
This mode of energy transfer will be further discussed in Chapter S when the results of

the numerical model are compared with the experimental results.
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3.4.9 Summary of Parametric Study

The parametric study has shown that the thermal properties of interest have

various effects on the thermal response and bench top test results of the fabric. Major

findings of this study were as follows.

The time required to exceed the Stoll criterion increases linearly with fabric
thickness.

Changes in the moisture content of the fabric between a completely dried and
conditioned state have a relatively small effect on the temperatures of the fabric.
The amounts of moisture in conditioned fabrics have a relatively small effect on
bench top test results. Larger amounts of moisture can improve the results of
bench top tests of fabrics as long as water vapour does not flow towards the skin
or a test sensor.

Increases in the thermal conductivity of the fabric will increase the rate of increase
of the temperature of the back of fabric and result in shorter times required to
exceed the Stoll criterion.

Increasing the specific heat of the fabric slows the rate at which the fabric heats
up and hence increases the time required to exceed the Stoll criterion.

The amount of energy released during thermal decomposition reactions had a
minimal effect on the thermal response of the fabric and predicted bench top
results. The lower the temperature required to initiate the reactions, the better the
results of bench top tests. The temperature difference over which the energy is
released had a very small effect on the results of the numerical model. Therefore,
it may not be very important to exactly define these quantities when modelling
fabrics. Due to assumptions in the numerical model regarding thermal
decomposition reactions, caution must be exercised in applying these particular
results.

Changes to the flame temperature and emissivity, and the convective heat transfer
coefficient of the hot gases from the flame had very large effects on the numerical

results.
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J The numerical model did not predict an optimal or critical value of the air gap
width between the heated fabric and the test sensor. There was a point of
inflection in the data at about 8 mm. The energy transfer across the air gap is
primarily by radiation, which decreases with increasing air gap width as the view
factor between the heated part of the fabric and the test sensor decreases. Natural
convection is predicted to occur at air spaces beyond about 8 mm. However, the
heat transfer by natural convection will be approximately the same at this and
larger air spaces, as the effect of increased natural convection is counterbalanced
by the effect of the larger air space which must be traversed.

The limitations of the model and the particular bench top test being studied in this
research must be kept in mind when applying the results of this parametric study. For
example, only the effect of moisture on the apparent heat capacity was included in this
study. No other effects, such as the increase in thermal conductivity with increased
moisture regain, or additional mass transfer from water vapour were included in the
model. In the next chapter, experiments conducted to validate these results will be

discussed. The experimental and numerical results will then be compared in Chapter 5.
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CHAPTER 4: EXPERIMENTAL APPARATUS, PROCEDURE,
AND RESULTS "

In Chapter 3, numerical results from the model described in Chapter 2 were
presented. In this chapter experimental work will be described. The main objective of
this experimental work was to gather data on the thermal response of the fabrics of
interest and their corresponding bench top test results, both of which could be compared
with the numerical results. The secondary objective was to use the experimental
apparatus to attempt to address some of the limitations of current bench top test
techniques by evaluating proposed modifications to standard test procedures.

In this chapter, the bench top test apparatus will first be described. Particular
emphasis will be placed on the construction of copper calorimeters used in existing tests,
and skin simulant sensors, which have certain advantages over these copper disk sensors.
Fabric temperature measurements will be presented, along with bench top test results. As
discussed in Chapter 2 and 3, energy transfers in the air space between the fabric and test
sensor in these tests are important. The results of bench top tests and flow visualization
experiments conducted to quantify and describe these energy transfers will be presented.
Modified test procedures and methods of data analysis will also be evaluated.

4.1 Fabric and Shim Stock Samples

As stated in Section 3.1, samples of three common flame resistant fabrics,
Keviar®/PBI, and Nomex® III and IIIA, were used in this study. Each had a nominal
mass per unit area of 200 g/m’ (6 oz/yd?). The Kevlar®/PBI samples were 2/1 twills,
while the Nomex® III and IIIA samples were plain weaves.

Pieces of steel shim stock painted black using TREMCLAD® High-Heat Manifold

'7" A version of portions of this chapter has been accepted for publication. Torvi, D.A., Dale,
J.D., Ackerman, M.Y., and Crown, EM., "A Study of New and Existing Bench Top Tests for
Evaluating Fabrics for Flash Fire Clothing", Performance of Protective Clothing: 6th Volume,
ASTM STP 1273, Jeffrey O. Stull and Arthur D. Schwope, eds., American Society for Testing
and Materials, West Conshohocken, PA, 1997
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Paint'® were also used. These were tested in order to provide data to test the numerical
model under conditions in which the heated solid would be more homogeneous, not
undergo thermal degradation, and would have no internal temperature gradient (as
discussed in Section 2.9.3). These shim stock pieces were also used so as to compare the
energy transfer across the air gap with a solid bottom boundary to that across an air gap
with a porous bottom boundary. The nominal thickness of the shim stock pieces was
chosen as 0.003 in. (76 um) so that the pieces would have approximately the same
volumetric heat capacity as the fabric samples, and thus would heat up at about the same

rate.

4.2 Experimental Apparatus

The bench top test apparatus used here is shown in Figures 4.1 and 4.2. This
apparatus can be used to conduct standard bench top tests such as ASTM D 4108 [29],
ISO 9151 [31] and CGSB 155.1 [32]. The test apparatus consists of a Meker burner, a
regulator to control the flow of liquid propane gas, a rotameter to measure this flow, a
specimen holder assembly, a pneumatic water-cooled shutter, various heat flux sensors,
an infrared thermometer, a computer controlled data acquisition system, and a personal
computer. Hall effect sensors were mounted on the support for the specimen holder and
a piece of metal below the specimen holder in order to sense when the shutter opens and
closes, and the burner is moved into place. The magnets for these sensors are attached
to the shutter and the arm which holds the burner. One of these magnets can be seen just
to the left of the burner in Figure 4.2, while one of the sensors and the wires leading to
it can be seen in the lower left hand comer of the same figure. A small container filled
with ice was also used to cool some of the heat flux sensors after the tests ended. Details

of some of these components are discussed below.

'8 available from TREMCO LTD., Toronto, ON



Figure 4.2  Close-up View of Bench Top Test Apparatus Showing Specimen Holder,
Water-Cooled Shutter, and Meker Burner
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4.2.1 Specimen Holder and Water-Cooled Shutter

A close up of the fabric specimen holder is shown in Figure 4.2. Bench top tests
use various methods to hold the fabric specimens in place, which can have a significant
effect on test results [30]. This particular specimen holder uses steel pins to hold the
fabric, as specified in CGSB 155.1 [32]. This will partially test the fabric’s ability to
maintain its structural integrity when exposed to the flame. Metal spacers can also be
placed on this specimen holder to set a specified air gap between the fabric and the test
sensor, such as the air gaps which can occur between a garment and human skin. The
specimen holder is mounted so that its upper surface is approximately 50 mm above the
top of the Meker burner.

This test rig was also equipped with a shutter so as to precisely control the
duration of the exposure of the fabric. This water-cooled, pneumatic shutter can be

opened or closed in less than 0.2 s.

4.2.2 Heat Flux Sensors

The heat flux sensors used in the experimental portion of this study are shown in
Figure 4.3. In addition to the copper disk heat flux sensors used in standard bench top
tests and in the numerical model, skin simulant heat flux sensors similar to those found
in the University of Alberta thermal mannequin (Section 1.4.3) were also used.

In ASTM D 4108, and ISO 9151, a copper calorimeter is used as a test sensor.
The specifications are very similar in both standards. One difference is that the mass of
the disk is specified in ISO 9151 as 18.0 + 0.05 g whereas no mass is specified in
ASTM D 4108. The other difference is the number, type, and mounting procedure of the
thermocouple(s) used to read the temperature of the copper disk. In ASTM D 4108, four
sets of iron-constantan (Type "J") thermocouples are peened into holes on the back of the
disk. In ISO 9151 one copper-constantan (Type "T") thermocouple is soft soldered to the
rear surface of the disk. The disk shown in Figure 4.3 is the ASTM D 4108 design. It
was found here that differences in bench top test results determined using the two disk
designs were less than 5%. This agrees with Hoschke, et al. [77] who found that the heat
fluxes measured by both disk designs agreed with those measured by a Medtherm heat
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Figure 4.3 Skin Simulant and Copper Disk Heat Flux Sensors (Top Photograph -
Front View, Bottom Photograph - Back View)
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flux transducer in direct flame exposure tests.

The ISO 9151 disk design was used in this work, as these disks are easier to
manufacture than the ASTM D 4108 design. Laying a short length of thermocouple wire
on the back on the disk as in the ISO 9151 disk design should also result in smaller errors
in temperature measurements than mounting the thermocouples perpendicular to the
surface whose temperature is being measured as in the ASTM D 4108 disk design. It was
found that it was necessary to silver solder the thermocouple onto the ISO 9151 disk in
order to withstand the high temperatures the copper disk reaches (200°C or greater) when
exposed directly to the flame when setting the heat flux. The sensor was mounted in a
kaowool" insulating block. Special mounting pins 1.4 mm in diameter were attached
to the back of the disk to hold it in the sensor block rather than using an adhesive as
specified in ISO 9151. Although these pins have a much higher thermal conductivity than
an adhesive, their cross-sectional area is very small, and an estimate showed that the heat
loss through these pins was less than 3% on the input to the disks. A coefficient which
accounts for this and other heat losses is discussed in Section 4.3.1.

The copper disk sensors were painted with two very thin layers of the same flat
black high temperature manifold paint as used to paint the shim stock pieces (Section
4.1). After a test is completed, the front surface of the test sensor was wiped off in order
to remove any residue from products which might condense on the surface of the sensor.
If the painted surface became damaged, acetone was used to remove the damaged paint.
The disk was then repainted.

Colerceran skin simulant heat flux sensors were also used. Colerceran is an
inorganic mixture of calcium, aluminum, silicate with asbestos fibres, and a binder. As
will be discussed momentarily, its thermal absorptivity ((kpc,,)"2 is such that the heat
transfer within it will be similar to that in human skin under a suddenly applied heat flux.

Unlike copper calorimeters, skin simulant sensors have an internal temperature
gradient during these exposures. The mathematical approach used to determine heat

fluxes from test sensor measurements (discussed in the Section 4.3.2) assumes that the
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available from Inproheat Industries Ltd., Vancouver, B.C.
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temperature inside the skin simulant is initially uniform. However, immediately after a
test, these sensors will have an internal temperature gradient. During mannequin tests at
the University of Alberta, it may take 30 minutes or more to undress the mannequin,
analyze results, wait for sensors to cool, and redress the mannequin. In bench top testing
it may take only 5 minutes to remove the specimen, analyze the data, and mount the next
specimen. In order to determine if these time frames are adequate for temperatures inside
the skin simulants to become uniform, the gradients inside skin simulant sensors were
measured and analyzed. Details of this study can be found in Appendix 5. It was found
that approximately 20 to 30 minutes were necessary for temperatures to become uniform
again. Therefore these internal gradients will not be a problem in mannequin tests.
However, for bench top tests it will be important to have a number of skin simulants
ready to run consecutive tests, or to allow individual sensors adequate time to cool before
beginning the next test.

Two sizes of skin simulant sensors with diameters of 19 mm and 35 mm were
used in these tests. As a result of the above study of sensor temperature gradients, a
number of each of these two sizes of sensors were used. The larger diameter was chosen
to be close to that of the ASTM D 4108 or ISO 9151 copper disk, while the smaller
diameter is similar to the sensors used in the University of Alberta thermal mannequin.
The larger sensor had four thermocouples glued on its surface using M-COAT C air-
drying silicone rubber?, at approximately the same locations as specified for the copper
disk in ASTM D 4108. A single thermocouple was glued on the surface of the smaller
sensor. Test results found using data from the different sizes of sensors were very close,
as the actual thermocouple locations were fairly similar in each case.

The skin simulant sensors were placed in kaowool insulating blocks as shown in
Figure 4.4. The simulants were manufactured so that they would fit into a small lip just
beneath the surface of these blocks, and thus no pins or adhesives were necessary. The
surface of each of the skin simulant sensors was painted with the same flat black paint

used for the copper disks.

2 available from INTERTECHNOLOGY Inc., Don Mills, ON
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Figure 44  Mounting of Skin Simulant Sensors in Kaowool Insulating Blocks

Unlike the relevant thermal properties of the copper disks, which are well known,
the skin simulant sensors had to be calibrated individually. To determine their thermal
absorptivities, the sensors were each exposed to a known heat flux from a 380 W movie
projector lamp powered by a variable voltage power supply. Surface temperature histories
of the sensors were then fitted to that predicted by the closed form solution for a semi-

infinite solid [100].
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In order to practically carry out the calibration of the sensors, it is necessary to
determine the distance the lamp must be placed from each size of heat flux sensor in
order to get approximately uniform heat flux distributions across their surfaces. This was
done by placing a photocell on a milling table, and traversing a path in the plane parallel
to the plane in which the lamp was placed, while recording the output from the photocell
with a strip chart recorder. The photocell was placed at distances from about 60 to
190 mm from the lamp in 13 mm increments. From this information, it was found that

the lamp must be placed at least 165 mm from a 35 mm diameter sensor, and 90 mm
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from a 19 mm diameter sensor, in order for the heat flux incident anywhere on the
surface of these sensors to be at least 95% of its maximum value for that particular
sensor.

Using these distances, the individual sensors were then calibrated. For the
particular sensors used it was found that their thermal absorptivities ranged between 1280
and 1487 J/m*°Cs'?. These values of thermal absorptivity were used in the numerical
routines used to treat the data from the skin simulant sensors, described below in

Section 4.3.2.

4.2.3 Temperature Measuring Devices

The transient temperatures of the fabric and shim stock specimens were measured
using thermocouples and an infrared thermometer. In order to measure the temperature
of the yarns on the front and back surface of the fabric during bench top tests, fine gauge
thermocouples were used. While others have used thermocouples to measure fabric
temperatures during bench top tests (e.g. [48,120]), there were no details given in these
references as to what diameter of wire was used to make these measurements. While
larger wires will be more rugged, it is easy to see that these would affect the temperatures
of the fabric more than would finer wires. In addition, larger diameter thermocouples
would have a slower time response than finer wires. However, finer gauge wires will be
more difficult to use.

In order to determine how fine a gauge of thermocouple wire should be used, the
diameters of the surface yarns in the fabric were estimated using a microscope. As
discussed in Section 2.3.2 the diameters of the yarns are of the order of 250 to 400 um.
As the junction of the thermocouple where the temperature is measured will be at least
twice the diameter of the separate thermocouple wires, the thermocouple gauge was
chosen so as to be less than one-half of these yarn diameters. Hence wires of 36 and
40 A.W.G. were chosen, as these have diameters of 127 and 80 um, respectively.

The maximum temperatures of the yarns in these fabrics were expected to be of
the order of 1000°C. Therefore. chromel-alumel (Type "K") thermocouple wire was

chosen, as this type of thermocouple wire can be used to measure temperatures up to
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1350°C for short lengths of time [122].

For thermocouples to be mounted on the front of fabrics, enough insulation was
stripped off the thermocouple wires using a soldering iron so that only bare wire would
be exposed to the flame. For thermocouples on the back of the fabric it was only
necessary to strip enough insulation so that a junction could be made and the
thermocouple could be attached to the fabric. Thermocouple junctions were made using
a spot welder. When thermocouples were attached to pieces of the steel shim stock a
strain gauge welder was used. The thermocouples were sewn onto the front and back
surface of fabric specimens using Nomex® thread. In all cases, the thermocouples were
mounted parallel to the surface of the fabric or shim stock.

A Barnes Optitherm Model 12-8762 Infrared Thermometer’! was also used to
record the temperatures of the front and back of the fabric during exposures in which the
insulating block and test sensor were not placed over top of the fabric specimen. This
particular model has a temperature range of 200 to 1700°C, and a centre wavelength of
5.5 ym. The infrared thermometer system consists of a sensing head and a control unit.
The sensor head contains adjustable optics so as to focus on objects at different distances.
In this case, the sensor head was focused on a circular area with a diameter of about 1 cm
on the surface of the fabric or shim stock. As will be discussed later in Section 4.5.2, the
instrument records a weighted average of the temperatures inside this viewing area. The
emissivity of the object whose temperature is to be measured is selected on this control
unit, and the temperature of the object is displayed on its face. Transient measurements
were made using an output voltage which is a function of the measured temperature. The
infrared thermometer and output voltage was calibrated periodically with a Electro Optical
Model WS 143 Blackbody Radiation Source and Model 215B Temperature Controller?=,

and its temperature readings were compared with those measured using a Leeds and

' Available from Barnes Engineering Company, Stamford, Connecticut, U.S.A.

2 Available from Electro Optical Industries Inc.. Santa Barbara, California, U.S.A.
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Northrup Model 8632-F Optical Pyrometer™.

4.3 Treatment of Test Data

A personal computer was used in conjunction with a data acquisition system to
record the response of the test sensors, thermocouples, and/or infrared thermometer, and
to control the shutter. The outputs from the thermocouples (in the sensors or attached to
the fabric) and the infrared thermometer were amplified, then fed into an analogue to
digital converter. These operations were done using a Metrabyte DAS-8 board®. The
data were then fed into a Metrabyte EXP-16 board®, and read using a computer program
that converts the digital output into voltages. These voltages were converted into
temperature data using relations found in [122] for thermocouples, or through calibration
in the case of the infrared thermometer. Temperatures at each time step were determined
from an average of 20 readings of each of the thermocouple and/or infrared thermometer
output voltages. The time increments between test data were dependent on the number
of channels used for data in a particular test. If only a single test sensor was used,
temperatures were recorded about 13 times per second. If three temperature measuring
devices were used, temperatures were recorded about five times per second. These
temperature data were printed to the screen and a datafile as the test proceeded. Details
of how these temperature data were used in bench top tests are given below for each of

the test sensors.

4.3.1 Copper Disk Heat Flux Sensors
The test data from the copper disk were analyzed in two different ways. First, the
time to exceed the Stoll second degree burn criterion (Section 1.3.2) was determined from

the temperature history of the copper disk. As a computer and data acquisition system
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Available from Leeds & Northrup Co., Philadelphia, Pennsylvania, U.S.A.
available from Keithley Metrabyte, Cleveland, Ohio, U.S.A.

available from Keithley Metrabyte, Cleveland, Ohio, U.S.A.
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were used, more sophisticated analysis of the test data was also possible. The
instantaneous heat flux at each time step was determined from the temperature data using

a lumped capacity analysis [123]

q(0) = f:_" d_f + K, (T) - T©)) 4.2)

where K; is the loss coefficient (25 W/m?-°C) discussed previously in Section 2.5.

The use of numerical analysis techniques to determine the instantaneous heat flux
at any time step using Equation (4.2) can introduce fluctuations in the calculated heat flux
history. One has to be conscious of this and other problems to avoid producing
misleading information. For example, the five-point linear least squares method [124]
was used here to solve Equation (4.2). If all of the data points were used in the analysis,
fluctuations were seen in the heat flux history. Using only data points at larger, equally-
spaced time increments eliminated these fluctuations (Figure 4.5). Other techniques are
also available to determine heat flux histories from copper disk temperatures
([124],[125]). Other complicatons can arise from timing and resolution errors inherent
in the recording of voltages from thermocouples using digital data acquisition systems.

Once the heat flux history was found for the copper disk, this history was used as
the input for a finite element model of the heat transfer in human skin [2), along with
Henriques bumn integral (Section 1.3.3) to determine the estimated times to second and
third degree burn.

4.3.2 Skin Simulant Heat Flux Sensors
Under the assumption that the skin simulant was initially at a uniform temperature,
Duhamel’s theorem can be used to determine the surface heat flux history from the

surface temperature history [126].

o= | B |1 j‘ ro-1m . TO-T, 4.3)
\ T 2 2 (I - t)]fl tlf.’

Examination of (4.3) shows a singularity in the integral when T =t. The method of Cook
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Figure 4.5  Comparison Between Heat Flux Histories Behind Keviar®/PBI Specimen
Determined Using 5-Point Linear Least Squares Method and All the Data
(Solid line) or Only the Data at 0.5 s Increments (8)

and Felderman [127] was used to overcome this problem. Specific details are given in
Appendix 6.

Once the heat flux incident on the sensor has been determined for each time step,
the heat flux history can be placed into the same finite element skin heat transfer model
and burn prediction routine used in conjunction with the heat fluxes measured by the

copper disk test sensors.

4.4 Experimental Procedure

4.4.1 Standard Bench Top Tests of Fabric and Shim Stock Specimens

The Meker burner was adjusted to produce an average heat flux of 82 + 2 kW/m’
over a 10 s exposure, as measured by a copper disk test sensor. The conditioned fabric
or shim stock specimens were mounted in the specimen holder and placed on the
apparatus. The computer program prompted the operator as to which sensor
(ASTM D 4108 or ISO 9151 copper disk, or skin simulant) was being used. Standard

bench top tests were run using two procedures.
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In manual bench top tests, the operator manually started the test by placing the
burner directly under the specimen. A hall effect sensor sent a signal to the computer to
start recording data. The sensor temperature and Stoll criterion data were displayed on
the computer screen as the test proceeded. Once the Stoll criterion was reached, the
operator stopped the test by removing the burner from under the fabric. The Hall effect
sensor sent a signal to the computer to stop taking data. The time required to exceed the
Stoll criterion was displayed on the screen, and printed to a datafile along with the
temperature history for the test sensor.

In bench top tests which used the shutter, the shutter was automatically moved to
the closed position to protect the fabric from the flame (Figure 4.6, top photograph). The
operator started the test by placing the burner under the specimen. The hall effect sensor
then sent a signal to the shutter to pneumatically open. As the test proceeded (Figure 4.6,
bottom photograph) the temperature and Stoll criterion were again displayed. However,
with this option, the shutter automatically closed once the Stoll criterion was exceeded.
The computer also stopped taking data at this point. The time required to exceed the
Stoll criterion was displayed on the screen, and printed to a datafile along with the

temperature history for the test sensor.

4.4.2 Fixed Duration Bench Top Tests

In a flash fire, a person might be exposed to a high heat flux for a short period
of time (e.g. 3 to 5 s). After the exposure ends, there will continue to be an energy
transfer between the fabric and the underlying skin which can produce second and/or third
degree burns some time after the exposure has ended. Existing bench top tests, such as
the first two test procedures, expose a fabric and consider test data until a second degree
burn criterion or a given sensor temperature rise is exceeded, rather than for some fixed
period of time. In addition, these tests do not provide any information about the deeper
burn damage which might occur after the exposure ends.

Behnke [3], in developing the TPP test, which led to the development of
ASTM D 4108, stated that a protective clothing test procedure could either measure the

true protection offered by the clothing, or rate the materials used in protective garments.
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Figure 46  Bench Top Test Using a Shutter. Top Photograph - Shutter Closed Prior
to Test, Bottom Photograph - Shutter Open, Exposing Fabric to Flame
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The first option was difficult because of the task of attempting to duplicate all aspects of
a given exposure during the heating and cooling of a garment. The second approach was
therefore taken. It also had the advantage of not being tied to a given exposure, and
hence was able to provide information which might prove useful about a given fabric
under a wide range of exposure conditions. Other investigators [4] have since reminded
people that TPP and other bench top test results are not intended to be used as estimates
of the protection time provided by a given fabric. A rating method based on times to the
Stoll second degree burn criterion was chosen, as the purpose of the test method was to
assist in the design of materials which would prevent even second degree burns, let alone
third degree burns, under flash fire conditions.

In the time since the development of the TPP test, others (e.g. Holcombe and
Hoschke [4], Freeston, et al. [128], and Schoppee, et al. [129]) have studied another
alternative for bench top tests, a fixed duration test. This method would still be used to
rate fabrics rather than to determine the true protection they offer, but would utilize a
different exposure from existing test methods. Here the fabric would be exposed to a
simulated flash fire for a fixed duration indicative of the length of exposure in a flash fire
(e.g. 3-5 s). Data are taken during this exposure and for some time afterwards. These
data can be analyzed to estimate the amount of second and third degree burn damage
which might occur to skin behind the particular fabric being tested. For example,
Schoppee, et al. [129] exposed fabrics for 3 or 6 s in bench top tests, and measured
temperatures at a depth of 500 um in skin simulant sensors during the exposure and for
some time afterwards. However, they did not know of a suitable method to convert these
data into surface heat fluxes and hence burn predictions. Therefore they suggested that
fabrics be rated on the maximum measured temperature at a given depth in a skin
simulant. The use of skin simulants to measure the heat flux history in bench top tests
and to use this information in conjunction with Henriques burn integral was also reported
by Holcombe and Hoschke [4], but no results were given.

In the development of thermal mannequin testing programs at the University of
Alberta and elsewhere (Section 1.4.2), experience has been gained in the use of skin

simulants and the analysis of data from these simulants. The very large increases in
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computing power available to researchers and testing laboratories since the development
of the original TPP test have also made it possible to easily, quickly, and economically
analyze data from skin simulants. Therefore, it may now be possible to develop fixed
duration tests using skin simulants. Alternatively, the present copper disk bench top test
sensor might also be suitable for fixed duration tests.

Some investigators have compared results from thermal mannequin tests to bench
top tests. These include Behnke [130], Dale, et al. [38], Geshury [72},
Crown, et al. [131], and Neal, et al. [132]). However, a thermal mannequin exposure,
while nominally the same heat flux as a bench top test, could be considerably different
due to factors such as the different burners and orientations used in each test method. To
the author’s knowledge, no one has published a comparison between the results of fixed
duration bench top tests with skin simulants or copper disks, and the results of existing
bench top test methods. This will aliow for differences in the test sensors and methods
for treating test data to be examined.

The following procedure was used here. The operator was prompted for the length
of exposure in seconds. Exposures of 10 s duration were used®. The test then
proceeded in a similar manner to the bench top test using a shutter described above, other
than the shutter remained open for the length of time specified by the operator. At the
end of this time period, the shutter closed. Data were recorded until 60 s had elapsed
from the beginning of the test. This allowed analysis of the energy transfer from the
fabric specimen to the sensor after the exposure ended, such as currently is done with the

thermal mannequin at the University of Alberta.

% While a typical flash fire is of the order of 3 to 5 s in duration, it was found that unless
the particular fabrics used in this study were placed in contact with the test sensors, third degree
burns were not predicted for these materials for 3 to 5 s duration tests. As one of the objectives
of this part of the study was to compare different methods of predicting deeper skin burn damage,
10 s duration exposures were used.
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4.4.3 Fabric and Shim Stock Temperature Measurements

If fabric or shim temperature measurements were required, the fixed duration test
procedure outlined above was used. Fabric or shim temperatures measured by the
thermocouples were recorded during and after this fixed duration flame exposure. The
fabric temperature was also measured simultaneously using the infrared thermometer.
Alternatively, bench top test sensor data was recorded at the same time as the

thermocouple fabric or shim temperature measurements.

4.5 Experimental Results

As mentioned in the introduction to this chapter, the objectives of this
experimental work were to gather data which could be compared with the results from
the numerical model described previously, and to address some of the limitations of
current bench top test techniques. In this section the results of experimental work

conducted to meet these objectives are discussed in turn.

4.5.1 Effect of Differences in Specimen Preparation on Test Results

Fabric specimens were tested using facilities in the Textiles laboratories of the
Department of Human Ecology, and in the Department of Mechanical Engineering at the
University of Alberta. Fabric specimens were tested within 30 minutes of being removed
from the conditioning room when the facilities in the Department of Human Ecology were
used. As the Department of Mechanical Engineering does not have its own conditioning
room, and the conditioning room in the Department of Human Ecology is located
approximately five minutes away on foot, enough fabric samples for about a half day of
testing were place in sealed plastic bags and brought over to the Mechanical Engineering
building at a time. Therefore, individual samples were tested at times anywhere from
about 30 minutes to 4 hours of being removed from the conditioning room. As the
weather conditions in Edmonton varied considerably during the time that tests were
performed (e.g. according to ASHRAE [133], the temperature in Edmonton can range
from colder than -34°C to warmer than 29°C), it was important to determine the effect

of these long delays on test results. As many of the tests were performed during the fall
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and winter, and hence would be exposed to conditions which were drier than in the
conditioning room, it was decided to compare the performance of fabrics which were
tested soon after being removed from the conditioning room with those which had been
oven dried. Times required to exceed the Stoll criterion and back surface temperature
measurements made with type K thermocouples were compared for tests using
Kevlar®/PBI and Nomex® IIIA fabrics spaced 1/4 in. (6.4 mm) from the copper disk test
sensor. Comparisons between the temperature histories are shown in Figures 4.7 and 4.8.

The average times required to exceed the Stoll criterion are shown in Table 4.1.

0 2 4 6 8 W 12 14 16 18 20
Time (s)

Figure 47  Comparison Between Measured Temperatures of Back of Kevlar®/PBI
Fabric Specimens - Conditioned (l¥) and Oven-dried (CJ)
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Figure 48  Comparison Between Measured Temperatures of Back of Nomex® IIIA
Fabric Specimens - Conditioned (M) and Oven-dried (OJ)

Table 4.1 Average Times Required to Exceed Stoll Criterion for Conditioned and

Oven-Dried Fabric Specimens

Time to Exceed Stoll Criterion (s)

Preparation of Sample Kevlar®/PBI Nomex® IITA
Conditioned 64 7.0
Oven-Dried 6.1 6.6

As shown in Figures 4.7 and 4.8, and Table 4.1, there were minimal differences

in the temperature histories and the times to the Stoll criterion for the fabrics in their

conditioned and oven-dried states. The backside temperatures were slightly higher in the

oven-dried case, as there was no ablative effect of moisture. This in turn caused the

slight decreases in the times required to exceed the Stoll criterion. These results are

similar to those presented by Lee and Barker [50], who compared temperature histories

and TPP results for conditioned, dried, and very wet samples. Therefore it would appear
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that the relatively long delays between conditioning and testing the fabrics should have

minimal effects on test results.

4.5.2 Fabric and Shim Temperatures

The temperatures of fabric and shim specimens were measured during and after
a 10 s exposure to a heat flux of 82 + 2 kW/m? using Type K thermocouples and the
infrared thermometer. The temperatures of the painted shim stock pieces are shown in
Figures 4.9 through 4.11. The temperatures of the front and back of the shim stock
measured using 40 A.W.G. thermocouples were very close (Figure 4.9). This was
expected given that, as shown in Section 2.9.3, the shim stock pieces could be modelled

using the lumped heat capacity method.
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Figure 49  Comparison Between Temperatures of Front (X) and Back (+) of Painted
Shim Stock Pieces Measured Using 40 AWG Type K Thermocouples
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Figure 4.10 Comparison Between Temperatures of Back of Painted Shim Stock Pieces
Measured using 36 AW.G. Type K Thermocouple ((J) and Infrared
Thermometer (+)

Figure 4.11 Comparison Between Temperatures of Painted Shim Stock Pieces
Measured Using Type K Thermocouples in Tests Using Various Air Gap
Widths (M - 3/4 in. (19.1 mm), {J - 1/2 in. (12.7 mm),
X - 1/4 in. (6.4 mm))
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The temperatures of the back side of the shim stock measured using a 36 A.W.G.
thermocouple and the infrared thermometer were also very close (Figure 4.10). The
response of the infrared thermometer is extremely rapid, as the manufacturer states that
the rise time from 10 to 90% is 50 ms [134]. The response of the thermocouple will be
much slower. Sparrow [135] shows that the time constant for 90% response, T. for a

thermocouple measuring the temperature of a flow of gas or fluid is given by

T =2303 (4.4)
A

5

Assuming the junction to be twice the size of the diameter of each wire, and using the
mass and specific heat of this particular thermocouple, it can be shown that the time
constant is equal to about 565/h. Therefore, for example, for a flow with a convective
heat transfer coefficient, h, of 250 W/m*~°C, the time constant will be about 2.3 s. For
the case here where the thermocouple is measuring the temperature of a solid it is
attached to, the calculation of the time constant is much more difficult, according to
Sparrow [135]. However, the fact that the thermocouple and infrared temperatures are
very similar for the shim stock appears to indicate that time lag effects will be minimal
in the measurement of shim stock temperatures with thermocouples. However, it should
be noted that the temperatures measured at the beginning of the exposure could not be
compared as infrared thermometer readings are only available after the temperatures
exceeded 200°C. In addition, it must be remembered that the time response of the
thermocouple placed on the shim will be different from that when it is placed on a fabric.
This is because the thermal conductivity of the shim stock is much higher than that of the
fabric, and the fabric structure is not homogeneous like the shim stock pieces.

Another reason for the small differences between the measurements of the
thermocouple and the infrared device is the fact that the thermocouple reads the bare
metal temperature (some paint must be scraped off in order to attach the thermocouple
with the strain gauge welder), while the infrared thermometer reads the slightly lower
painted back surface temperature. In addition, the infrared thermometer reads a weighted

average temperature of the circular area (diameter of about 1 cm) inside its viewing area.
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while the thermocouple measures the temperature at its junction.

One problem with using an infrared thermometer in this application is the
absorption of radiation by gases from thermal degradation reactions, or by particles or
gases in the atmosphere. In the flame and the atmosphere, the major absorption bands
of interest are those of carbon dioxide and water vapour. The infrared thermometer used
here has a centre wavelength of 5.5 um. The closest absorption band to this wavelength
is that of water vapour, which is centred at 6.3 pm [67]. To determine if absorption will
be a problem in this case, the charts of Wyatt, et al. [136] for the transmittance of water
vapour as a function of wave number and amount of water vapour were consulted. These
charts indicate that for atmospheric conditions and for the distance of 0.5 m between the
infrared thermometer and the fabric used here, the transmittance should be greater than
0.9. This would result in an error of less than 3% in the absolute temperature measured
by the infrared thermometer (0.9"* = 0.974). Even if the transmittance was only 0.8, this
would still result in an error of less than S%. (In a similar manner, small errors in the
value of the emissivity used for the shim stock (or fabric) will have a very small effect
on the temperatures indicated by the infrared thermometer.) To confirm this result, the
infrared thermometer was pointed through the flame at the front surface of a shim stock
specimen during an exposure. These temperature measurements were then compared with
those made by pointing the device at the back surface in a subsequent test (this
comparison is not shown here). The very small differences between these measurements
indicated that significant portions of radiation were not intercepted by the flame or
atmosphere on the way to the infrared thermometer.

It was also found that the variations in shim stock temperatures measured during
bench top tests with different air gaps did not follow any regular pattern, such as shim
temperatures increasing with increasing air gap (as the larger air gaps should delay the
energy transfer from the heated shim to the sensor). This is shown in Figure 4.11. The
maximum temperatures measured in the samples after 10 s ranged from about 600 to
700°C. Each of the curves shown represents a single test which was representative of all
of the tests conducted using that particular air gap width. There were some differences

in the temperatures measured at each air gap width. For example, when no back was
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placed on the apparatus, there was a difference of 39 K between the lowest and highest
value of the maximum temperature the shim stock reached during the exposure. This was
about 4% of the average maximum absolute temperature for all of the tests. The range
in the infrared thermometer measurements was 24 K (about 3% of the average maximum
absolute temperature). As these variations are significant when compared with the data
shown in Figure 4.11, it is difficult to make any definite conclusions about the effect of
the air gap width on the thermal response of the shim stock pieces.

Unlike the shim stock, fabrics will have an internal temperature gradient.
Therefore, thermocouples and the infrared thermometer were used to measure the
temperatures of the front and back surfaces of the fabric specimens. It was found that
measuring the temperature of the front surface with thermocouples was very difficult. For
example, Figures 4.12 and 4.13 show a few examples of how inconsistent these
measurements were compared with the measurements of the temperatures of the back
surfaces. Some of the problems included insulation on thermocouple wire igniting and
burning, thermocouple wires breaking in the flame, and failure of the Nomex® thread
which caused the thermocouple to fall into the flame, or at the very least to lose contact
with the fabric. Good thermal contact was very difficult to achieve even for the
thermocouples mounted on the back surface, due to the nature of the fabrics. In addition,
the nonhomogeneous nature of the fabric makes it difficult to say exactly what
temperature is being measured on the fabric surface. The infrared thermometer avoids
the contact part of this probiem, but reads a temperature which is a weighted average of
everything it "sees” within its viewing area, including points on the surface and at depth
within the fabric [137]. Therefore, the fabric temperatures which the thermocouples and
the infrared thermometer measure will be quite different. Figure 4.14 shows an example
of the magnitude of this difference. This difference will be discussed further in Section
S.1.1.
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Figure 4.12 Comparison Between Temperatures of Nomex® IIIA Fabric Specimens
Measured using Thermocouples in Tests Using Various Air Gap Widths
(+- 1/4 in. (6.4 mm), & - 1/2 in. (12.7 mm), X - 3/4 in. (19.1 mm))
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Figure 4.13 Comparison Between Temperatures of Kevlar®/PBI Fabric Specimens
Measured using Thermocouples in Tests Using Various Air Gap Widths
(+-1/4 in. (6.4 mm), X - 3/4 in. (19.1 mm), (3 - none)
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Figure 4.14 Comparison Between the Temperatures of Back of Kevlar®/PBI Fabric
Specimens Measured Using Infrared Thermometer (IR) and Type K
Thermocouple (TC)

Unlike the temperature measurements of the shim stock pieces at various air gaps,
there appeared to be some pattern to the temperature measurements of the fabric
specimens using various air gaps. Figures 4.15 and 4.16 show that the temperatures of
the fabrics increased with increasing air gap size, as might be expected. The air gap
width appeared to have a larger effect on the thermal response of the Nomex® IIIA
specimens than the Kevlar®/PBI specimens. Again, caution must be exercised, as the
temperatures plotted are simply those from one experiment at each gap. Variations in the
data were larger with the fabric specimens than the shim stock pieces. For example, the
range in the maximum temperature of the back surface of the Nomex® specimens
measured with no insulating block was 70 K, 9% of the average maximum absolute
temperature for this series of tests. The range was 48 K for the Kevlar®/PBI specimens,
or 6% of the average maximum absolute temperature. The infrared thermometer
temperature measurements appeared to be more consistent. For example, the range was

18 K for the Nomex® ITIA samples, 2% of the average maximum absolute temperature.
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Figure 4.15 Comparison Between Temperatures of Back of Nomex® IIIA Fabric
Specimens Measured in Tests Using Various Air Gap Widths (CJ- 1/8 in.
(3.2 mm), X - 1/4 in. (64 mm), + - 1/2 in. (12.7 mm), W - 3/4 in.
(19.1 mm))
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Figure 4.16 Comparison Between Temperatures of Back of Kevlar®/PBI Fabric
Specimens Measured Using Type K Thermocouples in Tests Using Various
Air Gap Widths (X - 1/4 in. (6.4 mm), + - 1/2 in. (12.7 mm), O - 3/4 in.
(19.1 mm))
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A comparison between the temperatures of the front and back "surfaces” of the

two fabrics measured by the infrared thermometer is shown in Figure 4.17. The tests
were not done simultaneously, as only one infrared thermometer was available. A
comparison between the temperatures of the back surface of the fabric specimens

measured by the thermocouples is shown in Figure 4.18.

588 48
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Figure 4.17 Comparison Between Temperatures of Front and Back of Nomex® IIIA
(W) and Kevlar®/PBI ([J) Fabric Specimens Measured Using Infrared
Thermometer During 20 s Exposure
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Figure 4.18 Comparison Between Temperatures of Back of Nomex® ITIA (M) and
Kevlar®/PBI ([0) Fabric Specimens Measured Using Type K
Thermocouples During 10 s Exposure

The infrared thermometer measurements show that the "front" temperatures were
about the same for each of the fabrics. The "back” temperatures were very close until
they reached about 500°C (after about 5 s) where the Nomex® IIIA temperatures began
to heat at a slower rate to a lower maximum temperature than the Kevlar®/PBI specimen.
Both specimens cooled at about the same rate after the exposure ended (the "front”
temperatures immediately dropped below 200°C (the minimum temperature which could
be measured by the infrared thermometer) when the exposure ended as the shutter moved
in between the fabrics and the infrared thermometer). The tcmperaiurcs of the back
surfaces of the fabrics measured by the thermocouples showed the same general trends,
but the fabrics began to heat at different rates after about 2 s rather than 5 s. This could
be due to the fact that the thermocouple measured the temperature at a point rather than
a weighted average value. Note also that these data were for 10 to 20 s exposures, and
that there were no large increases in temperatures after about the first 5 to 7 s. These
findings will be discussed in the light of other experimental observations and bench top

test results in the next chapter.
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4.5.3 Interrupted Mass Loss Test Results

In Section 3.2.5 thermal gravimetric analysis (TGA) results for the fabric samples
were presented. It was noted that TGA results can vary depending on the sample heating
rate. The fabrics were heated at a rate of 20°C per minute in the TGA tests, whereas the
fabric temperature measurements shown in this chapter indicate that the heating rate in
bench top tests is of the order of hundreds of degrees Celsius per second during the initial
part of the exposure to the flame. In order to gain an appreciation as to how much the
higher heating rates in bench top tests affect the mass losses from the specimen,
interrupted mass loss tests were conducted using the bench top test apparatus.

The interrupted mass loss tests were based on the work of Shalev [48] who used
an "interrupted exposure experiment” to determine the variations in thermal and other
properties of fabrics with time of exposure to a 50% convective/50% radiative heat flux.
Exposure times ranging from 0.5 to 9 s in 0.5 s increments were used in his work. A
similar procedure was used here. The masses of individual fabric samples were
determined immediately before and after these fabrics were exposed to the Meker burner
for times from 0.5 to 10.0 s, in 0.5 s increments. All of the mass loss was assumed to
come from the exposed area of the fabric. The percentages of the original mass
remaining after each exposure are plotted in Figures 4.20 and 4.21 against the temperature
of the front of the fabric measured by the infrared thermometer. Also plotted in these
figures are the corresponding TGA test data for each fabric.

As discussed in Section 3.2.5 and illustrated in Figures 4.19 and 4.20, the
temperature at which the thermal degradation of the fabric samples began increased and
the entire mass loss curve shifted to the right with an increase in fabric heating rate. It
must be cautioned that the masses in the interrupted mass loss tests were obtained a short
time after the individual tests ended, rather than continually during the heating process
as in the TGA tests. This may cause the measured mass losses of the fabric specimens
to be lower than the actual mass losses if moisture from the surrounding is absorbed
before the specimen can be placed on the scale. In addition, the temperatures used to plot
the bench top test data are weighted average values for the front of the fabric (as

discussed in the above Section), while the TGA data are plotted against a temperature
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Figure 4.19 Interrupted Mass Loss (l) and TGA (OJ Helium, + Oxygen) Test Results
for Nomex® IIIA Fabric Specimens
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Figure 4.20 Interrupted Mass Loss () and TGA (O Helium, + Oxygen) Test Results
for Kevlar®/PBI Fabric Specimens

which is more indicative of the entire fabric specimen. Regardless of these points, the
interrupted mass loss data does show that the increase in heating rate does tend to delay
the thermal degradation of the fabric specimens.

While the heating of the fabric by a flame is not exactly the same as the heating

of a fabric in either an inert or an oxidating environment, it is expected that the flame
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exposure would be closer to the case of an inert environment [117]. This is also indicated
by Figures 4.19 and 4.20, where the mass loss curves obtained from the bench top tests
are closer to the TGA curves in the helium environment than those measured in an
oxygen environment.

These interrupted mass loss tests were also found to help qualitatively describe the
thermal response of the fabrics during bench top tests. Comparisons between the
appearances of the fabric specimens at 1.0 s increments are shown in Figure 4.21 for the
two fabrics. The fabric specimens were also examined using a microscope for changes
in their fibrous structure. Observations at key exposure times which indicate changes to

the fibrous structure are shown in Tables 4.2 and 4.3 below.



Figure 4.21

Nomex® ITTA (top photograph) and Kevlar®/PBI (bottom photograh)
Fabric Specimens from Interrupted Mass Loss Tests



Table 4.2

Length of
Exposure (s)

0.5-1.0

1.5

20

3.0

35

50

10.0
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Summary of Macro and Microscopic Changes to Nomex® [IIA Fabrics

During Bench Top Test Exposures
Macroscopic Observations

Front surface of fabric began to
discolour

Blue colour partially gone from
exposed area

Practically none of exposed
area remains blue; exposed area
began to get brittle

No blue colour left in exposed
area

Fabric structure appeared more
open when held up to light

Fabric structure does not appear
as open when held up to light
as 3.5 s specimen

Fabric yarn structure appeared
to remain intact

Very similar to fabric
specimens for exposures from
50t095s

Microscopic Observations

A few damaged fibres were
seen; ends of these fibres
appeared to have melted

Dye appears to be gone from
surface of some of fibres in
exposed area

No blue dye seen on surfaces of
fibres

Fibrous structure remained
unchanged; some damage to the
edges of individual fibres

Fibres in front surface yarns
began to melt

Fibres in back surface yarns
reasonably intact, with some
surface damage

Fibres damaged, appeared to
have melted together

Light can penetrate some areas
of fibres

Fibres have turned brown and
melted together; very few
individual fibres can be
identified

Very difficult to identify
individual fibres



Table 4.3

Length of
Exposure (s)

1.0

20

2.5-3.0

4.0

4.5-5.0

6.0-8.0
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Summary of Macro and Microscopic Changes to Kevlar®/PBI Fabrics

During Bench Top Test Exposures
Macroscopic Observations

Appeared to be same as
unexposed fabric

No apparent discolouration

First noticeable discolouration

More noticeable discolouration

More discolouration.

Similar to observations at 5.0 s,
with increased discolouration

Microscopic Observations

Slightly larger number of loose
fibres on edges of surface yarns
than unexposed sample

Noticeable charring on some
loose surface fibres

Some charring and melting of
fibres in front surface yarns;
apparent mechanical damage to a
few of these

No apparent changes to fibres in
back surface yarns

Increased damage to individual
fibres in front surface yarns;
most still appeared to be
mechanically sound

Damage to limited number of
fibres in back surface yarns

Considerable damage to
individual fibres in front surface
yarns; Most fibres and yarns
themselves appear to be intact
and mechanically sound.

All fibres in back surface yarns
discoloured; some "fraying" on
surfaces of these fibres; structure
and arrangement of individual
fibres in yarns appeared to have
changed.

Similar to observations at 5.0 s,
with increased damage to
individual fibres

At 8.0 s, fibres in front surface
yarns began to change colour.
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Table 4.3 Summary of Macro and Microscopic Changes to Kevlar®/PBI Fabrics
During Bench Top Test Exposure (continued)

Exposure Macroscopic Observations Microscopic Observations

Time (s)

10.0 Similar to observations from Fibres in front surface yarns
5.0 to 9.5 s, with more changed colour, were damaged,
discolouration but most still appeared intact

Fibres in back surface yarns had
not changed colour

It would appear that the dye was removed from the Nomex® IIIA fabrics (or
modified in some other way) within the first few seconds of the exposure, and then
thermal decomposition began. From a macroscopic viewpoint, there were no large
changes in the appearance of this fabric after about 5.0 s. The yarn structure of the fabric
remained intact. However, the microscopic observations indicated that the fibres which
make up the individual yarns melted together once thermal decomposition began. These
observations agree with the temperature and mass loss measurements shown in Figures
4.12, 4.17 and 4.19. The TGA tests showed an initial mass loss due to the evaporation
of moisture, then a mass loss at about 300°C. The observations in Table 4.2 indicate that
the blue dye appeared to be removed from the Nomex® IIIA samples after about 1.5 to
2.0 s. The infrared thermometer temperature measurements shown in Figure 4.17 indicate
that at 1.5 to 2.0 s, the front surface temperatures of the Nomex® IIIA had climbed
beyond 300°C, while the back surface temperatures are well on their way to climbing
above 300°C. TGA data indicates that thermal decomposition begins at about 425°C.
The observations in Table 4.2 indicate that fibres in the Nomex® IIIA specimens began
to melt after 3.0 to 5.0 s. According to the infrared temperature data, the front surface
temperature was about 500° at 3.0 s, while the back surface temperature reached 500°C
after about 4.0 to 5.0 s. These temperatures are roughly in the range indicated by the
TGA results for the beginning of thermal decomposition of the material.

As the Kevlar®/PBI fabric was not dyed. there was no dye removal (or alteration)
stage before thermal decomposition. In addition, the fibre and yarn structures of these
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fabric specimens did not appear to suffer the same damage during the exposures as the
Nomex® IIIA samples. They were not noticeable brittle after the exposures and retained
much of their initial strength when pulled taut after being removed from the specimen
holder. The fabric specimens did not indicate any signs of thermal decomposition of the
front of the material until after 3.0 to 4.0 s, and after 4.5 to 6.0 s on the back surface.
These observations agree with the temperature and TGA data in Figures 4.13, 4.17 and
4.20. TGA data indicate that thermal decomposition should not begin until about 550°C.
The infrared thermometer data indicate that it takes up to 4.0 s for much of the front
surface to reach this temperature and up to 6.0 s for the back surface to reach this
temperature.

Videotaped observations showing the front and back sides of the fabric during
exposures also agreed with experimental data. For example, thermochemical reactions
can clearly be seen beginning on the front of the Nomex® IIIA specimens after about 3 s.
Materials first glow red when they reach a temperature of about $50°C [90]. Spots within
the Nomex® IIIA fabric specimens were clearly seen to glow red from the back view of
the fabric after about 5 s. The temperatures measured by the infrared thermometer were
greater than 600°C on the front side and greater than 550°C on the back side at this time
(Figure 4.17). Similarly a few spots on the front of the Kevlar®/PBI specimens began
to glow red after 3 s, and eventually most of the front surface glowed red after about 6 s.
These observations are consistent with the temperatures of surface yarns measured using
thermocouples (Figure 4.13), and the weighted average temperatures of the front surface
measured by the infrared thermometer (Figure 4.17).

This good agreement among the temperature and mass loss measurements, and the
micro and macroscopic observations increases the confidence in these temperature and
mass loss measurements. All of these observations and measurements will be compared

with results from the numerical model in the next chapter.
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4.5.4 Bench Top Test Results at Different Air Gap Widths

As mentioned earlier in Section 2.4, there are many questions surrounding the
energy transfer in the air space between the fabric and test sensor. In order to attempt
to answer at least some of these questions, bench top tests with various air spaces were
performed.

In addition to the 1/4 in. (6.4 mm) air gap, other air gaps between 1/8 in.
(3.2 mm) and 3/4 in. (19.1 mm) were used when conducting bench top tests of painted
shim stock, and Kevlar®/PBI, and Nomex® IIIA fabric samples. Tests in which the
specimens were placed in contact with the sensor were also run. The times required to
exceed the Stoll criterion for tests using these various air spaces are shown for each of
tl:ree materials tested in Figures 4.22 through 4.24. It should be noted that results for
spacings lower than about 1/4 in. (6.4) may not be entirely meaningful, as the fabrics and
shim stock pieces can deform during the exposure. This can increase or decrease the air
gap width from its nominal value, which for a given deformation will have a larger effect
on the width of the air space, and hence test results, at these smaller air gaps than the
larger air spaces (e.g.' Figure 4.22). In addition, results for the contact case may also be
misleading as the fabric or shim can deform so as to no longer be in contact with the

Sensor.
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Figure 422 Measured Times Required to Exceed Stoll Criterion for Painted Shim
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Figure 423 Measured Times Required to Exceed Stoll Criterion for Nomex® IIIA
Fabric Samples Tested using Various Air Gaps (Solid Line - g, o Ax'*)

It should be noted that the data shown in these figures were based on experiments
conducted using a bench top test apparatus in the Textiles laboratories in the Department

of Human Ecology at the University of Alberta, rather than the apparatus in the
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Figure 4.24 Measured Times Required to Exceed Stoll Criterion for Kevlar®/PBI
Fabric Specimens Tested using Various Air Gaps (Solid Line -
tson O AX')

Department of Mechanical Engineering described earlier in this chapter. Therefore, these
fabrics were tested fairly soon after being removed from the conditioning room. It should
also be noted that the copper disk sensor used in these tests was of the ASTM D 4108
design, and had a mass of about 18.4 g, rather than the 18 g mass of the ISO 9151 sensor
(which was used in all of the other experimental work). Therefore, these bench top test
results will be different from those presented elsewhere in this thesis. However, they
should still illustrate the effect of the air gap width on test results.

It was found that variations in the time to the Stoll criterion with increasing air
gap width for air spaces of 1/4 in. (6.4 mm) or greater could be approximately

represented by the relation
£, ) o Ax'™ (4.5)

This relationship is plotted in Figures 4.22 through 4.24 and will be discussed along with

the other bench top test results in the next chapter.
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4.5.5 Flow Visualization

A flow visualization study was also conducted to help to determine if there is in
fact a critical air gap thickness beyond which natural convection would occur. The results
of this study should also help to gain an appreciation for the structure of any natural
convection cells which would occur beyond such a critical air gap width. The emphasis
here was on determining the onset of convection, rather than a detailed description of the
convection cells themselves. However, these cells could certainly be studied further using
the techniques discussed in this section.

It was first necessary to determine how to mark the flow patterns in the air gaps.
It was found that the movement of water vapour, gaseous products of thermal
degradation, and/or dyes released from the fabric into the air gap during an exposure
served well to mark the flow patterns in the air space. For the painted shim stock
samples, it was found that the high temperature manifold paint used to cover the shim
samples began to smoke very shortly after the exposure began, and that this smoke could
also mark the flow in the air space. Therefore it was not necessary to introduce anything
external into the air space to observe the flow. This simplifies the design of the
experiments as it is not necessary to determine whether the introduction of an external
source of smoke influences the convection patterns which are to be observed.

The bench top test apparatus was then altered as shown in Figure 4.25. 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 by a clear piece of pyrex glass 1.6 mm
thick. A slide projector lamp was mounted above the apparatus and two razor blades
were taped over the lamp in order to produce a very thin beam of light across the air
space. This allows the photographer to isolate a single cross-section of the flow pattern
across the air gap. Still and video cameras were mounted in tumn in front of the air gap
and at about 20° to the horizontal to record the flow patterns within the air gap.
Photographs and videotape of the top views of the patterns in the air gap were also taken,
with and without the use of the thin beam of light from the slide projector (transparent
plastic sides were used in conjunction with metal corner supports in these cases so as to

allow light in through the side of the apparatus). However, the still photographs from this
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top view were not as useful as the side views in showing the formation and structure of
the convection cells, due to the fact that the smoke did not photograph well against the
fabric or shim backgrounds. It was also difficult to produce good photographs of the
front views of the fabrics. Therefore, only still photographs of the front views of the air
gaps with the painted shim stock pieces are reproduced here in Figures 4.26 through 4.29.
(The videotape did the best job of capturing the phenomena, but of course cannot be
reproduced in this thesis.) Observations for the different air spaces are discussed below,

as well as the differences between the patterns shown in the photographs here and those

z Slide projector
lamp c/w razor
photograph /77 \\\ blade

from front
at an angle

for the fabric specimens.

Figure 4.25 Flow Visualization Arrangement

The flow patterns observed in the 3/4 inch (19.1 mm) air gap above the shim stock
pieces are shown in Figure 4.26. Immediately after the exposure began, a plume of

smoke rose from the heated portion of the middle of the shim stock, moved to the glass
plate, and then split into two, forming two convection cells, each about the entire half-
width of the air space (Figure 4.26 - top photograph). It took 3 to 4 s for the entire cell
to form. After about 5 or 6 s, the plume in the middle disappeared, and the two cells
remained. Motion in the cells was fairly rapid and regular (middle photograph). This

pattern continued until about 3 to 5 s after the flame was removed, when the cells began
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Figure 426 Flow Patterns Observed in 3/4 in. (19.1 mm) Air Gap (from top to bottom-
immediately after exposure began, after about 5 - 6 s, about 3-5 s after
exposure ended, sketch of top view of cells)
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to creep back towards the middle (bottom photograph). These cells continued to move
in a fairly rapid and regular manner, and did not die out until the top plate was removed
and the smoke in the air gap dissipated. The photographs show only a single cross-
section of the air gap. The top view of the air gap, also sketched in Figure 4.26, shows
an arrangement of similar pairs of cells to those in the photographs, which were arranged
like petals on a flower.

It was thought that the movement of the cells out of the middle of the heated
portion of the shim stock was due to hot gases forcing the cells to the side. When the
flame was taken off, the temperatures above the middle of the heated portion of the shim
stock should decrease, which should would cause the cells to return to occupy the entire
cross-section of the air space.

The patterns observed with the in the air spaces of 3/4 in. (19.1 mm) above the
two fabric specimens were similar to those in the tests with the solid shim pieces.

The flow patterns observed in the 1/2 in. (12.7 mm) air gap above the shim stock
pieces are shown in Figure 4.27. The flow patterns at the very beginning of the exposure
were similar to those in the 3/4 in. (19.1 mm) air gap (Figure 4.27 - top photograph -
taken after about | s). As the exposure ended, the larger cells began to break into
multiple smaller cells (middle photograph - taken just as exposure ended). This continued
in the time immediately after the exposure ended (bottom photograph - taken about 5 s
after the exposure ended). The cells did not appear to be as strong as those in the 3/4 in.
(19.1 mm) air gap. This is expected as the Rayleigh number, a measure of the relative
magnitude of the buoyancy and viscous forces (Section 2.4.2), is proportional to the air
gap width cubed. The top view of the cells was similar to that shown in Figure 4.26.

The flow patterns in 1/2 in. (12.7 mm) air spaces above heated Nomex® HIA
specimens were slightly different from those above the shim stock pieces, producing
smaller multiple cells almost immediately, rather than just before the exposure ended.
Flow patterns did not appear to be as regular as those in the same air gap width above
the shim stock pieces. The difference in flow patterns may be caused by larger driving
forces for the mass transfer of the smoke from the Nomex® IIIA specimens or hot gases

penetrating the fabric structure from the flame. The relative magnitudes of these effects
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Figure 4.27 Flow Patterns Observed in 1/2 in. (12.7 mm) Air Gap (from top to bottom-
about 1 s after exposure begins, after about 5 - 6 s, immediately after
exposure ends)

with respect to the driving forces for natural convection may be larger at these smaller

air gaps than at the 3/4 in. (19.1 mm) air gap. It should also be noted that the shim stock

deforms during these exposures more than the fabric specimens, so that what may be a

nominal 1/2 in. (12.7 mm) air gap may in fact be closer to a 3/8 in. (9.5 mm) air gap.

This deformation can be seen in the middle part of the shim stock in Figure 4.27. In fact,

the flow patterns in the 1/2 in. (12.7 mm) air gap above the Nomex® IIIA specimens

were similar to those in the 3/8 in. (9.5 mm) air gap above the shim pieces (which
deformed to about 1/2 in. (12.7 mm)), discussed immediately below.
It is more difficult to identify the flow patterns in 1/2 in. (12.7 mm) air spaces

above the Kevlar®/PBI specimens as the smoke in the air space is about the same colour
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as the fabric itself. In this case the patterns appeared to be more like those above the
shim stock pieces than those above the Nomex® IIIA specimens for the same air gap

width.

Figure 4.28 Flow Patterns Observed in 3/8 in. (9.5 mm) Air Gap (from top to bottom -
about 4 s after exposure begins, just before exposure ends, about 4 s after

exposure ends)

The flow patterns observed in the 3/8 in. (9.5 mm) air gap above the shim stock
pieces are shown in Figure 4.28. Initially the flow patterns looked similar to those in the
172 in. (12.7 mm) air gap. It took about 4 s for the cells to reach the sides of the air
space (Figure 4.28 - top photograph). Multiple small cells formed on the sides of the
cavity during the exposure (middle photograph - taken just before the end of the

exposure). When the exposure ended, these cells began to move very slowly towards the
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heated portion in the middle of the shim stock (bottom photograph - taken roughly 4 s
after the exposure ended).

The flow patterns in the 3/8 in. (9.5 mm) air space above the Nomex® IIA
specimens were different from those above the shim stock pieces, in that there appeared
to be smaller multiple cells above the heated portion of the fabric during the exposure.
These appeared to begin to die out fairly soon after the exposure ended. Once again,
these different flow patterns may have been due to a larger amount of smoke available
above the heated portion of the Nomex® IIIA fabric than above the heated portion of the
shim stock. The flow patterns in the 3/8 in. (9.5 mm) air space above the Kevlar®/PBI
specimens were again difficult to see. However, they did appear to be similar to those
above the Nomex® IIIA specimens.

Figure 429 Flow Patterns Observed in 1/4 in. (6.4 mm) (top) and 1/8 in. (3.2 mm)
(bottom) Air Gaps
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The flow patterns observed for the 1/4 in. (6.4 mm) and 1/8 in. (3.2 mm) air gaps

above shim stock pieces are shown in Figure 4.29”. In both cases relatively weak
convection cells appeared above the heated portion of the shim stock during the exposure,
and dissipated after the burner was removed. The shim stock piece with the nominal 1/8
in. (3.2 mm) air gap deformed considerably (Figure 4.29 - bottom photograph), so the
behaviour shown may not be indicative of what actually happens in a 1/8 in. (3.2 mm)
air gap.

In the 1/4 in. (6.4 mm) air gap above the Nomex® IIIA specimens, a large number
of tiny cells formed above the heated portion of the fabric about 2 s after the exposure
began. These cells looked very similar to the Benard cells shown in heat transfer texts
(e.g. Holman [93]). Most of the cells died quickly after the flame was removed, although
a few persisted for up to about 8 s afterwards. There appeared to be some sort of
convection cells in the 1/4 in. (6.4 mm) air space above the Kevlar®/PBI specimens, but
it was difficult to determine if these were similar to Benard cells, because of the colours
of the smoke and fabric. In the 1/8 in. (3.2 mm) air gaps above both fabric samples, no
regular flow patterns were observed.

The flow visualization study described here clearly demonstrated that natural
convection occurs in air gap widths of about 1/4 in. (6.4 mm) or larger in bench top tests.
It also illustrates how the strength of the natural convection cells depends strongly on the
air gap size, which is expected by looking at the dependence of the Rayleigh number on
the cube of the air gap width. It also appeared that the flow patterns above some of the
fabrics were different from those above the shim stock pieces at air gaps of less than
1/2 in. (12.7 mm). This may be due to the porous nature of the fabrics or effects of the

mass transfer of the smoke from the fabric specimens.

* it should be noted that the smallest air gap which can be used with a specimen holder

with restraining pins is 3/8 in. (9.5 mm). Therefore the shim and fabric samples with 1/4 in.
(6.4 mm) and 1/8 in. (3.2 mm) air gaps were held in place with masking tape on a specimen
holder without pins. The masking tape is seen on the sides of the air gaps in Figure 4.30.
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4.5.6 Existing and Modified Bench Top Test Resuits

Earlier in this chapter, the differences between copper disk and skin simulant test
sensors and the analysis of their data were discussed. In order to compare these sensors
and methods of data analysis, bench top tests using the copper disk and skin simulant
sensors were performed using Nomex® III (rather than ITIA), and Kevlar®/PBI
specimens. As mentioned in Section 4.4.2, 10 s duration exposures were used to test the
fabric specimens. Data were also taken for SO s after the exposure ended in order to
provide information to compare the protection times for deeper skin burns predicted by
the test sensors for these particular fabrics. The fabric specimens were placed in contact
with, and spaced 1/4 in. (6.4 mm) away from the test sensor. The results of these tests
are shown in Table 4.4 below. The data shown in the tables are the mean values, while

the values for the individual tests can be found in Appendix 7.

Table 4.4 Comparison Between Bench Top Results Using Two Different Test
Sensors

a) Second Degree Burn Damage

Fabric Spacing Skin Simulant - | Copper Disk - Time

Time to 2° Burn to 2° Burn (s)
(s)

(Henriques) Stoll | Henriques
Kevlar®/PBI contact 28 2.7 25
1/4 in. (6.4 mm) 56 6.4 59
Nomex® III contact 2.8 30 2.8
1/4 in. (6.4 mm) 59 6.8 6.3
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Table 4.4 Comparison Between Bench Top Results Using Two Different Test
Sensors (continued)

b) Third Degree Burn Damage

Fabric Spacing Skin Simulant - Copper Disk -
Time to 3° Burn Time to 3° Burn
(s) (s)
(Henriques) (Henriques)

Kevlar®/PBI contact 13.1 13.1

1/4 in. (6.4 mm) 23.6 337
Nomex® HI contact 12.5 12.8

1/4 in. (6.4 mm) 27.3 no burn

The times to second and third degree burn predicted using the two sensors for the
contact case were quite close (Table 4.4). However, when the 1/4 in. (6.4 mm) air space
was used, the results using the two sensors were considerably different. These differences
were due to two major factors: the differences in the heat fluxes indicated by the two
types of sensors, and the different methods used to predict second degree burn damage.
The former can be seen by comparing the data in the columns marked "Henriques” for
the two sensors, while the latter can be seen by comparing the second degree burn
predictions in the columns marked "Stoll" and "Henriques” for the copper disk.

The first reason for differences in the results using the two test sensors is the fact
that the two heat flux sensors did not indicate the same value of the instantaneous heat
flux at each time step. The effect of these differences on burn predictions can be seen
by comparing the second or third degree burn predictions made using Henriques burn
integral for each of the two sensors. The magnitude of the differences in heat fluxes can
also be seen by examining the heat flux histories from a typical test (Figure 4.30). For
the sake of clarity, the heat flux history from the copper disk calculated using only data
points at 0.5 s increments is shown in Figure 4.30, whereas all the data points were
utilized in calculating the heat flux histories and subsequent burn predictions shown in
Table 4.4.



187

B 8 & &

Heat Flux (W)
3

101

¢

) 5 10 15 20
Twme (s)

Figure 4.30 Comparison Between the Heat Fluxes Measured Behind a Kevlar®/PBI
Fabric Specimen by Copper Disk (W) and Skin Simulant Heat Flux Sensors
(solid line) for a 10 s Exposure Using a 1/4 in. (6.4 mm) Air Gap

The differences in the heat fluxes indicated by the two sensors can be due to the
following reasons.

Differences in sensor surface temperatures: If the test sensor surface temperatures

are different, this can result in a difference in the measured heat fluxes. The temperature
histories of the copper disk and skin simulant for a particular test utilizing a 1/4 in.
(6.4 mm) air gap are shown in Figure 4.31. Earlier in the exposure, the skin simulant
temperature rose more rapidly than the copper disk temperature. After the exposure ends,
the skin simulant temperature fell more rapidly than the copper disk temperature.

In order to deal with these differences, Grimes, et al. [125] designed a copper heat
flux sensor so that its temperature would remain below that of the skin simulant sensor
for the exposure of interest to them. However, the response of the sensor after the
exposure ends and the fabric cools was not considered. In addition, no estimate was
given as to the effect of the surface temperatures of the various sensors on the heat fluxes
which they indicated.

The heat transfer from the test fabrics to the test sensors was by radiation,
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Figure 4.31 Comparison Between Measured Copper Disk and Skin Simulant
Temperature Rises Behind a Kevlar®/PBI Fabric Specimen During and
After a 10 s Exposure using a 1/4 in. (6.4 mm) Air Gap

conduction/convection, and the transfer of the products of thermal degradation reactions
in the fabrics. It was found that the sensor temperature differences seen here had a
negligible effect on the heat transfer by radiation. The differences in sensor temperatures
may have a small effect on the conduction/convection heat transfer, as these differences
can affect the nature of the thermal boundary layer adjacent to the sensor surface. In
addition if the surface temperature of a sensor is much different from that of the sensor
block it is mounted in, this sharp discontinuity in the surface temperature of the
sensor/block combination can also affect the thermal boundary layer [138]. The sensor
temperature may also have some effect on the amount of products which can condense
on its surface.

These sensor temperatures will also have an effect on the actual calculation of the
incident heat flux history. For example, the method used to calculate the instantaneous
heat flux incident on the copper disk depends on knowing the slope of the temperature -
time curve (Equation (4.2)) at the particular point of interest. While the slope is quite
steep during the heating portion of the exposure, it is very small during the cooling
portion (Figure 4.31). Therefore, one would expect that it would be quite difficult to



189

determine the slope and hence the heat flux at longer time steps for the copper disk.

Physical Nature of the Sensor Surface: The physical nature of the surface also can
affect the heat transfer. Radiation heat transfer can be affected by the surface roughness
of the sensor. The copper disk and skin simulant surfaces have different textures.
Buildups of residue can also affect heat fiux measurements [138]. As copper disks were
found to be easier to clean than skin simulants, this may affect the results using the skin
simulants more than the copper disks.

Thermal Properties used in Treating the Data: The equations used to determine
the heat fluxes for the skin simulant sensors are based on an assumption that the thermal
properties are constant throughout the exposure (techniques which take these variations
into account are also available (e.g. Cook [139]). In addition, as the heat flux at any time
is directly proportional to the thermal absorptivity of the skin simulant ((kpcp)"z) in
Equation (4.3), any errors in the calibration of the skin simulants will have a significant
effect on the values of the heat flux indicated by these sensors.

Differences in Construction of Individual Sensors: Differences in the construction
of individual skin simulant or copper disk heat flux sensors can affect the heat fluxes
indicated by these sensors. For example the mass of solder used to attach thermocouple
wires to copper disks can affect the heat fluxes measured with the disks [138].

As the heat fluxes measured by the two sensors were not compared to a third heat
flux transducer for these exposures, one cannot say that the values measured by either
sensor were more correct than those measured by the other. However both sensors do
have a certain amount of uncertainty associated with their measurements.

As a final check on how differences in heat fluxes measured with the two sensors
can affect bench top test results, a square wave heat flux of various intensities from
20 to 30 kW/m? for 10 s was used as an input to the skin temperature and burn prediction
model used here. These square wave flux histories were similar to those measured behind
the fabrics with a 1/4 in. (6.4 mm) air gap (Figure 4.30). Small changes in the incident
heat flux produced deceptively large differences in the times predicted to burns, especially
third degree burns (Table 4.5).
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Table 4.5 Times to Second and Third Degree Burn Predicted for Various Square
Wave Heat Fluxes Between 20 and 30 kW/m? Incident on Human Skin for

10 s
Heat Flux (kW/m?®) Time to 2° Burn (s) Time to 3° Burn (s)
20 372 no burn
22 324 no burn
24 2.84 no burn
26 2.54 27.0
28 2.28 210
30 2.08 18.0

Because of the exponential nature of Henriques burn integral, small changes in

skin temperatures can cause large differences in the values of the burn integral. Third

degree burns are said to occur when the value of Henriques burn integral, €, calculated

from the temperature history at the base of the dermis layer of skin, is unity. For

example, for an incident flux of 24 kW/m?® for 10 s, the value of  for this depth in the
skin was found to be 0.625 after 60 s. For an incident flux of 26 kW/m? for 10 s, the
value of Q was 2.16 after 60 s. Thus, no third degree burns were said to occur for the

24 kW/m* exposure, whereas third degree burns were said to occur for the 26 kW/m?

exposure. As the fluxes under many of the garments of interest in these tests fall into this

range of exposures, which by the definition used here may barely produce third degree

burns, caution must be exercised in considering the times to third degree burn determined

in these tests.



191

The other reason for the differences in the results of the two sensors is the fact
that two different methods were used to predict the times to second degree burn damage.
The magnitude of the differences in burn predictions made using the two techniques can
be seen by comparing the second degree burn predictions made using the Stoll criterion
and Henriques’ burn integral for the copper disk in Table 4.4. Differences between
results using these two techniques were less than 10%. As mentioned in Section 1.3.2,
the Stoll second degree burn criterion is strictly valid only for use with a square wave
heat flux [12]. Henriques burn integral, on the other hand, can be used for any heat flux
history. As would be expected, the results using the two techniques were closest when
the heat flux is closest to a square wave, as in the contact case. The predictions were
further apart for the 1/4 in. (6.4 mm) air gap case, where the heat flux is less of an ideal
square wave, but the differences were still not very large. Therefore, while the Stoll
criterion is strictly only valid for square wave heat fluxes, such as on bare skin, it still can
be used with confidence for data obtained under fabrics when the heat fluxes are
reasonably close to a square wave. If only second degree burn predictions are of interest,
then using the simpler Stoll criterion should be adequate, rather than having to use the
more complicated skin heat transfer model and Henriques burn integral.

It should be noted that this portion of the study was exploratory in nature.
Therefore the findings in this section are based on a limited number of tests using sensor
and data analysis techniques which in some cases are under development. Some of the
differences in heat fluxes measured by the two sensors may be due to problems associated
with the construction and calibration of the individual sensors used in these tests. These
differences may be reduced as construction and calibration techniques for these sensors
are improved. Clearly more work is required before definite conclusions can be drawn

as to the differences between the bench top test sensors used here.



4.6 Summary

The experimental apparatus and procedure have been described in this chapter.
Temperature measurements of fabric and shim stock specimens during and immediately
after bench top test exposures using an infrared thermometer and thermocouples were
presented. Results from bench top tests of these materials were also shown. Qualitative
observations about the thermal response of fabrics were discussed, and shown to agree
with quantitative observations such as the aforementioned temperature measurements.
Flow visualization techniques were used to show that natural convection can occur in air
gaps of about 1/4 in. (6.4 mm) or larger in bench top tests, and to briefly describe the
flow patterns which can occur in the air gaps. Bench top test result obtained using copper

disk and skin simulant test sensors were also compared.
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CHAPTER §5: DISCUSSION OF NUMERICAL AND
EXPERIMENTAL RESULTS

In this chapter the numerical and experimental results shown in Chapters 3 and 4
will be compared. Applications of these results to the design of thermal protective fabrics
and to the development of modified bench top test methods for these materials will be

discussed.

§.1 Comparison of Experimental and Numerical Results
Predictions of the thermal response of the fabric and bench top test results made
using the numerical model were compared with corresponding experimental results.

These comparisons are discussed in turn below.

5.1.1 Thermal Response of Fabric

In Section 3.3 predicted temperatures of Nomex® IIIA and Kevlar®/PBI fabric
specimens were presented. In Section 4.5.2, fabric temperature measurements made using
thermocouples and an infrared thermometer were described. It was shown that the shim
stock temperatures measured using thermocouples and the infrared thermometer were
similar, while fabric temperatures measured using the two methods were quite different
from one another. These results were due to the fact that the thermocouples indicated the
temperature at a given point, while the infrared thermometer measured a weighted average
temperature of the volume within its viewing area.

Temperature measurements made using either of the two methods will be more
appropriate in different applications. For example, the temperatures measured by a
thermocouple at a particular point on the fabric can provide a better indication of the
conditions a yarn or fibre at that location were subjected to than the weighted average
temperatures measured by the infrared thermometer. However, in the case of the
numerical model, the fabric was treated as a homogeneous slab with thermal properties

representative of the complex fabric structure. Only temperatures indicative of the gross
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behaviour of the fabric and its interaction with the flame and the test sensor can therefore
be determined using this model. Hence, it is appropriate to compare the numerical results
with the temperatures measured using the infrared thermometer, rather than those
measured using thermocouples.

The temperatures predicted by the numerical model are compared with those
measured using the infrared thermometer in Figures S.1 through 5.3 for the shim stock

pieces and the two fabrics.

Time (S)

Figure 5.1 Comparison Between Temperatures of Back of Painted Shim Stock Pieces
Predicted Using Numerical Model () and Measured Using Infrared
Thermometer ([J)
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Figure 5.3  Comparison Between Temperatures of Front and Back of Kevlar®/PBI

Fabric Specimens Predicted Using Numerical Model (M) and Measured
Using Infrared Thermometer ({J)

As shown in Figure 5.1 the predicted shim stock temperatures were very close to
those measured using the infrared thermometer (about 5% difference in absolute

temperatures at 4 s, and 1% at 10 s). As shown in Figures 5.2 and 5.3, the predicted
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fabric temperatures were also close to those measured using the infrared thermometer,
especially after the first few seconds of the exposure. The absolute temperatures
predicted by the model were less than 4% different from those measured using the
infrared thermometer during the latter parts of the 10 s exposures. In Section 4.5.3, it
was shown that these temperature measurements agreed with macro and microscopic
observations made during and after interrupted exposure tests of the fabrics. Therefore,
as the temperatures predicted by the numerical model are consistent with the experimental
results, they are also consistent with these qualitative observations.

All of the materials appeared to eventually reach steady-state conditions during the
10 s exposures. This can be explained by looking at the interactions between the fabric
and the flame, ambient, and test sensor. For example, the incident heat flux was
calculated based on the temperature and fourth power of temperature of the front of the
fabric. Therefore, as the fabric heats up, the magnitude of the incident heat flux will
decrease. For example, the nominal heat flux used in bench top tests is 80 kW/m?. This
is determined using a copper calorimeter, which under this particular heat flux would be
heated to temperatures of around 200°C during calibration exposures of 10to 12 's. The
fabric on the other hand will be heated to temperatures of about 700°C in 10 s. Assuming
the same flame temperature, emissivity, and other parameters used in the numerical
model, the net heat flux to the fabric or disk can be determined using the sum of the

radiative and convective heat transfers, given previously as Equations (2.21) and (2.22).
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The net heat fluxes incident on the front surface of a fabric or disk are as follows for

front surface temperatures between 100 and 700°C.

Table 5.1 Predicted Net Heat Flux Incident on Front Surface of Fabric or Copper

Disk from Meker Burner Flame for Various Front Surface Temperatures

Front Surface Temperature (°C) Net Heat Flux Incident on Surface
kW/m?)
100 83
200 77
300 71
400 62
500 50
600 : 35
700 16

Hence for the copper disk at 200°C, the net heat flux will be 77 kW/m?, while for the
fabric at 700°C, the net heat flux will be 16 kW/m®. This decrease in net heat flux will
eventually lead to steady-state conditions, as the net heat flux to the front face of the
fabric will be balanced by the net heat flux from the back of the fabric, which will
increase as the temperature of the back surface of the fabric increases. This steady-state
behaviour was also shown in Figure 4.17, where a 20 s flame exposure was used rather
than the usual 10 s exposure. The temperatures of the front and back of the fabric
measured by the infrared thermometer were practically constant after about the first 7 s,
with the exception of the temperature of the back of the Nomex® IIIA fabric sample
which remained constant after about 13 s.

Some possible reasons for the differences between the predicted temperatures and

those measured using the infrared thermometer were discussed previously in Chapter 4,
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such as time response, absorption of radiation by the atmosphere and the value of
emissivity assumed for the fabric or shim stock. These were shown to have very small
effects on the temperatures measured using the infrared thermometer. Other reasons for
the differences between the numerical and experimental results include the following.

Limitations in the numerical model: As discussed in Chapter 2, there were many
simplifying assumptions made in modelling the fabric. For example, the thickness was
assumed to be constant during the exposure, while Shalev and Barker [47,48] have shown
that the thickness changes during a bench top test exposure. As shown by the parametric
study in Section 3.4.1, the time required to exceed the Stoll criterion increased linearly
with thickness. Therefore changes in the thickness during the test could easily account
for some of the differences between the predicted and measured fabric temperatures. As
well, the thicknesses were measured at a pressure of 1 kPa, which may be different from
the pressure exerted on the fabric by the hot gases from the flame.

Other assumptions were nfade. The boundary condition on the front of the fabric
was shown to be very important in the parametric study (Section 3.4.7). The numerical
model assumed a suddenly applied heat flux at time zero, while the bench top tests used
a shutter. This will be discussed further in the next section when the results of the
numerical model are compared with bench top test results. In addition, the effects of the
flat black paint, such as the energy associated with the paint being vapourized, were not
included in the model of the shim stock. Mass transfers of moisture and/or products of
thermal decomposition reactions were neglected. While the effect of moisture regain on
the apparent heat capacity of the fabric was included, the effects of moisture on other
thermal properties such as the thermal conductivity were not included. Regardless of all
of these points, the agreement with experimental results was very good, especially
considering all of the assumptions made.

Values of Thermal Properties Used: Many of the parameters used in the model

were estimated using simple heat transfer theory, or could only be measured crudely. The
predicted temperatures were closer to those measured by the infrared thermometer later
in the exposure than in the beginning of the exposure. The results of the parametric study

indicated that variations in individual values of thermal properties had more effect on the
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temperatures predicted during the first few seconds of the exposure than the temperatures
closer to the end of the exposure, where the behaviour was governed more by the
boundary conditions used. All of this would indicate that the boundary conditions on the
front and back of the fabric were modelled reasonably well, and that the particular values
used for some of the thermal properties in the model may not be completely correct.
Therefore, more effort could be put into determining more accurate values of the relevant
thermal properties of interest for the model. This point will be discussed again after the
results of the numerical model are compared with actual bench top test results.

All thermochemical reactions were assumed to be endothermic: The DSC resuits
(Section 3.3) give information on endothermic reactions involving these fabrics in an inert
environment up to 500°C. The flame contact exposure should involve a relatively inert
environment [117], and hence exothermic reactions are not expected (especially given that
the limiting oxygen index values for Nomex®, and PBI are reported as 0.285 and 0.415,
respectively [140]). If somehow there was enough oxygen available from the air gap or
the surroundings (if there is not an enclosed air space behind the fabric) some exothermic
reactions might occur in the fabric structure. Therefore, these would add energy to the
fabric and increase the temperatures from those predicted by the model. While the bench
top test modelled here is strictly a flame exposure, other bench top tests use radiant heat
sources instead of, or in addition to a laboratory burner. In these tests, exothermic
reactions will be more of a possibility. The modelling of these and other tests will be
discussed further along with other possible future work in the next chapter.

While the numerical results were compared with the infrared thermometer
measurements, some other errors pertinent to the thermocouples should be mentioned in
passing. One of these was contact resistance. Nomex® thread was used to attach the
thermocouples to the fabric, which itself may lead to some error as the thermocouple may
be recording the response of this particular Nomex® thread rather than the response of
the fabric. Examining fabric specimens after the exposures, the thermocouples did not
appear to be in perfect contact with the surface yarns after the exposure ended. The small
amount of air between the thermocouple junction and the fabric surface will then produce

some error in thermocouple measurements. This was particularly noticeable with the
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temperatures on the front of the fabric. In other cases the Nomex® thread used to sew
the thermocouple wires to the surface yamns did not survive the entire exposure and the
thermocouple fell into the flame. Therefore the temperatures measured using the
thermocouples were less consistent on the front of the fabric than those on the rear of the
fabric (Figures 4.12 and 4.13). It was also noted that some of the thermocouple wire
insulation was slightly discoloured after some of the exposures. If the insulation which
is between the two wires melts, then a second junction could be formed at some location
away from the centre of the exposed portion of the fabric. The temperature measured by
the thermocouple would then be this temperature rather than the temperature at the

original junction.

5.2 Bench Top Test Results

Bench top tests measure the energy transferred between heated fabrics and test
sensors. These energy transfers are governed primarily by the temperatures of the back
surface of the fabric. A comparison of the predicted and measured temperatures of the
bench top test sensor mounted 1/4 in. (6.4 mm) behind metal shim stock pieces, and
Nomex® MIA and Kevlar®/PBI fabric specimens are shown in Figures 5.4 through 5.6.
Predicted times required to exceed the Stoll criterion are also given on the Figures, along
with data measured using the bench top apparatus. Two sets of measured data are given,
one for bench top tests where the shutter was used, and another for manual bench top

tests (Section 4.4.1).
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Figure 54  Comparison Between Copper Disk Temperatures and Bench Top Test
Results Predicted By Numerical Model and Measured During Actual
Bench Top Tests of Painted Shim Stock Pieces Using 1/4 in. (6.4 mm) Air
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Figure 5.5  Comparison Between Copper Disk Temperatures and Bench Top Results
Predicted By Numerical Model and Measured During Actual Bench Top
Tests of Nomex® IIA Fabric Specimens Using 1/4 in. (6.4 mm) Air Gaps
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Figure 5.6  Comparison Between Copper Disk Temperatures and Bench Top Test
Results Predicted By Numerical Model and Measured During Actual
Bench Top Tests of Kevlar®/PBI Fabric Specimens Using 1/4 in.
(6.4 mm) Air Gaps

The sensor temperatures and bench top test results predicted using the numerical
model were quite close to those measured during actual bench top tests using a
1/4 in. (6.4 mm) air space. Predicted times required to exceed the Stoll criterion were
within 6% of those measured during actual bench top tests. In the numerical model the
high heat flux was placed on the model exactly at time zero. In the manual tests time
zero is when the hall effect sensor determined the burner was in place. Therefore the
fabric was preheated for a fraction of a second as the burner was moved manually into
place and the hall effect sensor sends a signal to the computer to begin taking data. This
is opposite to the case of the bench top tests with the shutter where it may take up to
0.2 s for the shutter to open, and hence the fabric may not be exposed to the full flame
for up to 0.2 s after time zero. These differences can be seen in the experimental data
presented in Figures 5.4 to 5.6 (e.g. note how quickly the copper disk temperature
increases at the beginning of the manual test of the Nomex® IIIA fabric - Figure 5.5).
Therefore, it would be expected that the results of the numerical model, where the full
flux is placed on the fabric at time zero, should be somewhere in between the two sets

of experimental results. This is what is seen in Figures 5.4 through 5.6. The small
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differences in the numerical and predicted results will be due to many of the same reasons
outlined in Section 5.1 above. The differences between the results of bench top tests with
and without a shutter also demonstrate the importance of completely reporting the test
conditions along with any bench top test results.

While the copper disk test sensor was used in the numerical model and most of
the experimental work, the predicted responses of skin simulant sensors placed behind the

fabrics were also compared with experimental results in Figures 5.7 and 5.8.
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Figure 5.7  Comparison Between Skin Simulant Temperatures Predicted by Numerical
Model () and Measured (CJ) During Actual Bench Top Tests of Nomex®
III Fabric Specimens using 1/4 in. (6.4 mm) Air Gap
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Figure 5.8  Comparison Between Skin Simulant Temperatures Predicted by Numerical
Model (M) and Measured (CD) During Actual Bench Top Tests of
Kevlar®/PBI Fabric Specimens using 1/4 in. (6.4 mm) Air Gap

Once again, the agreement between the numerical and experimental results was very good.
It should also be noted that Figure 5.7 compares numerical results for Nomex® IIIA and
experimental results for Nomex® IIIl. However, as discussed in Section 3.1, the
differences between the performance of Nomex® III and IITA are expected to be minimal.

The above comparisons indicate that the numerical model did a good job of
predicting the energy transfers across 1/4 in. (6.4 mm) air gaps. Other air gaps were also
used in the numerical and experimental work. Recalling the discussions in Sections 3.4.8
and 4.5.5, natural convection was predicted to begin at air spaces of about 8§ mm using
the numerical model, and air spaces of about 6 mm based on the flow visualization study.
One possible reason for the numerical model not predicting natural convection to begin
at the smaller air gaps was the fact that a critical Rayleigh number of about 1700 was
used. This is the critical Rayleigh number for a horizontal enclosure with solid top and
bottom boundaries. The bottom boundary in the case of a fabric is porous, while the
bottom boundary in the case of the shim stock is solid. There was not a large difference
in the flow visualization observations between the shim stock and fabric specimens, hence

it would appear that at least qualitatively, the porous bottom boundary does not have a
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large effect on the onset of natural convection. However, calculating the Rayleigh
number based on the entire height of the enclosure may not be appropriate here. In the
literature search for studies related to natural convection in enclosures in Chapter 2, the
work of Goldstein and Volino [79] was discussed. These investigators examined transient
natural convection in thick layers of water, and used a Rayleigh number based on a
conduction layer thickness rather than the entire height of the enclosure. Although the
enclosures studied in this thesis research do not meet their particular criteria for thick
layers, perhaps a Rayleigh number based on a height other than the height of the entire
enclosure would be appropriate here as well.

The results from the numerical model are compared with the bench top test results
using various air spaces in Figure 5.9. It should again be noted that the predicted values
are based on a copper disk test sensor mass of 18 g, while experimental results were for
a sensor with a mass of 18.4 g. Regardless of this, it should be still possible to at least

compare the general trends in the two sets of data.
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Figure 5.9 Comparison Between Predicted (M) and Measured (+) Times to Exceed
Stoll Criterion for Nomex® IIIA Fabric Specimens Tested Using Various
Air Gaps

It was shown in Chapter 4 that the times required to exceed the Stoll criterion at

larger air gaps were approximately proportional to the air gap width taken to the one-
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fourth power. The numerical results did not exhibit this behaviour. Hence, the model did
not do as good a job of predicting the results of bench top tests at larger air gaps than 1/4
in. (6.4 mm). The first inclination is to assume that the reason for this is that the simple
relations used to estimate the natural convection heat transfer in air gaps do not do an
adequate job of predicting the energy transfer by this process at the larger air gaps when
the convection becomes more vigourous. This may be true to a degree, however
comparing the predicted Rayleigh numbers for various air gaps (Figure 3.30) with the
flow visualization observations in Chapter 4, the numerical model at the very least does
a good job of illustrating the large differences in the nature of the flow patterns at the
various air gaps. In addition, in the discussion of Figures 3.29 and 3.31, it was noted that
while the natural convection may become more vigourous at larger air gaps, the heat
transferred by natural convection is basically constant at all air gaps. Therefore another
explanation for the decreased ability of the model to predict bench top test results at these
larger air gaps must be found.

Recall that the main mode of energy transfer is by thermal radiation between the
heated fabric and the test sensor, and that the view factor decreases with increasing air
gap (Figure 3.32). Also remember that the numerical model assumes that the heat flux
and temperatures are uniform across the surfaces of the fabric. This will not be true for
a real fabric. For example, the Meker burner flame was assumed to be at a uniform
temperature. In an actual flame, there will be some temperature distribution, such as
those shown in Lewis and von Elbe [68]. The fabric structure is such that the
temperature distribution will not be uniform on the back of the fabric. Even when the
bottom surfaces of horizontal enclosures are heated evenly, numerical models (e.g.
Pallares, et al. [89]) have shown that a Nusselt number distribution is still expected across
the boundaries, and the patterns in the flow can be very complicated. In addition, the
fabric temperatures predicted and measured on the back of the fabric samples were not
the same.

The effective thermal conductivity used to model the energy transfers across the
air gap was given earlier as Equation (2.31).

Inspecting Equation (5.2) it is immediately apparent that this effective thermal
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conductivity is highly dependent on the absolute temperature of the back of the fabric
raised to the third power. The energy transfer itself is dependent on the fourth power of

the temperature. Therefore small differences in the temperature of the back of the fabric
will have large effects on the energy transfer across the gap. In order to gain an
appreciation for the magnitude of the differences in bench top test results due to small
differences in temperatures of the back of the fabric, the copper disk was modelled
separately as a lumped capacity system with a convective and radiative heat flux on its
surface described in a similar manner to Equation (5.2) above. The heat flux incident on
the copper disk at each time step was determined in a iterative manner using the above
formulation and the temperature of the back of the fabric measured at that particular time
step. The process was repeated assuming the back of the fabric temperature to be 0.9 and
0.95 of its absolute measured value. It was found that for air gaps of 1/4 in. (6.4 mm)
differences of 5% and 10% in the absolute temperature of the back of the fabric produced
differences of 6% and 13% in times to exceed the Stoll criterion, respectively (i.e. using
absolute temperatures which were 5% lower caused an increase in 6% in the predicted
time to exceed the Stoll criterion). At air gaps of 3/4 in. (19.1 mm) differences of 5%
and 10% in the absolute temperature of the back of the fabric produced differences of 9%
and 18% in times to exceed the Stoll criterion, respectively. Clearly, the effect of these
temperature distributions on bench top test results will be greater at the larger air gaps.

Another source of error is the fact that the transfers of energy by moisture and
decomposition products were not included in the numerical model. The role of moisture
is an area of some debate. In terms of thermal decomposition products some authors have
indicated that these may not transfer a significant amount of energy for certain fabrics

(e.g. Shalev [48]), while others indicate that they do for other fabrics (e.g. Davies, et al.
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[76] and Backer, et al. (45]). If these products do transfer significant amounts of energy
to the test sensor the amount of time required to exceed the Stoll criterion will decrease.
Examining Figures 5.4 through 5.8, the measured test sensor temperatures increased
quicker than the temperatures predicted by the model immediately after the exposure
began and just before it ended. These observations could possibly be due to mass transfer
of moisture and thermal decomposition products. It is expected that mass transfers will
have more of an effect at larger air gaps. where the flow visualization study indicated that
the motion in the air space was more vigorous than in the smaller air gaps.

Despite these errors, the numerical model did a good job of predicting the results
of bench top tests at the 1/4 in. (6.4 mm) air gaps used in some standard test methods.
As test methods do not use the larger air gaps included in this study, it is of lesser
importance that the model did not do as good a job of predicting bench top test results
at the larger air gaps. However, the model did do a reasonable job of at least
qualitatively predicting the trends in the behaviour of the convection cells at different air
gaps. If more accuracy is required at these larger air gaps, the model likely will need to
be modified to include aspects such as temperature distributions across the back of the
fabric and mass transfer. It may also have to include a more rigorous treatment of the
natural convection in the air gap, as well as possibly coupling the radiation and
convection heat transfer, and including the effects of transient natural convection and

localized heating, as discussed in Section 2.4.

5.2 Implications of Research to Fabric Design

The numerical and experimental results have indicated that varying individual
thermal properties have different effects on the thermal response of the fabrics studied
here, and the bench top test results of these fabrics. It has also been shown that the
temperature history of the back of the fabric in bench top test determines the rate at
which the temperature will rise in the copper disk test sensor, and hence the amount of
time required to exceed the Stoll criterion. In the parametric study conducted in
Chapter 3, it was shown that increasing the thickness, increasing the moisture content,

decreasing the thermal conductivity, and increasing the specific heat all will cause the
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temperature of the back of the fabric to increase at a lower rate, and hence will delay the
time until the Stoll criterion is exceeded. It was also shown that increasing the energy
required for the thermal decomposition reactions will have a minor effect on increasing
time required to exceed the Stoll criterion. If these reactions occur at lower temperatures,
this will also delay the onset of the Stoll criterion, as the temperatures of the back of the
fabric will begin to rise at a slower rate earlier in the exposure once these reactions begin
than if these reactions occurred at higher temperatures.

Much of the above discussion is intuitively obvious from basic heat transfer
theory. One of the contributions of this work has been to quantify the magnitudes of
these effects on the thermal response of the fabric and bench top test results. As a
practical example of how differences in the response of the fabric and bench top test
results can be predicted on the basis of variations in some of these properties, recall the
predicted and measured fabric and copper disk temperatures of the Nomex® IIIA and
Kevlar®/PBI samples shown in Figures 5.2, 5.3, 5.5, and 5.6. For bench top tests using
an air gap of 1/4 in. (6.4 mm), the predicted times required to exceed the Stoll criterion
were 6.55 and 6.30 s, for the Nomex® IIIA and Kevlar®/PBI specimens, respectively.
The measured values were 7.0 and 6.4 s, respectively. The thermal and thermochemical
properties used in the numerical model for the two fabrics were given in Table 3.2.
Basically the only differences between the two materials, as far as the numerical model
was concerned, was that the Nomex® IIIA specimens were slightly thicker (0.7 versus
0.6 mm), contained less moisture (5% versus 8%), and underwent thermal decomposition
reactions at a lower temperature range (425 to 625° versus 550° to 650°C). From the
parametric study, it is known that the differences in the thicknesses and the initial
moisture contents can cause some of the differences in the bench top results of the two
materials. However, the differences in the thermal decomposition temperature range can
also be responsible for some of the difference in the bench top results of the two fabrics.
A comparison between the temperatures of the back side of the two fabrics measured
using the infrared thermometer (Figure 4.17) showed that the two fabrics had similar back
side temperatures until about 5 s when the back of the Nomex® IIIA specimen began to

heat at a much slower rate than the Kevlar®/PBI specimen. As this is in the approximate
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temperature range where the thermal decomposition of the Nomex® IIIA fabric was said
to begin (Sections 3.2.5 and 4.5.3), the reason for the different heating rates may very
well be the thermal decomposition reactions occurring at lower temperature in the
Nomex® HIA specimen.

Therefore, these findings would tend to indicate that fabrics will perform better
in bench top tests if endothermic thermal decomposition reactions occur at lower
temperatures. However, these findings are based on a simple heat transfer model which
does not take into account changes to the integrity of the fabric caused by thermal
decomposition, or mass transfer and subsequent energy transfers to the copper disk test
sensor by products of thermal decomposition reactions. Therefore, depending on the

behaviour of a particular fabric, these findings may or may not be valid.
5.3 Implications of Research to Bench Top Test Methods

5.3.1 Use of Air Gaps in Bench Top Tests

The numerical and experimental results indicate that the width of the air gap in
bench top tests does play an important role in the thermal response of fabrics and the
results of bench top tests. 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 (Table 2.1). Therefore, there is no real advantage to conducting bench
top tests with air gaps at spacings larger than 1/4 in. (6.4 mm). The advantages and
disadvantages of tests which place the fabric in contact with the test sensor were outlined

previously in Section 2.4.1.

5.3.2 Modified Bench Top Test Methods
As mentioned earlier, existing bench top tests are relatively simple, economical,

and easy to use. The modified test methods discussed in Chapter 4 are more complicated,
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and require more specialized equipment and software. They do however provide more
information than existing bench top tests.

Fixed duration tests which use copper disks as heat flux sensors have several
advantages. The disks are rugged, can be cooled and reused quickly, and have relatively
well known thermal properties. However, fluctuations in the heat flux histories due to
the methods used to treat the data are more severe than with skin simulant sensors, and
may affect burn predictions. In order to smooth these fluctuations, routines which only
use data at larger time steps than with the skin simulant system can be used, but these
will decrease the accuracy to which the times to second and third degree burn can be
estimated. In addition, this smoothed flux history may miss aspects of the actual heat
flux history (e.g. Fig. 4.30 at about 2.0 s). However, if used in a test where one is only
concerned whether second burns occur, rather than the time to second degree burns (such
as some thermal mannequin tests), these routines may be acceptable. If methods can be
found to reduce the fluctuations and use all of the test data points, this will increase the
confidence with which these tests could be used.

Fixed duration tests which utilize skin simulants have fewer problems with
fluctuations in the heat flux histories. Therefore all the data can be used in routines, and
times to given severity of bumns can be estimated more accurately. However, these
sensors do have significant cool-down times, and therefore multiple sensors must be used
in tests of fabrics, possibly introducing some variability into results. Alternatively,
individual sensors can be reused, but a significant length of time is required between tests
for the temperature gradients in these sensors to disappear. In addition, these sensors are
not as rugged as the copper disks, and more difficult to clean. Disposable skin simulant
sensors are one possible solution to some of these problems. Whereas the properties of
the copper disk are fairly well known, the properties of the skin simulant sensors must
be determined through calibration. The accuracy of any heat flux measurement made
with these sensors is then directly related to the accuracy of the measurements of the
relevant thermal properties.

It has also been noted that copper disk heat flux sensors are said to act as a heat

sink when in contact with fabrics, thus slowing the heating of the fabric, which could
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possibly help fabrics perform better in tests by delaying the onset of thermal
decomposition reactions which affect the integrity of the fabric. Stoll [42] discussed the
concept of a critical thickness of a material, above which that material will behave the
same way no matter what material is placed undemneath it. Therefore, in order to
determine if such a critical thickness exists for thermal protective fabrics, the
Nomex® ITIA fabric in the numerical model was assumed to be in perfect contact with
the copper disk test sensor, and human skin (using the skin heat transfer model discussed
in [2]). Fabric thicknesses between 0.3 and 5.0 mm were used for simulated bench top
test exposures of 10 s. The predicted temperatures of the front surface of the fabric for
thicknesses of 0.3, 1.0, and 2.0 mm are compared for the cases of the fabric in contact

with the copper disk and skin in Figure 5.10.

Figure 5.10 Comparison Between Predicted Temperatures of the Front of Fabrics of
Various Thicknesses in Perfect Contact with a Copper Disk Test Sensor
() and Human Skin (OJ)

Looking at Figure 5.10 it would appear that as the thickness of the fabric
increases, the material under the fabric has little or not effect. However the temperatures
in Figure 5.10 are just the temperatures of the front surface of the fabric. The
temperatures at various depths in a 2.0 mm fabric in perfect contact with a copper disk

and human skin are shown in Figure 5.11.
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Figure 5.11 Comparison Between Predicted Temperatures at Various Depths in a 2.0
mm Thick Fabric in Perfect Contact with a Copper Disk Test Sensor (Hl)
and Human Skin (0J)

Figure 5.11 clearly shows that while the temperatures at the surface are fairly similar,
those at depth, especially at the fabric/test sensor (or skin) interface are quite different.

This will have an effect on bench top test results, as shown in Table 5.2 below.
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Table 5.2 Predicted Times to Second Degree Burn Criteria For Fabrics of Various
Thicknesses in Perfect Contact with Copper Disk Test Sensors and Human

Skin
Thickness (mm) Predicted Time to Exceed | Predicted Time to Second
Stoll Criterion (s) for Degree Burn (s) for Skin
Copper Disk Using Henriques Burn
Integral
0.3 1.45 1.40
0.5 1.75 1.65
0.7 2.05 1.90
1.0 245 2.25
1.5 3.00 2.75
2.0 3.50 3.15
5.0 6.45 5.80

The predicted times to second degree burn are closer at the smaller thicknesses. The heat
fluxes measured by the copper disk and human skin were calculated as outlined in
Section 4.3 and are plotted for fabric thicknesses of 0.3 and 2.0 mm in Figure 5.12.
Figure 5.12 indicates that the heat fluxes under the thinner fabrics should be closer to a
square wave than at the larger thicknesses where it will take longer for the energy from
the flame to reach the sensor. Recall that the Stoll criterion is only strictly valid for
square wave heat fluxes [12]. In Section 4.5.6, it was shown that the heat flux strays
further from the square wave as an air space is introduced between the fabric and test
sensor. All of this information may be important when looking at the validity of test
results for thick fabrics tested with and without spacers. For example, should copper disk
test sensors and the Stoll criterion be used in long duration tests of thick ensembles for

fire fighters?



Heat Flux (kW/m'2)

Time (s)

Figure 5.12 Calculated Heat Fluxes Incident on the Surface of Copper Disks and
Human Skin in Perfect Contact with Fabrics of Thicknesses of 0.3 and

2.0 mm

5.4 Summary
The fabric temperatures predicted by the numerical model were found to be in

good agreement with those determined using the infrared thermometer. Bench top test
results predicted by the model were also found to be in good agreement with experimental
results when an air gap of 1/4 in. (6.4 mm) was used. The bench top test results at larger
spacings were not in quite as good agreement. The results of the parametric study in
Chapter 3 indicated that if fabrics can maintain their mechanical integrity during
thermochemical reactions, it may be advantageous in terms of bench top test results to
have these reactions occur at lower temperature ranges. Implications of the numerical and

experimental results to fabric design and bench top test methods were also discussed.



CHAPTER 6: CONCLUSIONS AND RECOMMENDATIONS

In this thesis a numerical model of the heat transfer in fibrous materials under high
heat flux conditions has been developed. The results of this model were compared with
measurements and observations made during bench top tests of two common inherently
flame resistant fabrics. Conclusions and recommendations from this work are described

below.

6.1 Conclusions
In terms of the thermal response of the fabric, and the energy transfer from the

heated portion of the fabric to the test sensor, the following conclusions can be made.

. It is possible to develop relatively simple models of the heat transfer in inherently
flame resistant fabrics during common bench top tests. These models give
estimates of the gross thermal response of these materials in the form of effective
temperatures, which are weighted average values of the temperatures of small
volumes adjacent to the front and back surfaces of the fabric (such as the
temperatures measured by an infrared thermometer), rather than the temperatures
at specific locations (such as measured by a thermocouple). The absolute
temperatures predicted by this model were found to be within 4% of those
measured by an infrared thermometer during the latter parts of 10 s exposures to

a nominal heat flux of about 82 kW/m? from a Meker burner.

*  Required times to exceed the Stoll second degree burn criterion predicted by the
numerical model were within 6% of those measured during actual bench top tests
using air spaces of 1/4 in. (6.4 mm). For tests with larger air spaces, the model
was less successful in predicting the results of bench top tests. It was thought that
this was due to the limitations of the one-dimensional model in predicting

increasingly three dimensional behaviour at these larger air gaps. In addition mass
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transfer, which might account for significant amounts of energy, was not included
in the model.

No critical value for the width of the air space between the fabric and test sensor
was found either numerically or experimentally. The numerical model did predict
that natural convection would begin in these air spaces at about 8 mm, while a
flow visualization study indicated that natural convection begins at about 6 mm.
However, the amount of energy transferred due to natural convection will remain
approximately constant as the air gap width increases, because while the
convection cells will become more vigorous, the distance the cells must travel to
transfer energy to the test sensor also increases. Results from the numerical model
also clearly indicated that radiation heat transfer is the dominant form of energy
transfer between the heated fabric and test sensor for the particular fabrics studied
here. The net heat transfer to the sensor by thermal radiation will decrease with
increasing air gap width due to a decrease in the view factor between the heated
portion of the fabric and the test sensor. Hence, the overall net heat transfer

between the fabric and test sensor will decrease with increasing air gap width.

A parametric study conducted using the numerical model indicated that the most
important parameters in the model were the boundary conditions. The numerical
and experimental results demonstrated that during these short exposures to intense
heat fluxes the fabric temperatures increased until steady state conditions were
reached. At this point there will be a balance between the net heat transfer from
the flame to the front surface of the fabric and from the fabric to the test sensor.
The parametric study also indicated that increasing the thickness, increasing the
moisture regain, decreasing the thermal conductivity, and increasing the specific
heat of the fabric will slow the rate at which the temperature of the back surface
of the fabric increases, and hence increase the time required to exceed the Stoll
criterion. Increasing the amount of energy associated with thermal decomposition

reactions had a minor effect on predicted fabric temperatures and bench top
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results. However, if thermal decomposition reactions take place at lower
temperatures, these can slow the heating of the back surface of the fabric, and thus
increase the time required to exceed the Stoll criterion (assuming these reactions
do not have detrimental effects on the mechanical integrity or other important
properties of the fabric). These results were used to explain the differences in

bench top test results of two common inherently flame resistant fabrics.

Applying the results of the numerical and experimental work to the evaluation of

existing and modified bench top test methods, several other conclusions can be made.

e  From the heat transfer perspective the planar geometry used in existing bench top
tests is an adequate representation of the more complex geometry of the human
body. Similarly, one-dimensional models of the heat transfer in human skin are

adequate for analyzing data from thermal mannequin tests.

. Fixed duration exposure tests of protective fabrics show some promise. These can
provide more information about fabrics under conditions which may be more
indicative of a flash fire or some other exposure. They could be used after fabrics
have been tested using existing bench top test methods and prior to testing full

garments with thermal mannequins.

. Copper disk and skin simulant heat flux sensors each have several advantages and
disadvantages. Skin simulant heat flux sensors can be used to provide more
information from bench top tests, but the required data analysis routines are
somewhat complicated, and the sensors themselves are less practical to use than
copper disks. Copper disk heat flux sensors are more practical to use than skin
simulants, but data from these sensors are more difficult to analyze if information

about predicted times to deeper skin burns are required.
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Second degree burn predictions made using the Stoll criterion and Henriques burn
integral are similar when the incident heat flux is close to a square wave. As the
heat flux becomes less like a square wave, the differences between predictions
made using the two methods increase. For bench top tests involving single layer
fabrics placed in contact with the test sensor or spaced about 6 mm from the
sensor, the Stoll criterion can be used with some confidence, even though the heat
flux incident on the sensor is not exactly a square wave. If muitiple layers of
fabrics or very thick fabrics are tested, it is expected that the heat flux will
become progressively less like a square wave, and the differences between results

using the two methods to predict skin burns will increase.

6.2 Recommendations

study.

The following recommendations for future research are made as a result of this

Heat flux data from explosions has shown that peak heat fluxes during some
industrial accidents may be twice as large as those used in existing bench top
tests. Measurements of heat fluxes in actual flash fires and other industrial
accidents should be made to determine whether larger heat fluxes should be used

in standardized tests of protective fabrics and garments.

It was shown that from the heat transfer point of view, the curvature of the human
body does not have an effect on skin modelling and the design of bench top test
apparatus. " The effects of the geometry of the body on thermal shrinkage of
fabrics, and energy transfers between the fabric and skin or test sensor should be
investigated. If deemed necessary, a small scale test that better represents the

curvature of the human body could be developed.

The air space in the bench top test studied here is a horizontal enclosure locally

heated from below. Air spaces in thermal mannequin tests and in some actual
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flash fires involve vertical enclosures. Differences between the two orientations

of enclosures and their effects on test results should be examined.

Apparent heat capacity values for the two fabrics were based on estimates made
from incomplete information from the differential scanning calorimeter (DSC).
This was due to the fact that the particular DSC used here could only heat the
sample up to about S00°C, whereas the thermal decomposition reactions in these
materials did not finish until temperatures higher than 500°C. Data from other
DSC'’s or other instruments with higher maximum temperatures could be used to
more accurately determine the energies involved in the thermal decomposition

reactions.

Numerical and experimental results in this thesis are for bench top tests which use
a laboratory burner as a heat source. It was shown that the heat flux from the
burner was approximately 75% convective and 25% radiative. Other bench top
tests use heat sources with different percentage of convective and radiative
incident energy. If a radiative heat source is used, oxygen may be available to
support oxidative thermochemical reactions on the front surface of the fabric,
which would be exothermic, rather than endothermic like the reactions modelled
in this work. The thermal response of these fabrics during a radiative exposure
should therefore also be modelled.

The use of copper disk and skin simulant heat flux sensors for bench top tests of
materials for longer duration exposures to moderate heat fluxes should be
investigated. For example, a comparison between the second degree burn
predictions made using the Stoll criterion and Henriques burn integral should be
made using heat flux histories from under multiple layer fabric samples subjected
to heat fluxes and durations indicative of structural fire fighting. In addition, the
feasibility of using disposable skin simulant sensors for bench top tests should be

examined.



6.3 Caution

In applying the results of the work in this thesis, it must be remembered that these
results are applicable only to common bench top tests of two particular protective fabrics.
The numerical model only considered heat transfer in these materials, and from the heated
fabrics to the test sensor. Other modes of energy transfer, such as mass transfer, may also
be important. The mechanical integrity of the fabrics during and after bench top tests was
not considered. An exposure to a laboratory Meker burner was used, which is different
than an actual flash fire or other industrial accidents. The fabrics were placed in a
horizontal position and heated from below. while a flash fire may result in fabrics being
heated in different orientations. The parametric study described in this thesis
independently varied individual parameters, while there will actually be some
interdependence of the individual parameters. Fabrics were simply washed and
conditioned before being tested, while garments in the field may have been used for some
time before being exposed to a flash fire. Human response during an accidental exposure
was not considered. Hence, for these and other reasons, the results and discussion in this
thesis may not be applicable to the performance of actual protective fabrics or garments
during actual flash fires or other industrial accidents. The model described here should
not be used to make estimates of the protection which these or other materials can
provide in a flash fire or other accident. The model is only intended to be used to gain
an appreciation for the physics involved in bench top tests of these fabrics, and to try to
explain differences in bench top tests between different materials.

In addition, the intention of this work was not to recommend either of the two
fabrics used in this study, or any other particular fabric, for use in thermal protective
clothing. The test results presented here are based on tests of specimens from limited
quantities of two fabrics supplied to the author, and hence may not be representative of

other specimens of the same fabrics or other bench top test results of these fabrics.
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APPENDIX 1: EFFECTS OF CYLINDRICAL GEOMETRY ON
HEAT TRANSFER IN HUMAN SKIN UNDER

FLASH FIRE CONDITIONS

The shape of the human body exhibits complex three-dimensional geometry.
Despite this three-dimensional geometry, bench top fabric tests involve only planar
geometry. In addition, heat transfer models used to analyze data from thermal mannequin
tests (discussed in Chapter 4) are aiso one-dimensional. By studying the effects of the
geometry of the body on the heat transfer within the skin under conditions similar to flash
fires, it can be determined whether or not one-dimensional heat transfer models of the

skin are adequate.

a) Cylinder b) Slab

Figure Al.1 Idealized Models Which Treat Skin as a Cylinder or a Slab (e - epidermis,
d - dermis, s - subcutaneous, T, core temperature of body)
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A model of the conduction heat transfer within the skin under flash fire conditions
was developed. The skin was treated as a series of hollow cylinders and as a semi-
infinite slab, as shown in Figure Al.1l. The epidermis (e), dermis (d), and subcutaneous
layers of the skin are shown, as well as the base of the subcutaneous region, the
temperature of which was assumed to remain at the body’s core temperature, T.. The
heat flux, q, was assumed to be constant over the surface area considered. In actual
mannequin tests, while investigators try to keep the flux as constant as possible over the
mannequin, it does vary from location to location due to factors such as the position of
the mannequin and burners relative to one another, the nature of the flames, and the fluid
flow surrounding the mannequin. This of course would also be the case in an actual flash
fire. In addition, the inhomogeneous nature of protective fabrics may cause the heat flux
at different points on the surface of the skin under a particular fabric to be different
during garment tests. However, in mannequin tests, the heat flux histories recorded by
individual sensors are analyzed independently. Therefore this approach is satisfactory.
If a model of the entire three-dimensional mannequin shape and its surroundings was
attempted, then the flux should not be treated as constant over the surface.

In the cylindrical model, a series of hollow cylinders were used as a first
approximation to the body’s complex geometry. This practice has been used by many
other investigators. Pennes [141] used this approach when deriving his bioheat transfer
equation. Others have also used fabric-covered cylinders in experimental work (e.g.
Marsh [142], and Lamb [143]).

The Fourier field equation in cylindrical coordinates is:

2 2
gr,lor 10T 2T _147T (AL1)
or: r dr r? g@*> 9z2 o ot
where 0 is the angular position, and
z is the distance in the direction in the plane pointing into the paper

As the heat flux is assumed to be constant over the surface of the body, the third term
on the left hand side of (Al.1) can be neglected. It can also be shown that if the ratio
of the squares of the outside radius and half-length of the cylinder is small (say less than
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0.10, which is the case with human skin), then the last term on the left hand side can also

be neglected. This leaves the following equation.

o L or 1 dT (A1.2)
or? r or a dt

The skin was also idealized as a semi-infinite slab. The Fourier field equation for

a slab, in rectangular cartesian coordinates is

azT = 1 aT (A1.3)

x: o or

Comparing (Al.2) and (Al.3), the two equations, and hence their solutions for a given

set of boundary conditions, will be equal when

FT 19T _ ¥T
or> radr  ox?

i.e. when
10T

r or

can be neglected.

This will occur when the thickness of the hollow cylinder is relatively small
compared with its outside radius. In some cases, it is intuitively obvious that this
condition will be met. For example, heat transfer in the earth close to the surface is often
treated by ignoring the curvature of the earth. On the other hand, the curvature of the
body changes considerably from location to location. Therefore, when looking at heat
transfer in the skin under flash fire conditions, it is not obvious for which, if any, body
locations this condition will be met.

A search of the bio heat transfer literature found only one attempt at quantifying
when this assumption was valid. Shitzer [144], while modelling transient and steady state
heat transfer in skin when cooled by tubes placed in contact with the skin, found that

analytical solutions for rectangular and cylindrical geometries gave similar results.
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Transient solutions were similar for cylindrical and rectangular geometries, with slightly
longer times for the cylindrical case to reach steady state conditions, due to the effect of
the radii on time dependent terms in the solution.

Steady state solutions for rectangular and cylindrical cases were not significantly
different [145], especially as the values of the inner and outer radii increased. When the
inner radius was greater than or equal to about 60 mm, the rectangular results were
adequate for practical purposes. He partially explained this by examining the approximate
series expansions which can be used to represent Bessel functions, and comparing their
values to the series in the rectangular solution.

However, it should be noted that this work was for the case of very small fluxes
on the surface of the skin, where temperature changes occur over long periods of time.
Shitzer’s models also contained terms representing blood perfusion and metabolic heat
generation, effects which are often negligible in flash fire situations. In addition, Shitzer
was not interested in the effects of geometry on burn predictions, which are highly
temperature sensitive, and which are of main concemn here.

In order to decide if the curvature of the body must be taken into account in
predicting burns under flash fire conditions, the solutions of (Al.2) and (Al.3) were
compared for typical geometries of the human body, under boundary conditions indicative
of a flash fire. To simplify matters, the temperature throughout the skin was assumed to
be constant prior to the exposure. The initial and boundary conditions are then as

follows:

T (rt=0) = T, (Al.4)

T (rerp) =T, (ALS)

k .a_T = q(1) (r=r,,1t>0) (Al.6)
or

where r; and r, are the inner and outer radius of the hollow cylinder, respectively. and the
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heat flux, q(t), is given by

?) = O<t «2
00 =4, e (ALD

=0 t>t,

where t, is the time of exposure to the high intensity heat flux, q,.
The initial and boundary conditions for the semi-infinite slab are the same as those given
in Equations (A1.4) to (A1.7), only expressed in cartesian coordinates.

The closed form solution for the slab is given in Carslaw and Jaeger [100] as

2, ( . x
Ty =T, + Vit ierfc
vkpc C(Z\/aT )

- ‘/t -, ierfc(_x—) S@)

) (AL18)
ot - t)

where ierfc is the integral of the complimentary error function and S(t) is the step
function which is equal to 1 when t > t,,.
The closed form solution for the hollow cylinder is given in Carslaw and Jaeger

[100] as

T=T + i’. [rln(i]
‘ k| °|r
| (A1.9)
-1 ¥ exp(-adln) T A (rA Y ()T (r ) = J(rh )Y (r D)
" A, (2 - T )

where J, J,, Y,, Y, are Bessel Functions, and A, are the roots of
IAr)Y,(Ar) - YAr)(Ar) =0 (AL.10)

The original intent was to compare the results of the two closed form solutions.
While it is quite simple to evaluate the closed form solution for the slab geometry, the

presence of the Bessel functions in the solution for the cylindrical geometry make it very
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difficult to evaluate. Therefore, it was decided to evaluate both of these equations using
the finite element method.

While the finite element model of the skin previously developed by the author [2]
was used for the slab geometry, a new model had to be developed for the cylindrical
geometry. The previous model consisted of 5 cubic Hermitian elements (1 in the
epidermis, and 2 in each of the dermis and subcutaneous), while the new model consisted
of 18 linear elements (8 in the epidermis, and 5 in each of the dermis and subcutaneous).
These lower order elements were used in this preliminary work, because the finite element
matrix equations associated with them were considerably easier to derive for the
cylindrical case than those for the Hermitian elements. It was thought that if a cylindrical
model was deemed necessary for the major body of work in this study, that higher order
elements could then be used.

Three body locations were chosen to compare the results. These were the arm,
leg, and trunk. Using data from an ergonomic handbook [146], the outside radius of the
cylinder could be determined by assuming a cylinder with a circumference, C, equal to

the measured perimeter of the body parts, and remembering that
C =2rr

This gave the following outer radii for the cylinders.
e atm Scm
o leg 9cm
e trunk 15cm
As in the author’s previous work [2], the following values of the thickness of the

different layers of skin, consistent with other investigators, were used here.

e  epidermis 80 pm
e  dermis 2 mm
. subcutaneous lcm

The inner radii were then simply determined by subtracting the total thickness of the three
layers of skin (12.08 mm) from the outer radius. Two other outer radii, 50 and 100 cm.

were also used. These served as a test of the cylindrical model as it was assumed that



246

its results would tend to those of the rectangular mode! as the radius increased.

Heat fluxes between 10 and 63 kW/m? for 10 s were used as test cases. These
heat fluxes include the range of heat fluxes which might be expected to be incident on
the skin under a fabric during small scale or thermal mannequin tests, based on the
measurements described in Chapter 4. In both models, the surface of the skin is insulated
after the exposure ends. The models continued to predict skin temperatures and estimate
the extent of thermal damage to the skin up to 50 s after the exposure ended. The
temperature time histories for the two models were analyzed using a routine which
calculates the value of Henriques burn integral in time, and determines when second and
third degree burns occur.

The temperatures predicted using the models were fairly close. The bumn
predictions made using the two models are compared in Table Al.1, below, for the arm

where the differences between the two models should be largest.

Table Al.1 Comparison Between Times to Second and Third Degree Burn Determined
Using the Cylindrical (r, =5 cm - arm) and Slab Models

Heat Flux Time to 2° Burn (s) Time to 3° Burn (s)
(kW/m?) Cylindrical Siab model Cylindrical Slab model
model model
10 no burn no burn no burn no bun
21 3.82 3.86 no burn no burn
30 2.30 224 no burn no burn
42 1.38 1.36 12.20 12.0
63 0.78 0.76 9.34 9.1

The burn predictions made using the two models were within 3% of each other.

These results indicate that the cylindrical geometry has practically no effect on the
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prediction of second and third degree burns under flash fire conditions. Therefore the one
dimensional heat transfer models used to analyze thermal mannequin test data appear to
be adequate. From the hzat transfer perspective, planar bench top tests should also be

adequate.
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APPENDIX 2: COMPARISON OF RADIATION HEAT
TRANSFER ESTIMATES IN THE AIR GAP WITH
AND WITHOUT ABSORPTION

Two infinite parallel plates with emissivities of € and &, and at temperatures T,
and T, are shown in Figure A2.1. A gas of emissivity €, at an average temperature of T,

is in the space in between the plates.

2 €

plate 2 R
L

plate 1 -]
T, €

Figure A2.1 Two Infinite Paralle] Plates with a Gas in Between Them

The net heat flux from plate 1 to plate 2 is given by (assuming that T, > T,)

_ c(T,'-T1,')
q"’"—(l-el l l_ez‘) (A2.1)

+1 +

€, E,

If absorption of the radiation from plate 1 by a gas in the space between the two plates
and the subsequent emission of thermal radiation by this gas to plate 2 is included, the
grey gas method described by Hottel and Sarofim [63] can be used to estimate the heat

flux incident on plate 2



( \
[ 3
q - 1 _ agIGElT14 - (lgzﬁezIE‘ C (Tl‘ - T24)
" o' - T, ( 1-¢ 1-g +1) (A22)
(l - e[ - l - £2 + l ) L el 22 J
€
\ ' & J
g +1
+ () (eoT,* - ¢, 06,1.* )

The wall temperatures of the enclosure were estimated as 900 K and 350 K, respectively.
These were approximately the maximum temperatures measured on the back face of the
shim stock pieces or fabric specimens and in the copper disk test sensors when an air
space was used (see Chapter 4).

Next the partial pressures of carbon dioxide and water vapour inside the air space
were estimated. Complete combustion and stoichiometric air was assumed. The chemical
structures of Nomex®, Kevlar®, and PBI are shown in Figure 1.2. The number of

carbon, hydrogen, oxygen, and nitrogen atoms are as follows:

Molecule C H N (0]
Nomex® 14 10 2 2
Kevlar® 14 10 2 2
PBI 20 12 4 0

Writing the chemical formula for the complete combustion of Nomex® or Kevlar®

C HN,0, + 3_21 o, +321_ (3.76) N,~>14 CO, + 5 H,0 + 16.03 (3.76) N, (A2.3)

Using this formula the volume fractions of CO, and H,O in the products were 0.18 and
0.06, respectively (on a wet basis). Using the same method the volume fractions of CO,
and H,O in the products of the combustion of PBI were found to be 0.17 and 0.05,
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respectively. In order to be conservative, it was assumed for this calculation that the
volume fractions of CO, and H,O in the products were 0.3 and 0.1. It was further
assumed that the total pressure of the combustion products was 1 atm. Therefore, the
partial pressures of CO, and H,O were 0.3 and 0.1 atm.

To determine the emissivity and transmissivity of the gas, the charts of Hottel [63]
will be used. The mean beam length for infinite parallel plates is 1.8 times the space
between the plates, or 2.0 times this space for optically thin layers of gas. In this case
it is expected that the gas layer will be optically thin, and thus the 2.0 factor is chosen.
The air gap will be taken as 3/4 in. (19.1 mm) wide, the largest air gap examined in this
study. If absorption is found to be unimportant at this air gap, it will also be assumed
unimportant at the smaller air gaps. The mean beam length is therefore 2.0 x .019 m =
0.038 m.

The emissivities and then the absorptivities of the individual gases were first

calculated by taking into account each surface.

T \oss T.

Choi = (7-5’) e(T, , Puo L TI ) (A2.4)
i g
T \oss T,

Cco.i = (—fg’) e(T; , Pco, L T ) (A2.5)

: 14
For the carbon dioxide and water vapour in the air gap being considered the following

values were obtained.

Gas Emissivities, €',; Absorptivities, o’ ;
i=1 i=2 i=1 i=2

H,O 0.016 0.016 0.015 0.023

Co, 0.06 0.042 0.053 0.069

The emissivities of each of the gases were also calculated using the temperature of the

gas and the products of their partial pressures and the mean beam length.



€T, » Pyok) = 0.016 (A2.6)

€colT, + Pol) = 0.0055 (A2.7)

The above two emissivities were added to get the total emissivity of the gas
mixture, 0.07 (no spectral overlap correction was required because of the short mean
beam length here).

The absorptivities of the gas mixtures relative to each surface were calculated by
simply adding the values for each gas/surface combination shown above. Again, because

of the short mean beam length, no corrections were required.

—- 2
O = Oyos * Cep (A2.8)

o, =0.068

o, = 0.092

The original estimate of the gas temperature was now checked using an energy balance

on the gas.

T,‘*—a

4
o a1 (A2.9)

4 _ el
eng = 3

This gave a gas temperature of 753 K, thus confirming the original estimate.
The calculated values of €,, o

.1» and o, were now used in Equation (A2.2) to

estimate the net heat transfer to plate 2 from plate 1 and the gas in the space between the
plates. The shim stock temperatures measured during a bench top test were used as the
transient temperatures of plate 1. The radiative heat fluxes were now equated to the rate
of energy storage in plate 2, which is assumed to be copper and the same thickness, Ax,

as the disks used in bench top fabric tests, assuming a lumped capacity system
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4y = PCAX—

(18]
(¥4
"~

(A2.10)

This non-linear equation was solved for the temperature of the plate 2 at each moment

in time using the Newton-Raphson false position method. The temperatures calculated
for the plate using the radiative heat fluxes calculated from Equations (A2.1) and (A2.2)

are compared below, as are the estimated times to exceed the Stoll criterion.

Table A2.1 Effect of Absorption on Predicted Times Required to Exceed Stoll

Criterion and Copper Disk Temperatures Rise

Equation Used to Time to Stoll Criterion Copper Disk Copper Disk
Calculate Radiative (s) Temperature Temperature
Flux Rise at 5.8 s Rise at 20 s
(A2.1) 5.77 15.0 549
(absorption not
included)
(A2.2) 5.99 14.5 53.1
(absorption
included)
Percentage 4 3 3

Difference




253
It should be noted that the difference in times to the Stoll criterion is actually
deceptively large as 5.99 s was only one time step larger than 5.77 s. As can be seen by
the above comparison, including absorption in the model of the heat transfer by radiation
in the space between the heated fabric or shim and the test sensor or skin had a very
small effect for a 3/4 in. (19.1 mm) air space. As it will have even less of an effect at
the smaller air spaces (as the mean beam length will be even smaller), it can safely be
neglected in this model.
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APPENDIX 3: DERIVATION OF FINITE ELEMENT MATRIX
EQUATION

As discussed in Chapter 2, the differential equation for heat transfer in the fabric-

air gap-test sensor system under flash fire conditions is
CAT) _aa; = KT )gz +7Yq,, exp(-¥x ) (A3.1)
X2

where

Qg = OET," = OCuF s oy (1 —E) (T - Top )

. ol - T, ) (A3.2)
(1-e,ab+ 1 +A,,,,,(l—aa,,,,)]
€ F}ab-bh(l - Eg) A, &

The equation was solved subject to the following initial and boundary conditions:
Txt=0)=T (x) (A3.3)

where Ti(x) is some initial temperature gradient in the fabric-air gap-skin system.

oT _ - _
~k(T ) 3 Jeo = e = h, (T, - T o (A3.4)

T (x=L,, t) =T, (r>0) (A3.5)

The Hermitian temperature element was used here. All the terms in Equation
(A3.1) are brought to the left hand side, and the Hermitian temperature interpolation

polynomials are substituted for the temperature and its derivatives. Noting that
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T =<pT <T> (A3.6)
% = <f > <T> (A3.7)
g = <f">T <T> (A3.8)
.%{_ = <7 <T> (A3.9)

where <f"'>T and <f”>' are the row vectors of the first and second derivatives of the

interpolation polynomials with respect to x, Equation (A3.1) now becomes

CAT <" <T> - k <f">" <T> - ¥ q,,, exp(-¥x) = R(x) (A3.10)

where the right hand side of Equation (A3.10) is equal to a residual, R(x), which is a

function of x.
Galerkin’s equation is

{
f <>R(x)dx = 0 (A3.11)
0

Substituting Equation (A3.10) into Equation (A3.11) for R(x) gives

I
f [C‘ <o T <T> -k <f> <f'>T <T>
0 (A3.12)

~F> ¥ 4,0y €XP(-W) ]dx =0

Rearranging terms, Equation (A3.12) becomes
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(}C‘ <f><f>rdx)<1"e> -(}kq’><f”>’dx]<1}

; (A3.13)
- (J;PY‘IM exp(-x) dx) =0
0
Integrating the second term on the left hand side by parts gives
4
[k <> <757 <T> ds =
0 (A3.149)

{ {

& <> <f'>T<T> | + f k <f'> <f'>T <T> dx
[} 0

As temperatures and fluxes must be continuous across element boundaries, and

remembering that

T =< <T>
£ 9T - k'S <T>
ox ¢

the first term on the right hand side of Equation (A3.14) will cancel out at all of the
interior element interfaces. Therefore only values of this term at the exterior nodes (i.e.
x = 0 (surface of the fabric), and x = L,, (base of the air gap behind the test sensor)) will

be of concern.

At x = 0, the first term on the right hand side of Equation (A3.14) becomes:

% <> <f'>T <T¢>:] = -k <f> (g
X

x=0

(x=0))

Applying the boundary condition given by Equation (A3.4), this term becomes
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<> h, (T, - T, (A3.15)

At x = L, the first term on the right hand side of Equation (A3.14) cannot be
simplified further using the boundary condition given by Equation (A3.5). Therefore this

term remains as

-k <> <f'>ST <T> ] (A3.16)

x=L

Equations (A3.15) and (A3.16) are substituted into Equation (A3.14), and the

resulting equation is substituted into Equation (A3.13). Sorting like terms gives

[}k <'> <f'>T dx -k<f><f’>T] )<T¢> +(1fcﬁ <f> <7 dx )<T¢>

! =t (A3.17)
-U<f>vq,,,,,em(“¥x)dx)-<f>] (h,,(rg -T ] J]=o
0 x=0 x=Q
or
([A] - [k]) <T> +[B] <T> - <BC> =0 (A3.18)
where
36k 31 -36k 3l
4] = 1 31 4l¥k -31 1%k (A3.19)

301 -36k -3l 36k -3l
3L -1k 31 Ak
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(Note that the values of this and the other integrals are tabulated in Wu, et al. [98].)

(k] =

CA
B =5 L
320 &

..0000
.0000
.0001
.0000

156k 221 54k -13I
221 4%k 131 -31%k
-54k 131 156k -22I
~-131 -3l1%k -221 4l¥k

{
<BC> = <f>] q.,.1 + f<f> Y q,. 0 exp(-yx) dx
x=0 0

2W,
4.0 + 7Y q.0 exp(-y X) (T -

2W.

Y 4,4t exp(—yX) (—llc' (ﬁ - 1+ W, ))

12 {

2w,
Y 4uf®) expCAX) (= + =2 )

Y 4,.(1) exp(-¥X) (%(-‘12 - -vll ) )

(A3.20)

(A3.21)

(A3.22)

where X is the value of the global x coordinate at the local origin or the particular
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element being considered, and

W, = -1 { Pexp(y1 ) )
f (A3.23)
+ 3. [—_1.12 exp(-yl ) + .3 [ (=Yl -1 )exp(-y) +1 ]]
YLY Y
1 2 (A3.24)
W,=-—1%exp(-fl ) + = | (=¥l -1)exp(-yl) + 1
Y Y
W, = L [(-’Yl -1 )exp(-yl) + 1 ] (A3.25)
YZ
W, = % [ 1 - exp(-yl) ] (A3.26)

It should be noted that the above matrices are based on the following temperature

response vector.

T,

1

k(D),
x > (A3.27)
T2

aT
k(5=),

This temperature response vector must be used in order to ensure compatibility of the
fluxes at the element boundaries, as the thermal conductivity and other properties are not
uniform throughout all the elements.

The Crank-Nicholson technique is used to solve the resulting equations in time.



The Crank-Nicholson equation is
<05 = <T0> + :‘2‘_ (<% + <> ) (A3.28)

where (j) and (j+1) represent time steps (j) and (j+1), respectively.
Premultiplying Equation (A3.28) by [B], substituting Equation (A3.18) into the resulting

equation, and rearranging terms gives
[[B] . %‘. (141 -1 ) )<TU~">
= ( [B] + i‘zi ( A1 +1 ) J<T‘”> (A3.29)
. % [<BC‘”> + <BCY> J

or
[LHS] <TY9™V> = <RHS> (A3.30)

As noted in Chapter 2, these equations have been linearized by making several
assumptions, including assuming that the incident heat flux and thermal properties can be
calculated by using temperatures at the previous time step. Therefore in this particular
case the <BC> vectors at time steps j and j+1 in Equation (A3.29) will be identical.
Details of the computer program which uses this approximate finite element matrix

equation are found in Section 2.8.



APPENDIX 4: SAMPLE DATAFILE

The following is a sample datafile generated by the finite element program. Data for all
time steps are printed to this file, and it may then be edited by the user. Here, the file
has been edited to conserve space.

09-13-1996

15:09:01

FINITE ELEMENT SOLUTION

USING HERMITIAN TEMPERATURE INTERPOLATION FUNCTION
NUMBER OF ELEMENTS = 9

CONVECTIVE HEAT TRANSFER COEFFICIENT (W/M"2 C) = 40.0
EXPOSURE TIME (S) = 10

TOTAL TIME OBSERVED (S) = 10

AIR GAP MM) = 6.35

VIEW FACTOR = .4586348831653595

TEMPERATURE-TIME HISTORY AT VARIOUS DEPTHS

TEMPERATURE (C)

TIME (S) FABRIC SURF MID FABRIC FABRIC BASE COPPER DISK
0.00 400 40.0 400 300
0.05 157.7 40.1 399 300
0.10 148.0 404 399 30.0
0.15 160.9 423 399 300
0.20 187.2 46.7 402 300
0.25 2014 52.6 409 300
0.30 210.7 58.6 425 300
0.35 218.6 65.2 45.1 300
040 225.8 69.4 484 300
045 234.0 74.1 522 300
0.50 242.7 80.3 56.4 30.0
1.00 299.6 150.6 93.7 300
2.00 398.8 309.5 282.2 305
3.00 4842 4209 3974 320
4.00 545.7 484.5 460.3 345
5.00 594.2 5344 507.4 37.8
6.00 632.8 573.8 5443 41.7
7.00 664.3 605.3 5734 46.4
8.00 688.5 630.1 596.3 51.5
9.00 706.8 6489 613.6 57.2

10.00 720.3 662.5 626.2 63.1

TIME TO REACH STOLL CRITERION (S) = 6.85
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APPENDIX §: SKIN SIMULANT TEMPERATURE GRADIENTS

Thermocouples were placed inside a skin simulant heat flux sensor. Temperatures
at the surface and at depths of S, 10, 15, and 20 mm were recorded. The sensor was
exposed to heat fluxes of about 13, 17, and 90 kW/m’ from a 380 W movie projector
lamp powered by a variable voltage power supply. Exposures of 1, 3, 5, and 10 s were
used. Originally the values of the heat fluxes incident on the sensors were determined
using a Gardon gauge. However, as the diameter of the Gardon gauge is much smaller
than the skin simulant sensor, the heat flux indicated by the Gardon gauge was larger than
that incident on the entire surface of the skin simulant. Therefore, the heat flux incident
on the skin simulant was determined using the closed form solution for the temperature
at the surface of a semi-infinite solid with constant thermal properties subjected to a

suddenly applied heat flux, q, {100]

g, = Ykpem AT (AS.1)

2t

The temperature histories at various depths in the sensor during and after a 10 s
exposure to a heat flux of about 17 kW/m? are shown in Figure A5.1. The heat flux used
in this particular test is similar to the heat fluxes measured behind single layer fabrics
during some bench top tests (e.g. Figure 4.30). While data up to a time of 200 s is
shown here, data was actually taken for up to 30 minutes. At the beginning of this
exposure, the temperature difference within the sensor was less than 1°C. It took over
10 minutes after the exposure ended for the sensor to cool enough so that the temperature
difference was again less than 1°C. For the larger heat fluxes, such as those which would
be incident on a bare sensor during a calibration run for a bench top or mannequin test,
it should take longer for the sensor to cool. For example, when the sensor was exposed
to a flux of about 90 kW/m? for 10 s, it took over 30 minutes for the surface temperature

to cool to within 1°C of its value prior to the beginning of the exposure.
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Figure A5.1 Temperature Histories at Various Depths in Skin Simulant Sensor
Subjected to Heat Flux of about 17 kW/m? for 10 s

A finite element heat transfer model of the sensor was developed. This was
similar to the skin heat transfer model previously developed by the author [2]. The
results from this model were compared with the temperature measurements at various
depths in the skin simulants. For example, Figure AS5.2 shows a comparison between the
predicted and measured temperatures at the surface for a 10 s exposure to a heat flux of
about 17 kW/m®. The temperatures predicted by the numerical model were similar to
those measured in the skin simulant. The differences between the two results are due to
the limitations of the numerical model. Specifically, the model assumed a uniform initial
temperature within the sensor, while in practice there was a small temperature gradient.
In addition, there is some uncertainty in determining the value of the heat flux.
Installation of the thermocouples in the sensor will also change the heat transfer within

it.



Time (s)

Figure A5.2 Comparison Between Predicted (M) and Measured (0J) Surface
Temperatures of a Skin Simulant During and After a 10 s Exposure to a
Heat Flux of About 17 kW/m®

The numerical model was then used to determine the magnitude of gradients which
would remain in the sensor after given exposures, and the effect of these gradients on
burn predictions made using the sensor. First, the model was used to determine the
gradients remaining in the sensor under the following conditions.

. Square wave heat flux of 84 kW/m?’ for 5 s, with a natural convection boundary
condition. This might represent a calibration run for a bench top or mannequin
test. It was found that under these conditions that it took over 15 minutes to get
the gradients in the sensors below 3°C.

. Heat flux histories measured under single layer fabrics during bench top tests, with
free convection occuring immediately after the test ends and the fabric is removed.
Here it took about 10 minutes after the test ended for the gradients to decay to
less than 2°C.

In both of these cases, increasing the natural heat transfer coefficient increased the
rate of cooling. For example, increasing the natural convection heat transfer coefficient
on the front of the sensor from 5 to 20 W/m?<°C decreased the time for the gradient to

decay to less than 3°C for a sensor exposed to a heat flux of 84 kW/m? for 5 s by about



5 minutes.

In order to determine the effect of residual temperature gradients within skin
simulant sensors on burn predictions, the numerical model was used to determine the
thermal response of the simulants to heat flux histories from bench top or mannequin tests
for various initial sensor temperature gradients. These temperature histories were then
used to determine heat flux histories using the method described in Appendix 6. The heat
flux histories were then used to predict times to second and third degree burn. Some
examples of the comparisons between the times predicted for second degree burns for

several heat flux histories are shown in Table AS5.1 below.
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Table AS.1 Comparison Between Second Degree Burn Predictions Made Using
Skin Simulant Sensors with Various Initial Temperature Gradients
Description of Predicted Time to Second Degree Burn (s) for Various Initial
Simulated Test Sensor Temperature Gradients
AT =0°C AT =1°C AT =2°C AT =5°C
bench top test 5.00 5.00 5.00 5.05
with 1/4 in.
(6.4 mm) air
gap
bench top test 6.21 6.26 6.26 6.37
with 1/2 in.
(12.7 mm) air
gap
thermal 19.00 20.05 23.01 no burn
mannequin test
#1
thermal 8.02 8.02 8.02 8.02
mannequin test
#2

In a similar manner, data from thermal mannequin test #1, above, was also used to

compare the times predicted to third degree burns. It was found that the predicted time

to third degree burn increased from 42 s with no initial temperature gradient, to 44 s and

48 s for initial gradients of 1°C and 2°C, respectively. With an initial gradient of 5°C,

no third degree burns were predicted.

Clearly, the initial gradient will have an effect on the prediction of slower
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developing second and third degree bums. Therefore, for fixed duration and mannequin
tests it is important to allow enough time for the sensor to cool to the point where the
internal temperature gradients are as small as possible before beginning the next test.
This may take up to 30 minutes depending on the exposure. For bench top tests, a
number of sensors could be used, so as to allow the sensors enough time to cool

sufficiently before they are used again.
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APPENDIX 6: DETAILS OF CALCULATION OF HEAT FLUXES
FROM SURFACE TEMPERATURES OF SKIN
SIMULANT SENSOR

Data from skin simulant heat flux sensors can be analyzed to determine the
temperature-time history in skin for the exposure of interest, and skin burns can then be
predicted using Henriques burn integral [14]. A computer program written to analyze
data is this manner is described below.

The surface temperature readings from the skin simulant heat flux sensor can be
used to calculate the values of the heat flux incident on the surface at any time using
Duhamel’s theorem [100]. This theorem states that if u,(x,t) is the response of a linear
homogeneous system (initially at zero) to a single unit step input, the response, u(x,t),

of the system to a time varying, continuous input, F(t), is given by

ulx.) = f F(1) E‘l(;:__{). dt (A6.1)
0

Therefore, to calculate the incident heat fluxes from the surface temperature history, the
surface heat flux response to a single unit step input must be known.
The closed form solution for a semi-infinite solid at an initial temperature of T,

subjected to a step surface temperature change to T, is

X

T -T. v
=1 -2 fexp(-—yz)dy
0

2 (A6.2)
T, - T, 7z

The surface heat flux response to this step surface temperature change is



o
q(®) = -k _31 =% (T, -T) _3_ f exp(-y?) dy
dx ‘/E ox
i — 1a|x
% (T, - T) J f exp(-y?) dy 28wa
T al—=>_1|° (A6.3)
| (2Vor ]
2k -x? 1
=__ (T, -T) || exp (__) S
Jr [( 4 ) Qar
-t _a@ -1
o

For a single, unit step in surface temperature, T, - T, = 1. Therefore the heat flux
response is

k

ot

q() =

(A6.4)
Substituting Equations (A6.3) and (A6.4) into Equation (A6.1), the heat flux
response for a variable surface temperature is

4

00 = [ -1) D g o _k_ [T 4
0

3 ot Wra o ¢ - D7
4 T - ' -
=_k f W -1O L. f L-10 . (A6.5)
2or |3 -7 s (- 1T?

- ke |1 f o -Tm . TO-T,
T 24 @-1* t'2
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The integral in (A6.5) can be evaluated using standard numerical techniques, such as the
Trapezoidal rule

One problem immediately presents itself when one attempts to integrate
Equation (6.5) numerically. At the upper limit of integration, t = T, and the term to be
integrated will become 0/0. Cook and Felderman [127] have developed an alternative
approach to solving this equation numerically, which avoids this problem. Values of T(t)
are determined at T =t, = i-At, i = 0,1,2,...n (At = tn). T(7) is then approximated by a

piecewise linear function of the form

@) - T(.,)

m (T - ti-l) (A6.6)

(M =T.) +

where
t <t<t i=12,..n (A6.7)

T,(t) from equation (A6.6) is substituted into equation (A6.5), and the resulting expression

is integrated, producing
| T =i T(t) - T(t, T() -T(
Q,,(t) = ﬂ :( n) + Z .r( n) s( 1) _ .r( n) s(tx-l)
T tnllz i=1 (tn - ti)uz (tn - ti-l)uz
(A6.8)

T:(ti) - T:(ti-l) + T:(tn) - Ts(tn-l)
(tn - ti)ll‘l + (tn -ti—l)uz (AI 12

+ 2

No integration approximations are involved in the above expression, and the accuracy of
the result is limited only by the ability of the piecewise linear expression to represent the
actual surface temperature history.

Once the heat flux incident on the sensor has been determined for each time step,
this information can be placed into a model of the heat transfer in the skin. The author’s
multiple layer finite element model of the skin was used [2]. The temperature-time

history at the basal layer in the skin is then used in conjunction with Henriques burn
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integral to determine the time to second degree burn, while the temperature-time history
at the dermal base is used along with the burn integral to determine the time to third
degree burn.

This program is slightly different from the previous skin model in that rather than
using a constant or square wave heat flux as the surface boundary condition, a variable
heat flux boundary condition was used. Therefore, before using this program, it was
tested against several closed form solutions. It can be shown that for a variable flux, q(t),

the temperature in a semi-infinite solid, initially at constant temperature is [100]

all’.’
,mm

T(x,t) - T(x,0) =

y 2
!q(m) exp( —.:3‘_) % (A6.9)

The model successfully predicted the temperatures due to the several simple transient heat
flux boundary conditions, q(t). In addition, the model was checked by "reconstructing”
temperature-time histories taken from test data using skin simulant sensors. The model
first calculated the surface heat flux history from this known temperature history
measured in a test, then used this flux history to successfully predict the original

temperatures.
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DATA FROM INDIVIDUAL FIXED DURATION
TESTS

In Table 4.4, mean times to predicted second and third degree burns are given for

tests using copper disk sensors and skin simulants. Data from individual tests used to

determine these mean values are given below.

Second Degree Burn Damage - Skin Simulant - Henriques Burn Integral

Fabric

Spacing

Mean Time to 2°
Bum (s)

Test Data

Kevlar®/PBI

Keviar®/PBI

Nomex® I

Nomex® III

contact

1/4 in. (6.4 mm)

contact

1/4 in. (6.4 mm)

2.8

57

2.8

59

2.63
291
2.70
291

5.66
5.65
5.66
544
5.71
5.38
5.82
5.66
5.55
582

291
2.80
2.80

5.99
5.82
5.99




Second De, Burn Damage - Co

r Disk - Henriques Burn _Inte.

Fabric

Spacing

Mean Time to 2°

Burn (s)

Test Data

Kevlar®/PBI

Kevlar®/PBI

Nomex® HI

Nomex® Il

con;act

1/4 in. (6.4 mm)

contact

1/4 in. (6.4 mm)

25

59

2.8

6.3

248
252
264

5.88
5.82
5.82
6.04
6.05
5.88
6.04

2.75
275
2.85

6.37
6.32
6.21




Second Degree Burn Damage - Copper Disk - Stoll Criterion

Fabric

Spacing

Mean Time to 2°
Burn (s)

Test Data

Keviar®/PBI

Keviar®/PBI

Nomex® Il

Nomex® III

contact

1/4 in. (6.4 mm)

contact

1/4 in. (6.4 mm)

2.7

6.4

3.0

6.8

2.59
2.69
2.80

6.38
6.20
6.32
6.42
6.43
6.38
6.42

297
297
3.07

6.86
6.80
6.71
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Third Degree Burn Damage - Skin Simulant - Henriques Burn Integral

Fabric Spacing Mean Time to 2° Test Data
Burn (s)

Kevlar®/PBL contact 13.1 13.02
1297

13.18

Kevlar®/PBI 1/4 in. (6.4 mm) 236 23.73
2246
2384
22.58
2114
2395
26.03
24.17
2241
2543

Nomex® III contact 12.5 12.46
12.47

12.47

Nomex® III 1/4 in. (6.4 mm) 273 2983
24 .88

2724




Third Degree Burn Damage - Copper Disk - Henrigues Burn Integral

Fabric

Spacing

Mean Time to 2°
Burn (s)

Test Data

Kevlar®/PBI

Kevlar®/PBI

Nomex® M

Nomex® I

contact

1/4 in. (6.4 mm)

contact

1/4 in. (6.4 mm)

13.1

33.7

12.8

no burn

12.96
13.12
13.24

33.56
3114
30.20
36.85
37.68
32.63
34.06

12.81
12.70
12.85

no burn
no burn

no burn
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