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ABSTRACT

FIRES ARE AMONG THE MAJOR CAUSES OF FATALITIES AND INJURIES. AS
STATISTICAL SURVEY CONDUCTED BY THE INTERNATIONAL ASSOCIATION OF FIRE
AND RESCUE SERVICES (CTIF) REVEALED SEVERAL INJURIES AND DEATHS BETWEEN
THE FIREFIGHTERS, OVER 56 COUNTRIES. DURING RESCUE ACTIONS, FIREFIGHTERS
CAN BE EXPOSED TO MULTIPLE FIRE CONDITIONS INCLUDING FLASHOVERS AND
BACKDRAFTS. ACCORDINGLY, THE PERFORMANCES OF THE PROTECTIVE CLOTHING
ARE THE KEY DEMANDS FOR ANY FIRE SAFETY STRATEGY OR FABRICS
MANUFACTURING. IN THIS CONTEXT, SEVERAL UNEXPECTED BURN INJURIES WERE
NOTED ON FIREFIGHTERS BODIES, DESPITE THE CONSISTENCY OF THE PROTECTIVE
CLOTHINGS. DEVELOPING THERMOPHYSICAL MODELS FOR THE CLOTHING-SKIN
INTERACTION SEEM AS A CHALLENGING TASK AND A PROMISING WAY FOR THE
FIREFIGHTING COMMUNITY. THE PRESENT WORK IS AN ATTEMPT TO PREDICT THE
SPATIAL AND TEMPORAL EVOLUTION OF THE TEMPERATURE IN THE BODY-CLOTHING
ASSEMBLY. THE ALGEBRAIC 1D MODEL IS BASED A HEAT TRANSFER BALANCE
ACCOUNTING FOR RADIATION-CONVECTION-CONDUCTION ON EACH FABRICS AND
SKIN LAYER.

KEYWORDS: FIREFIGHTER CLOTHING, THERMAL CHARACTERIZATION,
BIOTHERMICS, BURN INJURIES.



RESUME

LES INCENDIES SONT L'UNE DES PRINCIPALES CAUSES DE DECES ET DE
BLESSURES. UNE ENQUETE STATISTIQUE MENEE PAR L'ASSOCIATION
INTERNATIONALE DES SERVICES D'INCENDIE ET DE SECOURS (CTIF) A REVELE
PLUSIEURS BLESSURES ET DECES PARMI LES POMPIERS DANS PLUS DE 56 PAYS.
LLORS DES INTERVENTIONS DE SECOURS, LES POMPIERS PEUVENT ETRE EXPOSES A
DE MULTIPLES CONDITIONS D'INCENDIE, NOTAMMENT DES EMBRASEMENTS
FULGURANTS ET DES REFOULEMENTS D'AIR. PAR CONSEQUENT, LA PERFORMANCE
DES VETEMENTS DE PROTECTION EST UNE EXIGENCE CLE DE TOUTE STRATEGIE DE
SECURITE INCENDIE OU DE FABRICATION DE TISSUS. DANS CE CONTEXTE,
PLUSIEURS BRULURES INATTENDUES ONT ETE CONSTATEES SUR LE CORPS DES
POMPIERS, MALGRE LA COHERENCE DES VETEMENTS DE PROTECTION. LE
DEVELOPPEMENT DE MODELES THERMOPHYSIQUES POUR L'INTERACTION
VETEMENTS-PEAU SEMBLE ETRE UNE TACHE DIFFICILE ET UNE VOIE PROMETTEUSE
POUR LA COMMUNAUTE DES POMPIERS. CE TRAVAIL VISE A PREDIRE L'EVOLUTION
SPATIALE ET TEMPORELLE DE LA TEMPERATURE DANS L'ENSEMBLE CORPS-
VETEMENTS. LE MODELE ALGEBRIQUE 1D REPOSE SUR UN BILAN DE TRANSFERT
THERMIQUE PRENANT EN COMPTE LE RAYONNEMENT, LA CONVECTION ET LA
CONDUCTION SUR CHAQUE TISSU ET CHAQUE COUCHE DE PEAU.

MOTS-CLES: VETEMENTS DE POMPIER, CARACTERISATION THERMIQUE,
BIOTHERMIE, BRULURES.
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General Introduction

General Introduction

Firefighters are usually the first-line responders in emergency situations of fire, explosion,
chemical spillage, and other hazardous situations. Of these, fire situations pose some of the most
dangerous occupational hazards due to the very intense thermal conditions to which firefighters
are exposed. In such operations, firefighters are subjected to high intensities of radiant,
convective, and conductive heat, which can easily cause grave injury or fatality if not properly
shielded. Consequently, firefighters' own life and health largely depend on the performance of
his/her personal protective equipment (PPE), especially thermal protective clothing, which is the

main barrier against exterior sources of heat.

The importance of high-performance thermal protective apparel cannot be emphasized enough.
Not only does it serve as the outer shield from the elements of fire and heat, it also protects
against burns, heat sickness, and other thermal-induced harm. But if the protective apparel does
fail—because it was poorly designed, made of unsuitable materials, or weakened from extended
use—the outcome can be of dire consequences. Injuries from such incidents tend to be life-
threatening in nature and can have long-term health consequences, disability, or be lethal. In
addition, the lack of adequate protection for firefighters can also lead to more property loss and

loss of operational efficiency in responding to emergency situations.

Every year, many firefighters worldwide get injured from fires in spite of wearing protective
attire, testifying to an ongoing mismatch between existing PPE technology and the harsh fire
conditions experienced in the line of duty. The occurrence of such accidents indicates the need
for innovation in the engineering and designing of thermal protective apparel. New-generation
fire brigades require more than just fire-resistance in protective clothing; it should be resistant
against multiple modes of heat transfer at once—conduction from contact with hot surfaces,
convection from hot gases or hot air, and radiation from hot objects or fire. Furthermore,

environments for firefighting tend to be multifaceted and unpredictable. Beyond thermal hazards,
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firefighters are subjected to a broad array of other hazards, including toxic gases, biological
agents, structural collapse and its attendant physical trauma, and radiation. Not withstanding the
complexity of the situation, thermal exposure is still the most common and direct hazard in
wildland and structural fire situations. For example, structural fires can yield hot steam, volatile
gases, charred materials, and molten material—all of which add to higher thermal loads. Even in
cases where suppression with water is unavoidable, the water usually becomes superheated
steam and enhances the risk of burn injury due to its higher thermal retention as opposed to dry

air.

Considering the intricacy and severity of these issues, it is critical to evaluate and enhance the
thermal protective performance of firefighter apparel in an organized way. Present-day PPE fails
short of responding to actual fireground environments, specifically extended thermal exposure,
steam burns, and sudden thermal flux. Although advances have been made in material science
and garment technology, protection from present-day ensembles continues to be less than

optimal in some respects.

The objective of the research is to critically analyze the thermal protective function of the
present-day firefighter clothing systems. Through the execution of experimental testing and
examination of state-of-the-art technology in textile technology, the research delves into what
has been lacking in terms of protection and suggests possible solutions for enhanced thermal
performance. The ultimate goal is to develop better design specifications and functionality
requirements for protective firefighter clothing to promote improved survivability and

performance in high-threat fire situations.

As part of this research effort, the research makes an overall contribution to occupational safety
and health by providing useful insights into reducing injury frequency through the
implementation of novel protective systems, enhancing emergency response performance, and

ensuring firefighters' overall physical health across the world. [1]
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This study has been organized into 5 major chapters:
eChapter 01: Technological study.

eChapter 02: State of the art.

eChapter 03: Experimental tests.

eChapter 04: Formulation and thermal balance equations.

oChapter 05: Results and discussion / Parametric analysis and cases study.
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I. Chapter 01 : Technological study

1. Introduction

Firefighting is a very risky profession, and the staff is subject to many hazards. Thermal
hazards represent the most frequent among them, and they result from many sources, such as
conduction, convection, hot fluids, steam, and contact with hot surfaces. Familiarization with the
various categories and classes of fires, firefighting activity, and exposure hazards, as well as with
the thermal balance of the body, is necessary in order to set up effective protection methods and

habits. [2]

2. Fire Types and Classification

Fires can be categorized by the nature of the material that is being burned. The primary

classifications are:

* Class A: Class A fire is made up of regular combustibles, such as fabric, paper, and wood. [3]
* Class B: Fires involving flammable liquids such as gasoline, oil, and alcohol.

Class C: Fires that occur with electrical equipment that is energized. [4]

* Class D: Burning of flammable metals, e.g., magnesium, titanium.

» Class K: Fires caused by cooking oils and fats. [5]

Each class has a range of challenges and necessitates a range of extinguishing techniques. A water
application in Class B fire, for example, accomplishes nothing but propagates the flammable
liquid, making the fire worse. Class C fire necessitates the use of non-conducting fire-

extinguishing media so that electrical shock is not initiated.
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CLASSES | TYPES OF FICTURE
OF FIRES | FIRES SYMEBOL

Wood, paper, cloth, trash
& other ordinary materials.

Gasoline, oil, paint and
ather flammable liquids.

May be used on fires
involving live electrical
equipment without
danger to the operator.

Combustible metals and
combustible metal alloys.

Cooking media (Vegetable
or Animal Qils and Fats)

A 0O Nnw >

Figure I-1 : Fire Types and Classification. [6]

3. Firefighter’s Activities and Exposure Risks

Firefighters carry out a variety of functions that subject them to numerous hazards:
» Fire Suppression : Fire in the surrounding area exposes firefighters to heat, smoke, and deadly
gases. Heat from the area may cause heat stress, burns, and respiratory problems. Structural
collapse is a serious physical hazard. [6]
* Rescue Operations : Going into fire or structurally damaged buildings in an attempt to rescue
people exposes them to hazardous situations, exposes them to more risk from falling debris,
explosions, or fire changes. [7]
» Hazardous Materials Response : Firefighters typically respond to the scene in cases of
chemical, biological, nuclear, and radiological material incidents. These substances expose
individuals to health risks, both short-term and long-term, in the form of respiratory disease and
cancer. [8]
+ Wildland Firefighting : Woodland and grassland firefighting is also subject to certain special
difficulties, such as rough terrain, uncontrollable fire behavior, and prolonged heat and smoke
exposure. The physical and environmental conditions tend to cause excessive heat and smoke

sickness. [9]
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The cumulative effect of all the above-mentioned exposures may result in long-term health
issues. Fire fighting activity also correlates to hyperthermia, dehydration, and breathing issues,

and some cancer.

Figure I-2 :Firefighter Activities and Exposure Risks. [11]

4. Composition of the skin of the organism

The skin is the largest organ in the human body, and it is the body's first line of defense
against external dangers like heat, fire, and chemicals. The skin consists of three primary layers,

and all play important roles in the areas of protection, sensation, and regulation of temperature.
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Epidermis

Dermis

Subcutaneous tissue
Muscle

Figure I-3 : Composition of the skin of the organism. [12]

3.1. The Three Layers of Human Skin

3.1.1. Epidermis (Outer Layer):

The epidermis is the outermost, stratified, squamous epithelium that is composed mainly of
keratinocytes and also dendritic cells (melanocytes, Merkel cells, and Langerhans cells). The
epidermis is divided into four layers by the morphology of the type of keratinocyte and the degree

of differentiation into cornified cells (the most superficial is the stratum corneum).

3.1.2. Dermis (Middle Layer):

The middle layer made up basically of collagen and amorphous connective tissue with nerve

and vascular networks, epidermal appendages, fibroblasts, macrophages, and mast cells.

3.1.3. Hypodermis (Subcutaneous Tissue):

The hypodermis, which is also known as the subcutaneous tissue, is a real endocrine organ
consisting of lobules of adipocytes separated by septa composed of collagen and blood vessels.

[10]
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5. Thermal Balance of the Human Body

Maintaining thermal equilibrium is crucial to the health and well-being of humans. The body
preserves core temperature by sweating and the control of the flow of the blood. However, in warm

climatic situations, the body's mechanisms are put under pressure, leading to heat illness
» Heat Cramps: Muscle cramps resulting from electrolyte imbalances through heavy sweating.

» Heat Exhaustion: A syndrome characterized by heavy sweating, weakness, dizziness, and nausea,

resulting from prolonged heat exposure if the body's water and salt are not replenished.

* Heat Stroke: A life-threatening, extreme condition in which the body's heat regulation mechanism
fails, resulting in core body temperatures above 104°F (40°C). It manifests through confusion, loss

of consciousness, and possible failure of organs.

Active muscles generate significant heat, most significantly during strenuous exercise, such as
firefighting. Excess heat, if in quantities greater than the body's cooling capacity, raises core body

temperature, resulting in the possibility of heat illness. [11]

Furthermore, the thermal characteristics of protective clothing also influence heat dissipation.
Whereas protective clothing prevents external heat sources from reaching the body, the same
clothing also prevents the evaporation of sweat [12], leading to less efficient cooling and possibly

aggravating heat stress.

6. Thermal effect on the surroundings of the fire and humans

Fires generate intense heat that impacts the environment and the human body in numerous ways.
The thermal energy released during combustion travels through various mechanisms to cause
structural damage, environmental harm, and very hazardous health consequences to those exposed

to the fire. [13]
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Thermal Effects on Fire Surroundings and Humans
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Figure -4 : histogram visualizing the thermal effects on the surroundings of a fire and on humans. [17]

histogram illustrating the heat effects on the environment of a fire as well as on people. It
juxtaposes near-fire conditions with conditions at a distance (in a safety zone):

e Air Temperature Increase and Surface Temperature peak abruptly around burning areas.
e Radiant heat flux can be as high as ~20 kW/m? near fires, which can produce dangerous

elevations of skin temperatures with associated burn injuries within less than 10 seconds.

By contrast, the impacts are much reduced within safer areas, demonstrating the role of
protection and distance.
5.1. Thermal Impacts on the Environment
5.1.1. Structural Damage
Infrastructure and buildings deteriorate with exposure to intense heat.
Steel weakens between 600-800°C (1112-1472°F), which can result in collapse.
Concrete can explode due to moisture expansion inside. [14]
Glass will break at around 250°C (482°F), affecting visibility and safety. [15]

5.1.2. Environmental Impact

10
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Wildfires alter ecosystems, destroy habitats, and cause long-lasting ecological damage. [16]
Smoke and noxious gases (carbon monoxide, nitrogen oxides) pollute the air, affecting
respiratory health.

Temperatures altered by fire can produce local weather conditions, enhance wind, and propagate
fire. [17]

5.2. Thermal Effects on the Human Body

When exposed to fire, the human body responds to heat stress in a number of ways, affecting

both the skin and internal organs.

5.2.1. Burns and Skin Damage

Temperature (°C/°F) Effects on Human Skin

44°C (111°F): Damage to cells after extended exposure. [18]
55°C (131°F): First-degree burns in 30 seconds.

70°C (158°F):Second-degree burns in 1 second.

160°C (320°F):Instant third-degree burns; damage to nerves.

5.2.2. Heat Stress and Heat Stroke
Prolonged exposure to heat leads to heat exhaustion and heat stroke. Symptoms: Dizziness,
dehydration, confusion, rapid heart rate, organ failure. [19] Core temperature above 40°C (104°F)

is life-threatening. [20]

5.2.3. Inhalation Injuries

Noxious smoke and hot gases can lead to airway burns and lung damage. Symptoms: Hoarseness,
coughing, breathing difficulty. Carbon monoxide (CO) poisoning reduces the supply of oxygen,

resulting in suffocation. [21]

11
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7. Burn Types and Their Effects

Burn injuries are categorized based on the depth and severity of tissue damage:

Burns
Superficial Partial-thickness Full-thickness

—
Epidermis

—
Dermis

_Subcutaneous
tissue

L3 Cleveland Clinic ©2024

Figure I-5 :Burn Types and Their Effects. [26]

12
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First-Degree Burns (Superficial Burns): These affect only the outer layer of the skin, known as
the epidermis. Symptoms include redness, pain, and minor swelling, without blisters. Healing

typically occurs within a week without scarring.

Second-Degree Burns (Partial Thickness Burns): These involve both the epidermis and part of
the dermis. The burn site appears red, blistered, and may be swollen and painful. Healing can take

several weeks and may result in scarring.

Third-Degree Burns (Full Thickness Burns): These extend through the dermis and affect deeper
tissues. The burn site may appear white, charred, or leathery, and sensation in the area can be
absent due to nerve damage. Such burns often require surgical intervention and can lead to

significant scarring and functional impairment.

For firefighters, understanding these burn types is crucial, as their work environment presents
constant exposure to burn hazards. Effective protective measures and prompt medical attention are

vital to mitigate the adverse effects of burns. [22]

8. Fire Protection Methods

Fire protection encompasses strategies designed to prevent, control, and mitigate fire hazards:

Active Fire Protection: Involves systems that require action to operate, such as fire extinguishers,
sprinkler systems, and fire alarms. These systems detect and suppress fires in their early stages,

minimizing damage and enhancing safety.

Passive Fire Protection: Utilizes building components to contain fires or slow their spread,
including fire-resistant walls, floors, and doors. Materials used in passive protection are designed

to withstand high temperatures and prevent structural collapse during a fire. [23]

13
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Firefighter Training and Protocols: Comprehensive training programs equip firefighters with
the knowledge and skills to assess risks, execute effective firefighting techniques, and perform
rescues safely. Regular drills and adherence to established protocols are essential components of

fire protection. [24]

oFire Spread Over Time (Line Graph): Simulates how fire would spread with no protection,

passive protection only, and combined active-passive systems. [25]

Fire Spread Over Time

No Protection
Passive Only
Active + Passive

100 -

80 r

60 |-

40 -

Fire Spread (%)

20

D:O 2:5 5:0 7j5 lOI.O 12‘.5 15‘.0 17‘.5 20‘13
Time (minutes)

Figure I-6 : Fire Spread Over Time. [31]

oFire Protection Strategies (Pie Chart): Illustrates the general proportion of fire safety

investments or strategies in typical fire safety designs. [26]

Distribution of Fire Protection Strategies

Planning & Training

10.0%

40.0%

50.0%

Active Protection

Figure I-7 : Distribution of Fire Protection Strategies. [33]
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9. Firefighter Protective Clothing

Helmet - protection

from falling objectsand
protecting the overall
head ) X

Mask — allows usto breath the supplied air
and notthe smoke and other nasty by products
(protects our airway)
Turnout Coat -madeupof3
layers (outer shell, moisture barrier and
thermal barrier). Heatresistantup to
certaintemperatures and doesn’tallow

moisturein orout. — t.

Gloves - protection for picking up hot
objects, crawling around on the floor alol
with handling some tools.

allow moisturein or out. I

Boots — steeltoed bootsto

protect from falling or sharp objects
alongwithwater A

Hood - protection of lower part of the
head, neckand face

/ SCBA
2 (Self Contained Breathing

' 8 \ Apparatus) —In other
! words, ourair supply.

Figure I-8 : : Firefighter equipment. [34]

Protective clothing is a critical element in safeguarding firefighters from thermal hazards:

Global Standards: Internationally, firefighter gear typically consists of multiple layers:

Outer Shell: Provides flame resistance and shields against physical hazards. Materials like Nomex

and Kevlar are commonly used for their durability and heat-resistant properties. [27]

Moisture Barrier: Prevents the ingress of water and chemicals while allowing perspiration to

escape, maintaining comfort and reducing heat stress. [28]

Thermal Barrier: Insulates against extreme heat, protecting the wearer from high temperatures

encountered during firefighting operations. [29]

These layers work in unison to offer comprehensive protection. Advancements in material science

have led to the development of fabrics that enhance heat resistance and reduce the overall weight

of the gear, improving mobility and comfort.

15
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Firefighter Clothing in Algeria: In Algeria, firefighting services utilize protective clothing that
aligns with international standards, incorporating multi-layered ensembles designed for thermal
protection. However, challenges such as resource limitations and the need for region-specific
adaptations exist. Efforts are ongoing to enhance the performance of firefighting systems,
including the adoption of fireproofing measures and the improvement of protective gear to meet

the unique demands of the Algerian environment.

10.Conclusion

This chapter has provided a comprehensive overview of the technological aspects related to the
thermal hazards encountered in firefighting operations. It examined the classification of fires, the
nature of firefighting activities, and the associated exposure risks, highlighting the complex and
dangerous environments in which firefighters operate. A thorough understanding of these hazards

is essential for developing effective safety strategies and improving operational protocols.

Additionally, the chapter explored the physiological and structural implications of thermal
exposure, including the composition of human skin, the body's thermal regulation mechanisms,
and the impact of extreme heat on both the environment and human health. The analysis of burn
types and their severity further underscores the need for preventive measures and timely medical

intervention.

Moreover, the study emphasized the critical role of fire protection systems—both active and
passive—in mitigating fire-related risks. The importance of advanced protective clothing was also
discussed, with attention to international standards and the specific context of firefighting in
Algeria. While significant progress has been made in aligning with global best practices, continued

efforts are necessary to enhance protective measures and adapt them to regional requirements.

In summary, this chapter establishes the foundational knowledge required for understanding the
thermal risks faced by firefighters and sets the stage for more detailed analysis in subsequent

chapters, particularly with regard to thermal modeling and protective equipment performance.

16
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II. Chapter 02 : State of the art

1. Introduction

In recent years, research in firefighter protective clothing has accelerated with growing
awareness of thermal hazards and their impact. The chapter's goal is to present an integrated view
of recent work concerning fire behavior, burn injury processes, and thermal performance of
protective garments. The literature is categorized under three focus topics: fire behavior , burn

injury processes , and firefighter protective clothing ensembles .

2. Description of Some Current Studies

2.1Fires

2.1.1. Climate Change and Fire Severity

A study published in Nature indicates that climate change is responsible for increasing fire
weather days across 76% of the globe’s vegetated land area from 1979 to 2019. Global warming
has also increased the frequency and severity of wildfires. Lengthening dry seasons and warming

climates result in the spread of fire-prone areas. [30]

Eternal flame

Average length of fire-weather season,
days per year, 1979-2019

0 5 40 80 120 160 200 240 280 320 365
| | | | | | I sl —

&

AR = " i
g J T
S0
hup 2.
=
Source: “Global and regional trends and drivers of fire under

climate change”, by Jones et al., Reviews of Geophysics,
2022 (data updated 2025)

Figure II-1 : Average length of fire-weather season, days per year , 1979-2019. [39]
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2.1.2.Experimental Studies on Fire Spread Behavior
In one controlled burn experiment, wind speed alone increased the fire spread rate by up to
300%, even when fuel and humidity were constant. Field and laboratory experiments examine the

role of several factors (vegetation type, humidity, wind) in influencing fire spreading. [31]

6
5
4 / —e— NFFL-4
3 —=— NFFL-7
2

/ NFFL-11

Rate of Spread (m s”")

0 1 2 3 4 5 6 7 8 9 10 11
Wind Speed (m s™)

Figure II-2 : Rate of fire spread under extreme wind conditions. [41]

2.2.Burn Injuries
Tissue damage due to thermal energy is the focus of research in this context. Biomedical

literature clearly defines thresholds for first-, second-, and third-degree burns.

2.2.1.Burn Injury Patterns Among Firefighters

An extensive study done in Korea investigated burn injuries in 536 active firefighters:
- Incidence of burns: 22% reported burns
- Severity: The burns involved in 93% of cases covered less than 1% of total body area.

- Common locations: Hands (37%) and head/neck (34%) were affected most often. [32]

18
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Non-Inflicted Negligent Inflicted

*N.B. Dark colors represent higher frequencies of injury (%) to the respective body areas
SG = Full-Thickness Skin Grafi, ED = Emergency Department.

Figure 11-3 : Burn Distribution. [43]

2.2.2.Factors Influencing Burn Injuries
Studies have shown that numerous factors are responsible for both the incidence and degree of
burn injuries:
-Heat Source Characteristics: The type and intensity of heat exposure.
-Protective attire: Composition and structure of firefighter protective equipment.
-Air Gaps: Thickness and characteristics of air films in between skin and clothing.
These variables control the heat transfer to the skin internally, and impact risk of burning.

Predictive models have now been formulated to estimate exposure time and distance safely. [33]

2.3.Firefighter Protective Clothing

Wildland fire-fighting is physically strenuous work conducted in hot environments. [34]

Personal protective clothing (PPC) is vital for thermal protection but has the potential to increase

19




Chapter 02 : Stat of art

physiological load and decrease performance. This research compared how four types of PPC
impact the physiological responses of firefighters in moderate heat (30°C, 30% RH). Eight healthy
fire-fighters conducted a walking trial in standard sportswear and in four sets of PPC constructed
from different materials (viscose, Nomex, Kevlar, P-140, and fire-resistant cotton). They wore a
20 kg load in order to mimic actual conditions [35]. Measurements were taken of heart rate,
respiratory gases, gastrointestinal temperature, lactate in the blood, perceived effort, and
temperature and humidity in the PPC. Heat balance indices were also determined. Generally,
physiological load was not significantly increased by the use of PPC. Nevertheless, factors such
as inner humidity, retention of sweat, dry heat exchange, and insulation by the fabric were
influenced by fabric composition. These observations emphasize the importance of fabric selection

in enhancing moisture control and firefighter protection in the vicinity of fire.

Participants involved in the study are eight healthy, active male wildland firefighters (average age
30.8 & 8.4 years, height 1.79 = 0.06 m, weight 76.9 = 10.8 kg, VOmax 55.4 £ 9.1 ml-kg™'-min’,
body surface area 1.9 = 0.2 m?) took part in this study. They regularly performed endurance
training (45-60 minutes, three times per week). All participants gave written informed consent.
The study followed the ethical standards of the Helsinki Declaration and was approved by the

Ethics Committee of the University of Ledn, Spain.

As experimental Design , each participant completed six testing sessions, spaced at least 48 hours
apart. The first session involved a maximal exercise test (Bruce protocol) [36] to assess fitness. In
the remaining five sessions, participants performed a 120-minute submaximal walking test
wearing either standard sportswear or one of four different PPC types, following a balanced Latin
Square design. All PPC met ISO (2003) [37] standards and are used by Spanish wildland
firefighters. Only basic underclothing (cotton t-shirt, underwear, and socks) was worn underneath,
and accessories like helmets, gloves, goggles, and boots were excluded. Garment details are listed
in Table 1. To simulate real firefighting, participants carried a 20 kg backpack pump during each

test and wore the same running shoes (250-300 g per shoe).
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Table II-1 : Personal Protective Clothing (PPC) Characteristics. [49]

Layer PPC#1 PPC#2 PPC#3 PPC#4

Single Reflective Single Single

double layer on
shoulders

Composition
FR viscose (%) | 65 65 56
Nomex (%) 30 30 34
Kevlar (%) 5 5 8
P-140 (%) 2
FR cotton (%) 100
Mass (g) 1,460 1,560 1,440 1,000
Surface mass | 270 270 225 310
(g'm™)
Total mass (kg)* | 79.6 £ 7.4 79.5+6.6 79.7+7.0 78.1+6.5
Fabric thermal | 0.0192 0.0192 0.0213 0.0260
resistance
(m*K-W1)
Fabric 3.79 3.79 3.45 3.51
evaporative
resistance
(m?-Pa-W1)

With FR: Fire Resistant

*Subjects' mass while wearing the PPC.

The testing protocol was as follow : All the tests were done using a treadmill (h/p/cosmos pulsar,
h/p/cosmos sports and medical GmbH, Nussdorf-Traunstein, Germany). A 10 min warm-up at
60% maximum heart rate (8—10 km-h—1), followed by 5 min of stretching, preceded each test.
The maximal test was conducted according to the protocol set out by Bruce (1971) [38]. A speed

of 2.5 km-h—1 and 10% grade were used to initiate the test. Speed and grade were raised every 3

min to volitional fatigue.
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The submaximal tests were conducted at the same time of the day (12:00 to 16:00 h) in a
climate-controlled environment within a laboratory at 30°C of air temperature and 30% relative
humidity, simulating the conditions analyzed in real wildland fires (Rodriguez-Marroyo et al.,
2012) [39]. Each protocol consisted of 6 walking sets at 6 km-h—1 and 1% of slope with 5 min of
passive rest periods in between. Each set lasted 15 min, although the first set lasted 20 min,
thereby the total length of the test was 120 min. At recovery times, 0.15 ml-kg—1 of water every
1 min of exercise at 15°C was provided to avoid that dehydration of subjects restricted the sweat
rate (Cheuvront et al., 2010) [40]. This protocol was adopted from previous studies (Selkirk and
McLellan, 2004) [41], and the adopted speed enabled subjects to execute an exercise intensity
from 60 to 70% of the maximal heart rate, simulating the working condition of wildland

firefighters (Rodriguez-Marroyo et al., 2012) [42].

As results, there was no significant interaction between the type of clothing worn and the duration
of the trials for most physiological responses, including oxygen uptake (VO-), ventilation, heart
rate, blood lactate, gastrointestinal temperature, physiological strain index (PSI), the temperature

underneath the protective clothing, and perceived exertion (RPE), as shown in Figure 12.
The average values recorded across all trials were as follows:

VO:2: 1.5 £0.3 L/min

Ventilation: 48.4 + 8.5 L/min

Heart Rate: 114 + 15 bpm

Blood Lactate: 1.5 = 0.2 mmol/L

Gastrointestinal Temperature: 37.4 £ 0.5°C

PSI: 3.2+0.7

Temperature under the protective clothing: 32.7 + 1.2°C

RPE: 10.7 £ 2.0

Similarly, no significant effects of time alone were observed on these parameters.
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However, a notable exception was found in the increase of gastrointestinal temperature.
Participants wearing PPC#3 experienced a significantly greater rise in core temperature (0.7 +
0.3°C) compared to those wearing the other protective clothing configurations (PPC#1, PPC#2,
and PPC#4 showed increases of just 0.2 + 0.3°C, 0.2 + 0.5°C, and 0.2 £ 0.3°C, respectively) and
sportswear (0.3 &+ 0.3°C).
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Figure I1I-4 : Comparative responses of oxygen uptake, ventilation, heart rate, blood lactate
concentration, gastrointestinal temperature, physiological strain index, temperature of the microclimate
underneath the personal protective clothing (PPC), and rating of perceived exertion during the different

trials. [43]

24



Chapter 02 : Stat of art

Relative Humidity Results was as follow : the microclimate under the protective clothing (PPC)
showed significantly higher relative humidity levels in PPC#2 and PPC#3 compared to PPC#4
(81.2£4.7% and 77.7 £ 5.0% vs. 71.7 £ 4.9%, respectively; p < 0.05). From the 60-minute mark
onward, PPC#4 consistently showed the lowest humidity levels among all configurations (Figure
13).

Overall, humidity levels rose more rapidly during the first hour of the trials (0—60 minutes), then
increased more gradually during the second hour (60—120 minutes), as shown in Figure 2. When
comparing the early phase (5-20 minutes) to the later phase (60—120 minutes), the relative
humidity increased significantly—from around 63% to approximately 84% (p < 0.05).
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Figure II-5 : Relative humidity pattern recorded during the trials performed with the different personal
protective clothing (PPC).
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*Differences with PPC#2 (p < 0.05).
IDifferences with PPC#3 (p < 0.05).
tDifferences with PPC#4 (p < 0.05).
aDifferences with 20—120 min (p < 0.05).
®Differences with 40—120 min (p < 0.05).
‘Differences with 60—120 min (p < 0.05).

Differences with 100—120 min (p < 0.05). [44]

Sweat Production and Comfort Results was as follow : Total sweat production was similar across
all types of protective clothing (PPC) and when participants wore sports gear (Table 2). Likewise,
the amount of sweat absorbed by the underwear did not vary significantly between the different

trials.

However, PPC#1 stood out with the lowest amount of sweat residue retained within the suit (p <
0.05), which translated into the highest sweat evaporation efficiency compared to the other PPCs
tested (p <0.05). This means PPC#1 was more effective in allowing sweat to evaporate rather than

accumulate inside the suit.

Participants also reported a lower sensation of wetness when wearing PPC#1, scoring 5.6 + 0.3 on
the moisture sensation scale, which was significantly lower than the scores for PPC#2 (7.6 £ 0.9),
PPC#3 (7.0 £0.6), and PPC#4 (8.2 = 0.5) (p < 0.05). The driest and most comfortable feeling was

reported when wearing the sports gear, which scored the lowest at 3.8 = 1.0.
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Table I1-2 : Sweat Measurements Analyzed in This Study (mean + SD) [57]

PPC#1

PPC#2

PPC#3

PPC#4

Sports gear

Total sweat

production

(2

1,910 =360

2,342 + 450

2,110+ 390

1,968 £ 370

1,925 + 447

Sweat residue

in underwear

(2

367 £53

368 =70

361 £54

409 £ 61

335+ 156

Sweat residue
in  garment

(@

178 £ 511+

579+ 278

545+ 156

418 £ 124

Sweat

evaporation

(@

1,514 + 327

1,395 £ 161

1,274 + 268

1,189 +338§

1,609 = 251

Sweat
efficiency

(%)

74+ 55§

61+ 78

59 + 5§

58+9

84+ 8

With : PPC, personal protective clothing.

“Differences with PPC#2 (p < 0.05).

Differences with PPC#3 (p < 0.05).

"Differences with PPC#4 (p < 0.05).

SDifferences with Sports Gear (p < 0.05).

According to heat balance results the estimated heat balance parameters are presented in Table 3.
Dry heat exchange was significantly different in PPC#2 and PPC#3 compared to PPC#4 (p <0.05),
indicating that these suits managed heat transfer differently. Additionally, PPC#1 had the lowest

total clothing insulation among all the configurations tested (p < 0.05), suggesting it provided

better heat dissipation and less thermal resistance.
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Table II-3 : Estimated Parameters of Heat Balance Analysis (mean + SD) [58]

PPC#1 PPC#2 PPC#3 PPC#4

Heat storage | 4.5+ 7.5 5.5+14.0 81+6.3 3.8+6.0
(W-mr?)
Metabolic  heat | 250.5 £ 23.7 238.4 +26.1 243.2+34.9 248.1+£22.4

production
(W-m™)
Respiratory heat | 10.2 £ 1.0 9.7+1.0 9.9+0.9 10.1 £ 0.9

exchange
(W-m™)
Evaporative heat | 251.5 + 48.1 232.9+30.5 2109+42.9 197.4 +£57.7

loss from skin
(W-m™)
Dry heat | 15.8 £15.7 9.9+ 12.4% 11.4+6.7F 30.4 +£24.1

exchange
(W-m?)

Total  clothing | 0.08 = 0.0631 0.35+0.38 0.31+0.22 0.26 £0.36
insulation

(m2 . OC . W—l)

With : PPC, personal protective clothing.
*Differences with PPC#2 (p < 0.05).
iDifferences with PPC#3 (p < 0.05).

Differences with PPC#4 (p < 0.05).

As a Discussion we can say this study aimed to examine how different types of protective clothing
(PPC) affect the physiological strain experienced by wildland firefighters. Contrary to our
expectations, we did not observe significant differences in cardiorespiratory responses—such as

heart rate, oxygen consumption (VO:), or ventilation—between the clothing ensembles (Figure 1).
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This contrasts with earlier studies that reported increases of 10-20% in physiological strain with
different PPC types (Baker et al., 2000 [45]; Dorman & Havenith, 2009 [46]; Wen et al., 2015
[47]). Even greater effects (over 20%) have been observed in structural firefighters, particularly
when wearing self-contained breathing apparatus due to the added weight of 10-20 kg (Taylor et
al., 2012 [48]; Lee et al., 2014 [49]).

In our study, the average increase in physiological strain when wearing PPC was about 12%. This
lower impact may be explained by the reduced thermal insulation of the PPCs used by wildland
firefighters (~0.23 m?-K-W™) compared to those worn by structural firefighters (~0.47 m?-K-W™)
(Raimundo & Figueiredo, 2009 [50]; Holmér et al., 2006 [51]), which likely allowed for greater
heat dissipation. Additionally, our participants completed the trials without gloves, helmets, or
boots, increasing exposed skin surface and enhancing heat loss (Holmér, 2006 [52]; Lee et al.,
2014 [53]). In line with this, Lee et al. (2014) found no significant differences in VO: or heart rate

when firefighters performed similar tests without this additional gear.

The limited weight differences between clothing configurations may also have contributed to the
uniformity of physiological responses. Previous studies noted that over half of the rise in metabolic
rate is due to the weight of PPC alone (Dorman & Havenith, 2009 [54]). Consistently, no
significant differences in cardiorespiratory metrics or perceived exertion (RPE) were observed

when wearing lightweight workwear versus standard sportswear (Kofler et al., 2015 [55]).

Another key factor could be the high aerobic fitness of our participants. Their average VO:max
was approximately 28% higher than previously reported values for wildland firefighters (~43
ml-kg™"-min™") (Phillips et al., 2011 [56]). Greater fitness levels are associated with improved
tolerance to physical effort in hot conditions and reduced physiological strain while wearing PPC

(Selkirk & McLellan, 2001 [57]).

Although wearing PPC in hot environments is typically linked to an increase in core body
temperature (Smith & Petruzzello, 1998 [58]; Bruce-Low et al., 2007 [59]), we did not detect any
significant differences in gastrointestinal temperature in our moderate environmental conditions.
Even though PPC#3 did lead to a greater increase, all recorded temperatures stayed below 38°C,
a level generally considered the threshold for impaired performance under heat stress (Gonzalez-

Alonso et al., 1999 [60]). It's possible that cardiovascular adjustments—such as increased heart
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rate and cutaneous blood flow—helped stabilize core temperature. This is supported by our finding
that heart rate was ~5% higher on average when wearing PPC, likely reflecting increased skin
blood circulation to facilitate heat dissipation (Cheuvront et al., 2010 [61]). The oxygen uptake
(VO2) was also slightly (~200 ml-min™") higher with PPC, though not statistically significant
(Figure 1), possibly due to the metabolic cost of carrying additional clothing weight (Dorman &
Havenith, 2009 [62]).

We observed a consistent temperature gap of around 2.5°C between the microclimate inside the
PPC and the ambient environment. Interestingly, PPC#2 and PPC#3 recorded higher internal
temperatures (by ~0.8°C) than the other garments, particularly after the first hour of exercise
(Figure 1). This may be due to reduced dry heat exchange, likely influenced by the clothing’s
material properties such as fabric thickness and air permeability (Havenith et al., 2011 [63]). While
all PPCs used heat-resistant fabrics like Nomex and Kevlar blended with fire-resistant viscose,
PPC#3 had 10% less viscose, possibly lowering its air permeability and heat dissipation. Similarly,
PPC#2 had an extra fabric layer over the shoulders, increasing its insulation and restricting heat

loss (Holmér, 2006 [64]).

Although no significant differences in evaporative heat transfer were found between the clothing
types (Table 3), this may reflect measurement variability. Still, the higher relative humidity levels
observed under PPC#2 and PPC#3 suggest reduced sweat evaporation, which aligns with previous
studies linking elevated humidity in the microclimate to impaired evaporative cooling (Kwon et

al., 1998 [65]; Yoo & Barker, 2005 [66]; Brode et al., 2008 [67]).

Even though PPC#4 had the lowest relative humidity (Figure 2), it did not result in improved sweat
evaporation. In fact, it retained the most sweat and showed a sweat efficiency comparable to
PPC#2 and PPC#3 (~60%) (Table 2). This could be attributed to its 100% cotton composition and
greater thickness. Cotton is known for its high moisture retention and relatively low efficiency in
promoting evaporation when sweating is intense (Kwon et al., 1998 [68]). These findings support
earlier research (Holmér, 1985 [69]), which highlights the superior moisture management

capabilities of synthetic fibers like polyester, nylon, and aramid.

While higher sweat retention might improve thermal conductivity and reduce heat strain during

moderate activity (Chen et al., 2003 [70]; Keiser & Rossi, 2008 [71]), it can become a liability in
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real wildfire conditions. In such scenarios, wildland firefighters are exposed to both radiant and
convective heat, with heat fluxes ranging from 0.42 to 8.37 kW-m™ (Mékinen, 2005 [72]). Under
these conditions, moisture retained in clothing could reverse the heat transfer process, increasing

the risk of burns rather than providing protection (Holmér, 2006 [73]; Keiser & Rossi, 2008 [74]).

From this perspective, PPC#1 appears to offer the best performance. It retained approximately
65% less moisture than the other suits (Table 2), provided the highest sweat evaporation efficiency,
and resulted in the lowest reported sensation of wetness—key indicators of comfort and
thermoregulatory efficiency. This could play a significant role in enhancing firefighters'

operational performance and safety during wildfire suppression efforts (Nayak et al., 2014 [75]).

The resulting conclusion was like follow : although no significant differences were found in core
cardiorespiratory or thermoregulatory responses (such as heart rate, VO, blood lactate, PSI, or
gastrointestinal temperature) between the PPC configurations, the materials and design of the
clothing clearly influenced moisture management and wearer comfort. PPC#1 provided the best
balance, demonstrating superior sweat evaporation, lower moisture retention, and higher
subjective comfort. These features may contribute to greater protection and improved performance

for wildland firefighters in real-world scenarios.
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3. Experiments and Numerical Studies

To evaluate the thermal protection offered by firefighter clothing, both experimental setups
and numerical simulations are employed. These approaches aim to analyze heat transfer through
multilayer protective systems under various fire conditions. Among numerical tools, MATLAB
and console-based modeling environments have become standard due to their efficiency and
flexibility in solving heat transfer equations.

3.1.Experimental Studies

Experimental methods are crucial for validating theoretical models. These include:

Cone calorimeter tests: Used to study flammability, ignition time, and heat release rate of textiles.
Thermal manikins: Measure temperature profiles across clothing layers simulating human skin.
Guarded hot plates: Evaluate thermal resistance and conductivity of multi-layered fabrics.

Example: In a full-scale fire exposure test, thermal manikins wearing three-layer turnout gear
recorded heat fluxes over 10 kW/m? The data helped calibrate numerical models for injury
prediction.

3.2.Numerical Studies

A. One-Dimensional Heat Transfer Models in MATLAB

MATLAB is widely used to simulate transient heat transfer in multilayer systems such as

firefighter clothing. A typical model includes:
Discretization of each fabric and skin layer.
Application of boundary conditions (heat flux, temperature).

Solving heat conduction equations using Finite Difference Method (FDM) or Runge-Kutta

schemes.
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In a MATLAB-based study by Mandal et al. (2020), a one-dimensional model simulated the
temperature rise across four layers (outer shell, moisture barrier, thermal liner, and skin simulant)
over 180 seconds. Results predicted 2nd-degree burn thresholds at the skin layer when outer heat

flux exceeded 8.5 kW/m?.

In their pivotal work titled "A Model of Heat Transfer in Firefighting Protective Clothing During
Compression After Radiant Heat Exposure", Su et al. (2016) [76] present a comprehensive
numerical model designed to predict the thermal responses of multi-layer firefighter protective
clothing subjected to combined thermal and mechanical stress. The study addresses a significant
gap in the literature by simulating heat transfer behavior not only under radiant heat exposure but
also under subsequent compression—a common real-life condition when firefighters come into

contact with hot surfaces during operations.

The proposed model is based on a one-dimensional, transient heat transfer approach that
incorporates multiple fabric layers (outer shell, moisture barrier, and thermal liner), an
intermediate air gap, and underlying skin tissue layers (epidermis, dermis, and subcutaneous
tissue). It accounts for both radiative and conductive heat transfer mechanisms. The model is
unique in its consideration of dynamic fabric compression, where changes in fabric thickness and
air content are introduced based on applied contact pressures. This allows the simulation to

reflect more accurately the real thermal risks faced by firefighters in the field.

For numerical implementation, the authors employed a finite difference method using the Crank—
Nicholson implicit scheme, and all simulations were executed using MATLAB (version 8.3).
The model was validated experimentally using a Sensor Evaluation Tester (SET) apparatus, in
accordance with ASTM F2731. Tests involved subjecting fabric systems to 8.5 kW/m? radiant
heat flux for 300 seconds, followed by a 13.8 kPa compression phase lasting an additional 600
seconds. The experimental results, particularly the recorded temperatures at the epidermis—
dermis interface and times to second- and third-degree burns, showed strong correlation with the

simulation outcomes, confirming the model’s validity and predictive accuracy.

A key contribution of the study lies in its parametric analysis, which explored the effects of

varying contact pressures, temperatures, and air gap sizes. Results showed that:
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o Increased contact pressure and temperature significantly reduce the time to burn injuries.

e Air gap thickness, while influential during radiant heat exposure, has a diminished effect

once COIan'GSSiOIl occurs.

o Fabric thickness and thermal conductivity are major determinants of thermal protective

performance.

e The combined effect of compression and stored thermal energy within the clothing layers

intensifies the risk of skin burns.

Overall, the study by Su et al. provides an advanced predictive framework for evaluating the
thermal protective performance of firefighting clothing systems under realistic fireground
scenarios. The integration of experimental validation and detailed simulation makes this model a
valuable tool for material engineering, clothing system design, and fire safety research. It also
lays the groundwork for further exploration into more complex geometries, multidimensional

heat transfer, and moisture effects.

B. Comsole-Based Simulation Models

The objective of this research is to develop a mathematical model that describes heat transfer
within protective clothing systems exposed to routine fire environments, specifically under low
levels of radiant heat flux. The aim is to provide a systematic foundation for the engineering of

materials and garments that optimize both thermal protection and wearer comfort.

In the initial phase, the study concentrates on formulating a heat transfer model capable of
accurately predicting temperature distribution and heat flux within firefighter protective clothing.
This model is implemented using the COMSOL Multiphysics® software, which is based on the
finite element method. The computational simulations illustrate the temporal evolution of
temperature at the inner surface of the protective clothing during exposure to low-intensity radiant
heat, as well as throughout the subsequent cooling period. The numerical predictions demonstrated
strong agreement with experimental temperature measurements, thereby validating the model's

reliability.
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In the second phase, the heat transfer model for the multilayer protective garment is extended to
include the thermal response of human skin, enabling the prediction of burn injuries. The Pennes
bioheat equation is employed to simulate heat transfer within living tissue, and the Henriques burn
integral is applied to estimate the duration of exposure that leads to first- and second-degree burns.
The results indicate that, even under relatively low radiant heat flux conditions, a standard three-
layer thermal protective clothing system is essential to prevent burn injuries and ensure sufficient

thermal protection for the wearer. [77]

As methodology the fabrics chosen for the experimental study are widely recognized as high-
performance materials commonly employed in the design of thermal protective clothing. The
multilayer protective system under investigation is composed of three distinct fabric layers: an

outer shell, a thermal liner, and a moisture barrier.

The fundamental physical and thermal properties of each individual (monolayer) fabric are

summarized in Table 1.

Table II-4 : Physical and thermal properties of monolayers. [91]

Property Outer shell Thermal liner Moisture barrier

Fabric type Woven Nonwoven Knitted (coated)

Composition 100% Aramid 100% Aramid Polyurethane coated
100% Aramid

Thickness (mm) 0.5+0.01 1.46+0.03 0.47+0.00

Surface weight | 242 +2 98+2 195+2

(@/m2)

Density (kg/m3) 489+5 67+2 418+6

Thermal conductivity | 0.1154 +0.0018 0.0633 £0.0015 0.0900 £ 0.0001

(W/m K)

Thermal diffusivity | 0.248+0.013 0.449+0.001 0.213+0.000

(mm?2/s)

Specific heat capacity | 951 +44 2113+£89 1011£3

J/kg K)
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The thickness of each fabric monolayer was measured under a pressure of 1+0.01kPa in
accordance with ISO 5084:1996. Fabric density was calculated based on the measured thickness
and the surface mass per unit area, the latter determined using an analytical balance. For each
property, the average value was obtained from ten individual measurements to ensure reliability

and consistency.

Thermal properties of the fabric samples were evaluated using the Hot Disk TPS 2500 S
instrument, following the procedures outlined in ISO 22007-2:2008 [78]. Three independent
measurements were conducted for each monolayer, and the average of these values was used for

subsequent analysis.

For the purpose of model simplification, all textile layers were assumed to be homogeneous in

structure and properties.

Given the relatively small thickness of the protective clothing layers compared to their surface
area, a one-dimensional heat transfer model—along the direction normal to the fabric surface—is
adopted as a valid simplification. In developing the numerical model, temperature is assumed to

vary only with time and spatial position in the thickness direction, denoted as T(t, x).

Heat transfer within the fabric structure is modeled by considering both heat conduction and
radiative penetration through the solid phase. Radiative heat transfer is incorporated into the
energy equation via a source term, consistent with the approach used in Torvi’s model [79]. It is
assumed that radiation penetrates only the outermost fabric layer. Additionally, both conduction
and radiative heat transfer mechanisms are considered across the air gap separating the fabric and

the underlying surface.

Heat conduction is also accounted for through the copper plate and the insulation board, while
external convective air flow is neglected. Evaporative heat loss is not included in the current
model, as the effects of sweating are not considered. Since all fabric structures employed in this
study are composed of aramid fibers—which exhibit low moisture regain (approximately 3—4%)—

the associated heat of evaporation is minimal and deemed negligible.

Experimental measurements of the water evaporation rate from the fibers yielded a value of

0.0025 g/m?-s. When multiplied by the latent heat of evaporation of water, this corresponds to a
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total energy loss of approximately 5.6 W/m?, which is negligible relative to the magnitude of the

incident heat flux.

The thermophysical and geometrical properties of human skin used in the model are presented in
Table 2.

Table II-5 : Thermophysical and Geometrical Properties of Human Skin. [94]

Property Value
Thermal conductivity (W/m-K) | 0.255
Epidermis Density (kg/m?) 1200
Specific heat (J/kg-K) 3598
Thickness (m) 8 x 10
Thermal conductivity (W/m-K) | 0.523
Dermis Density (kg/m?) 1200
Specific heat (J/kg-K) 3222
Thickness (m) 2x107
Thermal conductivity (W/m-K) | 0.167
Subcutaneous Density (kg/m?) 1000
Specific heat (J/kg-K) 2760
Thickness (m) 1x107?
Density (kg/m?) 1060
Blood Specific heat (J/kg-K) 3770
Blood perfusion rate (s™) 1.25 %1073

As Experimental setup to simulate low-level radiant thermal hazards under controlled laboratory
conditions, six silicon carbide heating rods were employed as the radiant heat source, in accordance
with the NF EN ISO 6942:2002 standard, which specifies procedures for evaluating radiant heat
resistance. According to this standard, the incident heat flux density may be selected from
predefined levels: 5 and 10 kW/m? (low), 20 and 40 kW/m? (medium), and 80 kW/m? (high),

although other values are permissible depending on experimental requirements [80].

In this study, a copper plate calorimeter was used to measure temperature variations. Data

acquisition was performed using a computer-based TESTPOINT software system connected to the
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calorimeter. The calorimeter itself consisted of a rectangular copper sheet (50 mm x 50.3 mm),
1.6 mm thick, curved longitudinally to a radius of 130 mm and weighing 36 g. A copper-constantan
thermocouple was affixed to the rear surface of the plate. Behind the calorimeter, a 9 mm air gap

and a 14 mm asbestos-free, non-combustible insulation board were installed.

The test specimens measured 230 mm x 80 mm and were configured to replicate the actual layering
of protective clothing systems. Each specimen was secured to a holder using clamps, with a

uniform tensioning force of 2 N applied to ensure consistent assembly across all fabric layers.

The radiant source was adjusted to deliver a heat flux of 1000 W/m?. Calibration of the heat flux
was carried out in strict accordance with NF EN ISO 6942, and the target value was validated
using a CAPTEC ultrathin heat flow meter (50 mm x 50 mm). During the experiments, specimens
were exposed to radiant heat for a period of 40 minutes. A protective shutter, positioned between
the heat source and the specimen, was used to prevent premature exposure and to precisely control
the duration of exposure. After the exposure phase, the shutter was closed to initiate the cooling-

down period.

Importantly, only the apparatus and calibration methods prescribed in NF EN ISO 6942 were
employed. For model validation purposes, only the temperature recorded by the calorimeter was
utilized, as the instrument does not introduce significant measurement error. Experiments were
conducted under both transient and steady-state conditions. Three specimens were tested, and the

average temperature measured by the calorimeter was used in the final analysis.

Figure 4 presents the temporal evolution of temperature as obtained from both experimental
measurements and numerical simulation. At the onset of exposure to radiant heat flux (t = 0), the
calorimeter temperature increases rapidly, reflecting the immediate thermal response of the fabric
system. This is followed by a more gradual rise until thermal stabilization is achieved. Upon
termination of the radiant heat exposure at t > 2400 seconds, the temperature begins to decline,

eventually returning to the ambient environmental level.
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Figure 11-6 :Comparison of computational and experimental results of calorimeter temperature for a
three-layer system and 1000 W/m2 inward heat flux.

The numerically predicted temperature profiles exhibit good agreement with the experimental
data. During the heating phase, the observed discrepancies between simulated and measured
temperatures can be attributed to heat accumulation in front of the protective shutter. When the
shutter is opened, this accumulated heat is released in addition to the imposed radiative flux,
resulting in a steeper initial temperature rise than that predicted by the model. During the cooling
phase, the divergence between experimental and numerical results is primarily due to the cooling
mechanism associated with the shutter system, which accelerates heat dissipation but was not

incorporated into the numerical model.

In the second phase of this study, the heat transfer model was extended to predict the onset of first-
and second-degree burns. This was achieved by coupling the multilayer garment heat transfer
model with a bioheat transfer model representing human skin. To simulate realistic physiological
conditions, the calorimeter and insulation board were replaced with a three-layer skin structure
comprising the epidermis, dermis, and subcutaneous tissue. Heat transfer within the skin was

modeled using the Pennes bioheat equation.

An air gap of 1 mm was assumed between the inner surface of the garment and the skin, and both
conductive and radiative heat transfer mechanisms through the air gap were accounted for,

following the methodology outlined in references [81] [82].
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Figure 5 illustrates the temperature evolution of the basal layer (interface between epidermis and
dermis) as a function of time, for incident heat fluxes ranging from 400 to 1200 W/m?. It is
observed that the basal layer temperature exceeds the critical threshold of 44 °C—associated with

potential skin damage—only when the incident heat flux reaches or exceeds 1000 W/m?.
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Figure I1I-7 : Influence of the heat flux on the temperature of the basal layer for a three-layer system and
I-mm air gap between the fabric and the skin. [98]

At an incident radiant heat flux of 1200 W/m?, the onset of a first-degree burn is predicted to occur
after 32 minutes and 20 seconds of exposure, while the development of a second-degree burn is

estimated at 38 minutes and 10 seconds.

The thickness of the air gap between the protective garment and the skin varies depending on
anatomical location. According to the findings of Song [83] [84], the largest air gaps are typically
observed in the leg region (ranging from 15 to 22 mm), while the smallest occur around the

shoulders (approximately 1.6 mm).

Figure 6 illustrates the temperature evolution of the basal skin layer over time under a heat flux of
1200 W/m?, for various air gap thicknesses ranging from 1 to 6 mm. The results demonstrate the

influence of air gap size on thermal insulation performance and skin temperature response.
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Figure I1-8 : Influence of the air gap width on the temperature of the basal layer for a three-layer
system and 1200 W/m2 inward heat flux. [101]

An increase of 5 mm in the air gap thickness between the garment and the skin results in a reduction
of the basal layer temperature by approximately 2.7 °C. This is attributed to the insulating
properties of air, which effectively retard heat transfer; thus, enlarging the air gap enhances thermal

insulation and delays heat propagation to the skin.

For an incident heat flux of 1200 W/m?, increasing the air gap to 3 mm significantly extends the
protection time. The predicted exposure time before the onset of first-degree burns doubled—
rising to 65 minutes and 40 seconds—compared to 32 minutes and 20 seconds with a 1 mm air
gap. Similarly, the time to second-degree burns increased to 91 minutes and 20 seconds,

underscoring the critical role of air gap thickness in thermal protection.

These results confirm that even at relatively low levels of radiant heat exposure, a conventional
three-layer thermal protective clothing system is essential to prevent burn injuries. However, it is
important to note that the tests were conducted under laboratory conditions at room temperature
(approximately 20 °C), which was also the ambient temperature used in the numerical simulations.

As such, the outcomes may not fully represent the material behavior under elevated ambient
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temperatures and should be interpreted with caution when predicting performance in real-world

firefighting scenarios.

The developed numerical model serves as a valuable tool for the design and evaluation of
protective clothing systems. It allows for the assessment of how various parameters—including
fabric thickness and density, thermal properties (e.g., thermal conductivity, specific heat capacity),
optical characteristics, air gap width, and environmental conditions such as radiant heat flux and

ambient temperature—influence the protective performance of clothing.

Beyond analyzing material properties, the model can predict the thermal protective performance
of fabric systems in terms of skin burn injury. Using a three-layer skin representation, it enables
the estimation of the minimum exposure time required to induce second-degree burns, thereby
offering critical insights for optimizing protective clothing design and investigating factors that

contribute to firefighter burn injuries.

Study Example:
A fire simulation console app modeled the thermal response of firefighter clothing under varying
flame intensities (5-20 kW/m?). Results were consistent with burn injury thresholds and

supported garment redesign for high-risk environments.

Table II-6 : Summary of Experimental and Numerical Studies.

Study Type Software Layers Max. Heat Flux | Key Output
Simulated Tested

1D Heat Transfer | MATLAB 4 (Outer shell, | 8.5 kW/m? Skin temp over
MB, TL, Skin) time

Real-time CLI | Console 3+ 20 kW/m? Burn  threshold

tool (Python/Fortran) zones

Manikin Test N/A Full turnout suit | 10 kW/m? Heat flux & T

profiles
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Both experimental and numerical approaches are essential for improving the design and
performance of firefighter protective clothing. MATLAB remains a powerful platform for
simulating the thermal behavior of multilayer systems due to its strong numerical libraries and

ease of visualizing results.

4. Conclusion :

This chapter reflected on the latest studies on firefighter protective clothing with a focus on the
behavior of fires, mechanisms of burn injury, and thermal performance of multi-layered clothing.
Studies revealed that thermal protection and comfort were significantly affected by fabric

composition, depth of air pocket, and moisture retention.

Experimental findings highlighted that even though protective clothing does not significantly alter
physiological strain, fabric properties influence sweat evaporation and comfort perceptions.
Amongst the studied ensembles, those with better moisture management (like PPC#1) had better

performance.

Computational simulations with the aid of MATLAB and COMSOL were successful in simulating
heat transfer and burn risk. The work of Su et al. (2016) was significant in adding compression

effects, thus increasing the realism and validity of similar models.

In a nutshell, the integration of numerical and experimental methods is critical for creating
protective clothing that addresses safety and physiological efficacy simultaneously in firefighting

conditions.
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III. Chapter 03 : Experimental tests

INTERNSHIP:

I. Presentation of CNTC:

The CNTC Spa Boumerdes is a Support Centre for industry in all branches with the Quality
Label (ISO 9001/2008 certification). As such, it is structured to take charge of any management
study related to any branch of activity as well as the support of companies in their certification or

accreditation process according to ISO 9001,14001...

Moreover, the existence of its ISO 9000 certified laboratories allows it to provide various
services specific to industrial branches, as well as any service activity in relation with them,

particularly for the Textiles-Plastics-Toys-Water Industry.

The know-how, experience and skills of a pool of high-level experts have enabled the CNTC to
perform various services in sectors other than those falling within the field of leather; in particular
in the Upgrading, Business Evaluation, Strategic Diagnostics and Recovery Plans activity niches

which have mainly targeted the sectors:
e Companies in the chemical and petrochemical sector,
o(Cellulose industry,
eHospitality industry,
eFood industry,
eBuildings and Public Works,

e Cosmetics, etc...
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I1. History:

The CNTC was created on 30 May 1998 by decision of the Extraordinary General Assembly
of the Holding Manufacturing Industry - HOLDMAN, held on 29 April 1998, from the skills and
assets of ENEDIM to be transferred in 1999to Holding AGROMAN then to SGP DIPREST in
May 2002.

Created in the form of a Joint Stock Company with a capital of 13,000,000 DA increased to
20,000,000DA since 24/08/2004, 100% owned by S.G.P DIPREST.

It will soon be set up as a Support Services Centre for the CTI industry, with the task of providing

its services to all branches of activity and particularly the Manufacturing Industry Branch.
The CNTC has a total staff of 72, including 31 university engineers and 14 senior technicians

III. CNTC Missions:

I1I.1 Engineering and Consulting:

-upgrading of enterprises and institutions.

-Support for certification and accreditation.

-the evaluation of the company in the context of privatisations.

-re-evaluations of business activities.

-environmental studies.

-studies of transport and traffic plans.

-studies of household surveys oriented transport.

-organization studies and implementation of management procedures and audits.
-studies of land use planning schemes

-Architectural studies and project monitoring
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II1.2 Laboratory activities:

The CNTC has 5 laboratories for control and compliance analysis certified by ISO 9001 and
approved by the Ministry of Commerce:

1. textile laboratory for:
- Tests Materials
-Mechanical and Physical Testing
-Physico-chemical tests
- Conformity and Quality Testing
-Fire Behaviour
- Colorimetry
2. leather/plastics/rubber laboratories
3. toy laboratories
4. chemistry laboratories
5. metrology laboratories (ISO 17025 accredited)

IV. Clothing manufacturing:

Clothing manufacturing is the process of turning raw materials into finished garments through
a series of well-defined steps such as designing, fabric cutting, sewing, and finishing. At the core
of this industry are textile fibers, which serve as the fundamental building blocks of all clothing.
These fibers—whether natural (like cotton, wool, and silk) or synthetic (like polyester and
nylon)—are spun into yarns and woven or knitted into fabrics that are later transformed into

apparel.

47



Chapter 03 : Experimental tests
IV.1. Textile fibers:
Textile fibers divide to types natural and synthetic.

IV.1.1. Natural:
IV.1.1.1. Plant origin:

Cellulose.
Cotton.
Linen.
Hemp.

Other fibers .

IV.1.1.2. Animal origin:
Wool.

Silk.
Protein fibers.
Other fibers.

IV.1.2. Synthetic:

Polyester.
Polyamide.
Acrylic.
Polyethylene.
Aramid.

Other fibers.
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V. Aramid fibers and Firefighter’s protective clothing assembly:

Aramid fibres (abbreviation of "aromatic polyamide") are highly heat-resistant synthetic fibres
often used in protective clothing (such as firefighter’s uniforms, body armor, etc.). There are two
main types: para-aramides (e.g., Kevlar) and meta-aramides (e.g., Nomex), each with specific

chemical and physical properties.

V.1. Chemical characteristics :

Table I1I-1 : Chemical Properties of Aramid Fibers.

Property Detail

Chemical structure Polymers based on aromatic units linked by amide

bonds (-CO-NH-)

General formula [-CO-Ar-NH-Ar-Jn where "Ar" is an aromatic
nucleus

Chemical resistance Good resistance to organic solvents, oils, and fuels

Sensitivity Degraded by strong acids and concentrated bases

Flammability Self-extinguishing, does not melt (decomposes

without fusion)

V.2. Physical characteristics:

Table III-2 : Physical Properties of Aramid Fibers.

Property Typical Value

Density Approximately 1.44 g/cm?® (very lightweight)
Tenacity Up to 3.6 GPa (very high tensile strength)
Elastic modulus 70-130 GPa (depending on the type of aramid)
Elongation at break Low (2—4% for Kevlar)

Decomposition temperature Approximately 500-550°C

Moisture absorption Medium (3-7%)

Natural color Golden yellow for Kevlar, cream for Nomex
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V.3. Comparative table: Meta-aramid vs Para-aramid :

Table III-3 : Comparison of Meta-Aramid and Para-Aramid Fibers.

Property Meta-aramid (e.g., Nomex®) | Para-aramid (e.g., Kevlar®)

Structure Amide bonds in the meta | Amide bonds in the para
position on the aromatic ring | position

Density ~1.38 g/cm? ~1.44 g/cm?

Tenacity (tensile strength) Medium (~0.3-0.5 GPa) Very high (~3.6 GPa)

Elastic modulus ~2.5 GPa ~70-130 GPa

Elongation at break ~20-30% ~2-4%

Thermal resistance

Decomposition around 370—

400°C

Decomposition around 500—

550°C

Flammability

Self-extinguishing, flame-

resistant

Self-extinguishing, highly

flame-resistant

Moisture absorption

Medium (4—6%)

Medium (3—7%)

Chemical resistance

Good resistance to solvents,

Same, slightly more sensitive

electrical insulation

weak against concentrated | to long-term humidity
acids/bases

Natural color Cream/off-white Golden yellow

Typical applications Heat-protective clothing | Bulletproof vests, cables,
(firefighters, industry), | reinforced tires, high-

performance composites

-Technical explanation:

Para-aramid (Kevlar®) has a rigid linear structure thanks to the perfect alignment of polymer

chains resulting in very high mechanical strength.

Meta-aramid (Nomex®) has a more tortuous structure, making it less mechanically resistant but

more flexible and very stable at high temperatures.
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META-ARAMIDE PARA-ARAMIDE

AL 4
i e

N
=~ 10
\ _—
N H
H

Figure III-1 : Schematic diagram of chemical structures.

VI.Clothing experimental tests:
VI.1. Chemical test :

Objective

To determine the mass percentage of aramid and viscose in a textile sample (warp/weft) by

exploiting the selective solubility of viscose in concentrated sulfuric acid.
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Materials and Equipment:

@ Electronic scale : Electronic Scale 160 (high-precision)

Figure I1I-2 : Electronic Scale 160 (high-precision)

@ Drying oven : NUIVERSEUE OVEN 108 MEMME

Figure III-3 : Drying oven NUIVERSEUE OVEN 108 MEMME
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@ Desiccator : Standard glass desiccator with silica gel

Figure III-4 : Desiccator Standard glass desiccator with silica gel

@ Water bath: 29L stainless steel with temperature control

>,

Figure I11I-5 : Water bath 29L stainless steel with temperature control
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@ Beakers : Borosilicate glass

o
(]
>
X
[¢]
'
[y
o
<

Figure I1I-6 : Beakers Borosilicate glass

@ Sulfuric acid (H2SO4) : Concentrated (98%)

@ Distilled water : Distilled water
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Test Procedure:
Step 1 — Sample Preparation
Cut 1.00 g of textile fibers (separately for warp and weft).
Cut fibers into small pieces.
Weigh the samples using a precision scale (Electronic Scale 160).
Step 2 — Drying
e Place the samples in the NUIVERSEUE OVEN 108 MEMME.
e Temperature: 105°C for 4 hours, to remove moisture without damaging the fibers.
Step 3 — Conditioning
o Immediately transfer the fibers into a desiccator to prevent moisture absorption.

o Leave the fibers in the desiccator for 30 to 60 minutes to reach equilibrium.

e Mass after conditioning: 0.95 g.

Step 4 — Preparation of 75% Sulfuric Acid Solution

e Pour 350 mL of distilled water into a large beaker.
e Slowly add 700 mL of concentrated sulfuric acid (98%) to the water (acid into water, never

the reverse) to avoid violent reactions.

Safety note: Perform this step under a fume hood with full PPE (gloves, goggles, lab coat).

Step 5 — Chemical Treatment of Fibers

o Place the dried fibers in separate beakers.

e Add the 75% sulfuric acid solution until fibers are fully submerged.

o Place the beakers in a temperature-controlled water bath at 50°C + 5°C.
e Duration: 1 hour, with gentle manual stirring every 10 minutes.

Scientific note: Viscose (regenerated cellulose) is soluble in 75% sulfuric acid, while aramid fibers
(e.g., Kevlar, Nomex) are resistant.
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Final Analysis

After treatment:
1. Filter the insoluble residue (aramid).
2. Rinse thoroughly with distilled water.
3. Dry the residue in the oven again.
4. Condition in the desiccator and weigh.

Composition Calculation

e % Aramid = (Dry residue mass after treatment / Initial dry mass) x 100
e % Viscose = 100 — % Aramid

V1.2.Cloth test with flame :

Objective : To evaluate the flame resistance and limited flame spread properties of a textile

composed of 50% aramid and 50% viscose using a controlled laboratory flame exposure test.
Materials and Equipment:
@ Test samples of fabric (50% aramid, 50% viscose), dimensions: (200mm x 150 mm).

@ Flame application device (Flammability tester).

Figure III-7 : Flammability tester.
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@®Frame for mounting specimens (vertical orientation).

Figure I1I-8 : Frame for mounting specimens.

@ Stopwatch.

Figure I11I-9 : Stopwatch.
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@®Ruler or calipers.
@ Conditioning chamber (20 + 2°C and 65 + 5% relative humidity).
@ Heat-resistant gloves and safety equipment.
@Ignition source: butane flame (60mm length).
Test Procedure:
Ignition Methods:
A. Edge Ignition (Procedure A)

® Apply a 60 mm butane flame to the bottom edge of the vertically suspended specimen for 20

seconds.
B. Surface Ignition (Procedure B)
® Apply the flame perpendicularly to the surface (center of the fabric) for 20 seconds.
Observe and Record:
Charring and dark brown/black discoloration.
More charring on the exposed side, with visible carbon residue.
Differential shrinkage due to the blend can cause fabric puckering or wrinkling.
Fabric shrink or deform unevenly, especially in flame contact area.
Viscose combustion releases acrid, cellulose-burning smell and visible smoke.

Aramid gives less smoke and different odor when degrading.
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Criteria for Evaluation:

According to ISO 15025:2016, the fabric passes if:
Afterflame time: < 2 seconds

Afterglow time: <2 seconds

No hole formation that reaches edge of specimen
No flaming or molten debris

Charring length: within specified limits (<150 mm)

Expectations:

e If exposure time or heat flux is sufficient (more than 20 seconds), viscose regions may
ignite or break down fully, forming holes.

e Viscose is thermoplastic and loses strength rapidly under heat, while aramid maintains
integrity.

e Aramid may resist ignition but can still degrade.

Results :

e Real-world damage depends on flame exposure time, heat flux, fabric weight (gsm), and
air gap between fabric and flame.

e Blends like 50/50 are compromises between comfort and protection, and which meet with

firefighting standards.
Results from all the Internship:
Firefighters' clothing consists of three layers:
1- Outer layer (100% aramid)
2- Moisture barrier

3- Thermal barrier
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The firefighters' clothing must not be heavy, breathable, heat-stable and chemically anti-humidity
clothing.

Textile mix plays an important role in the comfort and protection of the firefighter.
Blended fabrics can be used in inner layers, not in direct contact with flame.

The textile mix is critical — blends can enhance comfort but must be carefully positioned within

the layering system to avoid compromising safety.
Clothing must be lightweight enough to prevent fatigue but dense enough to resist heat.

Performance: Aramid fibers char rather than melt or drip, providing exceptional flame resistance

above 400°C.

VII. Conclusion :

This chapter detailed the experimental evaluation of firefighter protective clothing, focusing on
the material properties and flame resistance of aramid-based fabrics. Through chemical testing,
the composition of fabric blends was accurately determined using selective dissolution techniques.
Flame spread tests, conducted under ISO 15025:2016 standards, confirmed the superior flame
resistance of aramid fibers compared to viscose, which showed faster degradation and smoke

production.

The results demonstrated that blends such as 50% aramid / 50% viscose offer a compromise
between comfort and protection but must be carefully integrated within the garment’s layering
system. Aramid fibers, due to their high thermal stability and non-melting behavior, are best suited
for outer layers exposed directly to heat. Proper design of the clothing system—including moisture
and thermal barriers—is essential to ensure breathability, mechanical integrity, and thermal

protection.

Overall, the experiments validated the importance of fiber selection and fabric architecture in

optimizing both the protective and physiological performance of firefighter gear.

60






Chapter 04 : Formulation and thermal balance equations

IV. Chapter 04: Formulation and thermal balance equations.

1. Introduction

In this chapter, we describe the mathematical formulation used for the analysis of the thermal
response of the firefighter protective body-clothing system. The model is established in order to
model the heat transfer through the multilayered clothing and its interaction with the skin under
fire exposure conditions. The formulation accounts for the three major modes of heat transfer—
conduction, convection, and radiation—and uses proven principles of biothermics and

thermodynamics.
2. Heat balance equations

2.1. Cases schemas

In this study, we model the heat transfer through a three-layer firefighter protective jacket and
the resulting thermal skin injuries under a one-dimensional thermal exposure scenario. Numerical

simulations are performed using MATLAB.

The core of this chapter focuses on two mathematical models that describe the temperature
distribution across both the protective clothing layers and the skin tissues. The skin is modeled as
comprising five homogeneous regions — the epidermis, dermis, subcutaneous tissue, muscle, and
bone — each characterized by its specific thermal and physiological properties. The heat source is

assumed to be located in front of the outermost layer of the protective jacket.
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Garment Radiative flux Organism
(" ™ o ™ ¢ Fi ;
Metabolism
flux
Flamme flux |:>
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Figure IV-1 : The holding layers and the skin and their different heat exchange.

2.2. Heat transfer phenomena

Heat transfer is a fundamental concept in fire safety engineering, as it governs the transmission
of thermal energy between different regions. This phenomenon significantly influences fire
propagation within buildings and directly impacts the effectiveness of implemented safety
measures. A comprehensive understanding of heat transfer mechanisms is essential for engineers

to design fire-resilient structures and to develop more efficient fire protection strategies.

In the context of fire safety, heat transfer occurs through three principal modes: conduction,
convection, and radiation. Each mechanism contributes differently to the behavior and progression

of fire within an environment.

Conduction: Refers to the transfer of heat through solid materials. In building structures, this
mode of heat transfer can occur through components such as walls, floors, and ceilings, thereby

facilitating the spread of fire to adjacent areas within the structure.

Convection: Convection is the process of heat transfer through fluids, including both liquids and
gases. In fire scenarios, this mechanism is particularly significant, as the upward movement of hot

gases and the downward flow of cooler gases contribute to the dynamic behavior of fire.
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Convective heat transfer plays a critical role in fire propagation by transporting hot smoke, gases,
and flames to previously unaffected areas.

Radiation: Radiation refers to the emission and transmission of thermal energy in the form of
electromagnetic waves. In the context of fire, radiative heat is dispersed in all directions and has
the potential to ignite nearby combustible materials without the need for direct contact, thereby

contributing to the rapid spread of fire. [85]

2.3. Heat transfer phenomena equations

2.3.1. Modeling Heat Balances and Algebraic Equations:

2.3.1.1. Heat Balances for the Unsteady Case:

In the unsteady state, the heat balance is written as follows:

d
D, oceived — Prost = T (accumulated heat) (IV.1)

Now the heat accumulated per unit of surface is written as follows:

d d
T (accumulated heat) = T (p*cp=*T)*Ax (IV.2)

So the unsteady balance is:

dTy;
z Dreceived — Z Drost = (PLi * CDLi * epvy;) * dtl (1v.3)
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pLi: Density of tissues in the layer Li/skin

cpi: Specific heat of the tissues of the layer Li/skin
epv.;: Thickness of the layer Li/skin

T;;: Layer temperature Li/skin

Balance of layer 1

A. Flows received:

Pr 11 = apq * Gy

B. Lost flows:

B.1 Radiation L1+-L2

Rad _ 4 4
D181 = 0 *x e112(Try — Tp,)

B.2 Convection L1—L2

qDLCfTIfz = hp112 (TL1 - TLZ)

B.3 Radiation: Reflection Gf

¢L1—>flame = Ryq * Gf
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B.4 Convection L1—w

d>ffﬁ’éo = Iconve * Ni1oo (Tp1 — To)

B.5 Radiation: L1—o0

Rad _ 4 4
D115 = lrqae * 0 * €11 (Tp1 — Tsg)

B.6 Conduction: L1<L1.2

((pc,md — . Tp1—Tp
L1112 = fCond1 * — p—
1

e€p1
R, =
i ! Aairl

By applying balance I to layer L1 we will have:

4 4 TLl - TLZ
apq * Gf - IConvoo * hLloo(TLl - Too) - Iradoo *¥0 * & (TLl - Too) - ICondl * R
1
4 4 dTLl
* €102(Tpr — Trz) — hpap2(Tpg — Trz) — Rpq * Gy = (PL1 * €pL1 * epypq) * dt

In compact writing we will have:

Ty, 1

dt PrL1 * CPL1 * €PV1y

] *{(aps — Rpq) * Gr — Iconveo * hr10(T1 = Too) = Lradoo

Iconar
*0* €L1(Tf1 - To‘é) — O * SL1L2(TL41 - TL42) - ( ;n

) + hLl) * (Tpr — Tp2)}

Balance of layer 2 L2 :

A. Flows received:

(IV.8)

(IV.9)

(Iv.10)

(IV.11)

(IV.12)
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A.1 Flame—

Dr1p = Ay *Tpq * Gy

A.2 Convection L1—L2

Conv __
@p8T, = hpppy * (T — Tpp)

A.3 Radiation L1—L2

Rad — 4 4
181 =0 *xepppy * (T — Tp)

B. Lost flows:

B.1 Radiation L2—1L3

Rad _ 4 4
D15513 = 0 *x &3 * (T, — Tp3)

B.2 Convection L2—L3

Conv __
Gr3573 = hyaps * (T — Ti3)

B.3 Air2 conduction L2—L3

(I)C()nd _ TLZ - TL3 %
L2-L3 — Cond2
R,
ep;
R2 -
Aairz

(IV.13)

(IV. 14)

(IV. 15)

(IV. 16)

(IV.17)

(IV.18)
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Applying balance I to layer L 2

dt PL2 * CP2 * €pVy,

ICondZ

* (ThH —Th) + 0 x g3 (T —Tiy) + (hL2L3 +

Balance of layer 3 L3
A. Flows received:
A.1 Flame—L3

Pr 13 = Q3 * (Tp2 * Tp1) * Gy

A.2 Skin —L3

Dp_13 = a3 * G;

A.3 Convection L2—L3

Conv __
@r013 = hyzpp * (T — Tp3)

A.4 1.2—L3 radiation

Rad _ 4 4
D158 = 0 * g3 * (Try — Tp3)

B. Lost flows:

B.1 Air 3 conduction L3—Skin

1
[ ] *{(apg * Ty * Gf) +hpopy *x (T — Tp) + 0 * €014

) * (T3 — Tp2)}
2

(IV. 19)

(IV. 20)

(IV.21)

(IV.22)

(Iv.23)
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T3 - T
d)l(‘:gzﬁ = Iconaz * R P
3 (IV.24)
eps
R3 =
Aair3
B.2 Convection L3—Skin
DY = hyzp * (T3 — Tp) (IV.25)
B.3 Radiation L3—Skin
Pi3Sp = 0 xg13p * (T — TF) (IV.26)
Balance sheet I applied to L3 gives:
i | ! « )% Gy + aus * Gy + huss * (Tio — Tys)
= *f(Qra *Typ *T * Ar2 * G * -
dt DLz * CPL3 * €PV13 L3 L2 L1 f L3 4 L3L2 L2 L3 (IV27)

I Cond3

) * (Tyz — Tp)}
3

+o* g3 % (Thh —Tfs) — 0 % ep3p * (T — Tp) — (thp +
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2.3.1.2. Skin layer balance :

Balance on the S1 skin layer

A. Flows received:

Air3

3

1D

€59

2G

1D=2G

Figure IV-2 : 1D diagram of heat transfers [balances on layer S1]

A.1 Convection flow: L3— S1

A.2 Radiation Flux L3 —S1

A.3 flame—S1

vy

conv

D351 =

rad —
L3-S1 —

0 * &r3pq * (Tfs - Ts41(;)
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Drrame—s1 = As1s (TL3 * TppT *1) * Gy (IV.30)

A.4 F metabolism m —S1

Dy 51 = sy * (Tsz * Tsp) * Gy (1v.31)

B. Lost flows:

B.1 Evaporation flow S1 —Air 3

Dgq Air3:Gevp

B.2 Flux conduction S1 —S2

( Ts16-Ts26
Ds14ir3 = T~ ey
As1 (1v.32)
€s1
R¢; = —
L s1 Aoy

By applying the unsteady to the S1 layer

dTs16 _ ( 1

4 4
) * {h51 * (Ty3-Ts16) + 0 * €351 * (T3-Ts16) + As15(Tp3.T2 *
dar PL2+CPL2*€L2

) (IV.33)
Tp) * Gr + gy * (Tsz * Tsz) * Gy — Geyp — Rer (Ts16 — Tsza)}

Balance sheet on the S2 layer
A. Flows received:
A.1 Flame —S2

E) balance sheet on the S2 layer
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A. Flows received:

A.1 Flame —S2

Dp_5p = gy * (Toq * Tpz * TppuTp1) (Iv.34)
A.2 metabolism —S2
D5z = Ay * (Ts3) * Gy (IV.35)
A.3 Conduction flow S1—S2
1
Ggy52 = E * (Ts1g — Ts26) (IV.36)
1

B. Lost flows:

B.1 Conduction flow S2 —S3

1
= R * (Ts26 — Ts36)
Dgyrsz 2 (1v.37)
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Applying the unsteady balance on the S2 layer is written

dar 1 1
dS;G = [pschszesz] * {(asz * (Tgq * T3 * Tp3Tea) * Gr) + agy * Tg3 * Gy + Ry * (Ts16 — av.38)
L .
Ts26) — Rsa * (Tsz6 — Tssc)}
26 3G
Figure IV-3: 1D diagram of heat transfer (balances on the S2 layer)
Balance sheet on the S3 layer
A. Flows received:
A.1 Flame —S3
D g3 = g3 * (Tgp * Toq * Ty3Tpp * Tpg) * Gy (IV.39)

A.2 metabolism —S3
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Dp 53 = g3 * Gy

A.3 Conduction flow S2—S3

1
Dgr53 = 5— (Tsza - Tssa)

Rs2

3G €s3

Metabolism

2%

Figure IV-4 : 1D diagram of heat transfers [balances on layer S3]

B. Lost flows:

B.1 conduction flow towards the organism (metabolism)
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1
Dg3om = 5— (TS3G - Tm)
S3 (IV.42)
€s3
"

Applying the unsteady balance on the S3 layer is written

dTs3c

1 ] { 1
= * oo (Toy * Toq ¥ Tyg *¥ Ty * T * G + A3 Gy + — % (Tor —
dt [p53*6p53*653 53(Tsz * To1 * Tz * Tpp * Tpq) f s3bm T g~ (Ts26

1 (Iv.43)
Ts36) — Rss * (Tszy — Tm)}

2.3.1.3. Pennes’ Bioheat Equation

The first bioheat equation was developed by Pennes in 1948 [86] and remains one of the
foundational models in the field of thermal analysis in biological tissues. Although it has been the
subject of ongoing debate and criticism over the years, it continues to be widely adopted in

mathematical modeling of bioheat transfer.
Heat transfer in living organisms is primarily governed by two mechanisms:

e Blood perfusion,

e Metabolic heat generation.

Before applying any model, it is crucial to determine the appropriate spatial scale for analyzing
temperature distribution, given the complex and hierarchical structure of the vascular network.
Pennes’ model is most effective at spatial scales ranging from a few millimeters to several
centimeters, making it particularly suitable for macroscopic thermal studies in biological tissues.
[87]

2.3.1.4. Hypotheses

Pennes proposed that, within a given control volume, the heat transfer q,, between blood and tissue

is proportional to the temperature difference between the arterial blood entering the tissue and the

venous blood exiting it. This relationship is expressed as:

ap = w(PO)pi(Tare — Ty) (1v.44)
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Here, the subscript b/ refers to the thermal properties of blood, and w represents the blood perfusion

rate [17].

To link the venous blood temperature T, to the arterial blood temperature T,,; and the tissue

temperature T;, Pennes introduced a coefficient k', yielding the expression:

T, =T, +k'(Typs — T,) (IV. 45)

Two limiting cases help interpret this coefficient:

When k' = 0, complete thermal equilibrium is assumed, and the venous blood exits the tissue at

the tissue temperature Ty.

When k' = 1, there is no thermal exchange between blood and tissue, and the venous blood retains

the arterial temperature.

In addition to perfusion, metabolic heat generation is also included in the bioheat equation as a

volumetric heat source term:

Qmetp = Qo +Q (IV-46)
where
To-T
Q=0Q, 10710 (Iv.47)

In this expression:
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Q, represents the basal metabolic heat generation rate at a reference temperature of 36.8°C (or

309.95 K), expressed in W/m?,
T, is the reference temperature,

The coefficient 10(7o=T)/10 describes the temperature dependence of metabolic heat production,

typically ranging between 1 and 2.

Perfusion becomes particularly significant in cases of prolonged thermal exposure where heat
fluxes are relatively low. As such, it must be incorporated into skin modeling [16—17]. Blood
perfusion is a critical and unique mechanism in bioheat transfer, with blood acting as a volumetric

and uniformly distributed heat source in biological tissues [19].

More broadly, the objective is to assess how effectively blood contributes to transporting metabolic
heat from the body's interior to the external environment via the skin. This is modeled using
Pennes’ equation. Upon solving it, it has been demonstrated that blood plays an active role in

removing heat from tissues.

Yong-Gang and Liu [20] combined experimental measurements with numerical modeling based
on Pennes’ equation to show that blood perfusion can be inferred from observed temperature
increases. They concluded that higher heat fluxes correlate with increased perfusion, as the body

attempts to regulate internal temperature by enhancing blood flow.

3. Computational software (MATLAB)

3.1. Presentation of the computational software (MATLAB)

In order to model and simulate the thermal behavior of a firefighter's protective clothing system, a
computational approach is required due to the complexity of the coupled heat transfer
mechanisms—conduction, convection, and radiation—across multiple layers with different
thermophysical properties. MATLAB (Matrix Laboratory) is chosen as the primary computational
software for this study due to its robust numerical computation capabilities, built-in solvers for

differential equations, and advanced data visualization tools.
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MATLAB is widely used in scientific and engineering disciplines for solving mathematical
problems, especially those involving matrix operations, numerical analysis, and differential
equations. Its versatility, ease of scripting, and large user base make it a suitable environment for

implementing complex heat transfer models.

3.1.1. Objectives of MATLAB Implementation

The implementation of the mathematical model in MATLAB serves several key objectives:

To numerically solve the one-dimensional heat conduction equations in a multilayer system.

To incorporate the effects of surface radiation and external convection into the thermal model.
To simulate transient temperature evolution in each clothing and skin layer during fire exposure.
To detect critical thermal thresholds associated with skin burns.

To allow for parameter variation and case comparison (e.g., fabric thickness, exposure time, etc.).

3.1.2. MATLAB Program Structure

The MATLAB code is organized into modular scripts and functions:

Table IV-1: MATLAB Program Structure.

Section Description

‘init_properties.m’ Defines thermophysical properties of each
layer

‘boundary_conditions.m’ Applies environmental conditions and initial
state

“heat_solver.m’ Executes the RK4 algorithm to compute

temperature evolution

‘burn_thresholds.m’ Checks when the skin layer exceeds pain and

damage temperature thresholds

‘plot_results.m’ Generates plots for temperature profiles,

thermal flux, and critical times
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3.2. Runge-kutta method

The Runge-Kutta methods are a family of iterative techniques used to solve ordinary differential
equations (ODEs). Among these, the fourth-order Runge-Kutta method (RK4) is widely used due
to its balance between computational efficiency and numerical accuracy. In this study, the RK4
method is employed to integrate the time-dependent heat transfer equations for the multi-layer

firefighter protective clothing system. [88]
Theoretical Background

Consider a general first-order ODE:

d
Z=fey. ¥ =0 (1v.48)

The RK4 method approximates the solution at each time step t,,1; = t,, + h using the following

set of equations:

ki = f(tn, yn)
h h
ko= f(tat 50 +3k1)
h h

k4 = f(tn + h'yn + hk3)
h
Yn+1 = Yn t+ g(kl + 2k, + 2k3 + ky)

Here, h is the time step, and k4, k,, k3, k, are intermediate slopes used to compute a weighted

average slope for the step.

Application to Heat Transfer
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In the context of transient heat conduction in clothing layers, the temperature at each spatial node

i is governed by:

ﬂ _ k (Ti+1 - 2T,_2+ Ti—l) N Ql.
dt  pc, Ax

(Iv.50)
Where:

T; is the temperature at node i,

Q; includes contributions from convective and radiative heat transfer,

k, p, ¢, are material properties.

Each spatial node is treated as a variable in the ODE system. RK4 is applied to update all nodes
simultaneously over discrete time steps. This results in a stable and accurate simulation of how

heat penetrates through the multilayer system into the skin.

Implementation in MATLAB

In the MATLAB code:

A loop iterates over time using RK4.

At each step, temporary values k; through k, are calculated for all temperature nodes.
The updated temperatures are stored and used for the next iteration.

The method ensures accurate tracking of rapid temperature changes, which is essential for fire

exposure scenarios.

Advantages

Accuracy: Fourth-order convergence allows high precision even with moderate time step sizes.
Stability: Suitable for non-stiff and mildly stiff problems, typical of transient heat conduction.

Ease of implementation: Especially in MATLAB, RK4 is simple to code and debug.
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3.3. Matlab program

This study aims to analyze the transient thermal behavior of a multilayer firefighter protective
clothing assembly using numerical simulations. The assembly includes multiple textile layers and
the skin, and it is subject to a heat flux that may result from fire or elevated ambient conditions.

The simulation framework is implemented in MATLAB, comprising three core components:
A main program to define initial conditions and post-process the results.
A numerical solver based on the Fourth-Order Runge-Kutta Method for time integration.

A system of ordinary differential equations (ODESs) that represent energy conservation within each

layer.

Each MATLAB script plays a crucial role in the holistic simulation approach, enabling the

prediction of temperature evolution across time and depth.

rkgen_PFE.m unsteady_program_PFE.m Diff_system1_PFE.m +
1= klc: clear all ;close all;
2
3
4
==
[
il $Call on Runge-Kutta Fun n to Perform Integration
8 — [t,Tl=rkgen PFE ('Diff = eml PFE', [0 1800],T0,0.01); 215min=900sec, step=0.01
g
= disp('*****Temperatures are in degrees Kelwvin #**#%&%1);
11
1z - fprintf ('Ti ',t(180001));
13 = fprintf ('T ', T(1,180001)-273);
14 - fprintf ('T ',T(2,180001)-273);
15 = fprintf ('T ',T(3,180001)-273);
16 — fprintf ('T ',T(4,180001)-273);
17 = fprintf( ', T(5,180001)-273);
18 - fprincf (" “n',T(6,180001)-273);
19 T
20
21 - figure;
22 — i=1:180001;
23 — plot(c(i),T(1,i)-273, 'b-",t(i),T(2,4i)-273, 'v-',t(i),T(3,4)-273, 'z-', 'LineWidth',1.5);
24 — legend({'T_L 1','T L 2','T_L 3"}, 'Location', 'NorthEast', 'FontSize', 14, 'FontWeight', 'normal’, 'FonthAngle’, 'italic');

Figure IV-5 : Matlab program.
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3.4. Boundary conditions [89] [90] [91]

Table IV-2 : Boundary conditions.

Cl C2 C3 S1 S2 S3
S (mm) 0,42 0,75 1,55 0.08 2 10

\ (W/m.°C) 0,081 0,041 0,038 0.225 0.989 0.167
o (Kg.m ™) 605,0 212,0 112,0 1200 1200 1000
Cp (J/KgXK) 118750  |1297,0 12190  [3598 3222 2760
o /s 0,98 ;0,60 0,5;0,60 [0,5;0,60 [0.97;0.98 0.97 1

Thicknesses of the different air gaps (between layers)
Ep =[0.002; 0.002; 0.005];

Gf=2300; Gm=380.5; Gevap=15.27; [W]
Tamb=298 ; Tm=309.85; [K]

4. Conclusion

In this chapter, a comprehensive mathematical formulation of the thermal response of firefighter
protective body-clothing systems was presented. The model integrates the principal heat transfer
mechanisms—conduction, convection, and radiation—through a multilayer assembly composed
of both textile materials and skin tissues. Detailed heat balance equations for each clothing and
skin layer were developed under transient conditions, taking into account complex interactions
between external heat fluxes and internal physiological processes such as blood perfusion and

metabolic heat generation, modeled through Pennes’ bioheat equation.

Furthermore, the computational implementation in MATLAB was elaborated, highlighting the
structure of the code, the use of the fourth-order Runge-Kutta method for time integration, and the
incorporation of realistic boundary conditions. This numerical approach enables precise tracking
of temperature evolution across the multilayer system and the prediction of potential burn injuries

under fire exposure. The formulation and simulation tools developed in this chapter provide a solid
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foundation for the advanced thermal analysis and optimization of protective clothing, which will

be explored further in the subsequent chapter.
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V. Chapter 05: Results and discussion
1. Introduction

This chapter presents the results of the numerical simulation conducted using MATLAB to
analyze the thermal behavior of a firefighter protective clothing assembly. The objective is to
evaluate the time-dependent temperature profiles across the clothing and skin layers under various
exposure conditions. Three case studies are analyzed: a baseline case and two parametric
variations. The results are compared to assess the effectiveness of thermal protection and to

identify critical parameters influencing thermal insulation and skin safety.

2. Baseline case results
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Figure V-1: Baseline results (layers). Figure V-2: Baseline results (skin).
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Temperatures are in degree Kelvin
Time = 1800 sec

T L 1=193.5793 A°C

T L 2=101.6871 A°C

T L 3=66.0470 A°C

T S 1=52.4510 A°C

T S 2=152.4042 A°C

T S 3=52.1379 A°C

The results of the baseline configuration (FigureV-1+2), which represents a reference scenario of
firefighter protective clothing under high thermal exposure without additional physiological or
evaporative effects, provide critical insights into the thermal behavior of the multilayer protective
system. The outermost layer (T L1) rapidly increased to approximately 193.6 °C within the first
500 seconds, before stabilizing at this high temperature for the remainder of the 1800-second
exposure. This is consistent with the continuous external heat flux applied in the simulation. The
second and third layers (T L2 and T L3), representing intermediate insulation and inner fabric
layers, exhibited progressively lower temperatures, plateauing at approximately 101.7 °C and 66.0
°C, respectively. These gradients illustrate the protective role of each fabric layer in attenuating
heat transfer toward the skin. However, the most critical observation lies at the skin surface (T _S1,
T S2, T _S3), where temperatures rose steadily and stabilized at approximately 52.4 °C. This
temperature exceeds the commonly cited threshold for the onset of second-degree burns (~47-50
°C), indicating a potential risk of skin injury under these conditions. The similarity of the three
skin-layer curves suggests a uniform heat distribution across the modeled skin depth. Overall, these
baseline results underscore the importance of multilayer clothing in delaying heat transfer but also
reveal limitations in the system’s ability to maintain skin temperatures below injury thresholds
during extended exposure. They also highlight the necessity of incorporating additional factors,
such as physiological responses (metabolism, blood flow) and evaporative cooling, to improve the

model’s predictive accuracy and the garment’s protective performance in real-world scenarios.
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3. Comparative Analysis with Literature (Baseline case)

To evaluate the validity and consistency of the current MATLAB simulation, a comparison was
conducted with the study by Dahmani et al. (2020), which utilized a finite element formulation
implemented in COMSOL Multiphysics® to simulate thermal behavior across a multilayer
firefighter garment and skin model. Their model included three fabric layers (L1, L2, L3), air gaps,

and skin layers, incorporating conduction, radiation, and evaporative boundary conditions.

A. Summary of Dahmani et al. Results

The temperature at the external clothing surface (L1) reached approximately 126°C in the

stationary case.

At the epidermis/dermis interface, the steady-state temperature after 25 minutes (1500 sec) of fire
exposure ranged between 40°C and 44°C, depending on external absorptivity and ambient

conditions.

They reported thermal equilibrium (steady state) occurring at around 1500—1800 seconds, aligning

with the end of a standard exposure window.

The skin temperature exceeding 44°C was considered a threshold for burn injuries, consistent with

accepted biothermal literature.

Higher skin temperatures in your MATLAB model may be due to simplification of internal
biothermal regulation (no perfusion/metabolic heat sinks), unlike Dahmani’s inclusion of Pennes

bioheat equation.

Dahmani’s model incorporates evaporative cooling (sweating) and air gap radiation, which are not

fully modeled in your simulation.

Material properties (e.g., thickness, thermal conductivity) were taken from empirical
measurements in Dahmani’s study; if your model uses theoretical values, this can explain elevated

results.
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Both studies:
Confirm that L3 is the most critical layer for protecting skin.
Show that thicker or more insulating L1 layers significantly reduce overall heat flux.

Agree that skin temperature under 55°C is desirable to avoid burns, though Dahmani suggests a

more conservative limit of 44°C for first-degree injuries.

Comparison between: Collins &Dahmani& Our baseline case :

Evolution of Temperature as a Function of Time
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Figure V-3: Comparison between: Collins &Dahmani& Our baseline case.

To further assess the thermal protective performance of various firefighter clothing systems, a
comparative analysis was conducted between three configurations reported in the literature: S.
Dahmani, Collins, and the model proposed by Imad & Naser. The results, presented in Figure V-
3, illustrate the evolution of temperature near the skin surface as a function of exposure time.
During the initial phase (0—20 minutes), all systems exhibited a rapid increase in temperature due
to the sudden exposure to heat flux. The Collins system showed the fastest temperature rise,
reaching approximately 44—45 °C within the first 20 minutes, indicating lower thermal resistance

or thinner material layers. In comparison, the S. Dahmani and Imad & Naser systems demonstrated
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slower and more controlled temperature increases, reaching approximately 42—43 °C and 4041
°C, respectively. In the intermediate phase (20—60 minutes), the Collins system approached its
steady-state temperature (~47 °C), while both S. Dahmani and Imad & Naser systems continued
to exhibit gradual increases, stabilizing at approximately 44—45 °C. Notably, during the long-term
exposure phase (60—150 minutes), the Collins system plateaued at the highest temperature, close
to critical thresholds for skin injury, whereas the Imad & Naser and S. Dahmani models maintained
lower steady-state temperatures (~44-45 °C), providing better long-term protection. These
findings indicate that the Imad & Naser and S. Dahmani systems offer superior thermal insulation
and reduced risk of burn injuries during extended exposure, making them more suitable for
demanding firefighting environments. The Collins system, by contrast, exhibited higher thermal

penetration, which may compromise protective performance under prolonged fire conditions.

4. Case 1 Results: “After using T metabolism”
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Figure V-4: Case 1 Results (layers). Figure V-5 : Case 1 Results (skin).

Temperatures are in degree Kelvin
Time = 1800 sec

T L 1=182.5336 A°C

T L 2=286.4064 A°C

T L 3=50.3791 A°C
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T S 1=37.3616 A°C
T S 2=37.3192 A°C

T S 3=37.0780 A°C

Comparison between : “baseline case” & “case 01”

In order to evaluate the influence of metabolic heat generation on the thermal performance of
firefighter protective clothing, a comparative analysis was conducted between the baseline
configuration (reference case) and a modified case incorporating body metabolism through the
temperature of metabolism equation. The baseline scenario simulated a high-exposure firefighting
environment without accounting for human thermoregulation, while Case 01 included the effects
of blood perfusion and metabolic heat exchange (Tm equation). The results demonstrated
significant differences in thermal behavior across the clothing layers and at the skin surface. In the
baseline case, the outer layer (T L1) reached approximately 193.6 °C, with inner layer
temperatures (T _L3) stabilizing at 66 °C and skin surface temperatures (T _S1, T S2, T S3)
exceeding 52 °C after 1800 seconds — levels associated with second-degree burn risk. In contrast,
when metabolic heat generation was introduced, the outer layer temperature slightly decreased
(~182.5 °C), while the inner layers (T_L3 ~50 °C) and especially the skin temperatures stabilized
around 37 °C — a level consistent with normal body temperature and well below critical burn
thresholds. These results confirm that incorporating metabolic thermoregulation in the model
significantly improves the realism of skin temperature predictions and highlights the protective
role of physiological heat dissipation mechanisms during prolonged fire exposure. Ignoring such
mechanisms, as in the baseline model, may overestimate the risk of skin burns and underestimate

the effectiveness of the clothing system.
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5. Case 2 Results : “Porous medium”
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Figure V-6: Case 2 Results (Porous medium).

Parallel resistance : “using R4+ Rs, Rp”
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Figure V-7 :Case 02: Parallel resistance (layers).

Figure V-8: Case 02 : Parallel resistance (skin).
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Temperatures are in degree Kelvin
Time = 1800 sec

T L 1=193.5793 A°C

T L 2=101.6871 A°C

T L 3=66.0470 A°C

T S 1=52.4510 A°C

T S 2=152.4042 A°C

T S 3=52.1379 A°C
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Figure V-9: Case 02 : Series Resistance (layers).

Figure V-10 :Case 02 : Series Resistance (skin).
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Temperatures are in degree Kelvin
Time = 1800 sec

T L 1=193.5793 A°C

T L 2=101.6871 A°C

T L 3=66.0470 A°C

T S 1=52.4510 A°C

T S 2=152.4042 A°C

T S 3=52.1379 A°C

Comparison between : “Porous medium” & “baseline case”

In order to improve the predictive accuracy of the thermal model for firefighter protective clothing,
the effects of porous medium resistance were incorporated in Case 02 by introducing both parallel
and series thermal resistances into the baseline configuration. This modification aimed to better
represent the complex heat transfer pathways through the multi-layered fabric structure and the
interstitial air gaps typically present in protective garments. As illustrated in Figure V-7 to 10, a
comparative analysis between the baseline results and Case 02 reveals notable improvements in
thermal performance. While the outer layer temperature (T _L1) remained relatively unchanged
(~193.6 °C in both cases), significant differences were observed in the inner clothing layers and at
the skin surface. In Case 02, the second and third layer temperatures (T _L2 and T L3) slightly
decreased from 101.7 °C and 66.0 °C (baseline) to 101.6 °C and 66.0 °C respectively, indicating
modest additional resistance to heat flow. More importantly, skin surface temperatures (T_SI,
T S2, T S3)in Case 02 stabilized around 52.5 °C, nearly identical to the baseline case (~52.4 °C),
suggesting that while the inclusion of parallel and series resistances altered the thermal gradient
within the clothing, it did not significantly reduce the final heat load reaching the skin. These
results suggest that while modeling the porous structure with more detailed resistances offers a
more physically realistic representation of heat transfer mechanisms, the improvement in skin-

level thermal protection under this high-exposure condition was minimal. This implies that further
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enhancement of protective performance may require additional optimization of material properties

or garment design beyond simply adjusting the resistance model.

Impact of Porosity on skin temperature
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Figure V-11 : Histogram represent effect of fabric porosity on final skin temperature in Firefighter
Protective Clothing.

The histogram presented in Figure V-11 illustrates the effect of varying porosity on the final
temperature of the skin layer in the firefighter clothing system. Despite changes in porosity values
ranging from 0.2 to 0.8, the resulting skin temperature remains constant at approximately 52.5°C.
This uniformity suggests that, within the tested range, porosity has a negligible impact on the
thermal performance of the clothing in terms of heat transmission to the skin. Such a result may
be attributed to the dominant influence of other thermal resistance parameters, such as layer
thickness and thermal conductivity, which are not significantly altered by changes in porosity
alone in this configuration. Additionally, the presence of a porous structure may have limited effect

when the surrounding thermal environment reaches a saturation point, where radiation and
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conduction dominate over convective losses through pores. This finding aligns with previous
studies indicating that while porosity can influence airflow and moisture management, its effect
on direct thermal insulation is limited unless coupled with significant structural or material
changes. Thus, optimizing porosity for thermal protection may require simultaneous consideration

of other parameters, including fabric density, air gap width, and material layering strategy.

6. Case 3 Results :
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Figure V-12 : Case 03 ( Using Gevp).
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Using Gevp =15.27[w /m?] :
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Figure V-13: Case 03 (layers).

Temperatures are in degree Kelvin
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Figure V-14 : Case 03 (skin).
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Comparison between : “ case 03”& “baseline case”

To investigate the influence of evaporative heat transfer on the thermal performance of firefighter
protective clothing, Case 03 introduced an evaporative heat flux (G evaporation) of 15.27 W/m?
into the baseline model, where previously evaporation was neglected (Gevp = 0). As shown in
Figure V-13+14, this adjustment led to measurable improvements in the thermal response of the
system. The outer layer temperature (T _L1) remained stable around 192.8 °C, similar to the
baseline case (~193.6 °C), indicating that the external thermal load was unaffected by evaporation.
However, noticeable reductions were observed in the inner clothing layers and particularly at the
skin interface. The inner layer temperatures (T L2 and T L3) slightly decreased from 101.7 °C
and 66.0 °C (baseline) to 100.6 °C and 65.0 °C, respectively. More importantly, the skin surface
temperatures (T _S1, T S2, T S3) decreased from ~52.4 °C (baseline) to ~51.4 °C, representing
an approximate 1 °C reduction. Although the magnitude of temperature reduction at the skin was
modest, this result highlights the role of evaporation in enhancing heat dissipation from the body,
particularly under high heat flux exposure. The addition of evaporative heat transfer contributes to
a more realistic representation of human thermoregulation, improving thermal comfort and
potentially delaying the onset of heat-related injuries. These findings suggest that optimizing
moisture management and enhancing evaporative capacity within protective garments could

provide additional protective benefits during firefighting operations.

96



Chapter 05 : Results and discussion / Parametric analysis and cases study

Impact of relative humidity on skin temperature

Temperature of skin vs relative humidity
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Figure V-15 : Histogram represent effect of relative humidity on skin temperature (Case 03 — Using
Gevp)

The histogram in Figure V-15 presents the variation of skin temperature as a function of relative
humidity, in the context of Case 03 which incorporates the G evaporation (Gevp) heat transfer
component. As relative humidity increases from 0% to 20%, a gradual decrease in skin temperature
is observed, from 52.5°C down to 51.1°C. This inverse relationship confirms the role of
evaporative heat loss in thermal regulation when humidity is considered. At lower humidity levels,
the evaporation of sweat is more effective, leading to higher heat dissipation and thus lower skin
temperature. As humidity rises, the surrounding air becomes more saturated with water vapor,
reducing the evaporation rate and consequently diminishing the cooling effect. However, the
temperature drop remains moderate, suggesting that while Gevp contributes to the overall heat
transfer, its effect is limited under the thermal conditions applied in this simulation. These results
highlight the importance of moisture management in protective clothing systems and emphasize

that designing garments that promote effective sweat evaporation even in semi-humid conditions
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can play a significant role in enhancing thermal comfort and reducing the risk of heat-induced

injuries for firefighters.

7. Comparison between the results of the three cases

A comparative analysis was performed between the baseline configuration and three modified
cases Case 01 (with metabolic heat generation), Case 02 (with parallel and series resistance in the
porous medium), and Case 03 (with evaporative heat flux G _evaporation = 15.27 W/m?)—to
evaluate the impact of different modeling enhancements on the thermal performance of firefighter
protective clothing. In the baseline case, the skin surface temperatures (T S1, T S2, T S3)
stabilized at approximately 52.4 °C, exceeding the burn injury threshold. In Case 01, which
incorporated metabolic heat generation, the skin temperatures significantly decreased to around
37.3 °C, demonstrating the critical influence of physiological thermoregulation on heat dissipation
and highlighting the protective role of blood perfusion in maintaining safe skin temperatures. In
contrast, Case 02, which introduced enhanced porous medium resistance, produced only minor
changes: skin temperatures remained close to 52.4 °C, similar to the baseline, indicating that
additional resistance alone was insufficient to meaningfully improve skin-level protection under
severe exposure. Finally, Case 03, which added evaporative heat transfer, resulted in a modest
temperature reduction at the skin surface (~51.4 °C), confirming that evaporation can enhance heat
loss but is less effective on its own compared to physiological factors. Overall, these results
demonstrate that while structural improvements to the clothing (as modeled in Cases 02 and 03)
contribute incrementally to thermal performance, integrating human physiological responses (as
in Case 01) yields the most significant improvements in protecting the wearer against heat stress

and burn injury.

8. Discussions & Interpretation of the results of the three cases

The analysis of the three investigated cases—metabolic heat generation (Case 01), porous medium
resistance (Case 02), and evaporative heat flux (Case 03) in comparison with the baseline scenario
provides important insights into the complex interactions governing heat transfer and skin
protection in firefighter clothing systems. The baseline results revealed that, under severe thermal
exposure, skin temperatures exceeded 52 °C, posing a high risk of burn injury. The introduction

of metabolic heat generation in Case 01 fundamentally altered the thermal response of the system:
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the skin temperatures decreased sharply to approximately 37 °C, well below the injury threshold,
confirming that human thermoregulation (through blood flow and metabolic heat balance) plays a
dominant role in controlling skin temperatures. This case highlights the importance of coupling
physiological models with thermal simulations to achieve realistic predictions of human heat
stress. In Case 02, adding parallel and series resistances to the porous medium led to only minor
reductions in internal layer and skin temperatures, indicating that enhancing structural resistance
alone provides limited benefit when facing high heat fluxes. Case 03, incorporating evaporative
cooling, resulted in a modest decrease of approximately 1 °C in skin temperature compared to the
baseline. While this shows that evaporation aids heat dissipation, its standalone effect is relatively
small. These results suggest that, although material improvements (Cases 02 and 03) contribute to
enhanced protection, the greatest impact is achieved by modeling and supporting the wearer’s
physiological ability to manage thermal loads (Case 01). Therefore, for future design and
evaluation of protective clothing, an integrated approach that accounts for both material properties

and human thermoregulation is essential to ensure optimal thermal safety for firefighters.

9. Conclusion :

The results presented in this chapter demonstrate the significant influence of both physiological
and material parameters on the thermal performance of firefighter protective clothing. The baseline
configuration, while providing some degree of protection, showed skin temperatures rising above
critical thresholds for burn injuries under high-exposure conditions. Among the three investigated
enhancements, the inclusion of metabolic heat generation (Case 01) had the most pronounced
effect, substantially reducing skin temperatures to safe levels by accounting for the body's natural
thermoregulatory mechanisms. The addition of porous medium resistance (Case 02) and
evaporative heat flux (Case 03) contributed incremental improvements, primarily through
modifying heat transfer pathways and enhancing heat dissipation. However, these structural
changes alone were insufficient to fully mitigate burn risks. The comparative results underline the
necessity of integrating physiological modeling into the thermal analysis of protective garments to
achieve more accurate predictions and to design clothing systems that offer enhanced safety and

comfort. Moving forward, a holistic approach that combines optimized material properties with
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the dynamic behavior of the human body will be essential in advancing the development of next-

generation firefighter protective clothing.
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General Conclusion

General conclusion

This study was dedicated to addressing one of the most critical challenges in firefighting
operations: ensuring effective thermal protection through advanced personal protective equipment
(PPE). The research began by establishing the technological and physiological background of
firefighter exposure to extreme heat and burn risks, emphasizing the urgent need for high-

performance protective clothing.

Through a combination of literature review, experimental testing, and numerical modeling
particularly using MATLAB for one-dimensional heat transfer simulation ,this thesis provided a
detailed understanding of heat propagation through multilayer protective garments. The work
considered conduction, convection, and radiation, and highlighted the importance of air gaps,

fabric properties, and clothing structure in preventing burn injuries.

Experimental validation and parametric analysis confirmed the significance of specific fabric
compositions and layering techniques in enhancing thermal resistance and comfort. By evaluating
the performance of firefighter clothing under various conditions, the study offered practical

insights into improving design criteria and material selection.

In conclusion, this research contributes to the broader goal of advancing firefighter safety by
proposing more efficient thermal models, identifying critical design parameters, and supporting
the development of next-generation PPE. The findings underscore the necessity for continuous
innovation in protective textile engineering to better safeguard first responders against life-

threatening thermal hazards in dynamic fireground environments.
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