TEKSTIL VE MUHENDIS

(Journal of Textiles and Engineer)

http://www.tekstilvemuhendis.orqg.tr

Numerical Investigation of Thermal Regulation Inside Firefighter Protective Clothing

Itfaiyeci Kiyafeti Icerisindeki Isil Diizenlemenin Sayisal Incelenmesi

Ersin ALPTEKIN, Mehmet Akif EZAN, Berkant Murat GUL, Hiiseyin KURT, Atif Canbek EZAN
Dokuz Eylul University, Department of Mechanical Engineering, 1zmir, Turkey

Online Erisime Agildigi Tarih (Available online): 30 Haziran 2017 (30 June 2017)

Bu makaleye atif yapmak icin (To cite this article):

Ersin ALPTEKIN, Mehmet Akif EZAN, Berkant Murat GUL, Hiiseyin KURT, Atif Canbek EZAN
(2017): Numerical Investigation of Thermal Regulation Inside Firefighter Protective Clothing, Tekstil
ve Miihendis, 24: 106, 94-100.

For online version of the article: https://doi.org/10.7216/1300759920172410606



http://www.tekstilvemuhendis.org.tr/
https://doi.org/10.7216/1300759920172410606

RN TMMOB Tekstil Miihendisleri Odasi .
[{;;f‘-"“,iii,“"{':\] UCTEA Chamber of Textile Engineers z;:t((\\(f;r)) X ;il?lz
€ o Tekstil ve Mihendis Say1 (No) - 106

Wiﬁy Journal of Textiles and Engineer Y! .

Arastirma Makalesi / Research Article

NUMERICAL INVESTIGATION OF THERMAL REGULATION INSIDE
FIREFIGHTER PROTECTIVE CLOTHING

Ersin ALPTEKIN
Mehmet Akif EZAN*
Berkant Murat GUL

Hiseyin KURT
Atif Canbek EZAN

Dokuz Eylul University, Department of Mechanical Engineering, Izmir, Turkey

Gonderilme Tarihi / Received: 03.01.2017
Kabul Tarihi / Accepted: 31.05.2017

ABSTRACT: Phase change materials (PCMs) are widely used in heating and cooling applications to reduce the mismatch between the
energy production and the demand. PCMs can also be incorporated into the thermal systems to maintain a constant temperature and
conduce to increase the thermal comfort. Unlike any human-made thermal system, the thermal comfort of the human body is more
crucial since a possible damage may not be recovered. In this study, PCM layers are incorporated into the textile fabric to increase the
thermal comfort of a firefighter and protect the skin layers from the thermal burn due to overheating. A transient one-dimensional
numerical model is developed in the ANSYS-FLUENT software. The effect of blood perfusion inside skin layers is simulated as an
energy source term and defined into the software using user-defined-function (UDF). The validatity of the source term implentation
into ANSYS-FLUENT is proven by repoducing a reduced model fom the literature. The predicted time-wise variations of the
temperature of the body layers are compared with the ones which are taken from the literature. After the validation procedure, the
usage of PCM inside a firefighter protective clothing is numerically investigated by varying the thermal boundary conditions acting
on the coating. Results depict that, for the longest fire exposure duration the 1*-degree burn is effective for a depth of 5.29 mm and
the 3"-degree burn is observed for a depth of 2.57 mm. Implementing the PCM inside the clothing inhibits the temperature rise in skin
layers and improves the heat storage capacity of the fabric. In the current design and working conditions, firefighter protective
clothing with 1 mm of PCM layer prevents the skin burn, even for the longest fire exposure scenario.

Keywords: Textile, phase change materials, numerical model, thermal protection, thermal burn

ITFATYECI KIYAFETI ICERISINDEKI ISIL DUZENLEMENIN SAYISAL iNCELENMESI

OZET: Faz degisim malzemeleri (FDM) enerji Uretimi ve talebi arasindaki uyumsuzlugu azaltmak amaciyla isitma ve sogutma
uygulamalarinda yaygin olarak kullanilmaktadir. FDM’ler ayrica 1sil sistemler icerisine uygulanarak sabit sicaklik saglar ve sl
konforun artmasina vesile olurlar. insanoglu tarafindan uretilen tiim sistemlerden farkli olarak olasi bir hasarin geri dénistinin
mumkiin olmamasi nedeniyle, insan vicudunun isil konfor kosullari ¢ok daha énemlidir. Bu calismada itfaiyecinin 1sil konfor
kosullarmin arttiriimasi ve asiri 1sinma kaynakli deri hasarlarinin engellenmesi amaciyla tekstil kumagi tabakalari igerisine faz
degisim malzemesi yerlestirilmistir. ANSYS-FLUENT paket programinda zamana bagh 1-boyutlu bir sayisal model gelistirilmistir.
Deri katmanlari icerisindeki kan dolagimindan kaynakl isi transferi etkisini programda tanimlamak icin kullanici-tanimli-fonksiyon
(UDF) olusturulmus ve programa aktarilmigti. ANSYS-FLUENT paket programi icerisine tanimlanan kaynak terimlerinin
uygunlugunu test etmek icin dncelikle literatirden alinan basitlestirilmis bir problem tekrarlanmistir. Deri katmanlari igerisindeki
zamana bagh sicakhk degisimleri literatlrden alinan sonuclarla karsilastiriimigtir. Modelin dogrulanmasindan sonra ise itfaiyeci
kiyafeti icerisinde FDM kullanimi farkli 1sil sinir kosullari icin sayisal olarak incelenmistir. En uzun siireli yangin etki durumunda 1.
Derece ve 3. Derece yanik derinlikleri sirasiyla 5,29 mm ve 2,57 mm olarak belirlenmistir. FDM’nin kumas icerisine yerlestirilmesi
malzemenin 1sI depolama kapasitesini arttirmakta ve deri katmanlarinin sicaklik artisini engellemektedir. Mevcut tasarim ve calisma
kosullarinda, 1 mm kalinhginda FDM igeren itfaiyeci kiyafetinin en uzun yangin etki senaryosunda dahi deri hasarini engelledigi
saptanmistir.

Anahtar kelimeler: Tekstil, Faz degisim malzemeleri, Sayisal model, Isil koruma, Isil yanma
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1. INTRODUCTION

ASHRAE defines the human thermal comfort as the state of
mind that expresses satisfaction with the environmental
conditions [1]. Thermal comfort of the human body is related to
the heat and mass transfer mechanisms between the skin and the
environment. The heat can be moved through (or from) the
surroundings by heat conduction, convection, radiation, and
evaporation. The thermal comfort of a body could be maintained
when the generated heat by the human metabolism is rejected
through the surroundings. If there is a heat gain or loss beyond
this thermal equilibrium, the person will feel discomfort. The
body core temperature is almost constant even though the
surrounding temperature varies significantly. Body temperature
is controlled by blood flow inside the skin or the evaporating
mechanism [1]. Heat-related illnesses (hypothermia or
hyperthermia) may arise when the body temperature exposed
extremely hot or cold environments.

Excessive heat or contact with chemical substances may cause
thermal burns (or injuries) that result in the destruction of the
human tissues on the outer layer of the skin. The threshold
temperature for the thermal burn is 317 K [2]. At relatively low
temperatures, such as 317 K, the thermal injury may occur for a
long-term exposure (5 to 6 hours), but at higher temperatures, i.e.
327 K, destruction begins within seconds. In a recent work of the
fire protection research foundation [3], it is stated that a
significant number of thermal injuries occur when the energy
stored within the protective clothing of firefighter and suddenly
transferred to the firefighter. Storing the excessive heat inside the
protective clothing and then release the stored heat without
causing any damage to the firefighter is crucial to prevent the
thermal injury.

Energy can be stored in a medium in two different ways: sensible
and latent heat storage. Sensible heat storage is proportional to
the heat capacity of the material and the temperature variation. In
the case of protective clothing, to avoid the thermal injury,
sensible storage is not a good option since the increasing
temperature is a potential risk for the human body. Instead,
excessive heat should be stored in the medium without causing a
temperature increment. Phase change materials (PCMs), on the
other hand, can store the excessive heat without causing a
temperature increase in a long-term usage. PCMs store the
thermal energy during the solid to liquid phase change (melting)
and release the thermal energy during the reverse phase change
process (solidification). The amount of stored energy within the
PCM depends on the phase change enthalpy of the (latent heat)
of the material. The materials that are proposed as PCMs have
higher latent heat and constant phase temperature (melting or
solidification) without sub-cooling effect. PCMs are commonly
used in heating [4] and cooling applications [5] as a storage
medium to reduce mismatch the energy supply and demand. As
an instance, in a solar power plant, to provide a continuous (24 h)
electricity generation throughout the day, heat can be stored in a
PCM tank during the day time, in the form of latent heat, and the
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stored thermal energy can be re-used at night hours. Recently,
PCMs are also utilized as a thermal buffer to keep a system
temperature within a pre-defined range. In buildings [6] or
electronic devices [7], PCM layers are used to absorb the
excessive heat so that the sudden variations are avoided. As a
thermal buffer, PCMs are also incorporated in textile fabrics.
PCM can be applied to textile material as layers or inside
microcapsules to provide thermal regulation [8]. Mondal (2008)
[9] states that the microencapsulated PCM technology in the
textile structure was firstly used by NASA researchers in the
early 1980s to provide an improved thermal protection in the
fabrics of astronauts against sudden temperature changes in outer
space.

Shin et al. (2005) [10] developed a thermo-regulating textile
material by incorporating microencapsulated eicosane. Eicosane
is covered by melamine - formaldehyde microcapsules which are
prepared by in situ polymerizations. The thermal energy storage
capacity of the proposed material is obtained in the range of 0.91
to 4.44 J/g depending on the mass fraction of the eicosane.
However, it is also indicated that after five launderings the
storage capacity of the treated fabric can be reduced more than
half. Tong & Tong (2015) [11] developed a novel textile fabric
for outdoor wear in cold weather absorbs solar energy during the
daytime. It is proposed that the developed material can be used in
life-saving military uniforms and performance sportswear. Li &
Zhu (2004) [12] numerically investigated the heat and moisture
transfer in a porous textile fabric. PCM is embedded inside the
textile material to improve the energy storage capability.
Numerical predictions are compared with the experimental
measurements to validate the developed scheme. Shaid et al.
(2015) [13] developed a firefighter garment which can provide
improved thermal protection to prevent heat loss. They claimed
that as a standard approach aerogel is used in high heat
protection. Aerogel not only blocks the incoming heat flux
through the body but also restricts the heat loss from the body
surface. Consequently, the wearer suffers from an increase in
body temperature [13]. The embedded PCM layer improves the
thermal protection and comfort. Hu et al. (2013) [2] incorporated
PCM in a firefighter protective clothing. The influence of PCM
position in the fabric is revealed under constant heat flux
condition. The time-wise variation of thermal damage is also
obtained. The results depict that placing the PCM between the
waterproof layer and the inner layer is the most appropriate
design.

In the current study, a one-dimensional numerical model is
developed to predict combined heat transfer within the layers of
textile fabric and tissue. 1 mm PCM layer is placed inside the
fabric to examine the influence of the PCM on the thermal
comfort of the firefighter. Unlike the previous papers in the
literature, thermal boundary condition on the protective cloth is
defined as a function of time. A cyclic boundary condition is
defined in such a way that the firefighter protective clothing is
exposed to the flame for a certain duration of Atepesure and then
be far away from the fire for Atyroection-
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2. MATERIAL & METHOD
2.1. Definition of the Problem

Coupled transient heat transfer inside multi-layer firefighter
protective clothing (FPC) and skin layers are numerically
simulated. Figure 1 shows the layers of the fabric and the skin.
There is a total of five layers in the FPC and skin consist of three
layers. From left to right the layers of FPC are outer shell (Lo =
0.7 mm), waterproof (L., = 1.12 mm), PCM (Lpcw = 1 mm),
inner layer (Ly = 0.95 mm) and air gap (Lsg = 6.35 mm). The skin
layers, on the other hand, are epidermis (Leg = 0.08 mm), dermis
(Leg = 2.0 mm) and the subcutaneous (L, = 10.0 mm).
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Figure 1. One dimensional mathematical model

On the outer layer of the FPC, there is a time-dependent and
coupled boundary conditions. The mathematical expression of
the boundary condition on outer surface is given as follows,

ot

k<

ox o = q'f'ire —é&o (Tx4:0 _Tsﬁrr ) -h (TX:O _Too) (1)

where Q"% is the average heat flux of a flame. Ty=o, Tsur and T,
are the outer surface temperature, surrounding temperature and
the ambient temperature, respectively. In the current analysis,
q'%ire IS assumed to be 2.5 kW per unit area [14]. To simulate the
variable boundary condition on the external surface of the FPC,
q'%ires Tsurr @and T, are defined as time-dependent. On the inner
face of the tissue (X = L), On the other hand, constant
temperature is set,

T(x=L)=Tg. (2

where Teore IS the body core temperature and set to be 310 K [2].
Inside the skin layers, the heat transfer is quite complicated. In
the current model, Pennes’s approach [15] is followed to
simulate the heat transfer between the flowing blood and the
surrounding tissue [16]. Pennes defined the rate of heat transfer
from the blood as a volumetric heat source (or sink) term,
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w is the volumetric blood flow rate per unit volume of tissue and
known as perfusion rate. ppieq (= 1060 kg/m®) and Cpjoeq (= 3770
J/kgK) are the density and specific heat of the blood,
respectively. Blood perfusion o = 0.00125 m*s/m? is defined
only in the dermis and subcutaneous layers.

2.2. Solution Method

One-dimensional mathematical model is developed in ANSYS-
FLUENT software. The governing equation, which represents
the heat diffusion inside the FPC, is as follows,

9 _ 0o 4
8t(pCT)_8x(k 6xj @

For each layer, the density (p), specific heat (c) and the thermal
conductivity (k) of the materials are defined according to the
properties that are given in Table 1. For the PCM layer, apparent
heat capacity approach of Morgan et al. (1978) [17] is used. In
this method, the phase change is assumed to take place in a small
temperature range, rather than a sudden change at a single
temperature. The narrow temperature band bounded by the
solidus temperature (T,, - oTy,) and liquidus temperature (T, +
o0Tm). The solid/liquid phase change region is mostly called
“mushy zone” [18]. The latent (heat of fusion) of the material is
defined regarding the heat capacity of mushy zone,

oy = 4 GG (5)
mushy Zgl-m 2

where hg is the latent heat of fusion. 20T, designates the mushy
zone temperature range. Besides, ¢, and ¢ are the specific heat
values of liquid and solid phases, respectively. In the current
analyses to improve the accuracy of numerical prediction, a
narrow mushy region is defined with 26T,, = 1 K. The melting
temperature and heat of fusion of the PCM are T, = 351 K and
het = 267 kJ/kg, respectively.

For epidermis and subcutaneous layers, an additional volumetric
source (or sink) term should be defined to consider the heat
transfer with perfusion flow,

5 o( ot
e )= k% i (6)
27T 6x( ax}rqp

The ANSYS-FLUENT software is used to resolve transient heat
transfer inside the computational domain. A subroutine (User-
Defined-Function - UDF) is coded in C++ language to
implement the perfusion flow term (Eq. 3) into the energy
balance equation (Eg. 6). An external profile file is also imported
into the software to define a cyclic boundary condition on the
outer surface of the FPC. The computational domain is divided
into 50000 control volumes, and the time step size is selected to
be 0.01 s. For each time step, the absolute residual of the energy
equation is reduced below 1E-8 to minimize the numerical
errors.
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Table 1. Thermo-physical properties of layers [2]

Layer P 3 ¢ k
(kg/m*) (I7kgK) (W/mK)
Outer Shell 286 1005 0.08
Waterproof 179.4 1940 0.037
PCM 2000 1100 0.65
Inner Layer 220 1300 0.052
Air gap 1.18 1005 0.026
Epidermis 1200 3600 0.24
Dermis 1200 3300 0.45
Subcutaneous 1000 2500 0.18

2.3. Validation of the Method

The numerical work of Ref [19] is reproduced to assess the
validity of the current method. They have considered one-
dimensional transient heat transfer inside skin layers. Initially,
there is a linear temperature variation inside the domain between
34°C and 35°C. The outer surface of the skin is raised to 90°C.
Figure 2 compares the length-wise temperature distributions and
time-wise variation of threshold/3"-degree burn. In Figure 2(a)
the dashed lines represent the results of reference paper and the
solid ones are the current predictions. It is clear that there is a
small discrepancy between the current results and the reference
within the range of 3 mm to 5 mm. As mentioned before, in the
reference work, Jiang et al. (2002) [19] assumed that initially
there is linear temperature profile inside the domain. However,
since the details of the initial pattern did not provide in the
reference work, in the current analysis, the initial temperature
variation is assumed to be uniform. The small discrepancy may
arise owing to the difference between the initial conditions.

In Figure 2(b), the variations of threshold (1*-degree burn) and
3"-degree burns are compared with the reference work. The
thermal injury of skin starts when the temperature reaches above
44°C. The impact of the thermal burns, on the other hand, are
classified regarding the dimensionless damage function, Q (x, t).
Takata (1974) [21] states that a first-degree burn (threshold),

(a) Temperature distributions

second-degree burn and third-degree burn corresponds to Q =
0.53, 1.0 and 10*, respectively. Henriques and Moritz (1947) [22]
defines the burn damage as

Q(x,t):jPexp(—AE/RT(x,t))dt ()

where AE is the activation energy (J/kmol), P is the frequency
factor (1/s), and R is the ideal gas constant (J/kmolK). In the
reference work [19], authors did not indicate the numerical
values for AE and P. In the literature; several investigors have
provided the activation energy and the frequency factor of the
skin layers. Four commonly used model results are given in
Table 2. It is clear that the values of AE and P vary in a wide
range since the thickness of the skin layers differs person to
person or even throughout a body. In the current work, the burn
damage is calculated by using each of the four cases that are
given in Table 2. An additional MATLAB function is developed
to compute the thermal damage function (Q) for each
computational node. At the end of each time step, the
temperature distribution is transferred from ANSYS-FLUENT to
MATLAB code.

Table 2. Thermal damage parameters from different investigators

Temperature
AE P
Model Range (3/kmol) (1s)
%)
#1
Henriques AllT 6.27E8 3.1E98
(1947) [22]
#2
Fugitt T<55 6.27E8 3.1E98
(1955) [23] T>55 2.96E8 5.0E45
#3 T<50 7.82E8 2.185E124
Stoll & Greene N ' :
(1959) [24] T>50 3.27E8 1.823E51
#4
Takata T<50 4.18E8 4.322E64
(1974) [20] T>50 6.69E8 9.389E104

(b) The evaluation of thermal burn

Figure 2. Validation of the numerical model
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The time-wise variations of the thermal damage that are obtained
from four different injury models are compared with the
reference work in Figure 2(b). One can see that the activation
energy and frequency factor of the material significantly alters
the evaluation of thermal burn. Since the precise values are not
provided in the reference work, it is not possible to perform a
proper comparison regarding the thermal injury. However, it
seems that the results obtained from Model #1 [22] are the
closest one to the reference paper [19].

3. RESULTS & DISCUSSION

In the current analyses, a cyclic boundary condition is defined in
such a way that the firefighter protective clothing is exposed to
the flame for the duration of Ategosure @nd then be far away from
the fire for Atyroteciion. TO Simulate the cyclic boundary condition
on the surface of the fabric, the first terms in Eq. (1), q"fire, IS
defined to be 2.5 kW/m? during the exposure duration. On the
other hand, g%y is set to be zero during the protection time. That
is, the stored energy inside the fabric or skin is released through
the ambient in the protection period. The parameters that have
been considered in the current numerical survey are listed in
Table 3. Five fire exposure cases are examined by varying the
ratio of exposure time to protection time as 1, 2, 3, 6 and 12. The
current paper is motivated to investigate the merits of the
implementation of PCM layer in protective clothing. Two sets of
scenarios have been considered. In the first scenario, the
reference clothing in which there is no PCM layer is simulated.

Atif Canbek EZAN

subcutaneous, temperatures. Here solid, dashed and dotted lines,
respectively represent the epidermis, dermis, and subcutaneous
layers. As it is expected, increasing the exposure time the average
skin temperature raises. The influence of cyclic boundary
condition becomes significant for higher exposure/protection
durations, such as Cases 3, 4 and 5. When the boundary
condition is switched from exposure to the protection mode, the
curves become flat, so that step-like curves are observed. At the
end of 900 s, the mean temperature of the epidermis layer
reaches almost 80°C for Case 5. The average temperature of
dermis layer, on the other hand, reaches nearly 75°C, at t = 900 s.
Att =675 s, the subcutaneous layer temperature reaches to 45°C,
which is higher than the critical temperature for thermal injury.
For Case 4, in which the exposure to protection-time ratio is six,
the maximum temperatures for epidermis, dermis and
subcutaneous layers are observed to be 73°C, 69°C, and 46°C,
respectively. Decreasing the exposure period, i.e. Case 3 and 2,
the maximum temperatures reduce significantly. In Case 3, the
mean temperature of epidermis layer remains below 60°C. The
dermis layer temperature is close to the epidermis layer, which is
57°C. For Case 2, the mean temperatures epidermis and dermis
layers are 54°C and 52°C, respectively. In Case 1, the average
temperatures of epidermis layer just reach to 45.6°C and 44.6°C
at the end of 900 s, respectively. One can infer that the
temperature difference between epidermis and dermis layers
reduces as the protection time increases.

Table 3. Cyclic boundary conditions on the protective clothing

In the second one, on the other hand, a model is generated which Protection Exposure )
includes 1 mm of PCM layer between the waterproof and inner Case (s) () Ratio
layer, as illustrated in Figure 1. #1 10 10 1.00
#2 10 20 2.00
In Figures 3 and 4, the thermal response of a reference firefighter #3 10 30 3.00
protective clothing, which does not include PCM, under varying #4 10 60 6.00
boundary conditions are represented. Figure 3 shows the time- #5 10 120 12.00
wise variation of the average skin layer, epidermis, dermis and
(a) Epidermis (b) Dermis (c) Subcutaneous

Figure 3. Time-wise variation of skin-layer temperatures — without PCM

Journal of Textiles and Engineer

Cilt (Vol): 24 No: 106
SAYFA 98

Tekstil ve Miihendis




Numerical Investigation of Thermal Regulation
Inside Firefighter Protective Clothing

Ersin ALPTEKIN, Mehmet Akif EZAN
Berkant Murat GUL, Huseyin KURT
Atif Canbek EZAN

Figure 4 illustrates the progress of the thermal burn. Here the
solid lines represent the 1%-degree burn and dashed ones denote
the 3"-degree burn. The 1% degree and 3™-degree burns are
defined regarding the damage function, Q (x, t), which is defined
in Eq. (7). For Case 1 thermal damage is not observed since it
corresponds to the shortest fire exposure duration. In Case 2, the
exposure time is doubled to 20 s and the 1%-degree thermal burn
takes place after 700 s. At the end of 900 s, the depth of burn
reaches to 1.23 mm. In Case 3, on the other hand, the thermal
burn starts earlier stages of the process, at t = 500 s and becomes
effective in a depth of 2.93 mm. In Case 4, 1%-degree burn
penetrates into deeper layers of the skin. The starting time of
thermal burn is 375 s, and the maximum depth is 4.46 mm. 3"-
degree burn is observed in Case 4 when the damage function (£)
reaches up to 10*. 3"-degree burn starts at t = 786 s, and at the
end of 900 s, the depth of the burn is observed to be 1.22 mm. In
Case 5, on the other hand, the 1%-degree and 3"-degree burns
appears quite earlier stages and causes deeper damages as it
possess the longest exposure duration. 1%-degree burn starts at t
=330 s and penetrates into 5.29 mm. Besides, 3"-degree damage
occurs at t = 600 s and becomes effective on 2.57 mm.

Figure 5 represents the time-wise variations of skin layers for
firefighter protective clothing, which includes 1 mm of PCM
between the inner layer and waterproof. It is interesting to note
that, the temperature of skin layers vary with time almost
identically until t = 600 s. PCM inhibits temperature rise on the
skin surface and maintains nearly constant temperature for 600 s
in all cases. At the end of 600 s, for Case 5, which corresponds
the highest fire exposure duration, the mean temperature values
for epidermis and dermis layers starts to increase and at the end
of 900 s temperatures reach up to 47°C and 45°C, respectively.
Since the skin layer temperature remains below the critical
temperature, 44°C, the thermal burn is not observed in the
scenario in which PCM is used inside the firefighter protective
clothing.

(a) Epidermis

Figure 4. Evaluation of thermal burn — without PCM

In Table 4, the results of two scenarios, the regular firefighter
protective clothing and the one that includes PCM, are
compared. Even for the worst case, Case 5, the PCM provides an
improved protection to the firefighter and reduces the maximum
skin temperature almost by 30°C. More importantly,
implementing the PCM blocks the thermal injury.

Table 4. Comparative results for scenarios without PCM and with PCM

w/o PCM with PCM |
Depth of rd
Case Mabx. 1“e|§egr?ae Delgzzgg:es Max.
Temp. Burn Burn Temp.
(°C) (mm) (mm) (°C)
#1 456 - - 37.8
#2 53.6 1.28 - 37.8
#3 59.0 2.93 - 448
#4 72.6 4.46 1.22 46.3
#5 79.5 5.29 2.57 47.4
(b) Dermis (c) Subcutaneous

Figure 5. Time-wise variation of skin-layer temperatures — 1 mm PCM layer
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4. CONCLUSION

This study focuses on the development of a numerical model in a
commercial CFD code, ANSYS-FLUENT, to simulate the bio-
heat problem for a firefighter protective clothing. Following
results can be concluded:

The proposed CFD model predicts the time-wise temperature
variations and the progress of thermal damage are in
accordance with the reference work,

The depth of thermal burn increases for the extended fire
exposure durations. The time of protection should be
increased to provide excessive heat removal from the fabric.

It is clear that PCM provides an improved protection. The
maximum temperature of the skin layer remained close to the
critical limit for thermal burn so that no injury is observed in
PCM embedded firefighter protective clothing.

Further studies should be done to optimize the thickness, position
and type of the PCM. The melting temperature of the PCM
should be selected according to the maximum temperature values
within the clothing.
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