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Development of a full-scale apparatus to
assess thermal protective performance of
garments under highly intensive heat flux
exposures

Sungwook Kang1, Minjae Kwon1,2, Joung Yoon Choi1 and Sengkwan Choi3

Abstract
This study discusses the development process of a full-scale test facility composed of a high-performance radiant heating
system, a life-sized instrumented thermal manikin system with sensing assemblies, associated equipment and in-house
software controlling the entire system. This test system was aimed to be used to examine the behaviour of emergency-
responder garments and subsequently to find weaknesses of turnout gears at critical thermal conditions greater than a
standard 84-kW/m2-intensity, thereby contributing to improving the survival chance of firefighters who could be requested to
execute an emergency evacuation from an unexpected growth of modern fires. To impose a target 126-kW/m2-irradiance
throughout the garment-dressed manikin’s exposed surface for a limited period of time (12 s) as uniformly, consistently, stably
and safely as possible, several technical aspects were considered: the amounts of heat-source power and electric power-
supply; areas of heating and receiving and their geometrical relationship; a practical percentage of the maximum heater-
capability; efficiencies of electric power-supply and water-cooling; movable equipment; and safety equipment. Two analytical
models were encoded using a finite difference method in the LabVIEW platform to determine a burn injury distribution
throughout the manikin-shell in association with the measurement data from the test system. The heating system and software
were validated in respect of the heating consistency, vertical intensity variation, intensity-rise rate and discrepancies between
the existing and present models. It was proved that the heating system is capable of increasing its heat emission up to 126 kW/
m2 within 1.5 s, maintaining the intensity-level with less than 9-kW/m2-change for 12 s, and distributing the intensity-level with
less than 11-kW/m2-variation along the vertical direction, from 45-cm- to 155-cm-height. The development process can
contribute to the ability to develop a large-scale test facility to test specimens under a critical thermal exposure condition for
research purposes.
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Introduction

The fire safety society has achieved advances in the un-
derstanding of fire behaviours in relation to heat transfer
mechanisms in various engineering applications. Since the
research field considers much higher thermal energy than
typically observed in the living environment, these
achievements have often been experimentally examined by
using custom-made fire-test apparatuses. Researchers in the
field of emergency-responder garments also use experimental
instruments to assess the thermal protective performance of
fabrics; the clothing is designed to act as a shield-like barrier
to thermal hazards threatening professionals working in
firefighter, army and car-racer roles. These evaluation

apparatuses for fabrics’ thermal performance are designed to
simulate a representative intensity of realistic fire hazards,
which is governed by technical factors, such as the spatial
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location and geometry of fire sites, and the type and amount
of materials (or fuel). Fire loads have varied over the years
due to increases in residential geometries and use of flam-
mable synthetic materials.1 Features of modern fires, there-
fore, need to be reflected in creating a thermal condition to
conservatively evaluate garments’ thermal protective per-
formance for wearers’ safety.

Attention has recently been directed towards the fire safety
for emergency responders in South Korea. Figure 1(a) and (b)
show the ratios of fire-service fatality to casualty in three
countries between 1980s and 2010s, and the percentages of
spatial categories of 433,098-normal-fire and 55-great-fire
events in Korea from 2006 to 2014, respectively; great fires
refer to a fire hazard resulting in more than fire fatalities, 10
casualties or five billion Korean Won in damage and loss
defined by the ministry of public safety and security of Korea.
The fatality-to-casualty ratio of Korea is approximately over
10 times greater than those of the USA and England, and

compartment fires in Korea account for 60.9% and 76.4% of
the total normal and great fires, respectively. From the sta-
tistics, it can be inferred that (1) Korean firefighters still need
improved physical protection against fire hazards during
fireground operations to come up to the fire safety level of the
other countries; and (2) their lives are often threatened by a
critical thermal condition caused from modern compartment
fires.

The critical condition for firefighters is generally defined
as the flashover-, backdraught- or fully developed-stage. It
was estimated that, when firefighters urgently egress from a
compartment due to an unexpectedly rapid fire-growth be-
yond flashover (over 600 C), a tolerable limit of distance
from the hallway for survival is just 1.5 m based on the
presumptions of a crawling speed of 0.76 m/s and the
maximum exposure time of 2 s.2 Since an extremely low
chance of survival is expected once exposed to the critical
condition, firefighters should be trained to be acquainted with

Figure 1. Statistics with respect to the safety of firefighters: (a) the ratio of fire-service deaths to casualties in three countries; and (b) the
proportion of compartment fire in the total number of fire events in South Korea.
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the indication of the onset of the stages and to evacuate from
such dangerous places.

With respect to the emergency evacuation, many studies
have dedicated to mitigate potentially life-threatening heat-
stress for firefighters from several viewpoints: the protective
performance against incoming heat and its requirements 3–4;
the heat and moisture transfer mechanism across the fabric
assembly with different conditions (air-gap, wet/dry or
configuration) 5–7; the heat-stress impact on firefighters,
regarding outgoing metabolic heat produced by the body, and
its dissipation 8–10; and the test environment to examine the
aforementioned performances of fabrics or garments.11–13 To
contribute to the improvement of firefighters’ survivability,
urgently evacuating from modern fires, this research project
is mainly focused on the protective performances of fabrics
and garments and their evaluation. As part of the project, this
paper comprehensively discusses the creation of a prereq-
uisite test environment that enables one to examine functional
limitations of full-scale thermal protective clothing under a
higher level of thermal environment than the existing stan-
dard testing conditions employed in a thermal manikin test.14

The test environment, proposed in this study, was devised to
give assistance to the existing standard test methods that have
limitations to create a critical condition to firefighters such as
an emergency evacuation; features of existing methods are
discussed in the next section to adapt their merits and to
overcome their limitations for the apparatus development in
this study.

The conventional thermal condition established in the
testing field of thermal protective clothing was initially
quantified by Behnke15 as an intensity of 2 cal/(cm2

•s), which
is the average of the flash-fire intensity of 1–3 cal/(cm2s)
recorded from a series of laboratory-scale tests.16 Based on
the reviews on the origin of the heat density and the char-
acteristics of flash and compartment fires, this study proposed
the upper radiant intensity of 3 cal/(cm2s), equivalent to
126 kW/m2 in SI units, for the worst-case scenario to examine
the thermal protective performance and behaviours of gar-
ments subjected to critical thermal conditions.

In order to create the test environment, a group of high-
performance radiant panels with a control program were
developed from bench-to life-size. A bench-scale apparatus
was initially designed to study the behaviours of small fabrics
and equipment to protect body parts (hands, feet and arms),
whereas the full-scale apparatus was to examine the aspects
that cannot be covered by the work-table sized apparatus,
such as the air-gap differential between the clothing and
human skin created by body-curvature, and the degree of
burn injuries throughout life-sized human-body. The research
project includes a series of topics: (1) quantifying modern fire
environments; (2) developing a bench-scale apparatus ca-
pable of creating the 126-kW/m2-radiant intensity; (3) es-
tablishing an instrumented manikin with heat flux sensors;
(4) organising a data acquisition (DAQ) network that records
outputs measured from dozens of points; (5) architecting an
in-house software that controls the testing system and has
functions to analyse heat transfers across human skin layers
and degree of burn injuries; and (6) developing a life-size
testing system. The topics from the third to the sixth were
examined in this paper. The rest was discussed in a com-
panion article by Kwon et al.17

The features and limitations of the
current apparatuses

In bench-scale tests, a small patch of fabrics or components
(such as seams, zippers and pockets) of thermal protective
clothing are exposed to a designed constant heat source, and
the amount of heat transferred across the specimen-thickness
is measured using a copper calorimeter.11–12 The tests can
contribute to the classification and selection of materials
suitable for garments effectively in terms of cost and labour.
However, they do not include several aspects affecting the
garments’ performance,5–6 such as the degree of fit, air-gap
variation along the body-curvature and reinforcement caused
by pockets and reflective trim, thereby having unsolved
correlations between small-scale test results and actual
performances of life-size garments. Therefore, the bench-
scale tests are yet unable to allow an overall evaluation of the
garments’ thermal protective performance.

To cover the limitations of bench-scale tests and assess the
overall protective performance of garments, a representative
regular-40-sized turnout gear including design features is
subjected to a flame engulfment in conformity with ISO/DIN
13,506-1,14 using a test system composed of two major parts:
a measuring part with an upright life-sized flame (or flash-
fire) manikin and a heating part with propane-diffusion-flame
burners surrounding the manikin. Several instrumented flame
manikins have been developed by research groups, such as
Natick Laboratories, Dupont in conjunction with the US Air
Force, NC State University, the University of Alberta, British
Textile Technology Group, Swiss Federal Laboratories for
Materials Science and Technology, and Aitex Certification
Laboratory.18 In general, manikins are made of flame-
resistant polyester resin reinforced with fibreglass. A mini-
mum of 110 sensors, such as skin simulant sensor and
copper-slug calorimeter, are uniformly distributed through-
out the manikin-shell. Their leads are mainly embedded
inside. The heating system includes 8–12 burners positioned
at the angular points of a hexagon at the vertical levels of
knee and thigh to create a condition of flame-engulfment
exposures to the manikin as uniform as possible for a specific
short exposure time. The power of burners is regulated at a
level within which the average heat flux measured for all the
nude manikin sensors is a nominal level of 84 kW/m2 ± 2.5%.

The full-scale evaluation system allows researchers to
observe phenomena visually, such as the ignition and burning
of the garment, the structural failure of components, and
sagging or shrinkage in all directions after flaming, as well as
to analytically examine the data measured and calculated,
such as temperature, heat flux and degrees of burn injuries.13

However, there exist its potential limitations for advanced
evaluation, as follows:

1. The standard deviation of the average heat flux cal-
culated for all the heat flux measurements is guided as
less than 20 kW/m2.14 However, more accurate
information on the amount of thermal energy origi-
nating from the multiple burners and arriving at the
specimen’s exposed surface needs to be provided. In
this respect, firstly, the diffusive flame-tips, ejected
from the multiple burners’ nozzles, are highly fluc-
tuant during engulfing the specimen. Secondly,
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although the heat-quantity is considered to be fully
managed by mechanical valves regulating the flow rate
of the gaseous fuel inside pipes, it takes a few seconds
for the pressure of gas ejection to emit stable flames; the
evaluation test is conducted for a few seconds, typically
up to 12 s. The second limitation could be overcome
by installing a high-performance carburetor; and

2. Practical difficulties exist on flame-exposure uniformity
throughout the garment’s exposed surface. Although the
complete uniformity may not be achievable during
testing in practice due to the body-curvature, at least
heaters should remain the consistency of heat emission,
and the quantity of the incoming heat on each of the
specimen’ surface-regions needs to be predictable.

The conventional thermal environment enables one to
rank turnout gears in terms of thermal protective

performance. However, it has limitations on use to examine
the heat transfer mechanism from the clothing’ exposed
surface, through fabric layers with air-gaps, and to the
manikin’s skin sensor so as to find weaknesses and improve
the garment’s protective performance, since the quantity of
the incoming heat is one of the primary factors to analyse
such heat transfer mechanism. A thermal manikin system,
named as RadManTM, was recently developed by NC State
University.19 In the development, new attempts were made to
cover the limitations of the conventional methods, such as a
life-sized gas-powered radiant heating panel as a more stable
heat source than diffusive flame burners, a water-cooled
thermal shield to block the undesirable heat, an internal
water-flow system simulating blood-flow, and a foil sensor
(made by RdF Corp.) to reduce the heat saturation effect. The
heat emission range of the heater was moderate as from 5 to
21 kW/m2.

Figure 2. Architectural plans of the thermal chamber: (a) a bird’s eye view; (b) an architectural plan; and (c) a section.
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Figure 3. The spatial layout of the instrumented manikin and heating system.

Figure 4. High-performance radiation heating system: (a) the front view of the heating system, (b) the front elevation and side section of a single
heater, (c) the heater-control panel, (d) the electric-power switchboard, (e) the water-cooling system, and (f) the heater-mounting frame.
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Development of full-scale apparatus

General

A full-scale test system capable of creating the 126-kW/m2-
radiant intensity was developed to examine the thermal
protective performance and behaviours of garments at critical
thermal conditions. This facility is composed of (1) a thermal
chamber, (2) radiant heaters, (3) a thermal manikin in-
strumented with sensors, (4) a rail trolley and thermal shields
operated by pneumatic pumps and (5) a DAQ system con-
trolled by an in-house software.

Thermal chamber

In order to construct a thermal chamber for the full-scale test
system, several auxiliary aspects should be fulfilled as follows:
a 3-phase AC-380-V/1,600-A electric power system with
control panels to operate heaters; a water-supply system to
cool heaters down; a fire-resistant compartment; a ventilation-
and-dust-collection system; a constant temperature-humidity
system to maintain initial test conditions; and an emergent fire-
extinguishing system. Figure 2(a)–(c) show the architectural
plans of the thermal chamber and the layout of the test system.
The inner walls of the chamber were covered with fire-resistant
boards and a large explosion-protection glass window was
installed on one wall to monitor tests. Only the heater-set,
the instrumented manikin-set, the ventilation-dust-collection
hood, a part of the DAQ system were placed within the
chamber and all the system was controlled by the in-house
software away from the test room.

Radiant heaters

The radiation heating system was scaled up from a small-scale
heater, through a bench-scale heater, and to the full-scale heater,
whichwere introduced in the author’s other publications.17,20 To
impose a 126-kW/m2-irradiance throughout the full-scale
manikin body as uniformly/consistently as possible, four
technical aspects were considered: (1) the total heat-source
power; (2) the geometrical relationship between the heating
area and receiving area; (3) a practical percentage of the maxi-
mum heater-capability; and (4) the efficiencies of electric power-
supply and water-cooling.

Based on the practical knowledge from the bench-scale
heater development,17 it was estimated that a receiving area
of the manikin and a heating area of heaters are approxi-
mately 1.15 and 2.10 m2, respectively, thereby designing the
corresponding total electric power as 756 kW, and proposed a
120-degree-angle layout for uniform irradiance on the
specimens, as described in Figure 3. This design allowed the
full-scale manikin body distanced approximately 300 mm
from the heating area to receive the desired irradiance at
around 70% of the maximum heater-capability. To supply
such quantities of electric energy for the heating system, a
3-phase AC-380-V/1,600-A electric-power switchboard with
circuit breakers was connected to the main electric-power
system through two sets of 3-phase 300 SQMM cables.

To achieve the efficiencies of electric power-supply and
water-cooling, the full-scale heating system was separated
from four heating panels, as shown in Figure 4(a). A single

heater was designed to have 62 505-mm-length infrared
halogen tubular quartz lamps (189 kW in total) installed in a
700 × 270 × 1030-mm stainless-steel frame (width × depth ×
height, SUS 304/430), as described in Figure 4(b). Each of
the four heaters was individually connected to a 4-20-mA
proportional-integral-differential (PID) controller installed in
a heater-control panel that was connected to the electric-
power switchboard through 3-phase 50 SQMM AQ1cables, as
shown in Figure 4(c) and (d). For health and safety concerns,
the maximum current flowing into the single heater was
limited as 400 A, and total nine circuit breakers were installed
in the electric-power switchboard and heater-control panel to
shut down the electric power, in case of electrical failures. For
the water-cooling system, a tap-water inflow with a flow rate
greater than 20 lpm and an inlet temperature lower than 22 C
was proposed to prevent any potential failures of the elec-
trical part, heating elements and the stainless-steel frame
from being over-heated, as shown in Figure 4(e). A mounting
frame was constructed to provide the stability of the large-
slenderness-ratio heating system, as shown in Figure 4(f).
Notably, the heater consumes a large amount of electric
energy only for a short period of time at the beginning of
rapidly increasing the halogen-lamp temperature from room
temperature.

The full-scale heater should be thermally stabilised for a
limited period of time after the activation. In the interim, to
prevent any potential exposure of the test sample-dressed
manikin to critical irradiance, thermal shields and a trolley on
rails were developed, as shown in Figure 5. Since the ex-
posure time of specimens to the heat source was set in a short
range of 3–12 s in testing, the two shields closed at the onset
of heating were supposed to be opened quickly after the
heater-stabilisation stage. Two pneumatic pumps enabled

Figure 5. The full-scale thermal heater-manikin system in the
chamber.
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each of the shields to be opened and closed within 1.5 s. In
addition, the instrumented manikin stayed ready on the rail
trolley distanced 2.5 m during the thermal stabilising and
subsequently moved toward a predetermined position in front
of the heat source by a ball screw linear actuator, not to be
exposed to any potential irradiance before testing in col-
laboration with the movable thermal shields. To facilitate

controlling the two motions methodically, an algorithm was
encoded in the in-house software.

Instrumented thermal manikin

The thermal protective performance of garments can be
evaluated by measuring accumulated thermal energies that

Figure 6. The instrumented thermal manikin system: (a) the manikin physique and heat flux sensor; and (b) the schematic of sensor
mapping.
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are transferred across the clothing and air-gaps between the
three-layered fabrics, subsequently arriving at the exposed
surface of the human skin and the interfaces between the
epidermis, dermis and subcutaneous layers. To simulate the
assessment mechanism, a purpose-built life-sized manikin
body, instrumented with heat flux sensing assemblies, was
developed.

Figure 6 shows the instrumented manikin system in detail.
The manikin-shell was made of fire-resistant polyester resin
reinforced with fibreglass, jointed at the neck, shoulders,
elbows, hands, pelvis and knees, and sized on the basis of the
data on the 50th percentile physique of Korean males in the
ages of 20–59 years,21 as shown in Figure 6(a). To firmly
embed the sensing assemblies in the manikin body, the shell-
thickness was designed as at least 4 mm. Considering the
existing standard,14 127 sensing assemblies were distributed
throughout the manikin-shell except the feet region, as shown
in Figure 6(b); Table 1 demonstrates the number of sensing
assemblies and the corresponding body parts and surface
areas. Heat flux probe leads were configured through a drilled
hole on the lower buttock-region to be connected to the DAQ
system located outside the manikin body.

A thermoelectric heat flux probe, based on the Seeback
effect (i.e. gSKIN® made by greenTEG), was employed to
make the custom-made sensing assemblies. The probe was
mounted in a PEEK-cylinder, filled with a skin simulant
polymer. The probe’s back surface was adhered to the
polymer surface with thermal conductive adhesive tapes, so
that the sensing assembly is capable of reflecting voltage-
signal variations that are caused by the thermal characteristics
of the skin simulant polymer in measuring process; the

composite polymer was made of silicone mixed with zinc
oxide in the laboratory-scale tests, thereby having a thermal
inertia comparable to that of the skin tissues, as shown in
Figure 7. The exposed surface of the assemblies was covered
with a thin layer of flat black paint with a thermal absorptivity
greater than 0.9.

Modelling of burn injury evaluation in the
in-house software

The data-set of the incident heat fluxes throughout the ex-
posed body surface underneath the thermal protective fabric
layers, obtained from the instrumented thermal manikin
system, were directly input in two analytical models encoded
in LabVIEW to calculate the temperatures at the interfaces
between the epidermis, dermis and subcutaneous layers as
functions of both time (t) and skin-depth (x): a skin model
was developed by Mehta and Wong22 and a burn model
originated from Henriques,23 and the former transient heat
transfer equation encoded in the software is expressed in
equation (A1) in Appendix.

To solve the linear parabolic partial-differential equation,
finite-divided differences were substituted for the partial
derivatives, as expressed in Equations (A2)–(A5) in Ap-
pendix. Subsequently, an algebraic matrix was derived using
the Crank-Nicolson method (θ = 1/2), as follows

½X �fTg ¼ fDg (1)

Elements of the tridiagonal matrix, [X], and the matrices
with one column, {T} and {D}, are detailed in equation (A6)
in Appendix; Table A1 shows the physical properties of

Table 1. Sensor distribution.

Classification

Lund–Browder table – percentage of body surface
area according to age ISO 13506-1 14

Present

Area for adults (%)
Area for adults
(%)

Min. Number of manikin
sensors (ea)

Number of
sensors (ea)

Head 7 7.8 8 7
Neck 2 4
Anterior trunk
(Chest)

13 35.5 21 12

Anterior trunk
(Abdomen)

10

Posterior trunk 13 22 17
Right buttock 2.5 3
Left buttock 2.5 3
Right upper arm 4 13.9 18 5
Left upper arm 4 5
Right lower arm 3 6
Left lower arm 3 6
Right hand 2.5 5.4 — 2
Left hand 2.5 2
Perineum/genitalia 1 18.3 24 1
Right thigh 9.5 12
Left thigh 9.5 12
Right leg 7 12.2 17 10
Left leg 7 10
Right foot 3.5 6.9 — 0
Left foot 3.5 0
SUM 100 100 110 127
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materials used in the model, and the corresponding FDmodel
is described in Figure 8. For initial conditions, the skin-layer
temperatures and time-increment were set as 32.5°C and
0.1 s, respectively. The perfusing blood (or internal body)
temperature was assumed to be maintained at 37°C during
testing. The model’s boundary conditions were defined as
follows

�k1
∂T
∂x

¼ _q’’net at t > 0 ðj> 1Þ and x ¼ 0 ði ¼ 1Þ (2a)

T ¼ Tb at t > 0 ðj> 1Þ and x ¼ δs ði ¼ 46Þ (2b)

The heat flux data measured using the sensing assemblies
were input in the _q’’irr -term of the burn model encoded in
LabVIEW, so that the time- and space-dependent temperature
sets of T1, Tl+1, Tl+m+1 and Tl+m+n+1 were output, which were
used to evaluate the degree of burn injuries using the damage

integral model (equation (A7)) with the constants and criteria
tabulated in Tables 2 and 3.

Figure 9(a) shows a screenshot of the test-system oper-
ation part in the in-house software, which controls the four
heaters, the movable thermal shields and rail trolley, and the
DAQ system. Figure 9(b) shows the skin and burn-model
part, illustrating a prediction of burn injury distribution
throughout the body on the left-hand side, time-dependent
graphic profiles on the upper right-hand corner, and tabulated
data of measurement and prediction on the lower right-hand
corner.

Results and discussion

Validation of the full-scale heater

The heating system was designed to impose an irradiance of
126 kW/m2 throughout the exposed surface of the garment-dressed

Figure 7. Thermal inertia data of skin layers and ZnO-Silicone composites.

Figure 8. The schematic of the human-skin structure and the corresponding finite difference model.
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Table 2. Constants for calculation of Omega using equation (5AQ7 ).27

Burn Temperature range p ΔE/R

Second-degree 317.15 K ≤ T ≤ 323.15 K 2.185E + 124 s�1 93,534.9 K
T > 323.15 K 1.823E + 51 s�1 39,109.8 K

Third-degree 317.15 K ≤ T ≤ 323.15 K 4.322E + 64 s�1 50,000 K
T > 323.15 K 9.389E + 104 s�1 80,000 K

Table 3. Burn injury criteria 17.

Criteria Degree of burn injury

V ≤ 0.5 at the interface between epidermis and dermis layers (x = 0.008 cm) No burn damage
0.5 < V < 1.0 at the interface between epidermis and dermis layers (x = 0.008 cm) 1st degree burn
V ≥ 1.0 at the interface between epidermis and dermis layers (x = 0.008 cm) and
V < 1.0 at the interface between dermis and subcutaneous layers (x = 0.208 cm) 2nd degree burn
V ≥ 1.0 at the interface between dermis and subcutaneous layers (x = 0.208 cm) 3rd degree burn

Figure 9. Screen shots of LabVIEW-based in-house software: (a) the system operation part; and (b) the skin- and burn-model part.
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manikin distanced 300 mm from the heater at around 70%
of the maximum heater-capability. To validate the system’s
performance, three aspects were examined in a preliminary
test: (1) the quantitative stability of emitting heat for a testing
period (up to 12 s); (2) an intensity variation along the vertical
direction; and (3) the time to increase the intensity up to
126 kW/m2. For the test, three Schmidt-Boelter heat flux
gauges were configured vertically at the positions, at which
the knee, stomach and chest regions of the manikin were
located (i.e. at the heights of 45, 100 and 155 cm, horizontally
distanced 300 mm from the heating area). The heater-
capability was discretely increased in 5% increments from
20% of the maximum capability to a particular percentage at
which the probe received the irradiance of 126 kW/m2, as
shown in Figure 10(a); the black, green and red lines denote
the measured heat flux, the difference between the largest and
smallest heat fluxes measured using the three probes at a
corresponding time, and the percentage ratio of the difference
to the largest value, respectively.

Findings from the validation are summarised as follows:

1. The intensity of 126 kW/m2 was obtained when
regulating the heater-capability at around 65%;

2. Very rapid intensity increases were observed when-
ever activating the heater. Approximately 1.5 s were
taken only to rise the intensity from 0 to 126 kW/m2,
as described in Figure 10(b);

3. The consistency of heat emission for 12 s was
satisfactory, as shown in the plateau regions of the
profiles in Figure 10; the consistency refers to the
difference between the intensities at the starting point
of plateau region, A in Figure 10(b), and at its end-
point, C. An increase in the amount of intensity
difference was observed with the rise of heater-
capability, from 0.21 kW/m2 at 20%-capability to
9.09 kW/m2 at 65%-capability. However, the largest
difference, 9.09 kW/m2, was 7.21% of the average
value of the plateau region (i.e. 126.00 kW/m2); and

4. The intensity variation along the vertical direction from
knee-to chest-position was acceptable; the variation in-
dicates the intensity difference among the three profiles at
the same instant (i.e. at A, B and C points) in the plateau
regions of Figure 10. The vertical intensity variation
increased with the rise of heater-capability, from 0.08
kW/m2 at 20%-capability to 9.73 kW/m2 at 65%-ca-
pability, at the midpoint (B). However, the largest dif-
ference, 9.73 kW/m2, was 7.68% of the average value
of the plateau region (i.e. 126.72 kW/m2). This vari-
ation is relatedwith naturally driven buoyant air-flow that
was observed visually between the 2-m-height-heater
and the probes. The flow caused by an air-temperature
rise has an effect on the intensity variation along the
vertically-configured heat flux metres that measure
combined radiative and convective heat fluxes.

The features of emitting a highly intensive heat flux, instantly
within 1.5 s, consistently for 12 s, and uniformly along the vertical
direction can offer advantages for creating a suitable thermal
environment to examine the thermal protective performance of
the life-sized garment exposed to a critical thermal condition.

Three most influential sources were considered to deter-
mine the expanded uncertainty of the validation: random error
bymeasurements; resolution error by the gauge indication; and
correction error by the gauge calibration. The standard un-
certainty regarding the first source (i.e. u1) was estimated based
on Type A evaluation with normal distribution. The number of
repeated measurements (n) was three or six. The second
uncertainty contributor was estimated based on Type B
evaluation with rectangular distribution. The resolving power
of the heat flux probe used in this workwas 0.01 kW/m2 so that
the parameter indicating half-width of resolution was deter-
mined as 0.005. The third standard uncertainty was calculated
based on Type B evaluation with normal distribution. In re-
lation to this evaluation, the standard certificate for gauge
calibration states that the heat flux indicator has an accuracy of
2.5% when measuring 100 kW/m2 with a coverage factor (k)
of two at a confidence level of 95%. The average intensities
and the corresponding expanded standard uncertainties and
coverage factors are tabulated in Table 4.

Validation of the in-house software

The analytical FDM skin model, encoded in the LabVIEW
in-house software, were validated by using exiting

Figure 10. The performance of the heating system: (a) the time-
heat flux variation with the change of heater-capability; and (b)
the graph zoomed in for a close-up.

Kang et al. 11

purmine
강조
Finite Difference Method (FDM)



literature.24–26 Figure 11(a) shows time-temperature his-
tories of the basal layer exposed to an intensity of 0.1 cal/
(cm�s) for 34 s; the basal layer refers to the interface between
the epidermis and dermis layers. The experimental data,
reported by Stoll and Greene,24 were obtained from the
temperature measurement of blackened-skin surfaces and
the corresponding temperature calculation at a depth of
80 μm below the surface, whereas the other predictions were
calculated using a simple analytical conduction-model
proposed by Hardee and Lee25 and a numerical finite-
element (FE) model derived by Torvi and Dale.26 Over-
all, the proposed FD model showed good agreements with
both the experimental and numerical profiles except the
analytical prediction as this initial analytical model ex-
cluded several aspects such as three-layer structure, variable
properties and blood perfusion.

Figure 11(b) shows the differences amongst the data
except the analytical prediction; the cross and round
symbols refer to the discrepancies between the experimental
measurement and FD calculation and those between the FE
and FD predictions, respectively, while the black and red
colours denote the values in temperature and percentage,
respectively. In the initial transient-stage of the time-
dependent profiles of the measurement and FD predic-
tion, the largest difference was observed as 1.96°C, which is
5.68% of the experimental data. In the cooling stage of the
FE and FD predictions (i.e. after 34 s), the difference was
increased with time, up to 2.24°C in 60 s, which is 4.97% of
the FE calculation. As a result, low differences were ob-
served between the existing data and the present FD
prediction.

Table 4. Uncertainty analysis on physical measurements shown in Figure 10.

Heater-capability, %

Average heat flux with expanded uncertainty (kW/m2)

Consistency Vertical variation

At knee-position At stomach-position At chest-position Aa Bb Cc

20 1.81 ± 0.18
k* = 2.776

1.86 ± 0.18
kk = 2.776

1.88 ± 0.21
kk = 2.776

1.74 ± 0.05
kd = 1.960

1.84 ± 0.07
k = 2.228

1.97 ± 0.08
k = 2.179

25 4.50 ± 0.53
k = 2.776

4.48 ± 0.56
k = 2.776

4.42 ± 0.46
k = 2.776

4.16 ± 0.11
k = 1.960

4.47 ± 0.12
k = 1.960

4.77 ± 0.15
k = 2.052

30 8.67 ± 0.31
k = 2.131

8.56 ± 0.47
k = 2.477

8.79 ± 0.36
k = 2.228

8.46 ± 0.29
k = 2.101

8.67 ± 0.25
k = 1.960

8.89 ± 0.24
k = 1.960

35 16.41 ± 0.80
k = 2.365

16.48 ± 0.75
k = 2.306

16.73 ± 0.69
k = 2.228

16.09 ± 0.46
k = 1.960

16.56 ± 0.44
k = 1.960

16.96 ± 0.45
k = 1.960

40 27.24 ± 1.08
k = 2.201

27.30 ± 1.23
k = 2.306

26.94 ± 0.68
k = 1.960

26.77 ± 0.73
k = 1.960

27.16 ± 0.70
k = 1.960

27.55 ± 1.16
k = 2.262

45 40.88 ± 2.32
k = 2.477

41.49 ± 2.50
k = 2.571

43.46 ± 2.64
k = 2.571

40.51 ± 2.21
k = 2.477

41.94 ± 2.32
k = 2.477

43.38 ± 2.43
k = 2.477

50 61.99 ± 2.79
k = 2.306

63.03 ± 4.73
k = 2.776

65.90 ± 3.48
k = 2.477

61.57 ± 3.49
k = 2.477

63.64 ± 3.50
k = 2.477

65.70 ± 3.67
k = 2.477

55 90.92 ± 3.13
k = 2.110

90.04 ± 3.67
k = 2.201

98.56 ± 4.86
k = 2.365

92.32 ± 5.65
k = 2.776

94.50 ± 6.98
k = 2.571

96.69 ± 7.88
k = 2.776

60 107.22 ± 2.69
k = 1.960

110.59 ± 2.82
k = 1.960

115.47 ± 3.13
k = 1.960

110.45 ± 3.94
k = 2.131

111.10 ± 5.05
k = 2.306

111.75 ± 6.64
k = 2.571

65 122.21 ± 3.05
k = 1.960

126.00 ± 5.61
k = 2.306

131.95 ± 3.76
k = 1.960

124.17 ± 5.66
k = 2.306

126.72 ± 6.04
k = 2.365

129.27 ± 7.12
k = 2.477

aat the starting point of plateau region in Figure 10.
bat the midpoint of plateau region in Figure 10.
cat the endpoint of plateau region in Figure 10.
dcoverage factor, providing a level of confidence of approximately 95%.

Figure 11. A comparison of the present model with prior studies:
(a) time-temperature histories; and (b) differences among the data.
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Comparison between the data obtained from the
full-scale and bench-scale apparatuses

For validation purposes, a preliminary test was conducted
using the full-scale apparatus. The experiment was se-
quenced as follows: (1) Specimens are pre-conditioned at
room temperature of 20 ± 4°C with relative humidity of 65 ±
2% in accordance with NFPA 19712 and BS EN ISO 694229;
(2) The fully dressed manikin is affixed on the rail trolley and
stayed away from the heaters before the heater activation; (3)
The specimen is physically moved on the rail toward a pre-
planned position in the course of heaters’ stabilisation, as
shown in Figure 12(a). In the interim, the thermal shields are
closed not to cause any potential irradiance on the exposed
surface of the specimen; (4) Once arrived, the shields open

within 1.5 s, and the specimen is exposed to heat for 12 s, as
shown in Figure 12(b); and (5) After 12-second-thermal-
exposure, the shields are closed, and simultaneously the
specimen is moved backward gently, not to be exposed to any
residual heat.

Figure 12(c) shows part of the measured data of the peak
incident heat flux marked visually on the schematic of
thermal manikin’s sensor mapping; the colours indicate the
range of the amount of the incident heat flux on regions, as
described in the legend. Overall, greater amounts of heat flux
were transmitted across the three-layered clothing and in-
cident on the regions of chest, abdomen and upper arm than
those on the regions of lower body. This result is due to the
body-curvature of the upright manikin causing the different
horizontal distances from the heating elements to the regions,

Figure 12. A comparison between the data obtained from the full-scale and bench-scale apparatuses: (a–b) the full-scale apparatus with a
specimen; (c) the incident heat flux distribution through thermal manikin’s surface; (d) the time-heat flux profiles; and (e) the specimen
structure in the bench-scale test.
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and to the clothing’s different design features on the regions,
such as the degree of fit, air-gaps, seams, zippers and pockets.

The results from the full-scale experiment were compared
with those obtained using a bench-scale instrument,17 as
shown in Figure 12(d); Solid lines indicate representative
time-intensity profiles of four regions (i.e. FR2, FL2, FR3
and FL3 in Figure 12(c)), whereas cross marks with a dotted
line denotes the data of the bench-scale test. A swatch
specimen in the small-scale test was composed of three
fabrics (i.e. outer, moisture and thermal layers) and spacers,
as illustrated in Figure 12(e). It included 2-mm-air-gaps
among the layers and a 6.5-mm-air-gap between the ther-
mal layer and sensing assembly, whereas in the full-scale
experiment air-gaps among the layers and between the
thermal layer and manikin-shell were unmeasurable. In
calibrations of both the apparatuses, the amounts of irradi-
ance on the specimens were regulated at 126 kW/m2. Overall,
the growing tendency of the averaged value (i.e. black solid
line) towards the peak heat flux was in good agreement with
that of the small-scale test profile. However, discrepancies
were observed in the cooling stage beyond the peak moment.
The disagreement is likely to be caused by the difference in
the heat loss mechanism between the two apparatuses. As
such disagreement will affect the degree of-burn calculation,
further clarification on the relationship between the bench-
and full-scale test results is needed.

Conclusions

The research project was initiated to create the 126-kW/m2-ir-
radiance test environment to contribute to improving the survival
chance of firefighters evacuating urgently from an unexpected
growth of modern fires, through examining the behaviour of
thermal protective clothing at highly intensive heat fluxes.
Among several sub-topics, this paper discussed the practical
development process of the full-scale test facility composed of
the thermal chamber, radiant heaters, a thermal manikin with
instrumented sensing assemblies, movable and shield equip-
ment, and a DAQ system with the in-house software.

To operate the facility safely and sustainably, several
implements were installed in the thermal chamber: the 3-
phase AC-380-V/1,600-A electric power system with 2-step
circuit breakers, 20-lpm-water-cooling system, ventilation-
and-dust-collection system, semi-auto thermal shields and
relevant devices. Both the thermal manikin and the sensing
assemblies embed in the manikin-shell were custom-made to
reflect the 50th percentile physique of 20–59-year Korean
males on its size. The full-scale test system was controlled
outside the thermal chamber by using the in-house software.

The goal of the intensity (i.e. 126 kW/m2) was achieved at
around the 65%-capability in the system. To validate the
heating system, several aspects were examined: the heating
consistency for a specific time-period (i.e. 12 s); the intensity
variation along the upright manikin height; and the rate of
intensity-rise. Both the intensity-differences in respect of
consistency and vertical variation were less than 10 kW/m2,
which is approximately 7.9% of the target-intensity only, and
the intensity increased up to the objective within 1.5 s. These
features are advantageous for the garments’ thermal pro-
tective performance test that requires an extreme thermal
exposure condition, greater than 84 kW/m2, for a limited

period of time, less than 12 s. To validate the in-house
software, the encoded model was compared with experi-
ments proposed by previous works, resulting in low dif-
ferences less than 3°C. The development process of the
full-scale test facility can contribute to the enhancement of
the thermal protective performance of garments and also be
a reference to creating a critical radiant thermal condition
for research purposes.
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Table A1. Material properties and parameters in the skin model 13, 15

Description

Material properties

Epidermis Dermis Subcutaneous tissue Blood

Conductivity (W/(m�K)) ke = 0.6280 kd = 0.5902 ks = 0.2930 —

Volumetric capacity (J/(m3�K)) Cpe = 4.40e6 Cpd = 4.186e6 Cps = 2.60e6 Cpb = 0.954
Blood perfusion rate (cm3/s per cm3 of tissue) Ge = 0 Gd = 0.00125 —

Absorption coefficient (cm�1) γe = 180 γd = 7.5 —

Surface heat loss coefficient h = 4.5e-04 — — —

Thickness of layer (cm) δe = 0.008 δd = 0.2 δs = 1 —

Number of grids l = 6 m = 24 n = 15 —

Stretch ratio R = 1.25 —
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where

where the subscripts i and j denote the point-number of el-
emental layers and the iteration of exposure time,
respectivelywhere
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Appendix B

Notation

Cp volumetric heat capacity (J/(m³K))
ΔE activation energy (J/mol)
e Euler’s number

epidermis
f energy attenuation function
G blood perfusion rate (cc/sec per cc)
h convection heat transfer coefficient

(W/(m2K))
k thermal conductivity (W/(mK))

l,m,n integer number of grids
P pre-exponential term (1/s)
_Q thermal energy (W)
_q’’ heat flux (W/m2)

R
T temperature (C or K)
t time of exposure (s)
x depth from skin surface (m)

Abbreviations
FD finite difference
FE finite element

Subscripts
b blood
d dermis
e Euler’s number

epidermis
irr irradiance
i elemental layer number
j iteration of exposure time

loss heat loss
net the sum of heat-gain and -loss
s subcutaneous tissue

universal gas constant
(J/(mol�K))

Greek symbols

ε Emissivity
V burn injury parameter
θ weighting factor
γ absorption coefficient
σ Stefan-Boltzmann constant (W/

(m2K4))

Di ¼

8>>><
>>>:

�
1� 2θαi

Δx2i
� λi

2
� 2θη

�
Tj
i þ

2θαi
Δx2i

T j
iþ1 þ

2η
h
θ

�
_q’’net

jþ1 þ _q’’net
j
�
þ 4θηT∞ þ λiTb for i ¼ 1

�AiT
j
iþ1 þ

�
1� 2ð1� θÞ

ðΔxi�1 þ ΔxiÞ
�

αi�1

Δxi�1
þ αi
Δxi

�
� λi�1 þ λi

4

�
Tj
i � CiT

j
iþ1 þ

λi�1 þ λi
2

Tb þ Fi�1 þ Fi

4

�
_q’’net

jþ1 þ _q’’net
j
�

for i ¼ 2; 3,/,l þ mþ n
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