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Abstract. The paper presents a complex model of heat and mass transfer in a multi-layer
protective clothing exposed to a flash fire and interacting with the human skin. The clothing
was made of porous fabric layers separated by air gaps. The fabrics contained bound water in
the fibres and moist air in the pores. The moist air was also present in the gaps between fabric
layers or internal fabric layer and the skin. Three skin sublayers were considered. The model
accounted for coupled heat transfer by conduction, thermal radiation and associated with
diffusion of water vapour in the clothing layers and air gaps. Heat exchange due to phase
transition of the bound water were also included in the model. Complex thermal and mass
transfer conditions at internal or external boundaries between fabric layers and air gaps as well
as air gap and skin were assumed. Special attention was paid to modelling of thermal radiation
which was coming from the fire, penetrated through protective clothing and absorbed by the
skin. For the first time non-grey properties as well as optical phenomena at internal or external
boundaries between fabric layers and air gaps as well as air gap and skin were accounted for. A
series of numerical simulations were carried out and the risk of heat injures was estimated.

1. Introduction

In firefighting and many industries people are exposed to high temperature of environment leading to
a risk of serious thermal skin burns. For example in a case of a flash fire, e.g. sudden explosion, the
firefighters may be in contact with hot gases or even with flame. Therefore, to prevent thermal injuries
they wear the special protective clothing allowing them to safety escape to a secure location. The
typical protective clothing is made of several layers of fabric material e.g. outer shell, moisture barrier,
thermal insulation and inner layer separated by thin air gaps. Protective performance of garments are
directly related to the heat and moisture transfer through such multilayer clothing as well as to heat
transfer in the human skin.

Many models for studying heat and moisture transport in multi-layer protective clothing exposed to
the flash fire conditions and for assessing possibility of heat injuries are available in a literature. Heat
transfer model in a flame resistant single-layer fabric subjected to high heat flux was developed by
Torvi and Dale [1]. Their model included thermochemical reaction in the materials as well as
absorption of thermal radiation, variable thermal properties and heat transfer across an air space
separating the fabric from a test sensor. Their predictions of temperature distributions and times to
reach the second-degree burn criterion were in good agreement with experimental measurements.
Chitrphiromsri and Kuznetsov [2] presented a complete model of a multilayer clothing, air gap, and
skin system exposed to a fire which accounted for heat conduction and thermal radiation as well as
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moisture transport. Subsequently they analyzed duration of the flash fire exposure on the time after
which the second and third degree burns were caused. The model was also used to simulate behavior
of different fabric systems and their configurations [3]. Ghazy and Bergstrom [4] developed a model
to simulate transient conductive and radiative heat transfer in a protective clothing system consisting
of the fire-resistant fabric, the human skin, and the air gap between the fabric and the skin. In next
paper [5] they extended the previous model to a system that consisted of three layers of fabric
separated by two air gaps, the human skin, and the air gap between the clothing and the skin. In both
works they predicted transient heat flux and temperature distribution in the protective clothing, skin
and air gap as well as the time to receive skin burn injuries during flash fire heating and subsequent
cooling down processes. Zhu and Li [6] developed an interesting numerical model of heat and
moisture transfer in a fabric which underwent drying and pyrolysis. The latter was modelled by one-
step chemical reaction and lead to changes in fabric thermophysical properties. Their model was
validated by experimental data.

New concepts of protecting clothing to improve workers safety were also designed and the
respective models describing their thermal behavior were developed. For example Chitrphiromsri et al.
[7] proposed an intelligent multi-layer firefighter protective clothing, which during the flash fire
exposure absorbed a significant amount of incident heat flux due to evaporation of the injected water
and thus limited temperature increase on firefighter's skin. A comprehensive mathematical model of
heat and moisture transport was also developed. In turn Hu et al. [8] performed numerical and
experimental studies on heat transport through firefighting protective clothing with embedded phase
change material (PCM). They simulated different thicknesses and location of PCM in the garment and
analyzed possibility of burns occurrence.

In a high temperature environment the main heat transfer mode is thermal radiation which transfers
energy from the fire or hot surfaces to the firefighter's clothing and then in conjunction with heat
conduction through its textile layers and air gaps to the human skin. The heat exchange process is
accompanied by moisture transfer in the fabrics and air gaps which affects thermophisical properties
of the clothing system. Therefore, an advanced model describing thermal interaction of a fire with the
protecting multi-layer clothing and the conjugated heat and mass transfer across textile layers, air gaps
between them and the skin as well as through sublayers of the human skin was developed in this
paper. The single fabric layer was assumed to be a hydroscopic porous medium that contained bound
water. Additionally the water vapor mixed with the air filled pores in fabric and air gaps. Complex
thermal and mass transfer conditions on the internal or external boundaries between fabric layers and
air gaps as well as the air gap and the skin were taken into account. Special attention was paid to
modeling of thermal radiation coming from the fire, penetrating through the protective clothing and
then being absorbed by the skin. For the first time non-grey properties as well as optical phenomena at
the internal or external boundaries between fabric layers and air gaps as well as air gap and the skin
were considered. Three sublayers skin model was introduced and possibility of heat injures occurrence
were also evaluated. A series of numerical simulations for different exposition (heating) times were
carried out.

2. Statement of the problem

A schematic diagram of the system under consideration is presented in figure 1. The protective
clothing was composed of three fabric layers: outer shell, moist barrier and thermal insulation
separated by two narrow air gaps. The external heat source was located on the left hand side while the
wide air gap and three sublayers of skin: epidermis, dermis and subcutaneous were on the right hand
side. All fabric layers and the skin were assumed to absorb, scatter or reflect and emit thermal
radiation and additionally had the same value of refractive index equal to 1.0. All other optical
properties were dependent on wavelength and the air was assumed transparent to the thermal radiation.
The internal and external boundaries (interfaces) were semitransparent i.e. absorbing and diffusively
emitting, reflecting and transmitting thermal radiation except the interfaces between skin sublayers
which were assumed transparent. Blood perfusion was included in the skin model. Convection in the
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clothing and air gaps was neglected. The model assumed one dimensional heat and moisture transfer
due to the small thickness of the considered system in comparison to its dimension along the
protective clothing and assumed no variation of external thermal conditions in this direction.
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Figure 1. System under consideration.

3. Modelling of the heat transfer in the skin and estimation of degree of burning injuries

The heat transfer model in the skin was based on Pennes model [9] and account for heat transfer
between tissue and blood and radiative heat transfer in all skin sublayers [10]. The governing
equations in three sublayers were following:

oT _ 0 0T\ 09,
(,oc)ep ot ax[k'ep axj X @
oT _0 oT aq, 4
(00), 2 = ok IL |+ (o), (T - T)+ @ -2 @
aT aI'SC
(p0). 2 =2 kST (o0, (T - )+ 4T @

where: subscripts ep, d, and b denotes epidermis, dermis, subcutaneous and blood, respectively. The
symbol p describes the densitg,is the specific heak is the thermal conductivityg, stands for the
blood perfusiongm is the metabolic heat ratd; = 37C is assumed to be the inner body (core)
temperature whilg, denotes radiative heat flux vector. Boundary conditions for these equations were
following:
« At the interface between the epidermis and dermis as well as the dermis and subcutaneous
continuity of temperature and heat flux were assumed.
« At the right boundary of the system (body interior), see figure 1, fixed body temp€rature
was assumed.
* At left boundary (skin surface), see figure 1, temperature was found from the energy balance
in the form:

_k_

I(qr,A,in,a _EA,sEb/i (Ts) - r/.l,sqr,/l,ina_ t/l,sqr/l,ine;) d/‘ +
a o0
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where: the subscripts anda denote the skin surface and air, respectiviglyi» is monochromatic
incident radiative heat flus 1 is spectral blackbody emissive powery andt stand for the surface
emissivity, reflectivity and transmissivity, respectively aihdenotes the wavelength.

Henriques and Moritz model [11] was applied to estimate a degree of thermal injuries. According
to their model the burns occur when temperature at the interface between the epidermis and dermis
exceedsTepn = 44°C. The degree of thermal injury can then be estimated by finding the value of the
following integral (Henriques and Moritz integral):

t
Q, = [Pe"™®dt for T,,=44C (5)
0

where:t is time,P denotes frequency factds,describes universal gas constatfif, is skin activation
energy andrl; stands for interface temperature either between the epidermis and apfd)igof the
first and second degree burns or between the dermis and subcutagisguir( the third degree
burns. The first degree burns occur s = 0.53, the second ones fQgyn = 1.0 and the third ones
for Qqsc = 1.0.

4. Heat transfer in fabric layers and gaps

Heat transfer in the porous fabric layer or in air gap was modeled by the following energy equation
which included heat flow by conduction, associated with water vapor diffusion, thermal radiation as
well as heat absorbed or released due to phase transition of the bound water to its gaseous (vapor)
state:

09, T2 en, Ll mfensan)-B
The above equation were complemented with additional relations for:
« Effective heat capacity
(£€),; = Enl2uCut €12, +£4(, Gy + 0.5, ) )
where dry gas and water vapor densities can be found from formulae:
P = P.M,/BT=¢,pM,/ BT (8)
p.=PM,/BT=¢, pM,/ BT 9)

Here B is the universal gas constam, p. and p, are total, dry air and water vapor pressures,
respectively anél, andM, are molecular masses of the dry air and water vapor.
« Effective thermal conductivity

Ky = kg{[1+ (ebw +&, )] k, + &, kg}/{é‘g k. + [1+ (gbw +&, )] kg} (10)

where thermal conductivities of the moist air and fabric as well as dry air are given by the expressions:
ky =(kp, +kp.)/(0, + ) (11)
K, = (Koo ki) (Pt P £ ) (12)

k.(T) =

{0.026+ 0.000068( [K} 300) forT< 700 a3

0.053+ 0.0000547 [K} 700) forT> 700
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« Effective diffusivity

D.g,/r  for fabric
Dv—a ef = H (14)
' D, for air gag
where the diffusivity of the water vapor in the air is given by:
D,=2.2310°(T/ 273.18" (15)

andr is the tortuosity factor.

In the above formulaesw, &, &, & andsg, are volumetric fractions of the bound water, dry fabric,
moist air, dry air and water vapor, respectively. The specific heats of water, dry fabric, dry air and
water vapor are denoted by symbalsc:, ¢p. andc,, While their thermal conductivities given By,
ki, ka andk,. The symbolg, andga stand for densities of water and dry fabric. The heat of desorption
of the bound water to its liquid state and from the liquid state to the gaseous one were assumed to
satisfy the following relations:

Ah,,,=1.95110( 1-¢) (02 ¢) " +( 1.05¢)" | (16)
Ah,,,=2.79216 - 160 [K} 3.48 [K] (17)

where the relative humidity is related to the partial pressures of water vapor in the air-vapor mixture
by:

9=p,/ P, (18)
and the water vapor pressure at saturation was calculated from the formula:
p.=614.3exp 17.06T [K} 273.1F [K} 40.23 (19)

The volumetric mass rate of transition of the bound water, present in the fabric, to the gaseous state
depends on how far the bound water content is from its equilibrium one:

r.rllbW: Dfpf/dzf( Rf,eq_ Rf) (20)

where the fiber regain and equilibrium fiber regain can be found from expressions:
Rf = gbwpw/gfpf (21)
R oq =0.578R oo (0.32% ¢) " +( 1.262 40)_1} (22)

HereDs is the effective diffusivity of bound water in the solid phase (fibekds the average fiber
diameter, Ry-=o065is fiber regain atp= 0.65.
The volume fractions are constrained by the following relation:

EwtETES=L (23)

where: g = &té&.

For air gaps the terms in equation (6) corresponding to the phase transition of bound water
disappear and properties are calculated for the moist air for wvck.+s, = 1.0.

On the right hand side of computational domain the boundary condition for equation (6)
(temperature of the skin surfadg) was calculated from equation (4) while on the left hand side
external wall temperaturé, (surface of the protective clothing) was found from following balance of
energy:
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The ambient and incident radiative heat fluxes in equation (24) are given by the flowing
expressions:

qamb = hamb(Tamb_ Tv) + hl( Th_ TJ/+ hr(lo Vv amgp, v)/s: s [-JI-V a (25)
qr,/],amb,in = E/l ,hEb,/] (Th) + E/], ambEbrl (Tamb (26)

where:hamp, hh and Tamn, T are heat transfer coefficients and temperatures of the ambient air and hot
gases, respectively. The symlbglis the ambient air mass transfer coefficient while and&, are the
ambient air and hot gases monochromatic emissivities, respectively.

The temperaturd; at the internal interfaces between layers was found from following balance of
energy:

oT 00, oT op,
-k —| - Lo T-ke— - ta .
kL 6X " v-a,ef, L 0X N p,v i KR aX R I:?/—a,ef,R 0X R p,v i
+J.|:qr,/1,L,in —-£,5, (T)_ BiQacin ~ b Darin :I o7 (27)
0

+I|:q,A,R,in —&5, (-Iu-)_ 0iGarin ~ b q/lLln:| =0
0

where the subscriptsandR denote the left and right side of the interface, respectively.
Distribution of temperature in the equilibrium steady state when clothing-skin system is only in
contact with the ambient air at temperaflise, were assumed as initial condition for equations (6).

5. Mass transfer in the fabric layers and the air gaps
The mass balance of the water bounded in the fabric, accounting for water sorption and desorption,
can be cast in the following form:

0PuEow _
b = 28

Variation of the mass of water vapor filling the pores in the fabric layers and air gaps can be found
from the equation:

0pE, _ 0 )

at  ox T ax
The following boundary conditions were assumed for the equation (29):
e Skin surface was impermeable.
e At the left external wall (clothing surface) density, was calculated from the expression:

0p,

- vaefa
X
w

=My (29)

hm(pv,amb_pv w) = (30)
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e At the internal interfaces density; was found from following balance of mass:

D op, P,

v-a,ef, L ax — TM-aef, R ax

(31)

iL i,R

After solving equation (29) the dry air and vapor volume fractions were obtained from the
formulae:

£, :&eg ande, :&eg (32)
p p
where the respective pressures were calculated from the perfect gas relation and Dalton’s Law, i.e.:
pr=BT/Myand p=p - p.
Distributions of the volume fraction of bound water and vapor density in the equilibrium steady
state when clothing-skin system is only in contact with the ambient air were assumed as initial
conditions for equations (28) and (29).

6. Radiative heat transfer in the fire-clothing-air gap-skin system
Distribution of spectral radiative intensity along pahn a system fire-clothing-air gap-skin is
described by the following radiative transfer equation:

dl/] KS/I '
— ==K, +K )L +K G, +—= | ,,P,(S - 5/dQ (33)
dS ( A ,/]) A A'bA 477—4'[,A /l( )
where:l, is the spectral radiation intensity, is the spectral intensity emitted by the blackbdgly,
and Ks, denote the linear absorption and scattering coefficients, respectively, ®ands
monochromatic scattering phase function. All mechanisms (absorption, scattering and emission) of
radiation transport were accounted for in the fabric layers. In the skin, due to it low temperature, the
self-emission was neglected. The air contained in the gaps was assumed transparent therefore equation
(33) was reduced tdl/ds= 0.0. The spectral blackbody intensity was calculated applying Planck’s
Law, i.e.:
1 1 2hc -1

Iy =7_TEb,/l (T) =7T?( G _1) (34)
where:h is Planck constant is speed of light in the mediuikjs Boltzmann constant.

The boundaries between the surroundings and first fabric layer, between fabric layers and air gaps
and between air gap and skin surface were assumed semi-transparent i.e.: emitting, reflecting and
transmitting diffusively thermal radiation. Interfaces between the skin sublayers were assumed totally
transparent while boundary between the subcutaneous and the body interior was ideally black.
Conditions for the radiation intensities at the internal and external boundaries were therefore
following:

« External wall (clothing surface) between the surroundings and the first fabric layer:

I/l w = £/l WI b,A (TW) +r/1 qu’/]’f " +t/l w qr’/l’ambqin for SD]VV > O (35)
' T ' T ' T

where:ny is inward normal vector at the external wall.
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Internal interface between the fabric layer and air gap (see figure 2):

— qr, ,L.in q R,in

I/l,i,L _g/l,ilb,/l (TI ) +r/l,i /;; +t/l,i /;: for Sm,L >0 (36)
— qr,/l,R,in q',/l,L,in

I/liR_‘g/liIb/l(Ti) r./li +t/li fOI' SmR>O (37)

where: n. andn; g are normal vectors at interface — see figure 2.
* Internal interface between the skin and air gap:

qr/lain qr/lepin
L. =& ., (T)+r 2T+ == for s >0 38
Aja As b,/l( s) A,s T As T En,a ( )
_ qr,/l,ep,in qr,/l,a,in
I/liep_g/l sl bA (Ts)+r/l s +t/ls for Sl:hs>0 (39)

« Interface between the subcutaneous sublayer and body interior:

Lo =1p,(T,) for sth, >0 (40)

where:n: is inward normal vector at the interface.
The additional relationships needed to close the whole system of equations were following:

« Monochromatic incident heat flux which appears in relationships for thermal and optical
boundary conditions:

G = | 1,sCdQ for sth<O (41)

sm<0

Divergence of radiative heat flux vector which appears in energy equations (1)-(3) and (6) in
the skin sublayers and clothing, respectively:

a oo
=K., (4771 ()= IdedA (42)
ox 4 i
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Figure 2. Semitransparent interface
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7. Numerical solution

Energy equations (1)-(3) and (6) in the skin, fabrics layers and air gaps were discretized applying
Finite Volume Method on an irregular mesh. Each equation was integrated over infinitesimal distance
dx and time interval © In the similar way discrete form of continuity equations (28) and (29) for the
bound water and water vapour were obtained. Unknown temperature at external and internal interfaces
were calculated from conditions (4), (24) and (27) by using Newton-Raphson method. Radiative
transfer equation (33) was also discretized by applying Finite Volume Method — the equation was
integrated over infinitesimal distance ,dgolid angle dQand bandwidth 4 Band model was
introduced to account for spectral optical properties. All solved equations are coupled, therefore the set
of equations obtained was highly nonlinear. The solution was found using the specially developed
iterative algorithm which was implemented in the in-house C code. The general schematic of
algorithm is presented in figure 3.

8. Results of simulation

Numerical simulations were performed for three layers of the protective clothing. Each layer was
separated by a narrow air gap. The widest air gap was between the most inner fabric layer and skin.
Configuration of the system is presented in table 1 and the thermophysical properties of fabric layers
in table 2. Thermophysical properties of skin and blood are shown in table 3. All data were taken from
the available literature [2] and [7]. The optical properties of fabric were assumed as the averaged
values presented in [1]-[7] and [12], and are given in table 4. The spectral absorption coefficient
(seven bands) for the first layer was assumed using results of measurements presented in [12] — see
table 5 and figure 4. Additionally the isotropic scattering with the scattering albedo equal to
w= K/ (Ka+Ks) = 0.5 were assumed in all fabric layers. The optical properties of the human skin were
taken as the averaged ones basing on data cited in [10], [13] and [14]. Constants appearing in equation
(5) for determination of the burn degree — Henriques and Moritz integral are given in table 7 and were
taken from [3]. Other material properties, boundary and operating parameters were taken from [2] and
[7]1 and had the following valuesp,=998.2 kgr¥, c.=4185 JkgK?, k.= 0.5984 WK™,

ky = 0.018 WK1, Tamp=26C, p=101325Pa — constant in the whole systemm,= 0.68,
Th=1723C, & =0.02,&mp= 1.0, hmp= 10 Wm?K?, h, = 120 Wn?K* and = 0.021 m3.

Table 1. Geometrical configuration of the system [2], [7].

First layer (m) First gap (m) Second layer (m)Second gap (m)rhird layer (m) Third gap (m) )
0.00056 0.0001 0.00073 0.0001 0.00166 0.00635>

Table 2. Thermophysical properties of fabrics [2], [7].

First layer Second layer Third layer
Kombat 7.5 oz/lyd ComfortZone™ Aralite ™
o (kgm3) 1384 1295 1380
cr (Jkg'K™Y) 1420 1325 1200
ki (WnTIK-1) 0.179 0.144 0.130
& 0.334 0.186 0.115
R ¢=0.65 0.084 0.038 0.045
T 1.50 1.25 1.00
Ds (n?s?) 6.010 6.010 6.010

dk (m) 1.6110% 1.6[10° 1.6[10°
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Table 3. Thermophysical properties of the skin and blood [2], [7].

Epidermis Dermis Subcutaneous Blood
o (kgnt3) 1200 1200 1000 1060
c (Jkg'K?) 3598 3222 2760 3770
k (Wm1K1) 0.255 0.523 0.167 -
L (m) 8[10° 20103 1102 -
Om (Wm_s) 0 0 0 -
a (sY) - - - 1.2510°
Ta (°C) - - - 37.0
Table 4. Optical properties of fabrics.
Ka (m?) Ks (M) o] £ r t
First layer Variable Variable isotropic 0.661 0.219 0.120
Second layer 3617.2 3617.2 isotropic 0.545 0.268 0.187
Third layer 2025.13 2025.13 isotropic 0.643 0.236 0.121
Table 5. Optical properties of the first fabric layer.
Band no. 1 2 3 4 5 6 7
A1 (m) 0 1.8910° 2.1210° 2.7010° 2.75910° 3.9710° 5.7710°
Az (m) 1.89110°% 2.1210°% 2.7010°% 2.7910°% 3.9710° 5.7710° 1.0
Kaa (M?) 580.68 720.57 812.85 1000.90 1156.33 1069.31 1183.57
Ksa (M) 580.68 720.57 812.85 1000.90 1156.33 1069.31 1183.57
1300 —
1200—_ ' :\“__
1100
1 1Y
10004 { = |T==—- Measurements
& < Band model
S
= 900
~a 1y
800 —
700 —
14
600
500 IIIII|T|'| IIIII|T|'| IIIII|T|'| IIIII|T|'| IIIII|T|'| IIIII|T|'|
1E-006 1E-005 0.0001 0.001 0.01 0.1 1
A (m)
Figure 4. Absorption coefficient of the first fabric layer.
Table 6. Optical properties of the skin.
Ka (M) Ks (Mm?) P £ r t
Epidermis 200.0 2800.0 isotropic 0.20 0.50 0.30
Dermis 700.0 2000.0 isotropic - - -
Subcutaneous 100.0 1000.0 isotropic - - -
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Table 7. Constants appearing in determination of the burn degree [3].

P(sY AE (Jkmole?)
Ti<5C°C Ti=zh0°C Ti<5b(®FC Tiz50°C
First and second degree  2.1816%* 18216 7.78418 3.22216
Third degree 43216 9.3910% 414316 6.65416
{1000 T AT gy
: 900 ! i
' 4 t=0s '
; 800 — t=125s ;
: . t=425s P 48
| 700 t=725s |
E 600 — t i 102.5s E T
'O i t=1325s D
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Numerical simulations were performed in the following way. Initially temperature and moisture
distributions corresponded to the steady state for interaction of the clothing-skin system with the
ambient air at temperatufigm, Subsequently the considered protective clothing was convectively and
radiatively heated up by hot gases at temperdir€he exposition timé& varied from 1 to 25 s. Next
the protective garment was by 210 s cooled down in the surroundings at temperature T

Figure 5 shows temporary distribution of temperature in the clothing, air gap and the skin for
te = 12.5 s. Figure 6 displays variation of temperature at interface between the epidermis and dermis as
well as the dermis and subcutaneoustfer12.5 s. During the exposition temperature in the garment
significantly increased but the skin temperature did not exceeded. #&ggures 7 and 8 present
distributions of the volume fraction of bound water and water vapor in the fabric layers and air gaps
for different moments of time fax = 12.5s. The bound water content in the fibers did not change
much in time but the volume fraction of water vapor significantly varied during heating and cooling
processes. The high concentration of water vapor can be observed in the air gaps. Distribution of
conductive and radiative heat fluxes in the clothing, air gap and the skiteaft€?2.5 s is shown in
fig. 9. In the clothing and epidermis heat conduction dominated thermal radiation — conductive heat
flux was about two times higher than radiative one. But in the air gap between the most inner fabric
layer and the skin radiative heat flux was about three times higher than conductive one. Heat flux
associated with moist diffusion in the clothing was in the range taf 100 W/n.

Values of Henriques and Moritz integral, calculated from equation 5, are presented in figure 10.
The first degree burns appears for exposition tinbetween 11.0 and 11.5 s, the second degree burns
for the exposition times higher théy= 12.0 s while the third degree burns for the exposition times
higher tharte = 20.0 s.
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: Figure 9. Distribution of conductive and radiative ; Figure 10. Variation of Henriques and Moritz

' heat fluxes across the protective clothing layersintegral with the exposition time to hot gases.

afterte=125s. |
9. Conclusions
The advanced thermal model of the fire-protective clothing-air gap-skin system was presented in the
paper. The model accounted for different modes of heat and mass transfer i.e. heat conduction and
thermal radiation in the fabric layers, air gaps and skin, moisture diffusion in the fabrics pores and air
gaps as well sorption and desorption of water in textile fibers. Complex thermal and mass transfer
conditions on the internal or external boundaries between the fabric layers and air gaps as well as
between the air gap and skin were introduced. Special attention was paid to modelling of thermal
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radiation which was coming from the fire, penetrated through the protective clothing and was
absorbed by the skin. For the first time non-grey properties as well as optical phenomena at the
internal or external boundaries between the fabric layers and air gaps as well as air gap and skin were
accounted for. All governing equations were discretized with Finite Volume Method and an iterative
solution algorithm of high non-linear system of equations was elaborated. Simulations were performed
for different exposition (heating) times and fixed cooling down period. Distributions of temperatures
as well the bound water and water vapor contents were calculated. It was found that on contrary to the
bound water the water vapor content significantly varied in time. Share of heat conduction and thermal
radiation in total heat transfer were analyzed. Subsequently the Henriques and Moritz integral was
calculated allowing the risk of skin burns to be evaluated.
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