
ABSTRACT 
 
ESCRIVA, CARL ENRIQUE. Alternative Data Analysis Methods for Improved 
Firefighter Turnout Evaluation Using Instrumented Fire Test Manikins. (Under the 
direction of Dr. Roger Barker and Dr. Robert Bryan Ormond)  
 
 
Firefighter turnout suits evaluated by fire test manikins typically show high levels of 

thermal protection, with little difference observed in skin-burn injury predicted for 

heavier or for lighter-weight turnout constructions.  This research explored 

modifications to increase the usefulness of fire test manikin tests for determining 

the effects of turnout suit design on thermal protective performance.  One approach 

simply acquired heat flux data from the manikin sensors for a longer period of time 

to observe the effects of thermal inertia or stored thermal energy on burn injury 

prediction profiles and to reduce sensor “noise”.  Another concept used a modified 

skin burn injury prediction model that incorporated site-specific skin thickness 

values to more accurately represent the tissue thickness variation over the human 

body.  A third approach calculated burn protection factors to normalize the 

variation of incident heat flux on different locations of the manikin surface to 

calculate localized protection factors.  By incorporating a more anatomically correct 

skin thickness model, and by using localized protection factors to show burn injury 

patterns, areas of spatially distributed protection were identified for different 

turnout suit designs.  These novel approaches are demonstrated by evaluating 

turnout suit samples selected to represent different material weights and features.  
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Chapter 1. Introduction 

 

 The results of fire manikin tests have shown little reason to expect 

differences in the thermal protective performance of turnout suits certified to the 

NFPA 1971 standard for structural firefighting gear [1].  The goal of this research 

therefore, was to explore the fire manikin testing procedure with the objective of 

incorporating modifications to the method that would yield more useful information 

about the comparative thermal protective performance of turnout suits.  To do this, 

the testing procedure was modified to produce a report that showed localized 

thermal protection, or the skin burn protection provided by different locations 

distributed over the manikin’s torso.  By providing information about the localized 

thermal protection on different turnout suit constructions, future firefighter suits 

can be designed to provide better protection to the firefighter that bravely serve 

communities around the world 
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1.1.     Research Objectives 

 

 The goal of this research was to develop a fire manikin testing protocol that 

provides useful comparative data about the thermal protective performance of 

different firefighter turnout suit constructions.  The main objectives are: 

 

1.  To develop testing procedures and data analysis tools to enhance 

the level of detail of the information given by the test. 

2. To demonstrate the usefulness of these tools for evaluating the 

thermal protective performance of different structural firefighter 

turnout suit constructions. 

 

 In order to conduct this research, it was important to first carefully study the 

test protocol to understand the different avenues that may provide improved data 

analysis methods. 
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Chapter 2. Literature Review  

 

 Firefighters can be exposed to a variety of potentially life-threatening 

conditions.  Among them is a high intensity flame exposure often referred to as a 

flashover.  This environment is characterized by a severe thermal burden to the 

firefighter that manifests itself as an explosion of flames and can quickly engulf a 

whole room of a building.  A flashover condition occurs when a room is deprived of 

oxygen for combustion however the temperature of the room is above the flash 

point.  When oxygen is allowed to enter the room rapidly through an opening such 

as a door or a window, the items in the room can quickly be consumed by fire.  In 

order to withstand these types of exposures, the personal protective equipment 

(PPE) that the firefighters wear must provide a certain level of safety to the wearer.  

Fires as a whole accounted for 3.9% of total fire department calls in 2013 as 

reported by the National Fire Protection Association (NFPA) [1].  The chance that a 

firefighter is exposed to flashover conditions may be relatively low, however their 

PPE must provide them necessary protection from second and third degree burns 

that could otherwise potentially be fatal. 

 Fire can be an extremely difficult and dangerous threat to protect against 

because it is a chemical reaction that can rapidly escalate in intensity under the 

correct conditions.  When a flashover occurs, a combination of radiant and 

convective heat is transmitted to the immediate surroundings and this incident 

energy can cause serious burns even though flashovers occur in a matter of seconds.  

The majority of the heat emitted due to this phenomenon is in the form of radiant 
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energy because flash fires act similar to a blackbody radiator.  Temperatures 

typically range between 900°C and 1200°C in the exposure zone for a flash fire 

however a more useful value for evaluating thermal threats is heat flux.  Heat flux is 

defined as the rate of thermal energy (heat) transfer through a given surface per 

unit time.  There is an inverse relationship between the level of thermal threat and 

the firefighter work time that falls within an acceptable range from a safety 

standpoint.  Typical firefighter exposures can range anywhere from 1.0-2.5 kW/m2 

with an exposure of 3.0-5.0 kW/m2 causing pain to the skin within seconds and 84.0 

kW/m2 being the standard exposure for the Thermal Protective Performance Test 

that is part of the NFPA 1971 Standard for compliant garment materials [2-4].    

 

2.1.     The Flash Fire Testing Environment  

 

 The test method that is used in conjunction with an instrumented manikin is 

detailed in the ASTM F1930 Standard Test Method for Evaluation of Flame Resistant 

Clothing for Protection Against Fire Simulations Using and Instrumented Manikin 

[5].  This experiment has a similar exposure level as the Thermal Protective 

Performance Test (TPP) required by NFPA 1971 [1].  By using a manikin instead of a 

bench level test, other factors such as fit, air-gaps, and overlapping sections of the 

test garment can be more readily accounted for with the resulting data set.  The 

ASTM F 1930 test method is currently not a requirement for certification of a 

garment by NFPA 1971 however it can add the above mentioned elements of 

“realism” to the performance of the garment and its construction.  The high-
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intensity heat flux that is used in both the bench level TPP test used in NFPA 1971 

and the instrumented manikin test method described in ASTM F1930 represent a 

“worst-case” scenario that is not seen by firefighters in a typical line of duty 

however they still require PPE that will protect them from potentially life-

threatening injury.  At this level, both second and third degree burns can quickly 

cover the skin in a matter of seconds without the proper protection.  In order to 

quantify how the test garment performs under thermal stress, a manikin must be 

equipped with at least one hundred thermocouples evenly distributed across the 

body [5].  These sensors allow for measurement of heat flux transfer through the 

garment and these data can be used to create a burn injury prediction report. 

 

2.2.     Structural Firefighter Turnout Suits 

 

 The turnout suit that is currently worn for structural firefighting typically 

consists of a three-component ensemble that must provide the wearer protection 

from threats such as high-intensity thermal exposure as well as puncture and 

mechanical abrasion.  In addition to providing protection, firefighter turnouts must 

also be ergonomic and comfortable so that workers can perform their duties with as 

little discomfort and burden as possible.   Both protection and comfort are the most 

important factors that go into the design of a turnout however when one of these 

properties is improved, the other usually is impacted negatively.  The three-

component system was designed to addresses the garment requirements as detailed 

in and required by NFPA 1971 [6].  The outer shell is responsible for abrasion and 
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tear resistance while the inner layers, the moisture barrier and thermal liner, are 

responsible for mediating vapor transfer through the turnout and insulation from 

external thermal burden respectively.  In addition to the turnout jacket and pants, 

other PPE includes: boots, gloves, hood, helmet, and a Self Contained Breathing 

Apparatus (SCBA).  Considerable resources have been devoted over the years to the 

research and development of turnout materials and prototypes to attempt to reduce 

the rather significant gap between thermal protection and ergonomics. 

 

2.3.     Skin Burn Injury 

 

 A fundamental understanding of the composition and properties of human 

skin is essential for the development of the skin burn injury model used for this 

purpose.  Human skin can be divided into three layers: the epidermis, dermis, and 

subcutaneous fat, as detailed in Figure 2.1.  The epidermis is the outermost layer of 

the skin and is predominantly made up of dead skin cells that have been pushed up, 

layer-by-layer from the base of the epidermis.  Since the majority of these cells are 

dead, they can be removed rather easily from the body however they act as a 

protective layer for the dermis and subcutaneous layers of skin from environmental 

factors such as heat, moisture, and radiation.  The epidermis is the thinnest of the 

three layers of human skin and therefore provides only a minimal level of protection 

against thermal exposures.  The dermis is the intermediate layer of the skin and is 

composed of living cells.  Also contained within the dermis are sweat glands, nerve 

endings, hair follicles, and blood vessels [7].  The third layer of the skin is primarily 
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fat cells that connect the skin to the musculoskeletal system.  Additionally, the 

subcutaneous layer is responsible for insulation of the body from the environment 

and contains larger blood vessels and nerve pathways than are found in the dermis 

[7].   

 

 

 
Figure 2.1     Cross-Section Model of the Three Layers of Human Skin [7] 

 

 

 There are varying classifications of burns, which can be caused by varying 

levels of exposure and duration.  There are several burn types including thermal, 

radiation, chemical, and electrical however when discussing protection for 

firefighters, the primary concern would be to protect against thermal burns.  When 

the epidermis is burned, there will likely be redness and pain but no blister 

formation.  This burn is classified as a first degree or superficial burn [8].  Because 

the epidermis is composed mostly of dead skin cells and serves as a protective 

barrier, burns to this layer are not a concern for long term damage as the skin will 

be shed regardless.  A second-degree burn occurs due to thermal damage to both the 
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epidermis and into a portion of the dermis.  Redness, blistering, swelling, and pain 

will appear at the site of injury in this case [8].  Continuing further, a third-degree 

burn destroys both the epidermis as well as the dermis.  Damage may even occur to 

bones, muscles, and tendons below the subcutaneous layer if the exposure is severe 

enough.  The blood vessel, nerve endings, and other structures located within the 

dermis have the potential to be permanently destroyed by second and third-degree 

burns.  Figure 2.2 shows the three-layer skin model with varying degree of burns 

according to the layers in which they damage.   

 

 

 
 

Figure 2.2     Cross-Section Models of Human Skin with Varying Degree of Burn [9] 
 

 

 Medical treatment is required for all burns however those that are severe or 

cover a large portion of the body will require specialized treatment.  The most 

important factors that will determine the survival of the burn victim are the 

percentage of affected body area and age [8].    

 In order to effectively predict the burn injury that would result from an 

exposure that a firefighter may see in the line of work, a model is needed that inputs 
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both incident heat flux and properties of the skin.  Two of the most commonly used 

methods to meet this purpose are the Henriques Burn Integral and the Stoll criteria.  

Both are effective tools to quantify burn injury or protective performance of test 

materials and garments.  The Stoll criteria is incorporated into the NFPA 1971 TPP 

test method while the Henriques Burn Integral is used as part of ASTM F 1930.   

 The Stoll curve is used to predict second-degree burn injury by taking into 

account exposure time and data from human subjects.  Alice Stoll and her research 

team at the U.S. Naval Air Development Center obtained this data by exposing 

human subjects to incident heat fluxes ranging from 0.1 to 1.2 cal/cm2/s (4.19-50.24 

kW/m2) in intensity [10].  In order to obtain the necessary data to predict second-

degree burns, the subjects’ forearms were colored black with ink to most effectively 

absorb radiant energy from a lamp.  Second-degree burns occur at the basal layer 

and therefore are not immediately superficial.  Because of this, Stoll and her team 

were forced to measure the time it would take to form what they called a “threshold 

blister” through trial and error.  The curves that were developed in this study 

establish the total amount of energy that must be absorbed over a given period of 

time in order to cause a second-degree burn or pain.  Today, the Stoll criteria relies 

on input from a copper calorimeter sensor rather than the response from human 

subjects.  One advantage of the Stoll method is it allows for relatively simple 

calculation time to reach a second-degree burn [11].  The incident heat flux 

measured from an experimental setting can be compared to the Stoll second-degree 

burn and pain curves as shown in Figure 2.3 [11].  If the experimental data crosses 
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either of the reference curves, the time to reach the pain or second-degree burn 

would be approximated as the time where the intersection on the graph occurs. 

 

 
Figure 2.3     Stoll Curves Calculated for Use with TPP Sensor [11] 

 

 

 This research was conducted in the 1950’s and would likely be controversial 

in today’s laboratory environments due to the dangerous nature of the experiment 

for the human subject.  Even considering the nature of the experiments, this work 

has been instrumental in creating today’s burn models since it is based directly on 

human skin studies [10].  The Stoll curves have proved useful for predicting time to 

second-degree burn and are regularly used when evaluating turnout composites in 

bench level tests.  Both the Radiant Protective Performance (ASTM F 1939 [12]) as 
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well as two Thermal Protective Performance (ASTM F2700 and F2703 [13,14]) tests 

utilize the Stoll curves in order to calculate time to second-degree burn.  In addition 

to being included in protective performance tests, the Stoll curves also support the 

burn models utilized by ASTM F2731 [15] for measuring transmitted and stored 

energy as well as ASTM F1930 [5], which covers fire test manikins. 

 Another way to model the destruction of tissue at the interface of the 

epidermis and dermis that leads to a second-degree burn is with the Henriques 

Burn Integral.  Through their research, Henriques and Moritz were able to gather 

useful information on skin when exposed to heat over time.  They determined that 

tissue damage at interface of the epidermis and dermis, also known as the basal 

layer, occurs when the temperature rises above 44°C.  The degree of tissue 

degradation and destruction is dependent on how long the temperature remains 

above this threshold [16].  Through a series of studies, Henriques and Moritz sought 

to be able to better define thermal injury.  At the conclusion of the fifth and final 

study in the series, they were able to quantify thermal injury with an equation that 

is similar to a chemical rate equation (Equation 2.1) [17].  This equation is as 

follows: 
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      (2.1) 

 

Where:  

Ω = Quantitative burn injury parameter at any depth in dermis, 

P = Frequency factor constant,  s-1, 

∆E = Activation energy for human skin, J/mol, 

R = Universal gas constant, 8.315 J/kmol K, 

T = Absolute temperature at specified skin depth, K 

t = Time which T is greater than 44°C (317.15K). 

 

 The integral of this equation can then be taken over the time interval in 

which the basal layer is greater than or equal to 44°C in order to predict burn injury. 

Through their work, Henriques and Moritz determined that for Ω > 1.0, a second-

degree burn would occur.  To calculate a third-degree burn, the same approach 

would be used using appropriate differences in skin thickness.  In order to derive 

the constants in the Henriques Burn Integral, experiments were conducted on pig-

skin by the U.S. Army.  While pig-skin is not entirely analogous to human skin, it is 

more similar in structure to humans than the skin of other available animals to 

conduct experiments on.  In addition to having a similar structure to human skin, 

pig-skin also shows similar burn behavior when exposed to thermal stress [18].  The 

Henriques Burn Integral is useful because it is valid for any heat flux condition 

unlike the Stoll criteria, which relies on a rectangular-shaped incident heat flux [11].  
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There are instances in which one model may predict that a burn occurs while the 

other may not so it can be useful to utilize both models in order to most effectively 

predict burn injury.   

 In order to effectively predict burn injury, the human skin model must 

include appropriate initial temperature conditions for the different layers of skin.  

Data obtained from experiments conducted on human subjects at Columbia 

University by Pennes is used to set these initial skin temperatures for the burn 

model.  The human subjects had a thermocouple affixed to their forearm, which 

allowed for collection of temperature data for varying depths from the skin’s surface 

to the center of the arm.  In addition to collecting data on skin temperatures, this 

study also examined the effects of arterial temperature and blood flow on 

temperature distribution within the forearm [19].  The human body makes an active 

attempt to maintain homeostasis so it is important to investigate how various body 

systems work together to manage thermal stress either internally or externally.  

Thermal energy may be transferred through the body by conduction through the 

layers of skin as well as by convection through local blood flow [19].  As a result of 

this research, an equation was created in order to quantify the effects of heat 

dissipation in terms of the relationship between skin and blood.  The equations that 

quantify how heat transfer occurs in the body through either conduction or 

convection are the basis of current burn models [19].  

 Research that was conducted at the U.S. Army Aeromedical Research 

Laboratory on pigs was used to examine the rate of thermal damage to skin as a 

function of temperature.  In order to accurately assess the effects that the incident 
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heat flux had on the skin, temperatures at both above and below the point of 

irreversible damage were calculated.  It is important to note that most burn studies 

are conducted using a bare skin exposure in order to remove the variable of a 

protective layer [20].  Certain garments may alter the microclimate around the skin 

by trapping moisture and preventing evaporative cooling.  Excess moisture can lead 

to steam burns, furthering the damage done to the skin.  Takata’s research team 

revealed their findings of bare skin exposures and helped create a better 

understanding of how burns are caused and how they can develop on human skin.  

Thermal damage of the skin can continue even after exposure to the heat source has 

ceased.  This is due to conductive heat transfer within the skin as well as the thermal 

conductivity of skin allowing for energy to be stored [20].  This is another situation 

in which a garment may actually cause more damage than it prevents, as the skin 

will not be able to cool as fast as if it were uncovered.  As noted previously, a major 

factor in determining the extent of tissue damage is the amount of time in which the 

skin remains at or above a threshold of 44°C [16].  When thermal energy is stored 

within the tissue, this may provide an extended amount of time above the threshold 

temperature and therefore contribute to a more extensive burn.  Another important 

finding was that heat transfer within tissue is one-dimensional in nature at the 

central point of the burn.  This is dependent upon the length of exposure and valid 

for burn area diameters between 0.025 and 0.050 m [20].   Through various 

experiment types and analysis methods, much has been learned as to how human 

skin can be expected to degrade under multiple types of thermal exposures. 
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2.4.     Skin Burn Prediction Models 

 

 The manner in which ASTM predicts burn injury is based on two main 

factors, the observed incident heat flux and the properties of the skin.  For the 

purposes of burn calculation on fire test manikins, a one-dimensional “block” style 

model is used.  Each of the three layers of skin is represented by a layer of the 

“block” in the model.  There are equidistant points through the thickness of the 

cross-section of the “block” referred to as nodes.  The nodes are used to reference 

depth in the skin while calculating burn injury.  An example of a one-dimensional 

human skin model with incident heat flux on the surface is given in Figure 2.4 

 

 

 
Figure 2.4     One-Dimensional, Three-Layer Skin Model with Nodes and Incident 

Surface Heat Flux [21] 
 

 

 Analysis of the model is straight-forward, as properties of one-dimensional 

heat transfer can be applied through the thickness of the skin or to an appropriate 

distance for desired burn calculations.  By using previous research such as the 
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Henriques Burn Integral and the Stoll curves, this model can be used to effectively 

predict burn injury.  An important factor to consider when using a currently 

implemented burn model such as ASTM F1939 for fire test manikins is that the skin 

model uses the same skin parameters for every sensor.  While this provides a 

relatively accurate burn injury prediction, there is room for improvement, which 

will be explained in a following chapter. 

 Although there have been recent advances in burn treatment and care 

techniques, there is still an upper limit to the survivability of serious burns.  When a 

patient sustains burns to greater than 60% of their total body surface area, survival 

is exceptionally difficult.  There are several factors that go into predicting survival 

rates for burn patients including age of patient, burn size, and thickness of burn.  

Other factors that can have an effect on patient survival include inhalation injury (to 

lungs), burn mechanism, timing of first aid administration, and existing health 

conditions of the patient [22,23].  The upper limits and tolerances of the human 

body are important to take into consideration when developing burn models as they 

will give more realism to the resulting data.   

 

2.5.     Instrumented Fire Manikin Testing 

  

 Use of an instrumented fire test manikin system such as the PyroMan™ Fire 

Test System is helpful in identifying how clothing ensembles will perform under 

thermal stress in a more realistic scenario than a bench level test is capable of 

providing.  Effects such as fit, drape, and air layers will show up in the resulting data 
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as well as the dynamic nature of flames which adds an element of variability to the 

test.  Whereas a bench-level TPP test is suitable for assessment of fabrics used in 

firefighter turnout construction, a fire test manikin allows for analysis of the 

garment in conditions similar to where it is expected to perform [24].  The 

PyroMan™ System (Figure 2.5) consists of a fire-resistant ceramic manikin outfitted 

with 122 copper calorimeters evenly distributed across the surface of the body.  The 

copper calorimeters that are recessed into the body of the manikin are referred to 

as PyroCal™ sensors and were developed as part of a previous project at NCSU and 

the Textile Protection and Comfort Center (TPACC).  Surrounding the manikin are 

eight propane burners that are used to create a laboratory simulated flash fire at a 

level of 84 kW/m2 (2.0 cal/cm2/s).  All of the testing apparatus is contained within 

an 11’ x 18’ chamber with viewing window so that the experiment can be recorded 

to observe ignition or extinguishing effects of the test garment. 

 

 
 

Figure 2.5     PyroMan™ Test Chamber and Manikin [25] (left), and  
Dressed (right) 
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 The purpose of a fire manikin test is to evaluate the performance of a 

garment under conditions similar to a TPP style bench-level test.  The manikin is 

dressed with the appropriate test garments and then exposed to flames for the 

desired length of time, typically 3.0-12.0 seconds.  The PyroCal™ sensors measure 

the heat flux at the surface of the manikin (under the garment) and send this 

information to a computer which uses the previously described burn model to 

predict burn injury (Section 2.4 and 2.5).  Information compiled from each sensor is 

used to create a graphic of the human body to identify areas where “No Burn”, a “2nd 

Degree Burn”, or a “3rd Degree Burn” is predicted to occur.  A burn injury prediction 

for a 12 second exposure of a firefighter turnout is given in Figure 2.6. 

 

 
 

Figure 2.6     Burn Injury Prediction Graphic of an NFPA 1971 Compliant Firefighter 
Turnout Exposed for 12 Seconds 
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 As evidenced by the graphic, 2nd and 3rd degree burns are shown by location 

with each section of the manikin representing a burn prediction for each individual 

sensor.  Additionally, the PyroMan™ computer program returns a percentage of the 

body’s surface area that is predicted to result in either 2nd or 3rd degree burns as 

well as calculating the total surface area of the body which would be expected to 

receive either of these kinds of burns. 

 The graphics that are generated from a PyroMan™ experiment can be useful 

for analyzing the design of a garment including its fit and drape.  Air layers will play 

a much more significant role in a manikin test rather than a bench level test such as 

TPP.  Additionally, since flames are dynamic in nature, there is an inherent 

variability associated with PyroMan™ testing as the manikin will not be perfectly or 

completely engulfed in flames throughout the experiment.  Although this may 

appear to decrease the validity of the data obtained from these types of 

experiments, the reality is that the environment firefighters work in is almost 

always dynamic and therefore an element of realism is present for PyroMan™ 

testing.  These concerns will be addressed further in a later chapter. 

 

2.6.     Anatomically Accurate Skin Model 

 

 Variation in body measurements and dimensions exist between all 

individuals and this is especially true for skin layers.  The thickness of the three 

layers of skin differ not only from person to person, but across various body regions 

of the same person as well.  This presents a difficult condition to emulate in a 
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laboratory scenario, as skin layer thicknesses are an important component of burn 

models.  Not only does skin vary in its structure according to body position, the 

composition may be slightly different as well.  Individual humans are entirely 

unique from one another and factors such as age, gender, race, and lifestyle choices 

will expand the possibilities of differences from one person to another [26].  

Properties of the skin such as blood perfusion rate and, water content may vary 

from person to person as well; however, research has shown that these factors do 

not have a significant effect on burn injury prediction [24].  Other research has 

determined that factors like thickness of body hair are inversely proportional to 

thickness of the epidermis.  Results that have been obtained from experiments have 

shown that the variation seen in the dermis is typically the most influential factor in 

determining a change in estimated second and third degree burns across the body 

when using a burn model [24]. 

 When attempting to measure the thickness of human skin for research 

purposes, it is important to differentiate between the three basic layers.  Since the 

epidermis is composed of mostly dead skills cells and can prove difficult to 

accurately measure a constantly changing layer [27].  There are several methods 

used across medicine and research disciplines to attempt to accurately measure the 

thickness of the layers of the skin.  Taking dimensions of a full-thickness graft may 

seem like the most straightforward method to obtain this information however the 

procedure to do so is inherently destructive in nature to the subject’s tissue [26].  

After examination of histological skin grafts or punch biopsies, it has been noted 

that this technique does not necessarily give an accurate representation of the skin 
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and its structure due to lack of tension and the fixation process alters the thickness 

of the skin making accurate measurements even more difficult [28].  Due to the 

mentioned differences in skin thicknesses from person to person, it can be difficult 

to find common results when reviewing previous research as methods and results 

vary considerably.  Non-invasive techniques for measuring the thickness and 

morphology of the skin include using an ultrasound.  High-resolution B-scan 

ultrasound scanners allow for relatively accurate measurement of individual layers 

of skin as well as an assessment of the definition of structures deeper below into the 

body’s tissue [28].  The obvious advantage of this technique is that it is non-invasive 

and repeatable as often as necessary, at any site on the body.  Ethical treatment of 

human research subjects has advanced since the earlier skin studies in the 1950’s 

and therefore non-invasive methods such as ultrasound have become the preferred 

method of imaging and dimensioning human skin layers. 

 A comprehensive and anatomically accurate skin model requires 

measurements from as many unique body sites as possible.  The accumulation of 

this data for people of varying gender, race, lifestyle, and age is important in 

creating a complete model that could be adapted according to research needs.  It is 

also critical that the sites that are selected to gather data on are clearly specified and 

in as close to the same location from person to person as possible to maintain 

accuracy. 

 The thickness of both the epidermis and dermis layers can vary significantly 

across different sites on the body.  This is especially true for subcutaneous adipose 

tissue (body fat) as the thickness of this layer can be heavily influenced by lifestyle 
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choices.  There is extensive research that indicates abdominal adiposity has a strong 

correlation with both metabolic and cardiovascular disease as well as all-cause 

mortality.  It is important to distinguish between the two types of adipose tissue in 

the human body however as they occur in different amounts, locations, and serve 

different purposes [29].  Subcutaneous adipose tissue exists below the dermis and is 

relevant for studying and developing an accurate burn model.  Visceral adipose 

tissue is found surrounding the organs within the body and will not have a 

significant effect on burn model research.  Measurement of subcutaneous adipose 

tissue can be difficult and is typically inaccurate or simplified to the point where the 

data may be unreliable [30].  An optical topography device such a Lipometer allows 

for non-invasive, repeatable, and precise measurement of subcutaneous adipose 

tissue in humans [28].  Extensive research has been conducted on how health 

conditions such as Type-II Diabetes can affect subcutaneous adipose tissue 

topography compared to a healthy control.  The differences in adipose tissue 

accumulation between healthy subjects and those who have been diagnose with 

Type-II is so significant for some that it is possible for subjects’ condition (health or 

Type-II afflicted) to be correctly identified simply by viewing subcutaneous adipose 

tissue topography data [30]. 

 

2.7.     The Use of Protection Factors in Protective Clothing 

 

 Quantifying the performance of protective garments and textiles can be 

challenging depending upon the desired data to be obtained.  One method of 
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representing how a system performs is by using protection factors.  A common 

example of a protection factor that can be seen in everyday use is sunscreen.  Sun 

Protection Factor (SPF) is an indication of how much protection that the sunscreen 

is capable of providing to the skin in addition to its inherent level of protection.  The 

SPF on the label of sunscreen is a multiplication factor indicating how much longer 

it can help the skin resist burning.  For example, given an SPF of 10 applied to a 

person who burns after 20 minutes of sun exposure, they could be expected to be 

protected for a maximum of 200 minutes of sun exposure [31].  SPF ratings are a 

best-case scenario and should only be used as an estimate, as skin varies among 

individuals, however it is important to understand how the numbers are calculated 

and what they mean [31]. 

 The United States Department of Labor division for Occupational Safety and 

Health Standards (OSHA), is the main federal agency responsible for enforcement of 

safety and health legislation in the work force.  Among the regulations that OSHA is 

responsible for maintaining are those that pertain to respiratory equipment.  

Harmful dust, fog, fumes, vapors, sprays, and gases are all common in the workplace 

and it is important to design protective equipment that is capable of minimizing the 

impact these hazards may pose to both work environment and the quality of life of 

the worker.  The current OSHA 1910.134 standard regulates both when a respirator 

must be worn as well as what kind of device is appropriate for certain types of 

exposures and conditions [32].  An Assigned Protection Factor (APF) indicates the 

workplace level of respiratory protection that a respirator or class of respirators is 

expected to provide to workers [32].  The 1910.134 standard is explicit in the APF’s 
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for air-purifying, powered air-purifying, supplied-air respirator, and self-contained 

breathing apparatus from a quarter/half mask to a helmet/hood configuration.  The 

level of protection that is offered by a specific type of respirator is determined 

through testing that examines how many potentially toxic particles or contaminants 

are able to penetrate the respirator and reach the wearer.  The APF given to each 

respirator or class of respirators through testing allows for determination of the 

Maximum Use Concentration (MUC), which represents the maximum atmospheric 

concentration of a hazardous substance in which the worker will still be protected 

while wearing the selected respirator [33]. 

Other engineering disciplines that are concerned with protective 

performance of a garment or ensemble use their own methods to evaluate and 

compare these designs.  One of these evaluation techniques used for chemical vapor 

and air-borne biological agent protection is the Man-In-Simulant-Test (MIST), which 

is used to test military and first responder garments [34].  This test is part of the 

NFPA 1994 Standard on Protective Ensembles for First Responders to CBRN 

(Chemical, Biological, Radiological, Nuclear) Terrorism Incidents and is designed to 

mimic a chemical exposure [35].   As the name suggests, the test is conducted using 

at least one human subject.  Special adsorbent pads called Passive Adsorbent 

Dosimeters (PADs) are placed at specified locations on the body that are considered 

especially susceptible to chemical warfare agents and then the protective garment is 

worn as intended.  The subject(s) then enter the approximately 300 ft2 test chamber 

to perform the test protocol.  The goal of the MIST compared to a bench-level 

permeation or penetration test is to evaluate the performance of seams, closures, 
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and other interfaces.  Therefore, the protocol of the MIST includes movement and 

exercises that require the ensemble to demonstrate appropriate integrity at these 

interfaces [36].  A simulant chemical, methyl salicylate (MeS), is released into the 

test chamber at a prescribed air concentration for the duration (30 minutes) of the 

exercises [35].  At the conclusion of the test, the subject(s) remove their protective 

ensemble(s) and then their PADs are collected with the location of each PAD being 

noted during collection.  The location of the PADs is important because when the 

chemical content of them is analyzed, problem locations in the protection of the 

ensemble it can be easily located.  The PADs are then analyzed using chemical 

extraction methods to determine the amount of methyl salicylate that managed to 

penetrate or permeate the ensemble.  The amount of MeS on each PAD is used in 

conjunction with the total air concentration of MeS in the chamber during the test to 

create a ratio between the two.  The end result of this test method is a localized 

protection factor for each PAD location as well as the body as a whole.  This value 

represents what protection is offered by the ensemble and depending on what type 

it is, a certain minimum protection factor must be met for each PAD as well as the 

total body in order to meet NFPA certifications [36].  Of primary concern during this 

test are the weakest points of the clothing system’s integrity; the seams, zippers, and 

seals. 

Protection factors can be useful in evaluation of a garment and they are 

currently used for chemical protective ensemble testing.   The MIST is similar to the 

PyroMan™ Fire Test System in that in can evaluate full-garment ensemble 

performance however a key difference is that the MIST uses human subject as the 
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name suggests.  Developed in the early 1990’s by the U.S. Army, the MIST has served 

as the benchmark test method for chemical protective performance of full clothing 

ensembles [35].  The primary action being tested by the MIST is the ability of the 

clothing ensemble to resist or minimize the penetration or permeation of the 

simulant chemical agent.   Both ASTM F 2588: Standard Test Method for Man-In-

Simulant-Test (MIST) for Protective Ensembles [36] and a Military Test Operations 

Procedure (TOP) 10-2-022: Chemical Vapor and Aerosol System-Level Testing of 

Chemical/Biological Protective Suits [37, 38] utilize the MIST protocol however the 

results are calculated slightly different.  A lot of detailed information can be 

obtained by using the MIST protocol however the goal is to quantify the protection 

level that the ensemble offers [35].  A higher protection factor indicates that a great 

level of protection is offered [36].  The CRBN option for an NFPA 1971 compliant 

turnout is required to have an overall minimum protection factor of 360 and 

individual location-by-location protection factors across the body of at least 361.  

For comparison, traditional turnout ensembles have MIST protection factors of 10 

to 20 [35].   

 Many similarities exist between the MIST and the PyroMan Fire Test 

System in the way that they collect data to predict performance.  Obviously using a 

human subject for an intense heat flux exposure is not a possibility so the 

instrumented manikin takes its place.  Both the PADs and the copper calorimeters 

collect data on chemical or thermal exposure at the surface of the skin in specified 

locations.  Additionally, both tests are conducted in a controlled environment 

contained within a specific chamber with a prescribed level of challenge exposure.  
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Therefore it would appear logical that the use of protection factors to describe the 

thermal protective performance of firefighter turnouts could help to aid researchers 

and to reinforce the current burn injury models.   
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Chapter 3.  Procedural Modifications to Test Methods 
 
 
3.1.     Introduction 

 

 A useful skin model takes into account the properties and dimensions of the 

skin in order to simulate human skin as accurately as possible.  There are three 

primary layers to the human skin, the epidermis, dermis, and subcutaneous fat, and 

all three are important for calculating burn severity and depth.  Currently, the model 

that is used by fire test manikin systems and regulated by ASTM uses the same 

thicknesses for all three layers of skin across the whole body of the manikin.  

Measurements for these values that are used in ASTM F 1930 Standard Test Method 

for Evaluation of Flame Resistant Clothing for Protection Against Fire Simulations 

Using an Instrumented Manikin are obtained from the forearm [5].  Although this 

provides some degree of realism to the PyroMan Fire Test Manikin System at 

North Carolina State University’s (NCSU) Textile Protection and Comfort Center 

(TPACC), the depth and detail of the data that is obtained from this test may be 

improved by creating an anatomically accurate skin model that divides the manikin 

body into “zones” which are groups of localized sensors that share the same skin 

thickness values.  

 Not only does skin thickness vary across different areas of the body, but they 

will vary from person to person as well.  Individual factors such as age, gender, race, 

and lifestyle choices contribute to these differences [26].  Skin thickness is an 

important component of current burn model protocol in tests like the ASTM F 1930 
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Standard as mentioned.  Experimental data has shown that of the three layers of 

human skin, variation in the dermis is the most important factor that will influence 

burn injury prediction for 2nd and 3rd degree burn types [24].  Measurement of skin 

thicknesses can prove difficult as there weren’t reliable methods available until 

recently when researchers began using high resolution B-scan ultrasound scanners 

to quickly and accurately measure layers of the skin with repeatable results [28].  

Non-invasive measurement techniques are preferred, as they do not damage either 

the subject or the integrity of the skin sample.  The subcutaneous layer is composed 

of adipose tissue (body fat) and its thickness across different areas of the body can 

be heavily influenced by lifestyle choices as well as genetics.  Due to the range of 

differences, this layer can be even more difficult to incorporate into a model based 

on an appropriate demographic.  Therefore this experimentation and analysis will 

primarily focus on the two outermost layers: the epidermis and dermis.   

 

3.2.     Skin Burn Injury Model 

  

The ASTM F 1930 Standard protocol for fire test manikins provides burn 

injury prediction for human skin that is protected by either a garment or clothing 

ensemble.  The standard calls for an upright-instrumented manikin with individual 

heat flux sensors distributed across the body and to be contained in an environment 

that averages 84 kW/m2 (2 cal/cm2/s) in heat flux exposure during the prescribed 

test duration [5].  The heat flux sensors on the manikin are connected to a computer 

that takes the input heat flux from the experiment and applies these values to a 3-
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layer skin model.  In addition to thermal conductivity and heat capacity of the skin, 

the other important parameter that the model calls for is an appropriate skin 

thickness for each of the epidermis, dermis, and subcutaneous tissue.  The physical 

property values for the model are listed below in Table 3.1 [5]. 

 

Table 3.1     Physical Properties of Skin for ASTM F 1930 Burn Injury Model [5] 
 

 
 
 

These values were obtained by in-vivo samples of the test subjects who 

participated in experiments conducted by Stoll and Greene [10].  The average of 

these properties for the forearms of the test subjects was taken to compile the above 

table. 

 To predict both burn type and severity, the Damage Integral Model of 

Henriques is employed [5].  The formula is shown in Equation 3.1 below, which is 

Equation 2.1 in integral form. 
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     (3.1) 

 

 

As indicated above, when the Omega value is greater than or equal to 1.0, a 

burn injury is registered at that skin layer and sensor region for the manikin.  The 

cumulative effect of these data is visually displayed by the burn model program for 

comparison of turnout types.  The model also calculates what percentage of the 

manikin body’s surface area receives a 2nd or 3rd degree burn injury and returns the 

value as part of the visual as well.  A PyroMan™ burn injury prediction report for a 

12-second exposure time with 240-second Data Acquisition (DAQ) time on an NFPA 

1971 compliant turnout is shown in Figure 3.1.  Data Acquisition Time refers to how 

long the sensors are collecting data during and after the exposure and is an 

important element of predicting burn injury.  The burn calculation time is the 

portion of the DAQ time that data is input into the burn model.  It therefore must be 

less than or equal to the DAQ time in duration.  Figure 3.1 shows the burn injury 

report as a graphic of the front and back graphic shown with 2nd degree, 3rd degree, 

and total burn injury percentages listed numerically.  This format makes is possible 
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for comparison between multiple garments.  Once the flame exposure ends, thermal 

energy is still trapped within the clothing ensemble and this build-up can cause 

burns to the skin even after the exposure is completed.  Extending the collection 

time of these sensors allows for a more accurate and realistic burn injury prediction. 

 

 
 

Figure 3.1     Burn Injury Prediction PyroMan Graphic Using Standard Burn Model 
for an NFPA 1971 Compliant Turnout 

 

 

 One of the drawbacks to using fire test manikins to analyze turnout garments 

is the fact that the flame exposure within the chamber can cause variation in the 

resulting test data.  Although the 8 burners are in a fixed location and all are equi-

distant from the manikin, flames are dynamic in nature.  Therefore there are 

associated “hot” and “cold” zones across the manikin, which can be observed during 
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nude calibration exposures.  The irregular shape of the manikin contributes to these 

heat flux gradients as well.  This protocol would prove ineffective for research and 

garment design as a burn could register in a region that was adequately protected 

however that region could have been exposed to a heat flux that exceeded the 

prescribed 2 cal/cm2/s exposure.  In addition to compensating for different skin 

thicknesses across the body, further work was done in conjunction with this 

research in order to mitigate the effect of variable heat flux exposure.  The research 

that addresses this issue is detailed in the next chapter.  

 

3.3.     Effect of Skin Thickness Variation on Predicted Burn Injury 

 

 Differences in the thickness of human skin across different areas of the body 

are due to age, genetics, lifestyle, race, and gender.  In order to create an 

anatomically accurate skin model, it was important to collect data from as many 

sources as possible to create a comprehensive collection of skin thickness values.  

The focus of this part of the research was to evaluate the effects of varying 

epidermis and dermis thicknesses on the  2nd and 3rd degree burn injury prediction.  

Second and third degree burn injuries occur at the interface between the 

epidermis/dermis and dermis/subcutaneous layer respectively.  Calculating burn 

injuries beyond the severity of a 3rd degree burn is beyond the scope of this 

research. 

 In order to create a more realistic skin model, the body’s skin surface was 

divided into 12 distinct areas where studies have indicated significant differences 
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exist in human skin thickness [27, 28, 40-43].  A diagram of the body divided into 

zones by skin thickness is shown in Figure 3.2 below. 

 

 

 
 

Figure 3.2     Manikin Body Divided into Anatomically Correct Skin Thickness Zones 
[27, 28, 40-43] 

 

 

Skin thickness zones were assigned values for the epidermis and dermis 

based upon a collection of measurements from a literature review that involved 

analyzing skin measurements across the body of various human subjects [27, 28, 

40-43].  A collection of the averages for both epidermis and dermis are shown in 

Table 3.2. 
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Table 3.2     Skin Thickness Values by Region [27, 28, 40-43]  
 

 
 

 

These data suggest that, with other factors being held constant, changing just 

the values of the epidermis and the dermis thickness in the burn model will result in 

slight differences in burn injury prediction.  The epidermis is mostly dead skin cells 

and is the thinnest layer and therefore has minimal contribution to burn injury.  The 

dermis is the thickest layer and after referring to the values in Table 3.2, it can be 

expected that regions like the upper and lower back provide more natural 

protection to burn injury when compared to the standard model values.  

 A series of experiments was conducted to compare the skin injury predicted 

by burn models that used different assumptions about the variation of skin tissue 
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thickness in different parts of the manikin surface.  For these experiments, a group 

of firefighter turnout constructions (Turnouts A, B, C, D, E) were selected having 

different reinforcement layers (pockets, trim, labels) and weight of the layered-

composite used in the turnout construction.  This group of turnout test garments 

had been used in a previous study of the effect of turnout suit construction on heat 

loss associated with thermal comfort [44].  A table with the key construction 

differences between the suits in the series is given in Table 3.3.   

 

Table 3.3     Material Construction Differences for Different Turnout Constructions 
[44] 

 

 
 

 

The thermal protective performance of these turnouts was evaluated in 12-

second fire exposures according to the PyroMan test protocol.  The data was 

acquired for four minutes (240 seconds) following the flame exposure.  The manikin 

was dressed only with the test turnout.  No clothing or base layer garments were 

worn under the turnout suit being tested.  The predicted burn injury analyses are 

shown in Table 3.4 for this series of burns. 
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Table 3.4     Predicted Burn Injury (ASTM F1930 Burn Model) 
 

 
 

 

The data in Table 3.4 show a large range of burn injury predictions for this 

series of turnouts.  This is expected because these suits were chosen to represent a 

wide range of turnout weights, different layers, and reinforcements.  In order to 

evaluate the effects of varying skin thickness on these turnouts, the 122 sensors of 

the manikin body were divided into the 12 zones depicted in Figure 3.2.  Each 

grouping of sensors that was assigned to a specific region was then assigned 

epidermis and dermis values in the burn model separately according to Table 3.2.  

The burn injury prediction analyses were then conducted using the anatomically 

accurate values and the resulting 2nd degree, 3rd degree, and total body burn 

percentages are shown in Table 3.5. 
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Table 3.5     Predicted Burn Injury (Anatomically Accurate Skin Model) 

 

 

These data show significant differences in the burn injury prediction 

between the two models for some of the suits, particularly Turnout B.  An Omega 

value of 1] or greater will register a burn for the selected sensor.  Since the Omega 

value is exponential in nature, an incremental change in the model will produce a 

rather large change in the Omega value.  If this change causes the Omega value to 

increase significantly, there exists a much higher chance of predicted burn.  It is 

important to note that it is generally accepted within the scientific community that 

experiencing a 50.0% or greater total body burn typically results in fatality [22].  

Therefore, if proposed changes to the burn model add more “realism” to the test 

method, the differences between turnouts that register 50.0% or greater total body 

may not be of practical importance, since the firefighter is likely to not have  

survived the exposure. 

 Further analysis was conducted in an attempt to validate the incorporation of 

an anatomically accurate model.  In order to compare the difference in burn injury 

prediction between the ASTM standard and the anatomically accurate model, 

additional turnouts were analyzed to observe any possible trends.  Figure 3.3 shows 



 

 39 

how prediction of 2nd degree, 3rd degree, and total body burn changes depending 

which model is used. 

 

 

 

Figure 3.3     Difference Between Predicted Body Burn for ASTM Standard and 
Anatomically Accurate Model 

 

 

 Ultimately, the goal of updating the PyroMan protocol is to create a 

research and design tool that will give more detailed information as to how a 

garment can provide thermal protection to the wearer.  The PyroMan graphics 

serve as a visual tool that can be used to compare one turnout to another.  A 

comparison of graphics generated from both the standard burn model as well as the 

anatomically accurate skin model for a turnout is shown below in Figure 3.4. 
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Figure 3.4     Effect of Anatomically Accurate Skin Model on Predicted Burn Injury  
 

Differences that were shown between tables in 3.3 and 3.4 can be seen in the 

above figure (Figure 3.4), which allows comparison in a visual format.  This work in 

conjunction with the experiments outlined in the next chapter both aim to achieve a 

revised PyroMan methodology that can be used to research and design turnout 

concepts and localized thermal protection. 

 

3.4.     Conclusions Regarding the Effects of Protocol Modifications 

 

The effect of changing the values in the skin model according to location on 

the body’s surface is clear and could have significant implications for burn injury 
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prediction.  Additionally, extending the DAQ time within the burn model correlates 

with an increased overall burn injury and therefore is important to note during 

research efforts. 

Many of the proposed changes to fire manikin testing will need to be adopted 

on an industry-wide scale before their importance may be fully realized.  This 

involves further research and development into other areas as well and will be 

detailed in later chapters. 

 

3.5.     Effect of Increased Sensor Data Acquisition Time 

  

 Changing the Data Acquisition (DAQ) time used in the skin burn model to 

predict burn injury has implications on the resulting data.  As mentioned previously, 

burn models use a value for how long the “skin” is at or above a certain temperature 

threshold (44C).  A burn model uses this information to create a burn injury 

prediction for that sensor.  The length of time that data is collected from sensors on 

a fire test manikin is directly related to burn injury prediction due to the effects of 

thermal inertia and re-radiation of thermal energy.  The build-up of thermal energy 

within the layers of the garment will continue to heat the surface of the manikin 

even after the exposure is complete.  It can be expected that an increase in DAQ time 

will correspond with an increase in burn injury prediction across the surface of the 

body.  Figure 3.5 demonstrates the increase in burn injury prediction time due to an 

increase in burn calculation time for the same turnout. 
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Figure 3.5     Comparison of Burn Calculation Times for 12 Second Turnout Exposure  

  

 Several factors affect how thermal energy interacts both at the surface and 

within a turnout.  The burn model uses an integral in order to register a burn at each 

sensor and by examining the area under the integral.  By observing a plot of burn 

injury relative to time, this concept is further demonstrated.   Figure 3.6 shows how 

the area under the integral (used for burn injury calculation) increases as the time 

interval where data is collected increases. 
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Figure 3.6     Burn Injury vs. Time for a 12 Second PyroMan Exposure 

 
 

3.6.     Conclusions from Altering Data Acquisition Time (DAQ) 

 

 The DAQ time has a significant impact on the prediction of burn injury during 

fire manikin testing.  Thermal inertia and heat transfer both account for 

accumulation of excess thermal energy within a turnout and cause severe burns 

even after exposure is discontinued.  This makes DAQ time an important factor 

when evaluating turnout performance. 
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Chapter 4. Using Protection Factors to Normalize Incident 
Heat Distribution over Manikin Surface 
 

 The focus of this part of the study was to develop an approach to normalize 

the heat flux incident on different parts of the PyroMan test, and to use this 

method of data presentation as a means of evaluating the distributed burn 

protection provided by different turnout suit constructions.   By analyzing the heat 

flux distribution during the nude calibration, it is possible to observe trends as to 

where “hot” or “cool” areas exist on the manikin.  These areas where the average 

heat flux is above the acceptable tolerance range (1.9-2.1 cal/cm2/s) are described 

as “hot” while areas below are described as “cool”.  Areas that are outside the 

tolerance range for the calibration burn then were normalized to 2.0 cal/cm2/s in 

order to create a normalization ratio, which was applied to the total thermal energy 

(kJ) observed at the sensor.  Using this information, a ratio between extrapolated 

calibration energy to the normalized energy was created and is the basis of the 

mentioned protection factors.  The protection factor is a unit-less quantity that 

describes how much more protective the ensemble is than the bare-skin (nude 

manikin) would be.  For example, a protection factor of 15.0 would indicate that the 

specific sensor and the associated region it represents are protected 15 times better 

than what would be expected if no garment was worn.  If this data can be displayed 

visually, perhaps more information could be obtained on individual tests as well as 

historic trends of the system.  This information can then be used to further support 



 

 45 

the integrity of the currently used 2nd and 3rd degree burn graphics as well as the 

model they are based upon. 

 

4.1.     Distribution of Incident Heat Flux in PyroMan Test 

 

Calibration burns are conducted before garment testing on PyroMan in 

order to calibrate the sensors and adjust the data collection according to the 

conditions of the chamber.  Due to the position of the manikin and burners in the 

chamber as well as the dynamic nature of the flames themselves, not every sensor 

receives an average of 2.0 cal/cm2/s like the test calls for by ASTM F1930.  Through 

analysis of historical trends, it can be confirmed that there are clusters of sensors 

across the body, which represent regions that the heat flux is historically 

significantly higher or lower than the prescribed 2.0 cal/cm2/s for the test to be 

effective.  In order to easily identify these zones a visual graphic of the heat flux 

distribution for calibration burns can be created.  By observing the average heat flux 

at each sensor during the calibration burn, a distribution of heat fluxes can be seen 

around the target exposure of 2.0 cal/cm2/s.  An appropriate scale of heat fluxes was 

created after observing ranges in data used for this study and then graphics were 

colored accordingly for 2 selected calibration burns.  These graphics and the scale 

are shown in Figure 4.1. 
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Figure 4.1     Graphical Representation of Calibration Burn Heat Flux   
Distribution  

 
 

Visual analysis of this type of graphic made it quite simple to group which 

areas on the manikin are typically “hot” as well as the ones that are typically “cool”.  

The zones that would be described as “hot” are the chest/abdomen, middle/lower 

back, lower left leg, and parts of the lower right leg.  Likewise, regions that could be 

described as “cool” include the right side/hip, the upper left leg, and the left 

arm/shoulder.  In an effort to confirm these findings, visual observation of the 

manikin and sensor placement relative to the burners in the chamber can be made.  

For example, after observation of Figure 4.1 it is known that the lower left leg is 
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traditionally a “hot” spot and that is confirmed by 1 of the 8 burners being aimed 

almost directly at this part of the manikin 

 In order to normalize the burn data from a garment test, an adjustment 

must be made to the total energy seen at the sensor based upon the information 

obtained from the calibration burn.  The total energy that each sensor records is 

used as input for the burn model that predicts 2nd and 3rd degree burn injury.  By 

adjusting this value based upon whether the sensor lies in a historically “hot” or 

“cool” zone may allow for a more accurate burn injury prediction and possibly more 

detailed information on the thermal protection that the turnout provides.  The 

adjustment to total energy at each sensor was made by taking the ratio of the 

desired 2.0 cal/cm2/s exposure to the average heat flux during calibration.  This is 

referred to as the normalization ratio and an example of how it is calculated is given 

in Table 4.1. 

 

Table 4.1     Sample Calibration and Burn Data with Associated Equations Used for 
Calculating Normalized Total Energy (kJ) 
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The calibration burn is typically 6 seconds in duration and the average heat flux at 

each sensor from the 1.0-4.0 second interval is taken to represent the exposure seen 

at that sensor.  The nude manikin cannot be exposed to the 2.0 cal/cm2/s average 

heat flux that the PyroMan requires for longer than this short duration without 

causing permanent damage to the sensors.  The garmented trials for this study were 

burned for 12 seconds.  Therefore, in order to make an effective comparison 

between the calibration burn and the garment burn, the calibration total energy 

must be extrapolated to the length of the garment burn.  By taking the total energy 

(kJ) of each sensor during the 1.0-4.0 second interval, and multiplying by a factor of 

4, a useful value is obtained.  The reason this 3-second interval is multiplied by a 

factor of 4 is to simulate a 12-second exposure.  This value is called the Extrapolated 

Energy from Calibration and helps to create a “challenge heat flux” and a basis of 

comparison for the nude exposure and the garmented exposure.   

In order to calculate protection factors for this particular study, the 

normalization ratio calculated from the calibration burn is multiplied by the total 

energy at each sensor for the garmented test.  This adjusts the total energy for each 

sensor that was normalized for the garment test by an amount commensurate with 

how “hot” or “cool” that sensor is based upon the nude calibration.  Referring to the 

example in Table 4.1 given earlier, the normalized total energy for the selected data 

set is shown with the manner in which it is calculated as well. 

 Once this normalized total energy is calculated for each sensor on the 

manikin, a protection factor for each sensor can be created as well.  This is done 
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using the information obtained from Table 4.1 and applying it to Equation 4.1 using 

the Extrapolated Energy from Calibration and the Normalized Total Energy from the 

garmented test. 

 

 

         (4.1) 

 

 This gives a protection factor for each sensor across the manikin.  In order to 

create a graphic that visually displayed this information, a scale and color scheme 

was selected.  When creating these graphics, the goal was to create a similar display 

to the currently used Burn Injury Prediction graphics.  An example of one of these 

graphics for an NFPA 1971 compliant turnout that was exposed for a 12-second 

interval is shown in Figure 4.2. 
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Figure 4.2     Burn Injury Prediction Graphic for an NFPA 1971 Compliant Turnout 
Exposed for 12 Seconds 

 

 

 The levels of 2nd degree, 3rd degree, and total body burn are calculated and 

displayed along with a front-and-back graphic of the PyroMan manikin which 

shows which sensors triggered the specific burn with a color scale that indicates 

burn type.  In order to display the protection factors and be able to compare them to 

the information given by the Burn Injury Prediction graphic, it was decided to select 

the same graphic type and to use a similarly intuitive color scale.   

 Other factors that must be taken into account during this analysis include air 

gap volume and reinforcements on the turnout that provide additional layers to the 

three-layer composite.  These are two of the main factors that differentiate the 

PyroMan Fire Test from the bench-level TPP test.  Both of these tests are an 
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intense heat flux exposure of 2.0 cal/cm2/s however the TPP test only tests fabric 

samples and has much lower variability.  The switch from fabric samples to a fitted 

garment on an instrumented manikin adds considerable variation to the test and is 

the main reason why the PyroMan Fire Test may not appear as consistent of a test 

method.  This variation is also due to the dynamic nature of flames and the manikin 

position in relation to the burners as mentioned previously. 

The goal of investigating the application of protection factors to firefighter 

turnouts was to try to gain more information on the multiple phenomenon 

occurring as well as affirm the validity of the current burn models.  Another 

outcome of this study was to create a research and design tool that would allow a 

user to identify design features on a turnout by visual analysis of the resulting 

graphic.  This includes pockets, trim, overlap, or any design feature that adds a 

significant layer to the three-layer base composite that is characteristic of the 

firefighter turnouts studied. 

 

4.2.     Results  

 

 The use of a similarly intuitive color scale as the burn injury prediction 

graphic allows for ease of comparison between the graphic types.  This allows a user 

to see if more information is given by localized protection factors than the burn 

injury prediction or vice-versa.  Both graphics take into account the energy seen at 

each sensor.  The burn injury prediction graphic is more binary than the protection 

factor graphic because of the way that it is created.  A burn either occurs or it does 
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not occur.  The amount of energy absorbed by the skin during the test determines 

what type of burn (if any) occurs.  The protection factor graphic merely displays a 

ratio of the extrapolated energy at each sensor from the calibration burn to the 

normalized total energy from the garment burn.  This essentially describes how 

much more protection the turnout provides than no protection at all.   

 In order to investigate these effects, a set of turnouts (“Control”) that have 

been rather well studied recently at TPACC was used as their performance is rather 

predictable and well-documented (Figure 4.3).   

 

 
 

Figure 4.3     Control Turnout on Human Subject 
(SCBA/Helmet/Hood/Mask/Gloves/Boots Not Worn on Manikin) 

 

 

Pictured in Figure 4.4 is the heat flux distribution for the calibration burn 

used for this set of control turnouts. 



 

 53 

 

 

Figure 4.4     Calibration Burn Heat Flux Distribution with Scale 

 

 

 Areas that are typically “hot” include the chest/abdomen, mid/lower back, 

and the lower right leg.  Areas that are typically “cool” include the right side/hip, 

upper left leg, and the front of the left arm/shoulder.  It is important to note that, 

like each garment burn, each calibration burn is slightly different and therefore it is 

critical to match a garment burn to its appropriate calibration burn during analysis.  

In theory, the protection factors across the garment should be consistent due to 

normalization unless other factors like air gap volume or reinforcement level come 
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into play.  The protection factors, along with comments explaining variation in 

values for Control Rep #3 (of 3 burns) are shown in Figure 4.5. 

 

 
 
 

Figure 4.5     Protection Factors for Control Turnout Rep #3 with Scale and 
Associated Comments 

  

 

 It is important to recognize that due to the air gap volume there will be some 

factors that may not be able to be explained immediately.  Additionally, due to the 

manner in which protection factors are calculated (Equation 4.1) there will be 

variation in the values calculated across the manikin.  This is due to the fact that the 

numerator in the equation is the extrapolated total energy for each sensor and is not 

normalized like the value for the denominator is.  This will add some variation into 
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the scale of the protection factors as well.  Perhaps the biggest question raised 

during this study is what these protection factor graphics mean in a practical sense.  

The best way to answer that question is to first compare the protection factor 

graphic to a burn injury prediction graphic of the same burn test.  A comparison of 

the same Control Rep #3 shown above with its respective burn injury prediction 

graphic is shown in Figure 4.6. 

 

 
 

Figure 4.6     Comparison of Protection Factor Graphic (Left) and Burn Injury 
Prediction Graphic (Right) for Control Turnout Rep #3 

 

 Using a similar color-scale allows for an easier comparison of the two graphic 

types.  Areas that are yellow are deemed the most protected and least susceptible to 

burn with areas that are purple being least protected and most susceptible to injury.  
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When comparing burns to the protection factors in the same area, there is a general 

trend that areas that receive a 2nd degree burn are within a protection factor range 

of 5.0-14.9 and areas receiving a 3rd degree burn are within the 0.0-9.9 range.  This 

comparison gives a little more depth to the burn injury data and logically they make 

sense together.  An area with a lower protection factor should receive a more severe 

burn than an area with a higher protection factor with all other factors being held 

constant.  This additional graphic also confirms the validity of the burn injury model 

used to predict 2nd and 3rd degree burns.  When using this as a research and design 

tool, areas that may not experience a burn injury but are approaching protection 

factor value ranges where burns are more likely to occur may be the next areas to 

produce a burn.  By looking at the Omega value of each sensor, it is possible to get an 

idea of how close a particular area is to receiving a burn and what type of burn it 

will likely receive in order to confirm these observations.  An important part of 

analyzing the performance of these turnouts was knowledge of the sensor 

placement on the manikin in relation to additional reinforcements on the turnout 

itself.  The sensor placement diagram in Figure 4.7 shows the location of each sensor 

relative to the manikin body. 
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Figure 4.7     Sensor Placement on PyroMan Fire Test Manikin 

 

 

By keeping in mind the location of these sensors, a more accurate analysis 

can be made.  Additional reps of the turnouts that were mentioned in this study are 

located in the Appendix.   

 In order to account for air gap volume, the same turnout type and size would 

need to be dressed on the same instrumented manikin within a body scanning 

chamber in order to accurately predict the volume of air between the inner layer of 

the turnout and the “skin”.  Areas with a greater air gap volume have more natural 

insulation present and therefore are less likely to receive a burn with all other 

factors held constant. 
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4.3.     Conclusions  

 

Protection factors demonstrate a certain level of usefulness in addition to 

burn injury prediction graphics.  There are instances where protection factors 

appear to provide some additional information to the currently used graphics 

however some instances do not appear to provide any additional clarity.  Areas that 

tend to receive the greatest burn injury correlate with areas that have the lowest 

protection factors as predicted.  Identifying specific design features of a turnout by 

using protection factors is not as straightforward as the goal of the study aimed to 

be however there are additional factors that likely contribute to this that were not 

directly studied.  Factors such as air layers within the garment and around the 

surface of the manikin contribute significantly to insulation and therefore the 

thermal energy transmission to each sensor.   

 

 

  

 

 

 
 
 
 
 
 



 

 59 

Chapter 5. Using a Modified Method to Study the Effects of 
Turnout Construction on Thermal Protective Performance 
 

 

 To evaluate the effectiveness of using the previously described methods to 

more accurately predict thermal protection of firefighter turnouts, a comparison of 

varying design turnouts should be made.  This study was conducted alongside a 

project with the goal of revolutionizing the modern turnout.  The primary focus of 

this project was to maintain the thermal protection of NFPA 1971 compliant 

turnouts while reducing the thermal burden on the firefighter.  This was primarily 

done through ergonomic design features that were implemented based on an 

extensive study of concepts using both bench-level and physiological manikin 

testing.  The resulting turnout prototypes did not all have to be NFPA 1971 

compliant, the goal was to create prototypes that could show potential advancement 

for the industry in future iterations as well.  The goal of creating protection factor 

graphics was to identify design features such as pockets, trim, or overlapping layers.  

The design features implemented during the project to advance the current turnout 

include zipper openings, stretch panels, and advanced materials.  In addition to 

these project prototypes, additional turnouts that had both heavier and lighter 

weight composite materials were tested to further investigate the use of protection 

factors with the PyroMan Fire Test System. 

 The goal to revolutionize the modern turnout was primarily centered around 

ergonomic design concerns, as the materials-level approaches that were tested did 

not show significant effectiveness in order to be incorporated into the design.  The 
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main design concepts that made it into garment form include direct venting of 

thermal energy from the turnout, strategic location of stretch materials to enhance 

mobility and therefore decrease perceived exertion, and using a composite material 

change to provide increased thermal protection and therefore reduced thermal 

energy within the garment.  The location and construction of these design features 

was well studied and documented in other work related to this project.  The 

previous parts of this study detailed in Chapter 3 and Chapter 4 are critical to the 

analysis of these turnouts as a next-generation research and development tool.  In 

an attempt to achieve further clarity in the data and to validate any observations 

made of the graphical data, visual analysis of the prototypes was conducted as well.  

Of primary concern was to focus on the areas where the design features differed 

from a traditional NFPA 1971 compliant turnout.  In addition to these project 

prototypes selected for comparison, a lighter-weight (than the Control) composite 

turnout as well as a heavier-weight (than the Control) composite turnout were 

tested to further prove the concept of protection factors and to display trends that 

carry over from bench-level experiments.  Comparisons were made back to the 

original data analysis methods with appropriate conclusions drawn in how they 

differ but also in how they work harmoniously to create a more vivid picture of the 

inner workings of the PyroMan Fire Test System.   

 The same data analysis methodology was utilized for this study as the one 

outlined in Chapter 4.  This includes analyzation of the bare manikin calibration heat 

flux distribution in order to normalize the total energy at each sensor across the 

manikin.  With this value, a protection factor was calculated for each sensor and 
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resulting graphics were created in order to make comparisons to both other 

turnouts as well as burn injury prediction graphics.  This study was conducted 

alongside a project at TPACC to revolutionize the modern turnout.  Most of the 

prototypes generated from this project focused on primarily an ergonomic or heat 

loss design to either reduce the perceived workload or increase ventilation 

respectively.  Among these prototypes, 2 were chosen for analysis using this new 

method along with an NFPA 1971 compliant turnout that is commercially available.   

 One of the design concepts generated from the project was an ergonomic 

focused consideration based on the incorporation of stretch materials.  The location 

of these components is described by the blue and red areas in Figure 5.1. 

 

 
 

Figure 5.1     Graphical Representation of Location of Stretch Components in Project 
Prototype 
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 The construction of these features varies depending upon the layer in the 

turnout composite.   The outer shell and thermal liner (outermost and innermost 

layers respectively) are constructed from a heavy knit fabric and the moisture 

barrier is a stretch moisture barrier fabric.  The goal of this prototype design was to 

enhance ergonomics and to provide a more athletic fit to the turnout, which reduces 

the air gap volume in an attempt to improve heat loss.  Since THL and TPP values 

are generally inversely proportional, these design concepts potentially could 

provide reduced thermal protection compared to a control turnout with all other 

factors constant.  These areas will also be examined and analyzed following 

PyroMan exposure in order assess the thermal protection afforded by these areas 

compared to areas where the traditional 3-layer base composite is employed. 

 The second of the project prototypes analyzed during this study utilized both 

a materials and composite-layering change from the traditional turnout.  The 

moisture barrier and thermal liner were both replaced with a single multi-barrier 

liner system.  The turnout prototype that was created using this single-layer system 

replaced the moisture barrier and thermal liner throughout the entire garment.  The 

purpose of this liner is to prevent a decrease in the thermal protection that the 

turnout that can occur when excess moisture builds up within the turnout, primarily 

from sweat.  This material was shown to create less resistance to evaporative sweat 

transfer, which is a major cause of increased breathability within the turnout.  The 

goal of this study was to analyze thermal protection of turnouts and how it can be 

best displayed visually.  Therefore, TPP testing was done on fabric samples 

representative of the prototype composite configuration to establish a relationship 
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to a control (NFPA 1971 compliant) turnout.  It is also important to note that the 

manufacturer of the project prototypes designed them such that the dimensions 

were the same regardless of material construction.  The prototype with the single-

layer system replacement was sized appropriately in order to match the air gap 

volume of a commercially available turnout.  This is especially important because of 

the main purpose behind this turnout design, ergonomics, and the role air gap 

volume and fit can play into that. 

The third turnout type that was analyzed using this tool was a “Heavyweight” 

NFPA 1971 compliant turnout.  The reason it is referred to as a “Heavyweight” is 

because the base composite used to construct it is heavier in weight than the control 

used for this study.  This turnout type also has additional foam composite 

reinforcements in the arms and shoulders to further increase thermal protection in 

those areas.  This turnout is also expected to offer an overall increase in thermal 

protection across the rest of the body as well. 

 All turnouts for this study were burned for 12 seconds with a 240-second 

DAQ time.  Three reps of each turnout type were burned in random order over the 

course of two separate days of testing.  Calibration burns were conducted 

immediately before each day of burns and the data displayed for each turnout is 

based on its respective calibration burn.  No base layer garments were worn on the 

manikin under the turnouts during the test.  The head of the manikin remains 

uncovered during the test and therefore can be excluded from protection analysis.  

The reps that are chosen for comparison are the ones determined to be best-

representative of the average of three reps.  The primary goal during the 



 

 64 

investigation of the use of protection factors for firefighting was to show if any 

additional useful information could be obtained compared to burn injury prediction 

graphics.  This information can then reaffirm the basis of the current models used 

and provide an avenue for future growth into researching the PyroMan in even 

more depth. 

 

5.1.     Results and Discussion 
 
 

 The only difference between the “Stretch” prototype and the control is the 

strategic placement of the stretch panels.  These areas were then naturally the focus 

during comparison of the protection factor graphics to the burn injury prediction.  

Additionally, these areas were examined with extra attention after conducting the 

burn test in order to observe the integrity of the features. 
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Figure 5.2     Comparison of Protection Factor Graphic (Left) and Burn Injury 
Prediction Graphic (Right) for Stretch Prototype Rep #3 

 
 
 

 A lower protection factor should correlate with an increased burn injury 

prediction.  Therefore, areas that do not receive a burn but have protection factors 

approaching areas that do receive burn, are areas that are likely prone to thermal 

damage as well.  When examining the groin area of the manikin primarily on the 

front, only 2 sensors register a burn.  When this graphic is compared to the 

protection factor graphic, more than two sensors register a burn.  This area on the 

protection factor graphic highlights the design feature present in the “Stretch” 

concept as that is the location of the stretch-membrane inserts shown in prototype-

form in Figure 5.3. 
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Figure 5.3     Front of Stretch Prototype Pants 
  

 Not all turnout construction features appear to affect predicted burn 

protection.  For example, the upper and middle back received a significant amount 

of burn, possibly because of the effect of the stretch panel located down the spine on 

thermal protection. 

 The single-layer system replacement prototype performed better overall 

compared to the control suit, which was expected based on TPP results (Control 

TPP: 34.5, Single-Layer System Replacement TPP: 41.6, both 3 rep averages of 

unwashed samples).  The comparison of a single-layer system replacement 

protection factor graphic and burn injury prediction graphic is shown in Figure 5.4. 
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Figure 5.4     Comparison of Protection Factor Graphic (Left) and Burn Injury 
Prediction Graphic (Right) for Single-Layer Prototype Rep #3 

 

 

 It is interesting to note about this particular turnout that the low overall 

amount of 2nd degree (17.2%) and 3rd degree (9.8%) burns that are predicted 

primarily in the torso and the chest.  When looking at the protection factor graphic 

for the same rep, there is a lot more information available for the rest of the body, 

which does not receive a burn.  A significant portion of the back of the manikin has 

protection factors in the 10.0-14.9 range which from study of other graphics, 
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indicates that the area is likely susceptible to burn with further exposure.  These are 

areas that should be addressed for potential additional protection once the areas 

that receive the most severe burns (and incidentally have the lowest protection 

factors) Analysis of these trends across all the reps of the turnouts tested can help 

add useful information to the research and design process of advanced turnouts.  

Once again, the use of protection factors can demonstrate its usefulness as a 

complement to the burn injury prediction graphics but should not be relied on as a 

sole analysis tool. 

 The third and final turnout analyzed with this garment was the 

“Heavyweight” turnout.  As mentioned previously, this turnout used a heavier-

weight base composite.  It is known from both this and previous studies that 

heavier-weight composites generally result in greater thermal protection.  The 

addition of foam composite reinforcement in the arms and shoulders of the turnout 

is a feature that can hopefully be identified by the graphics generated.  Figure 5.5 

shows a comparison of the protection factor and burn injury prediction graphics for 

the chosen rep of this turnout. 
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Figure 5.5     Comparison of Protection Factor Graphic (Left) and Burn Injury 
Prediction Graphic (Right) for Heavyweight Prototype Rep #3 

 

 

 After comparing the two graphics, the areas with the additional foam 

composite appear to be well protected in both graphics as minimal burn injury and 

high protection factors are shown.  When analyzing the back of the legs, the upper 

portion of the leg receives some 2nd degree burns.  When looking at the protection 

factors it would appear that the back of the legs is allowing a high amount of 

thermal energy transfer as the projection factors are the lowest area across the 

whole manikin.  This kind of information cannot be obtained simply just from burn 

injury prediction data as it is a binary characteristic of the test.  Not every sensor 

will predict a burn but every sensor will have an associated protection factor. 
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5.2.     Conclusions  
 

 Protection factor graphics offer more information in some instances over 

burn injury prediction graphics.  Particularly in cases where the burn injury 

prediction may not register a 2nd or 3rd degree burn, but the protection factor for 

that sensor is approaching a value that would indicate susceptibility to burn injury.  

Although a sensor and the proximity may not receive a burn during a fire manikin 

test, that does not mean that the same area may not be at risk when worn by a 

firefighter.  As mentioned before, additional research is needed to fully understand 

the role that protection factors play in defining protective clothing however there is 

evidence that they may provide an additional level of detail that has been previously 

un-used. 
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Chapter 6. Conclusion 
  

 This research studied modifications to the protocol used to test firefighter 

turnout suits with fire test manikins, including extending sensor data acquisition 

time, adjustments of the skin thickness values used in the burn prediction model, 

and the use of protection factors to account for the variations of heat incident on 

different parts of the manikin surface. 

 

6.1.     Recommendations for Future Work 

 

 Additional work should be done to gather more information on the values of 

skin thickness literature as it pertains to human skin thickness.  This could be done 

simply using a pool of current career and volunteer firefighters from several 

geographical regions studied to obtain a comprehensive data set of biometrics, 

primarily skin layer thicknesses.  This information could then be analyzed for trends 

and could be applied to the burn model in order to even more effectively predict 

burns.  The scope of this type of study could be expanded to other industries that 

utilize the PyroMan Fire Test System including petrochemical workers.  This way, 

a profile could be toggled to more accurately represent the type of skin model that is 

applied to the manikin body based on the type of garment being tested 

 Regarding protection factors, much work still needs to be done to fully 

research the effects of the multiple factors of the PyroMan Fire Test System as it is 

known there are trends that exist throughout the year, at various times of the day, 
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and at various external lab temperatures.  All of these factors can affect the 

calibration burn and the subsequent garmented tests.  Since the protection factor 

graphics are based on information that the PyroMan System already collects, 

graphics can be generated for any historical burn needed in order to fully grasp 

these trends.  Additionally, the study of the effects of air gap volume in instrumented 

fire test manikins would be very useful for this type of analysis.  Air layers and 

insulation play a huge role in thermal protection and therefore if the effects of it can 

be quantified and applied to the current model and analysis methods, more detailed 

information will be available to researchers.  The effects of TPP values with varying 

air gap layers has been well documented in previous research at TPACC.  Three-

Dimensional Body Scanning could be used to determine the air gap volume in 

various sections of the garment on the manikin.  The air layers could then be 

accounted for in a manner similar to the normalization of total energy when 

creating protection factors.  This would allow a more in-depth understanding of the 

many factors that go into fire manikin testing as a whole and how that can 

individually affect the already rather dynamic test method. 
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