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Abstract

An accurate and flexible model of heat transfer through firefighter protective clothing has
many uses, including investigating the degree of protection, in terms of burn injury and
heat stress, of a particular fabric assembly and analyzing cheaply and quickly the expect-
ed performance of new or candidate fabric designs or fabric combinations.

This paper presents the first stage in developing a heat transfer model for firefighters’
protective clothing. The protective fabrics are assumed to be dry, which means no mois-
ture from perspiration, and the fabric temperatures considered are below the point of ther-
mal degradation, such as melting or charring. Many firefighter burns occur even when
there is no thermal degradation of their protective gear. A planar geometry of the fabric
layers is assumed with one-dimensional heat transfer. The forward-reverse model is used
for radiative heat transfer. The accuracy of the model is tested by comparing time-depen-
dent temperatures from both within and on the surface of a typical fabric assembly to
those obtained experimentally. Overall, the model performed well, especially inside the
garment where the temperature difference between the experiment and the simulation was
within 5°C. The predicted temperature on the outer shell of the garment differed most
from experimental values, by as much as 24°C. This was probably due to the absence of
fabric-specific optical properties, such as transmissivity and reflectivity, used for model
input.

1 Introduction

The thermal performance of firefighters’ protective clothing has been a point of
interest and discussion for several decades. However, little detailed scientific
information is available on the technical issues. Much of these discussions are
based on fire service field experience, and many of these studies are difficult to
reproduce. Very little has been done to develop methods for predicting the ther-
mal performance of protective clothing throughout the range of fire environ-
ments a firefighter normally faces.

Torvi' provides a review of work done on heat and mass transter models applic-
able to fabrics in the high heat flux range that a firefighter may experience. Most
of this work dates from the 1960s* and 1970s* > when computers were signifi-
cantly less advanced. The Government-Industry Research Committee on Fabric
Flammability considered mainly flammable fabrics used by the ordinary con-
sumer.>* Morse ef al.* studied heat transfer and burn injury risk from exposure to
JP-4 fuel fires. Only three protective clothing materials were examined for use in
U.S. Air Force flight suits. Also, some model properties were determined by fit-

Key Words: heat transfer; computer modeling; fire; firefighter; firefighter safety; protec-
tive clothing; thermal insulation; turnout coats
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ting the model results to experimental data. Stoll and colleagues used a combi-
nation of analytical and experimental techniques to measure the thermal response
of single fabric layers over skin.** They developed diagnostics to rate the protec-
tion offered by a fabric with known properties. Their work eventually led to the
thermal protective performance (TPP) test.® Recently, Bamford and Boydell"
developed a finite-difference-based burn injury evaluation code, and Torvi!
developed a finite element code to simulate the TPP test.

NFPA 1971, Protective Ensemble for Structural Fire Fighting," has two ther-
mal performance tests: a fabric flammability test and the TPP test. These tests,
along with the development of new fabrics with improved thermal properties,
have led to significant changes in firefighter clothing. The fabric flammability
test has resulted in the development of protective garments that resist flaming
ignition. The TPP test has led to the improved performance of protective cloth-
ing under relatively short-duration, high-heat-flux conditions. This is because the
TTP test was originally designed to test fabric performance under short duration,
high heat flux exposures, such as flash fires and JP-4 fuel fires from deck crash-
es of planes on aircraft carriers. The NFPA standard TPP test method measures
heat flow through the garment while exposed to a 84 kW/m? (2 cal/cm®s) ther-
mal environment. This fevel of flux is chosen to replicate a flash fire or mid-
range post-flashover exposure. A single copper calorimeter measures heat trans-
fer through a protective clothing assembly, and no data are gathered on the ther-
mal performance of individual protective clothing components.

A minimum TPP rating of 35 is required, according to NFPA 1971. At this
level of protection, a firefighter would have approximately 17.5 seconds to
escape from a flashover exposure before sustaining second-degree burns. This
prediction is based on the assumption that the experimental conditions in the TPP
test, such as a 84 kW/m? heat flux, half convective and half radiative, and the
assumptions in the burn injury model, such as a direct contact of the turnout coat
with skin of certain properties, adequately represent a firefighter in a flashover.
However, work by Krasny et al.'? suggests that firefighters wearing TPP 35 gar-
ments are likely to receive serious burns in less than 10 seconds when exposed
to flashover. Peacock ef al.** found that the TPP test was best able to predict the
relative thermal protection of different turnout gear in room fires that were rapid-
ly developing into flashover.

To date, the TPP test is the only source of data relevant to the thermal perfor-
mance of protective clothing. It is relatively inexpensive, though somewhat com-
plicated, to run and only provides the user with thermal performance of the pro-
tective garment as a whole. A more informative test method would provide ther-
mal performance measures of the component fabrics and, therefore, heat transfer
within the garment. TPP test measurements are also time-restricted because of
the thermal properties of the copper calorimeter. Generally, TPP tests on thermal
protective clothing have been conducted using periods of less than' 1 minute."



A Heat Transfer Model for Firefighters' Protective Clothing 41

Thus, the TPP test does not produce the detailed information necessary for eval-
uating the thermal performance of protective clothing over a range of conditions.
This is an important issue since many firefighter burns appear to result from
longer-duration, moderate-heat-flux exposures.*

Firefighters can be burned by radiant heat produced by a fire or by a combina-
tion of radiant energy exposure and localized flame contact, as replicated by the
TPP test. Some injuries also occur as a result of compressing the protective gar-
ment against the skin, either by touching a hot object or by placing tension on the
fabric until it becomes compressed against the skin. In addition, moisture in pro-
tective clothing can significantly change the garment’s protective performance.
As stated in NISTIR 5804, wet garments may exhibit significantly higher heat-
transfer rates than dry garments.' Burns that result from the heating and evapo-
ration of moisture trapped in protective clothing—generally referred to as scald
or steam burns—are also significant. Moisture may also help to store heat ener-
gy in protective clothing.*

The Building and Fire Research Laboratory (BFRL) at the National Institute
of Standards and Technology (NIST) has been developing two tools to further the
understanding and prediction of the thermal performance of firefighters’ protec-
tive clothing. One tool is a laboratory test apparatus that exposes specimens of
protective clothing to radiant heat from a gas—fired radiant panel and/or flames
from a gas pilot line burner. The temperature can be measured by placing ther-
mocouples on and in the fabric assembly.

This experimental test apparatus, discussed in the next section, was designed
to measure the temperature distribution through layers of protective clothing over
a range of conditions. It is possible to subject the protective clothing materials or
specimen to various levels of incident radiant heat flux and to investigate the
effects of compression and moisture.

The second tool is the subject of this paper. It is an analytical computer model
that provides detailed information on heat transfer through the protective cloth-
ing assembly. Among the other models developed to date, this model is most sim-
ilar to that of Bamford and Boydell."* However, development of the model dis-
cussed here will occur in stages. The performance of the model will be tested by
comparing temperaturc predictions to measurements from the laboratory test
apparatus. Ultimately, a detailed skin model can be included if needed to provide
burn injury predictions. When fully developed, this prediclive model could be
used as an aid in the design of candidate protective clothing systems, evaluating
the performance of current protective clothing systems in various thermal envi-
ronments, and as a tool to study potential issues related to the causes of fire-
fighter burns. It could also be used as a training tool for fire service personnel.

In the next section, a brief description of the experimental test apparatus is
given. The derivation of the heat transfer model is presented in the third section,
followed by its numerical implementation, the thermophysical characteristics of
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the turnout coat considered here, and model predictions versus experimental
results.

Experimental Test Apparatus

The test apparatus' was designed to evaluate the thermal performance of fire-
fighters® protective clothing over a wide range of thermal exposures. Results
from the test provide a thermocouple-based time history of the temperature at
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fabric layer surfaces, such as the outer or inner surface of a garment assembly or
between component layers. In addition, the test method may be used to measure
latent heat or energy stored in the clothing assembly when it is exposed to a

selected thermal environment for a specified period of time.

Figures 1 through 3 show the test apparatus and its components. The specimen
holder is mounted on a trolley, which ailows the specimen to be moved easily and
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secured at different distances from the radiant panel. In this way, the radiant flux,
due to the radiant panel, incident on the outer surface of the garment specimen
can range from about 1.0 kW/m? to more than 50 kW/m2. The test specimen may
also be subjected to a pilot flame during any part of a test to evaluate the thermal
performance associated with direct flame contact. Test specimens in Figure 4
measure 305 mm by 305 mm. The specimen surface, which is exposed to test
conditions, measures 255 mm by 255 mm when held in the specimen holder. (See
photograph showing the test specimen prepared for test in Figure 1 and the sketch
of the specimen holders in Figure 4.) This specimen size was selected to allow
for the measurement of protective clothing system assemblies that may have sur-
face features, such as trim, pads, patches, or pockets, that require evaluation.
Tests may be conducted with either an open-back or closed-back configuration.
We only used the open-back configuration. Figure 5 shows the basic locations for
thermocouple attachment. A minimum of three thermocouples is required to
measure heat flow through a garment assembly. These are Thermocouples 1, 2,
and 3 in Figure 5. Thermocouple 4 is used to measure open field temperatures
when a surface attachment is applied to the-shell material. Protective clothing
specimens may be tested dry or wet to measure the effects of moisture.

In this study, the test apparatus was used to help gauge the validity of the heat
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transfer model developed below. Since this is the first stage in developing the
model, conditions were kept simple. Thus, experimental results are for dry spec-
imens in the open-back configuration. Only the radiant panel was used; there was
no direct flame contact.

In the following section, a one-dimensional model for heat transfer in fire-
fighter protective clothing will be developed. The assumption of one-dimension-
al heat transfer would not be valid if the temperature varied significantly across
the face of the test specimen. However, temperatures were found to vary only by
+5°C across the central third of the specimen. Total heat flux calibrations were
made before each set of runs using a water-cooled Schmidt-Boelter gauge.

For test reference purposes, the heat flux calibration point was marked on the
apparatus during the runs. Calibrations were usually done several times a day as
different test exposure conditions were needed. The test specimens were condi-
tioned to equilibirum at 23°C, +3°C and 50%, +10% RH before testing.
Specimens were tested within 10 minutes after they were removed from the con-
ditioning environment.

The cotton thread used to attach the thermocouples showed no signs of ther-
mal damage following the test, and there was no thermocouple separation from
the specimen. Flame-resistant (FR) thread is used to attach thermocouples when
test conditions are likely to cause visible thermal degradation to fabrics.

3 Heat Transfer Model

This work is the first step in developing a heat-transfer model for firefighter pro-
tective clothing. Heat transfer through a firefighter’s clothing, ultimately reach-
ing the skin, is largely due to radiant energy from the surroundings. This process,
as opposed to direct contact with flames, is the focus of the current stage of the
model. The influence of moisture is not considered, and temperatures are

=1

convection convection

air gap

external incident flux §

outer surface

Figure 6.
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assumed 1o be too low to melt or gasify the fabrics—that is, to thermally degrade
the fabric. Many firefighter burn injuries occur even when there is little or no
thermal degradation of protective gear. Hopefully, the heat transfer model and the
experimental test apparatus discussed here will lead to a better understanding of
why these injuries occur and how they can be prevented.

Figure 6 shows a sketch of a typical, three-layered firefighter protective cloth-
ing fabric ensemble, such as a turnout coat. This geometry is identical to the
experimental test apparatus discussed in the previous section. Because it is both
an appropriate first modeling step and consistent with the experimental test appa-
ratus, a planar geometry is assumed. A further simplification is made by assum-
ing that heat transfer through the planar system is one-dimensional.

Heat transfer upon and within the material layers of the garment involves the
processes of conduction, convection, and thermal radiation. The relevance of
each of these processes depends on local conditions. For example, convective
heat transfer is assumed to occur only on the outside boundaries of the clothing
ensemble, so it enters through the boundary conditions of the model. In one
dimension, the equation governing the conservation of energy is:

oT 94y, 94,

GRrTT5T TEo T 3.1
Pe ot ox ox
with fluxes ‘
T
oo = ox conduction (Fourier law), (3.2)
EL radiation flux (see Sec. 3.1). (3.3)

Equation 3.1 is solved in each gas or solid region of the garment. An initial
condition and boundary conditions are both required. Care must be taken in the
discretization of Equation 3.1 to ensurc that the fluxes arc continuous across
interfaces (see the scction on turnout coat characteristics). To obtain the temper-
ature distribution throughout the protective clothing ensemble, both the energy
Equation 3.1 and the radiative heat transfer equation, in some approximation,
must be solved. The thermal radiation model is developed next.

3.1 Thermal Radiation Model
The radiative transfer equation for the spectral intensity, /i , in the absence of
scattering and assuming thermodynamic equilibrium (Kirchoff’s law is valid) is
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1 d(s,6,¢)
K, ds

+L(s5,8,0)=1,,[T(s)] . (3.4)

where s is the path length of the radiation beam in the Q direction; 6 and o]
are the polar and azimuthal angles locating the beam of radiation in a spherical
coordinate system; /.. is the blackbody spectral intensity; and T is the temper-
ature. In general, s depends on three space variables. In the context of the one-
dimensional model used here (see Figure 6), the intensity is independent of the
azimuthal direction and points in the 8 = 0 or &t directions (forward or back-
ward) only. Thus, 6 = 0 corresponds to the direction of increasing x and

d _ddx 9 d _ ddx 0 (3.5)

ds dxds ox ds Oxds = Ox

This motivates the splitting of the intensity into forward—positive x direc-
tion—and backward components, [ and /:

L= 4(xQ) = i (x Q)+ 12(x Q) = B(x)8(B - 1) + I (x)8(1 +B;

(3.6)

When variables are spectrally dependent, the A subscript is present only on the
left side of the equations to follow. Equation 3.4 is solved for a material layer—
air layers are assumed to be nonparticipating-—for both the backward and for-
ward components of the spectral intensity. Figure 7 depicts this scenario for an
arbitrary material layer /.

The solution of Equation 3.4 is

B(x)=1"¢"+ JZ Le " Man,

f;(x) = i (na-n) +J‘:d [he-(n'm)dn' , 3.7)
where
=[x, (3.8)

is the nondimensional spectral absorption length. From the spectral intensi-
ties in Equation 3.7, the spectral radiative flux can be determined.
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Irp = JQI(S,Q)dQ = ghatdra
4

= [ [ (o B)Bado+ " [ 1°(xB)BaBdp

(3.9)

Only the net flux, which is found by integrating Equation 3.7 over all wave-
lengths, is considered in the model

q?’R(n) = qR e "+ O-J T4 T\*ﬂ')dn; ’

gr(n) = Q.i'i—e_(n"_n) —sl™T (n'\e“‘"”“)a’n’

1 |

o~
Lo
—
(=)

N

where, 9% 0, the backward flux incident on the x=d material boundary is
non-positive. Note that spectral dependence of the fluxes can be added to the
model in a straightforward way. The first terms on the right side of Equation
3.10 are the contribution to the flux of radiation entering the boundaries. The
second terms are the contribution of emission along the path length of integra-
tion, or self emission.

In the current model, the major radiative fluxes incident on the boundaries of
a material layer (9594} are assumed to be due to:

1. The external incident heat flux on the outer garment layer, which con-

tributes to the forward incident fluxes and the backward incident fluxes on the

Grs= qu Tru= K]
1.4 | ‘ i -
=1y material kayer Ii= 1
. Q2
l 5 (1] .
gt P - X
x,=0 X[—':d’
n,=0 Wy=Mgy

Figure 7.
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inner gas/solid boundaries if reflection occurs.

2. Interlayer—that is, across air layers—radiative flux and its reflection. This
occurs when the material surfaces that surround the air layers have different tem-
peratures, and it contributes to both the forward and backward incident flux.

Only the backward reflection of radiation due to the external flux is calculated
in Number 1. Since the radiative transfer equation is linear, the separate contri-
butions to the forward or backward boundary fluxes for a particular boundary can
be obtained and then added.

It is commonly assumed that, within a material, the contribution to the radia-
tive flux from self emission is much smaller than that due to the absorption of the
externally flux. For example, terms containing /, in Equation 3.7 are neglected.
Under this assumption, the net flux within material layer !/ from Equations 3.9
and 3.10 is (Beer-Lambert law)

- i+ L .
Grt = Gkt t Gri = GRo€ " +ggie’ . @.10)

Here, 9 and 9% are the fluxes on the left and right side, respectively, of mate-
rial layer / and are the optical length from the left boundary of layer / (see Figure
7).

The absorptivity of a fabric layer, ¢, is related to its transmissivity, T, and
reflectivity, 7, through

o+r+1t=1. (3.12)

The absorption coefficient is assumed to be constant within a material layer,
which means that it can be determined from the transmissivity and reflectivity of
the fabric layer. Define g, to be the radiative flux on the left surface of fabric
layer /. From Equation 3.11, the transmissivity of the fabric layer is

T, = q&.l(nd,l) _ (l -— r})qme“‘/df

! (3.13)
iy Din
This equation gives the absorption coefficient for material layer /
K,=—1“‘n N (3.14)
d, T

3.2 Radiation fluxes on material boundaries
As discussed, it is assumed that the radiant flux on a material boundary comes .
from two sources: the external radiation source, g, and the interlayer flux, denot-
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ed, for example, as q,_, for fabric layers 1 and 2. These fluxes are depicted in
Figure 8. The contributions to the incident boundary flux due to the external
flux, «i", are as follows. Note, the backward component is due to reflection only
from the next material layer,

Fabric Layer |
gt =q.(1-7)

“Nay

g7 =—nrgp,(Nay) =—g.n(1-r)e™ (3.15)

Fabric Layer 2

gy =(1-n)gs, (M) =a.(1-n)1-r)e™

4i3 = -1ta(Naz) = =a.n(1-n)(1-p)e ™)

(3.16)
Fabric Layer 3
g% =(1-5)gia(Mua) = 2.1~ )1~ 5 )(1 = 7)o ™)
qi"; ={ 3.1

Note that all boundary fluxes are in terms of the radiative properties of the
material layers and the external flux.

Compute the net interlayer radiative flux by using the result for plane parallel
plates with isotropic scattering, diffusively reflecting boundaries separated by

qls - oey(T3~Td)

4y
a3
9.2

4ac3
9.3

Figure 8.
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nonparticipating air (optically thin, X.4. < 1), With this assumption, 91-2 from
Equation 3.9 for intensities integrated over all wavelengths's is

ofe T} +reT3) ofe:Ts+nelt)
1-rr, I —nr, ' (3.18)

42 =

Thus, the net incident flux on a the left side of material layer /=2, for example,
is the sum of the two contributions

Qi =G+ i, - (3.19)

This incident flux is used in Equation 3.171.

4 Numerical model

A control volume approach was used to derive the finite difference form of
Equation 3.1. This method of discretization ensures local energy conservation
and requires approximation of only first-order derivatives, rather than higher
order. A second-order Runge-Kutta scheme was used for time stepping. The sta-
bility characteristics of Runge-Kutta are not as attractive as an implicit scheme
such as Crank-Nicholson, leading to a more computationally expensive algo-
rithm. However, the Runge-Kutta scheme was chosen at this stage of the model’s
development because it allows for a more simple and direct incorporation of a
temperature-dependent conductivity.

4.1 Discretization of model equation

Material interfaces occur at control volume interfaces. An arbitrary control vol-
ume surrounding grid point P at the center of the control volume is depicted in
Figure 9. '

Control volume faces are marked by dashed lines; the left face is denoted by w
and the right by e. Grid points to the left and right of P are denoted by ¥ and E,
respectively. Note that in general the control volumes are not of constant size—
that is, 5% =4:=(&+8)/2 Tntegrating Equation 3.1 over the control volume cen-
tered about P gives

Jf cp aT oT|’

ot ox 4.1)

where dA is a constant and the conductivity k can depend on temperature.
Note that the equation is nonlinear when the conductivity k depends on temper-
ature. The approach for each term in Equation 4.1 is discussed briefly below.
1. It is assumed that the rate at which energy is stored in the control volume,
,pdl{d s constant throughout the volume. The validity of this assumption will
improve as the size of the control volume decreases.
2. The first-order derivatives in the conduction flux term are obtained by
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assuming 7 varies linearly within a control volume. Take care to ensure that the
flux —9o =kdT/3x is continuous at cell interfaces. This is achieved by determining
an effective conductivity coefficient, k*, at the cell interface as follows. The heat
conduction flux at interface e in Figure 9 is expressed as

(G-1)_ (1-T)
=k ES: = kp B;P' (4.2)

Note that the conductivity is assumed to be constant within a control volume.
Solving for T, from the second and third terms and substituting the result into the
second term gives

or| - . 8, 8
K2 = k(T -T,), k' =—t+-<.
ox kp kg (4.3)

A similar method is used for fluxes at the gas/solid boundaries.

3. The radiative flux is obtained from Equation 3.11.

4, Internal heat generation may occur if, for example, a melting fabric solidi-
fies, and heat losses may occur when the fabric pyrolyzes or melts. These
processes are not considered at this stage of the model (=0),

With the above assumptions, the discretized energy equation becomes

e p
cpp?l AxdA = k—a—z
ot 0

where the overbar indicates the quantity is a cell average. This equation is
solved for each material layer and air gap. Boundary conditions for the conduc-
tive and radiation fluxes are needed on all internal gas/solid boundaries.
Convective losses must also be included at the two outer gas/solid boundaries.
These boundary fluxes are considered next.

€

dA — g,

w

LA (4.4)

4.2 Boundary conditions
The external radiative flux, which is possibly time-varying, on the outer surface
of the garment is specified, as are the ambient air temperatures on each side of

<
~

w
—e

O = o g o o —

x

Figure 9.
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the fabric assembly. Continuity of the heat fluxes across the gas/solid boundaries
must be enforced to conserve energy. There are two types of gas/solid boundaries
distinguished by the presence or absence of convective heat transfer. The two
outer boundaries of a garment involve convective heat transfer and the associat-
ed surface heat transfer coefficient, 4 (see Figure 6). The thickness of the air
gaps between fabric layers (~1 mm) is small enough to assume that no velocity
boundary layer develops and heat transfer is by conduction.

Figure 10 depicts the situation for the outer surface of the garment facing the
external radiation source. The solid and gas cells have mean temperatures 7, and
T,.. The temperatures on the solid and gas sides of the surface layerare T,and T,
respectively. Continuity of the fluxes across the surface layer requires (using the
cell spacing of Figure 9)

ks
6+

4

k
(Ts—-7})=hc(7§‘7;)=g?(7§‘70)} (4.5)

Solving for the surface layer temperatures 7, and T, and substituting the result
into Equation 4.5 gives

‘Q(xr) =

19, &, 1
~alr)=hell=To) s gm=gmdpstg (4.6)
r S G '

[+

The surface heat transfer coefficient, A, was obtained from the Nusselt num-
ber through empirical correlations of free convection on a vertical plate.”

h = Nu% . 47)

Correlations appropriate for both laminar and turbulent flow were used,
depending on the magnitude of the Rayleigh number. For laminar flow, the cor-
relation is

174
Nu=0.68+ 0.67Ra PP 10" <Ra<10’.
(1 + [O492/PI'] / ) 4.8)
When Ra >10°, the following correlation for turbulent flow was used
0.387 Ra”* |
Nu'? = 0.825 + 387 R
(1+[0.492/Pc]""¢) 4.9

The temperature-dependent values of density and viscosity of air used in the
Nusselt number were determined at 7o +7-/2_ A constant value of the Prandtl
number was used, Pr = 0.7. Equation 4.6 defined the conductive heat flux in
Equation 4.4 at the outer boundaries. Radiative fluxes on the boundaries were
obtained from expressions developed in Section 3.2.

Similarly, at the gas/solid boundaries of the internal material layer 2, for which
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no thermal boundary layer exists, continuity of the conductive heat fluxes across
the interface is ensured by using B

1 9, O

9(xe)=ke(T - To) - ok + P (4.10)

5 Turnout Coat Characteristics
As depicted in Figure 6, a typical turnout coat consists of three fabric layers: the
shell, which is the outermost layer, farthest from skin; the moisture barrier; and
the thermal liner. Table 1 lists various physical characteristics of the fabrics under
normal loft, To perform a simulation, the thickness, density, conductivity, specif-
ic heat, and optical properties of transmissivity and reflectivity were needed for
each fabric layer. All the fabrics were clean and unused. Thickness was measured
with a micrometer. For a given fabric, three different samples were measured 12
times, giving a total of 36 independent measurements. When possible, density
was obtained in two ways: from the measured thickness, area, and mass and from
the measured thickness and area density from the manufacturer. In the turnout
coat considered here, the shell material is Nomex* IIIA, the moisture barrier is
neoprene, and the thermal liner is Aralite*.”

The conductivity, specific heat, and optical properties of the fabrics were not
measured. When possible, these property values were obtained from the litera-
ture; references are cited in Table 1. When no values could be found, those for
similar fabrics were used until measured values could be obtained. For example,
the specific heats of soft rubber and glass wool were used for the moisture bar-
rier and thermal layer, respectively. Table 1 lists the material properties used in
the simulations reported here.

As mentioned, the model used the total or spectrally integrated value of the
transmissivity and reflectivity, which were calculated from their spectrally
dependent values. In the case of the shell layer, for example,

TABLE 1

Physical characteristics of fabric layers (at 20°C)
Fabric
Characteristic Shell Moisture Barricr Thermal Liner
Thickness (cm) 0.082+0.007 0.05530.005 0.35:0.04
specific mass (g/m?) 254 440 240
density (g/cm?) 0.31+0.024 0.8+0.06 0.072£0.007
conductivity (W/em-C)  4.7x104{1]  1.2x104(soft rubber, [17]) 3.8x10-*(glass wool, [17])
specific heat (J/g-C) 1.3(1 2.01 (soft rubber, [17]) 0.7 (glass wool, [17])
transmissivity (see text) 0.044 0.005 0.0012
reflectivity (sce text) 0.09 0.017 0.002
color black white yellow
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JO b T A I b dA
[Ean [E,,dn (5.1)

The spectral energy distribution from the central region of a gas-fired radiant

panel approximates that of a black body source at 943 K's, which was used for
£.1in Equation 5.1.

Bamford and Boydell® usc the specific mass of the fabric to determine values
of &+ and 4 for four wave length bands (visible, 0.4 pym to 0.7 um; 0.7 um to 2.5
um; 2.5 um to 5 pm; and more than 5 pm). These band-averaged transmissivities
can then be used in Equation 5.1. Note that the method used by Bamford and
Boydell to obtain T and » is based on a compilation of optical property mea-
surements.*

Common clothing fabrics, such as cotton, polyester, acetate, acrylic, and wool,
were measured. More specialized fabrics used in firefighter protective clothing,
such as Nomex*, were not considered. Thus, the accuracy of the optical proper-
ties obtained using Bamford and Boydell should be viewed with some caution.
For example, Figure 6 in Quintiere” shows that twill cottons and aromatic
polyamide, which is the generic term for Nomex#, of the same specific mass have
markedly different spectral behavior in the wavelength range of 0.7 um to 2.5 um.

Even when the total transmissivity for a given fabric is measured, different val-
ues are reported. For a shell fabric with a specific mass of approximately 140
g/m?, reported values are 7 = 0.11 for aromatic polyamide with a 1,000 K blac
body source;# T = 0.17 for Nomex with a 1,250 K blackbody source.s The
method used by Bamford and Boydell gives T = 0.08 with a 1,100 K black body
source. Similarly, the total reflectivities for the cases just considered are r =

solid
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0.24,°r = 0.26,> and r = 0.09 from Bamford and Boydell. As with the transmis-
sivity, the reflectivity of Nomex* obtained following Bamford and Boydell is
lower than those in the literature. In fact, Quintiere found that, regardless of color
or specific mass, r = 0.22 for a number of commonly used cotton-based and aro-
matic polyamide shell fabrics with a 1,000 K black body source temperature.

It is clear from the variation of the optical property values in the literature that
these properties need to be measured for the specific fabric to be simulated.
Pending these measurements, however, base case values of the spectral transmis-
sivity and reflectivity for each fabric layer were determined using Bamford and
Boydell’s method. This was done because no optical property information was
found on neoprene or Aralite*, and Bamford and Boydell’s method only requires
the specific mass. Figure 11 shows the normalized spectral black body emissive
power and spectral transmissivity from which the total transmissivity was calcu-
lated) for the Nomex* IIIA shell fabric used in this study (see Equation 5.2). The
total reflectivity of the shell was computed in a similar manner. The moisture bar-
rier was subjected to the gas-fired panel’s radiative spectrum as transmitted in
modified form through the shell. From the definition of the spectral transmissiv-
ity,"” the spectral emissive power on the moisture barrier is

E =T B (5.2)

Equation 5.2 and the spectral transmissivity of the moisture barrier were used
in Equation 5.1 to compute the total transmissivity of the moisture barrier. The
total reflectivity of the moisture barrier was computed in a similar manner. Table
1 gives the base case values of the optical properties. Both air gaps were assumed
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to be 1 mm thick.

The specific heat of air, which is weakly dependent on temperature, was set
equal to its value at 20°C (1.006 }/g-C). The temperature dependence of the con-
ductivity and density of air were fitted by polynomials. Using temperature-
dependent density and viscosity for air influenced the simulation results mainly
by changing the Nusselt number. That is, simulation results with variable prop-
erties for the air layers were significantly different from results with constant air
properties—difference of 5°C—only if the variable properties were used in the
Nusselt number. Preliminary sensitivity tests suggested that using variable ther-
mal properties for the fabric layers will not have a significant effect on simula-
tion results over the range of conditions considered herc. This issue needs further
investigation with accurately measured, temperature-dependent thermal proper-
ties of the fabrics.

6 Model Results

6.1 Verification

It is useful to compare the results of the numerical method to exact solutions of
simplified problems. The performance of the numerical method can then be test-
ed, and the grid resolution required for suitably accurate results can be deter-
mined. To test the model for the case of two materials with different properties ,
the exact solution to the following problem was used:

Ulx,t)=T(x,t)-T(x,0),

oU o’U aU A _
_aT':D‘ axz‘,OSxer; af:DQ S rEX
8;1 =D, aag‘ 0<x< x5 852 =D, aa;?, xp S X 6.1

Equation 6.1, along with continuity conditions of both U and its flux at the
interface two different materials (x=x), governs the change in temperature due
to a constant flux H on the x = 0 boundary. The solution has been found using
Laplace transforms™ with corrections.® The prescribed constant boundary flux //
can be viewed as the net flux due to radiation, conduction, and convection at the
boundary. Time-dependent radiative and convective heat losses at the boundary,
which increase with temperature, are not present. The exact solution to Equation
6.11s

o n _a b
"lZ(‘l‘w [2 Dt e ‘P e | _gdl—erfl —
Y n=0 Y} T 2\/Bit
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+b{1 - erf[Z —%]?J}D ©2)

U, =Mi(,ﬂ {2 %__ Y _C[l_erf—zj‘iﬁ-]}
X 2

r n=0
, (6.3)
and at the material interface, {(x=x),
H & 1 n { [ D-;— _[Jr,-(Zn-H)}2
U(xr,t)=~—2(-—) (1.__ 2\/;8 2Dy
kl n=0 Y Y n
L
_x (2n+1)| 1-erf x(2n+1)
2Dt 6.4)

where

y= kyCpaPy \/Elcp,lplk2cp.2p2
kyc, Py~ ‘\[klcp,lplkZCp.lpl

a=(k2ﬁ~k,@)” ,

a=x+2x.(n+1),
b=x-2x.(n+1),

c=x-x{1-yD,/D,(2n+ n}.

This solution can be used to ensure that the discontinuity of the conduction
coefficient at the material interface is handled properly by the numerical method.
Unlike the flux due to conduction, the radiative flux in Equation 4.4 was direct-
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ly modeled. Its accuracy depends on the validity of the physical model for radia-
tive heat transfer and on using appropriate optical properties, not on the accura-
cy of numerical differentiation. Thus, even though radiative absorption and emis-
sion are absent, using Equation 6.1 docs test the accuracy of the full numerical
model. A minor exception to this statement will be discussed.

The case of a *r =05 mm layer of Nomex* against a 5 mm layer of neoprene
was simulated. The external flux was (.25 W/cmz. This flux was also used in the
simulation of an experimental test apparatus case discussed below. Material
propertics from Table | were used. The temperature profile throughout the two
material layers at / = 60 s is shown in Figure 12(a). Temperatures from the exact
solution at computational grid point, are shown as dots.

The Nomex*/neoprene interface can be seen to reside midway between the
adjacent control volumes. Temperatures from the exact and numerical solutions
are in excellent agreement. The temperature time histories at three locations in
the fabric assembly are plotted in Figure 12(b). The exact and numerical temper-
atures are again in excellent agreement at the interior point x = 1.5 mm. Since
numerical values of the temperature exist only at control volume centers, they are
not known at material interfaces. This is the source of the disagreement
1o~ Twal s 3°Car=605) between the numerical and exact temperatures at x = 0 mm and
x=x=05mm in Figure 12(b). Some error will therefore be introduced when com-
puting the interlayer radiative fluxes (Equation 3.18) and the radiative flux to the
ambient surroundings. However, the difference between the exact and numerical
solution is sufficiently small that this error will be negligible.

The results above show that the numerical procedure accurately computed heat
transfer through the interface between two fabrics commonly used in turnout
coats.
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6.2 Turnout Coat Simulation

A turnout coat assembly with material characteristics listed in Table | was sub-
jected to thermal radiation from a gas-fired radiation panel, as discussed in
Section 2. The total radiative flux on the shell of the turnout coat was ¢_= 0.25
W/cemz. This flux is characterstic of the pre-flashover fire environment in which
structural firefighters typically work.2
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Thermocouples of rype K and size 10 mil (0.254 mm) were sewn on the front
surface of the shell (x = 0 mm) and on both the inner air/fabric interface (x = 3.4
mm) and the outer fabric/air interface (x = 6.9 mm, back surface of garment) of
the thermal liner. The turnout coat material was subject to radiation from the gas
panel for 300 seconds, after which a radiation shield was placed between the coat
and the gas-fired panel. A cool-down period of approximately 10 minutes fol-
lowed. The turnout coat sample was then removed from the experimental test
apparatus. Ten such tests, separated by approximately 10 min, were completed.
From these 10 tests, the mean and standard deviation of the temperature at each
thermocouple were computed. The ambient mean temperature was found to be
T.=29.3°C

Figure 13(a) plots the temperature time history from the simulation and exper-
iment at the three thermocouple locations. The temperature difference between
the simulation and the experiment (mean values) is plotted versus time in Figure
13(b). Heat transfer through the turnout coat reaches a steady state after approx-
imately 100 seconds. Figure 14 shows the simulated and experimental tempera-
tures versus distance into the turnout coat at three different times, ¢ = 0 seconds,
200 seconds (during steady state), and 400 seconds. Vertical dotted lines mark
the air/solid interfaces. Mean temperatures from the thermocouples (at x = 0 mm,
x = 3.4 mm, and 6.9 mm) are plotted as black circles, with error bars extending
one standard deviation above and below. Simulated temperatures are plotted as
solid lines.

During the steady-state period, the simulated shell temperature is approxi-
mately 15°C higher than experimentally obtained temperatures. The largest error
in the model occurred in the prediction of temperatures on the outer shell surface
during the first half of the experiment before the flux from the radiant panel was
blocked. A probable source of this error is the approximate manner in which the
transmissivity and reflectivity values were obtained. A majority of the incident
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radiant heat flux is absorbed by the shell. After the radiant panel is blocked, the
material properties of the fabric layers, such as conductivity, specific heat, and
density, play a more important role, as does convective heat loss from the bound-
aries. Thus, it is especially important in the case of the shell to use accurate val-
ues for the transmissivity and reflectivity. Note that during the cool-down period,
the simulated and experimental temperatures for the shell agree better. The sim-
ulated temperatures in the interior of the garment were within approximately 5°C
of the mean experimental temperature.

Based on these results, it appears that the model could be used to predict the
thermal performance of firefighters’ protective clothing, at least under heat flux
conditions consistent with the model assumptions. More data from experiments
using materials for which the optical and thermal properties of the materials are
known is required before the accuracy of the model can be conclusively mea-
sured. Material properties necessary to model the thermal behavior of fabrics and
fabric assemblies common in firefighter gear are currently being measured.

The net radiative flux from the simulation at both the front surface of the shell
and the back surface of the thermal liner are plotted versus time in Figure 13(c).
During the time interval £ = 0 s to 300 seconds, the flux on the front surface was
reduced from 0.25 W/em? to 0.14 W/cm? by reflection and radiation to the sur-
roundings. After radiation from the gas-fired panel was removed at 300 seconds,
radiative cooling occurred. Note that if the ambient temperature is increased to
65°C, which is commonly experienced by firefighters,= the net radiative flux on
the shell at 300 seconds would increase to 0.16 W/cm? for the same shell tem-
perature. On the back surface, the radiative flux gradually increased to a maxi-
mum of 0.025 W/cm:? as the temperature of the thermal liner rose [see Figure
13(a)]. This flux was entirely due to the temperature of the thermal liner relative
to the ambient temperature, -, since the contribution of the external flux g, was
negligible. If the ambient temperature is increased to - = 32°C, which is nor-
mal core skin temperature, the back surface flux decreases to 0.023 W/cm? for
the same thermal liner temperature.

Figures 13 through 14 show that the clothing ensemble clearly provided pro-
tection against the incident radiative flux. From the outside of the shell to the
back of the thermal liner, the temperature fell nearly 70°C. The effects of the
moisture barrier’s lower thermal conductivity are apparent by the relatively steep
drop in temperature in the r = 200 seconds temperature profile in Figure 14, The
steady-state temperature at the back of the thermal liner reached 66°C. Note that
when a firefighter wears a turnout coat, the apparent temperature in the air gap
between the turnout coat and the firefighter will rise due to an increased relative
humidity. For the incident flux and protective clothing assembly considered here,
heat transfer to the firefighter would occur predominantly through conduction
rather than radiation from the thermal liner.
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7 Summary and Conclusions

The goal of this NIST project is to improve firefighter safety through better
understanding of heat transfer in the protective garments they wear. Both exper-
imental and modeling approaches were used. This paper focuses on the formula-
tion of the first stage in a heat transfer mode! suitable for predicting temperature
and heat flux in firefighter protective clothing. For this reason, model results
were compared to only onc experimental case (g, = 0.25 W/emy, typical of pre-
flashover fires) with one commonly used three-layer protective clothing assem-
bly. Model predictions of the temperature agreed very well with experimental
temperature for the interior layers (within 5°C). Temperature predictions on the
outer shell were up to 24°C higher than experimentally measured values while
the external radiative flux was present. Error in the estimates of transmissivity
and reflectivity was most likely the source of modeling error in the shell temper-
atures.

No measurements of these optical properties for any of the fabrics were avail-
able. Instead, these property values were based on previous work. NIST is cur-
rently developing a database of material properties for fabrics and materials com-
mon in firefighter protective gear. Further application and testing of the model
using other fabric assemblies and heat flux environments is needed to verify the
model.

The model was designed, as much as possible, to accommodate the variable
thermal environments in which firefighters work. While this capability -was not -
shown here, the incident radiative heat flux, fabric thickness, air gap thickness,
and the presence or absence of an air gap can be varied dynamically during the
simulation.

At this stage, the model is restricted to dry fabrics and to temperature and flux
levels, which are low enough that no thermal degradation of the fabric occurs.
Further developments should include moisture effects and a multiple-layer, vari-
able-property skin mode. Estimations of burn injury risk would then be possible.
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Nomenclature

[J/K+kg] specific heat
[m] thickness of a material layer
[m] thickness of air layer
interface between control volumes P and F
(m?/s) diffusuvuty ( «/pc, )
midpoint of right control volume in finite difference scheme
[ wi(m? -um) ] spectral blackbody emissive power
spectral emissive power incident on fabric layer /
[W/m?] internal energy generation rate per unit volume or [m/s?]
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[W/m2+K)] surface heat transfer coefficient for convection
< 2(T-T)Ep 2 (Tad) Grashof number
[Wim? - um - 5r] Tadient intensity
blackbody spectral intensity
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effective conductivity coefficient, used in determining g, at internal
cell interfaces
effective conductivity coefficient, used in determining g, at
gas/solid interfaces
[m] streamwise distance to the initiation of natural convection

v Nusselt number

midpoint of central control volume in finite difference scheme
= 1g¢,6/ k; Prandtl number

[W/m?] heat flux

heat flux due to conduction

external radiation heat flux on left side of the first protective clothing
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radiation heat flux

= Pi|Gr{, Rayleigh number

reflectivity of incident thermal radiation

[m] pathlength of radiation beam

[s] time

{K] temperature
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Nomenclature, continued

Greek symbols
¢  absorptivity .

B =cos(8) , cosine of polar angle locating radiation beam in spherical
coordinates
S Dirac delta function

5.5, distance between midpoints of control volumes P and £, and P and W,
respectively
distance from cell interface e to point P in finite difference scheme
distance from cell interface e to point £ in finite difference scheme
emissivity
nondimensional optical depth variable
polar angle locating radiation beam in spherical coordinates
[1/m] absorbtion (extinction) coefficient
{wn] wavelength of thermal radiation
[kg/(mes)] dynamic viscosity
[kg/m?] mass density
5.6697x 10 W/(m?+K)] Stefan-Boltzmann constant
transmissivity of incident thermal radiation
azimuthal angle locating radiation beam in spherical coordinates
direction of radiative energy propagation
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Subscripts

1, 2... matenal layers 1, 2, ...

air

total thickness of air gap or material layer
material or fabric layer /

gas cell

solid cell

gas/solid or solid/solid interface

spectral dependence

Lo ™ AR

>~

Superscripts

+ forward direction

- backward or reverse direction

1 incident (flux or intensity) on material boundary
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