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Abstract. This research study concerns an experimental, budget-friendly, electricity-

powered apparatus for bench-scale fire testing. The apparatus consists of various ele-
ments, of which the most important are ceramic heating pads, used to impose heat
fluxes on exposed surfaces of specimens. The test method allows to control the heat-
ing pads’ temperature and to adjust the distance between the heating pads and the

specimen to obtain well-defined heat fluxes up to 50–60 kW/m2. Higher heat fluxes
and temperatures can be obtained by setting the heating pads in full power mode,
with or without the use of a thermal shield, which can lead to heat fluxes up to

150 kW/m2. The heating and thermal boundary conditions imposed by the apparatus
are characterised and discussed, and the thickness of the convective boundary layer
at the heating pads’ surface is estimated significantly lower than in the case of gas-

fired radiant panels. The performance of the apparatus is analysed for various condi-
tions: controlling the temperature of the heating pads, in an open environment or
with the presence of thermal shields, and in full power mode. A few examples of
application of the apparatus to fire test typical construction materials (steel and glass)

are also presented. These results emphasise the well-defined heating conditions in
temperature-controlled mode. The study finally discusses the advantages and limita-
tions of the apparatus, as well as many possibilities of future applications and

improvement for future research studies.
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1. Introduction

Fire safety is an important field of construction engineering which aims at reduc-
ing the risk of death, health injuries and property damages due to fire. An impor-
tant part of fire safety focuses on understanding how construction materials can
contribute to fire growth and spread (reaction to fire) and how construction ele-
ments perform when exposed to a flashover fire (fire resistance) [1]. Many
researchers are continuously investigating the performance at high temperatures
and/or under fire conditions of various, sometimes very complex, materials. This
problem is usually solved through material testing at various scales.

As regards fire resistance tests, the standard practice foresees expensive and
time-consuming full-scale standard furnace fire tests [2]. However, before opting
for the standard procedure, it is common to carry out several fire tests at bench-
scale because of their lower temporal and economic cost. This approach is usually
at the core of research and development projects for new and innovative materi-
als.

Bench-scale fire testing typically implies the application of heat fluxes, either
constant or following specified time histories, to replicate various heating condi-
tions and fire exposures. It is important to control the applied heat flux during fire
testing to accurately analyse and compare the behaviour of various materials at
elevated temperatures. In fire science, the easiest way to do it is to control and
apply a radiative heat flux at an exposed surface of test specimens, and this can be
achieved in two ways. First, keeping the same geometry, the temperature of the
radiative body can be changed, therefore the radiative heat flux changes as well
following the Stefan–Boltzmann law. Otherwise, the temperature of the radiative
body can be kept to a specific level and the desired heat flux evolution is obtained
through the variation of the view factor between the specimen and the heating
surface, for instance by changing the relative distance between the two [3].

There are many test methods which follow this principle and the most common
include the cone calorimeter and the Fire Propagation Apparatus (FPA). The
cone calorimeter, which uses a conical metallic electrical resistance, is limited to
impose constant incident heat fluxes because of its high response time due to the
high thermal inertia of the electrical resistance [4]. The heat flux is imposed on
specimens of 10 10 cm2 by controlling the temperature of the conical metallic elec-
trical resistance. Many researchers have tested a vast range of materials, imposing
heat fluxed up to 100 kW/m2 [5]. Another piece of equipment to study the
flammability of materials and products is the Fire Propagation Apparatus (FPA)
[6, 7]. The size of specimens tested is the same, 10 10 cm2, but, unlike the cone
calorimeter, the heat flux is supplied using infrared heating lamps. In this case, the
radiative heat flux at the specimen surface is controlled by the power provided to
the heating lamps.

Furthermore, there are other types of equipment for fire testing that use various
types of radiant panels of various sizes to investigate the flammability of construc-
tion materials. Examples are the test method for the determination of the burning
behaviour of flooring [8, 9] and the Lateral Ignition and Flame Spread Test
(LIFT) apparatus to study the lateral flame spread on building products [10–12].
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Another method was proposed at the beginning of the century by Sakji [13, 14],
further developed and extensively used at the University of Edinburgh [15] where
it was given the name of Heat-Transfer Rate Inducing System (H-TRIS). The H-
TRIS test method is an apparatus that uses gas-fired radiant panels to impose
well-defined thermal boundary conditions, usually constant or varying time histo-
ries of incident heat flux. This is possible by changing the distance between the
radiant panel and the specimen surface, therefore the view factor. The specimen is
often tested in a vertical configuration, convenient for materials which are typi-
cally used in this configuration, such as glass panels and windows [16]. Apart
from the ability to impose a wide range of heating regimes, H-TRIS offers many
other advantages compared to traditional large-scale testing: reduced financial and
temporal costs, high experimental repeatability, and ease of visual inspection
(open environment). Thanks to its important advantages, H-TRIS has been widely
adopted around the world in research and development studies which included,
among others, analysis of concrete spalling, intumescent coatings, thermal insula-
tion materials, timber structures and glass structures [17–25].

Nevertheless, there are some limitations connected with the widespread use of
H-TRIS. Firstly, its relatively-high cost makes it usually inaccessible for research
teams with little financial availability. Moreover, occupational health and safety
concerns are raised due to the presence of gas burners, often not allowed in labo-
ratories that are not specifically built for fire testing, for example, laboratories
shared by several departments. Finally, even when testing non-combustible materi-
als, there is often the need for an exhaust hood to remove the combustion gases
coming from the gas-fired panels. These shortcomings make H-TRIS in some
cases an unsuitable solution and leave researchers with limited testing capabilities.

For these reasons, a similar apparatus to H-TRIS but powered by electricity
has been designed, easy to maintain, budget-friendly, and at the same time able to
provide repeatable and reliable experimental results. This study presents the char-
acteristics of this apparatus, including a technical description of the assembly and
the testing method. The advantages, as well as the shortcomings, over other well-
established fire testing methods are highlighted and discussed. In conclusion, this
research study also presents a few examples of fire testing applications and dis-
cusses ideas for future developments.

2. Materials and Methods

2.1. Apparatus Description

The experimental apparatus designed and assembled in the Fire Laboratory of
Liège University (Belgium) is shown in Fig. 1. It underwent a set of improvements
in order to optimise its performance before its involvement in research projects.

As shown in Figs. 1 and 2, the apparatus consists of:

1. A 70 55 cm2 vertical steel plate on which two layers of 5 ceramic heating pads
strips (Mannings, CP24, 61 8.5 cm2 each) are fixed. The steel plate is attached
with bolts to two steel profiles (each 100 cm long) which have a support func-
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tion. Two layers of ceramic fibre insulation (Insulfrax S Blanket—25 mm thick)
are placed between the heating pads and the steel plate. A steel grid is mounted
with bolts to keep the heating pad strips at a specific location. The resulting
heating surface is 61 46 cm2.

2. A steel frame serving as a specimen holder, assembled with steel profiles of var-
ious shapes and lengths, the longest being 100 cm. It allows to keep the speci-
mens in a vertical position, parallel to the heating surface and at a specific
distance.

3. A Mannings 65 kVA transformer unit is used to power and control the temper-
ature in the heating pads. The temperature of the heating pads can be con-
trolled in six different zones independently. When 10 heating pads are used,
only five different zones are controlled: two heating pads (same location over
the heating surface but different layers) are connected to each zone of the
transformer. All zones had the same settings.

4. A wooden base on wheels is used to support and easily move the described
apparatus.

Two sets of different heating pads were considered. The first ones, standard
Mannings CP24 heating pads, were made of nickel-chrome alloy, allowing a nomi-
nal maximum temperature of 1050˚C according to the producer. This limitation in
temperature, plus the fact that they are fragile and tend to break after a few uti-
lizations close to the maximum allowed temperature, were the reasons to opt for
the high-temperature Mannings CP24 heating pads with the heating wire made of
Kanthal alloy. These heating pads have a nominal maximum temperature of 1300˚
C, can provide faster heating rates, and are more robust with limited failure.

Figure 1. Photography of the experimental apparatus (a) side view,
(b) front view of the heating surface.
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Their higher price (60 € vs. 25 € per heating pad at the time of writing) is easily
compensated by the higher durability.

Heating pads can be mounted as one layer or two layers, as shown in Fig. 3, or
even more. To achieve temperature and heat fluxes comparable to the ones usu-
ally applied in fire testing (e.g. H-TRIS or cone calorimeter which use heat fluxes
in the range of 50–100 kW/m2[5, 15]), it was found that at least two layers of
heating pads were necessary. In this case, the inner layer reaches higher tempera-
tures than the outer layer due to the lower heat losses at the heating pads’ surface.
For example, when the temperature of the exposed surface of the outer layer is
about 800˚C, the inner layer typically reaches temperatures of about 1000˚C. With
the available power and current size of the heating surface, the maximum number
of heating pad layers is four. With full power mode in an open environment, for
the distance of 10 cm between the heating pads and the heat flux gauge, the maxi-
mum incident heat flux obtained for one layer is around 27 kW/m2, for two layers
around 57 kW/m2 and for three layers around 67 kW/m2. However, having more
than two layers is associated with a bigger risk of heating pad failure due to over-
heating in the inner layer. In order to reduce the maintenance time and the risk of
pad failure during experimental tests, the decision was taken to limit the number
of layers to two for the current apparatus.

2.2. Control Parameters

To determine specific heating regimes for fire testing, three parameters can be con-
trolled: the temperature of the heating pads, the distance between the heating pads
and the specimen, and the use of different specimens and specimen holders.

2.2.1. Temperature of the Heating Pads The first parameter which can be con-
trolled in order to apply specific heating conditions on the exposed surface of the
specimen is the temperature of the heating pads. The measurement and control of

Figure 2. Schematic illustration (left) and photography (right) of the
experimental apparatus and its components.
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the temperature of the heating pads is not a trivial process and various method-
ologies were attempted to provide representative and repeatable measurements.

The heating pads are manufactured with special holes in the ceramic beads (see
Fig. 4). These holes are primarily used for the placement of thermocouples which
measure and control the temperature of the heating pads. However, it was discov-
ered that this method did not provide robust temperature measurements because,
in identical experimental conditions, temperature variations up to about 200˚C
were observed depending on little changes in the position of the thermocouple
inside the hole of the heating pad.

Thus, various methods of thermocouple attachment (shielded type-K thermo-
couples, nominal diameter 1.5 mm) in the heating pads were studied to find the
most thorough way to measure and control the temperature of the heating pads,
easy to reproduce from test to test and from the calibration to test.

a. The first method of thermocouple placement includes attaching five thermocou-
ples in the dedicated holes, very close to the surface of the heating pads
(Fig. 4a).

b. The second method foresees attaching the thermocouples on the surface of the
heating pads with insulation pads placed between the steel grid and the ceramic
elements to ensure contact between the thermocouple and the heating pads’
surface (Fig. 4b).

c. The third method consists of attaching the thermocouples between the ceramic
beads of the heating pads and touching the second layer of the heating pads
(Fig. 4c).

d. In the last method, thermocouples are placed in the dedicated holes, far from
the surface of the heating pads aiming at measuring the temperature between
the two layers of the heating pads (Fig. 4d).

Figure 5 presents a comparison of temperatures recorded according to different
methods of thermocouple attachment in the heating pads with a set temperature

Figure 3. Positioning of two heating pads layers: outer layer and
inner layer.
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equal to 950˚C using method (d) and in steady-state conditions (after 24 min from
the start of the heating process, explained in Sect. 3). Method (a) has proven to be
the least reproducible due to the large measured temperature range (from about
760˚C up to 940˚C). On the other hand, method (b) causes fluctuations of about±
30˚C, while methods (c) and (d) have shown a similar range of temperature, with
more fluctuations in method (c) because of slight thermocouple movements.
Finally, method (d) was chosen to measure the representative temperature. This
method aims at measuring the temperature of the solid elements in the heating
pads. This avoids the influence of convection effects due to the hot gas flows and
secures the thermocouple at a specific location, avoiding movements. In this way,
fluctuations of the reading and inaccuracies were limited. The temperature range
to be obtained with this method can be directly associated with the local tempera-
ture differences in the heating pads (±20˚C).

The selected thermocouple attachment method was implemented for all five
zones of the heating pads, as shown in Fig. 6. The temperature in each zone was
recorded and/or controlled separately with a thermocouple of the same type.

Once defined the method to measure and control the temperature of the heating
pads, the apparatus offers two different ways to impose various heating regimes:
manually and automatically.

1. The manual mode does not control the temperature of the heating pads during
the transient conditions, and it only aims at a defined target temperature. To
achieve the target temperature, it applies the highest heating rate which can be
delivered by the transformer (approx. 50˚C/min). This mode is limited by the

Figure 4. Four different methods of thermocouple attachment in the
heating pads.
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Figure 5. Comparison of temperatures recorded with a set
temperature equal to 950˚C, in steady-state conditions, with
different methods of thermocouple attachment in the heating pads.

Figure 6. Five thermocouples inserted in holes in order to measure
and/or control the temperature of the heating pads in five zones.
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maximum target temperature that can be set. In this setup and using the descri-
bed transformer, it is possible to set the target temperature of the heating pads
up to 950˚C due to the technical limitation of the transformer. When this target
temperature has been reached, the transformer supplies the heating pads with
the amount of power needed to maintain the specified temperature in steady-
state conditions. The manual mode can be also used without defining any tar-
get temperature, referred to in the following sections as “full power mode”, even
though only about half of the power of the transformer is used with the cur-
rent number and size of the heating pads.

2. The automatic mode uses a controller connected to the transformer (see Fig. 2).
The controller allows to impose a pre-defined temporal evolution of the tem-
perature of the heating pads, following a linear evolution (constant heating
rate). In this case, the minimum and maximum nominal heating rates that can
be applied to the heating pads are 1˚C/h and 1000˚C/h respectively. The specified
target temperature can then be maintained at a given constant level in a precise
way.

The heating rate and target temperature are controlled separately for five uti-
lised zones, and it has been observed that, with the dimensions of the radiant
panel and the specimens described within this research study, a rather uniform
heating on the specimen’s surface is obtained when all zones are set to follow the
same evolution. For example, Fig. 7 shows the temperature distribution on the
surface of the heating pads captured using an infrared camera (Optris PI 400i),
placed at a distance approximately 60 cm from the heating pads and setting a unit
emissivity. It emphasises the temperature uniformity over the whole surface of the
heating pads, excluding the areas within 3 cm from the edges and the securing
steel bolts (between 660 and 880˚C measured locally over this surface).

2.2.2. Distance Between Heating Pads and Specimen Similarly to H-TRIS, the dis-
tance between the heating pads and the specimen is the second parameter crucial
to determine the level of heat flux reaching the exposed surface of the test speci-
men [15]. The change in distance between the heating pads and the exposed sur-
face of the test specimen affects the view factor between these two surfaces [3].
Hence, the radiation component that is emitted by the heating pads’ surface and
reaches the exposed surface of the test specimen is lower for higher distances. The
further the specimen is placed from the heating pads, the lower the view factor,
therefore lower incident heat flux at the exposed surface of the test specimen.

As the heat flux intensity, also the distribution of heat flux over a surface is
affected by the change in relative distance between the heating pads’ surface and
the target test surface. For closer distances, the heat flux intensities are higher, but
its distribution is less homogeneous, also being affected by discontinuities on the
radiating surface (e.g., hot and cold spots). For further distances, the heat flux
distribution is typically more homogeneous because the heating pads’ surface
tends to behave as a point source of radiation.

In the present configuration shown in Fig. 2, the distance between the heating
pads and the specimen holder can only be modified before and/or after each test.
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Within this study, the distance was varied between 6 and 50 cm. Limited modifi-
cations of the support system of the specimen holder would also allow to vary the
distance also during a test, for example with the implementation of a step motor
which can directly control the stand-off distance between the exposed surface of
the test specimen and the heating pads’ surface with fast response and high accu-
racy, similarly to H-TRIS [15].

2.2.3. Thermal Feedback It is important to mention that, when the temperature of
the heating pads is not controlled and the heating pads are fed with a specific
electrical power from the transformer (like in the case of full power mode), the sys-
tem tends to a specific temperature that is controlled by the net heat gain at the
heating pads. In turn, the energy balance at the heating pads directly depends on
various factors, hence the heat losses and gains at the heating pads. Since the heat
gains are fixed (specific electrical power), the temperature evolution of the heating
pads is controlled by the heat losses. This is the case if various objects are placed
in front of the heating pads, and they provide radiation feedback and/or convec-
tive heat transfer. Accordingly, the temperature of the heating pads (and conse-
quently the heating conditions) can be affected by the presence of a specimen, the
type of specimen, the size of the specimen, the presence of a thermal shield (e.g.,
insulating fibre mats around the specimen), and the distance between the specimen
and heating pads [26]. This means that the temperature evolution on the heating
pads is not directly regulated, and the thermal boundary conditions may vary
from test to test (with the same provided electrical power). In particular, the influ-
ence of the specimen and the thermal shield in front of the heating surface can be
related to different modes of heat transfer. A specimen or a thermal shield can
provide radiation feedback to the heating pads by heating up at the exposed sur-
face and affecting the radiative heat transfer. In contrast, the boundary layer of
the specimen and the thermal shield can interact with the thermal boundary layer
of the heating pads and tested specimen, affecting the convective heat transfer. In

Figure 7. Temperature distribution on the surface of the heating
pads, captured by the infrared camera.
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turn, the problem is also affected by the distance between the heating pads and
the specimen. All these effects are experimentally investigated in Sects. 3.3 and 3.4.

2.3. Calibration Process

In order to quantify the thermal boundary conditions produced by the heating
pads in different conditions, a heat flux gauge (Hukseflux SBG01) was used to cal-
ibrate the apparatus. The water-cooled heat flux gauge was placed in the steel
specimen holder in front of the centre of the heating surface to estimate the inci-
dent heat flux. The heat flux gauge itself was calibrated in the range of 20–
100 kW/m2. Outside this range, the heat flux gauge produced results with lower
accuracy. As an example, the heat flux measurement at room temperature shows a
value of around 5 kW/m2 and should be disregarded.

3. Thermal Exposure Quantification and Definition

To calibrate the assembled apparatus, various measurements of incident heat flux
were performed in order to estimate the thermal conditions produced by the heat-
ing pads in different configurations. First, the temperature or the provided electri-
cal power was controlled at the heating pads in an “open environment”. This
condition refers to the situation in which there was no specimen or thermal shield
placed in front of the heating pads, just the water-cooled heat flux gauge for cali-
bration (supported by the specimen holder). Afterwards, various specimens and
thermal shields were added in front of the heating pads to understand their influ-
ence.

3.1. Temperature Control and Open Environment

First, the heating pads were studied in an “open environment” and the tempera-
ture of the heating pads was controlled to different target values to investigate the
influence of the heating mode. Two cases were compared. The automatic mode
was set with a nominal heating rate of 1000˚C/h and a target temperature of 800˚C,
while the manual mode was set with a target temperature of 950˚C. In both cases,
the temperature evolution of the heating pads was recorded and controlled in all
five zones, and the heat flux gauge was placed in front of the heating surface, at a
distance of 10 cm. The results of both measurements are shown in Fig. 8. The
reported error bars for the temperature measurements include the thermocouple
accuracy specified by the producer (±4˚C up to 1000˚C), fluctuation of thermocou-
ple readings, and differences in temperature distribution between the five heating
pad zones. A similar approach is followed for all the other thermocouple measure-
ments reported within this study.

Figure 8 shows that the time needed to reach the temperature stabilisation at
950˚C with manual mode was about 24 min, whereas the target temperature of 800˚
C was achieved after about 46 min when the automatic mode was applied (con-
stant heating rate of about 17˚C/min). It is possible to calculate manually the sta-
bilization time for the automatic mode (constant heating rate), while for the
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manual mode, the heating rate is not controlled, and the stabilisation time
depends on the specific target temperature.

During these measurements, it was observed that the temperatures in all five
zones followed different evolutions depending on the mode. The manual mode
does not control the heating rate, therefore the temperature alignment in the dif-
ferent heated zones is carried out by the transformer once the target temperature
is achieved. On the other hand, in the automatic mode, the temperatures in the
different heated zones are always aligned and follow analogous evolutions, from
the beginning of the heating and following the same heating rate. This results in
higher inaccuracies of the temperature evolution measurement for manual mode
compared to automatic mode, as shown in Fig. 8.

In order to measure the incident heat flux as a function of the distance between
the heating pads and the heat flux gauge, the transformer was set to the manual
mode with various target steady-state temperatures: 800˚C, 850˚C, 900˚C and 950˚C.
The stabilisation time for each of the target temperatures was different, in the
range between 15 min (800˚C) and 24 min (950˚C). The results of the incident heat
flux measurements for the above-mentioned target temperatures as well as for full
power mode (explained in Sect. 3.2) are shown in Fig. 9. The reported error bars
for the heat flux measurements include fluctuations in the heat flux reading and
the heat flux calibration accuracy (±1.5 kW/m2).

For each of the target temperatures, there is a clear parabolic relationship visi-
ble between the incident heat flux and the distance between the heating pads and
the heat flux gauge. Figure 9 also highlights how, in temperature-controlled mode,
the heating pads can apply incident heat fluxes up to about 50 kW/m2 (at a 10 cm

Figure 8. Temperature of the heating pads and incident heat flux
measured at 10 cm distance for two different heating modes:
automatic (heating rate 1000˚C/h and stabilised temperature 800˚C)
and manual (target temperature 950˚C).
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distance). As expected, this value decreases if the distance to the heating pads is
increased or the heating pads’ temperature is reduced.

The apparatus calibration was performed for distances from 10 to 50 cm to tar-
get the heat flux range in which the heat flux gauge was calibrated (20–100 kW/
m2). An attempt was made to calibrate it for distances below 10 cm. However, in
this case, the heat flux gauge was placed too close to the heating pads and it was
almost certainly affected by the interaction with the thermal boundary layer of the
heating pads (discussed in Sect. 4.1.2). Additionally, at such a small distance, the
discontinuities on the heating pads’ surface can have a more important influence
on the results of the heat flux calibration (values and distributions).

The relationship between the incident heat flux and the temperature of the heat-
ing pads, for distances from 10 to 50 cm between the heating pads and the heat
flux gauge, was also estimated and shown in Fig. 10. As expected, the highest heat
flux is reached for the smallest distance (10 cm) and the highest temperature (950˚
C). The closer the distance, the higher the difference in the incident heat flux due
to the change in target temperature.

3.2. Full Power Mode and Open Environment

A similar process to measure the incident heat flux as a function of the distance
between the heating pads and the heat flux gauge was carried out with the heating
system set on full power mode.

First, the transient evolution of the temperature of the heating pads was recor-
ded and the heat flux was measured at three different distances between the heat-
ing pads and the heat flux gauge: 10, 20 and 30 cm. Figure 11 shows how the
heating pads tended to approximately 1000˚C. In this case, the stabilisation time
for achieving steady-state condition was about 45 min and this is visible in all the
heat flux curves at different distances. The highest heat flux achieved for the full

Figure 9. Incident heat flux measured for various distances in an
open environment, steady-state condition, for controlled temperature
on the heating pads of 800˚C, 850˚C, 900˚C and 950˚C as well as
full power mode.
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power mode at the closest distance (10 cm) was about 57 kW/m2, significantly
higher than for the distance 20 cm (about 41 kW/m2) and 30 cm (about 30 kW/
m2). This plot underlines how the full power mode allowed higher temperatures at
the heating pads, leading to higher heat fluxes that can be achieved in the same
experimental conditions. As in the temperature-controlled mode, a similar curve
can be also added to the calibration curves shown in Fig. 9, again highlighting the

Figure 10. Incident heat flux measured in an open environment,
steady-state condition, for controlled temperature on the heating
pads of 800˚C, 850˚C, 900˚C and 950˚C and various distances.

Figure 11. Evolution of temperature in the heating pads and the
incident heat flux for distances 10 cm, 20 cm and 30 cm between the
heat flux gauge and the heating pads.
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higher temperatures and heat fluxes that the heating pads’ surface can produce in
full power mode.

3.3. Full Power Mode and Specimen

As mentioned in Sect. 2.2.3, when the heating pads are set in full power mode and
their temperature is not directly controlled, the temperature evolution of the heat-
ing pads is affected by the environment around the heating surface. For example,
this is the case if the specimen holder and a specimen are placed in front of the
heating pads. In addition, considering a fixed specimen holder of limited surface
area, this phenomenon is primarily affected by the specimen type and size, as well
as the distance between the heating pads and the specimen’s exposed surface.

In order to investigate this problem, the temperature in the heating pads was
monitored when testing 20 20 cm2 planar specimens (i.e. plates) placed in front of
the thermocouple in zone 3. Different materials were tested to study the influence
of the material thermo-physical properties on the temperature of the heating pads.
Four different plates were tested: stainless steel plate (thickness 2 mm), carbon
steel plate (thickness 5 mm), glass plate (thickness 6 mm) and ceramic fibre plate
(thickness 25 mm).

As reported in Table 1, the tested materials cover a wide range of material sur-
face optical properties (i.e. emissivity/absorptivity) and thermo-physical properties
(e.g. thermal inertia). Indeed, in conditions where radiative heat transfer is domi-
nant, these variables are key for the temperature evolution at the exposed surface
of tested specimens [3].

It should also be stressed that in the steel and ceramic fibre cases, the tested
materials can be considered opaque and gray bodies, hence their transmissivity is
null and their emissivity can be assumed as their absorptivity value (Kirchhoff’s
law) [3]. However, it is not the case for glass. Depending on the wavelength of the
radiation electromagnetic waves, a part of the radiation is absorbed, a part is
reflected, and a part is transmitted through its thickness. For near-infrared and
infrared wavelengths, it has been shown how the glass transmission typically
decreases for elevated temperatures, compared to room temperature, and as a
result, the absorption increases [27].

First, the local change in temperature of the heating pads’ surface during testing
can be visually detected from the difference in colours on the heating pads’ surface
(see Fig. 12).

Then the difference in temperature of the heating pads with and without any
interaction with the exposed specimen is analysed. The initial temperature mea-
surement was carried out at the distance of 50 cm between the heating pads and
the specimen, and the stabilisation time to reach steady-state conditions was set to
45 min. Afterwards, the specimen was moved closer to the heating surface, with
5 cm steps, and the temperature measurement was performed for 5 min after
reaching steady-state conditions at each distance. It was noticed that the specimen
holder alone also affected the temperature evolution, so it was also tested without
any material specimen.
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The two plots of Fig. 13 report the temperature increment in the heating pads
for all the investigated cases, compared to the values in the open environment
(only water-cooled heat flux gauge in front of the heating surface). The results
underline how the specimen holder alone caused an increase in the temperature of
the heating pads measured in zone 3 by about 20˚C for the distance of 10 cm
between the specimen holder and the heating pads, and for distances above 25 cm,
no temperature increment was observed. In contrast, for the glass and ceramic
fibre specimens, the temperature change was already visible at a distance of
30 cm, whereas the cases of carbon steel and stainless steel were comparable to
the specimen holder one. Nevertheless, temperature increments above 70˚C at a

Table 1
Material Surface Optical and Thermo-Physical Properties of Tested
Materials (Ambient Temperature)

Material Carbon steel [28] Stainless steel [28] Glass Ceramic fibre

Emissivity (−) 0.7 0.4 0.84 [29] 0.4–0.6 [32]

Reflectivity (−) 0.3 0.6 0.16 0.4–0.6

Transmissivity (−) – – 0.23 [34] –

Absorptivity (−) 0.7 0.4 0.61 0.4–0.6

Density (kg/m3) 7850 7850 2500 [29] 128 [30]

Specific heat (J/kg K) 440 455 720 [29] 1000 [31]

Thermal conductivity (W/m K) 53.33 14.85 1 [33] 0.05 [30]

Thermal inertia (J/m2 K s1/2) 13,570 7290 1342 80

Figure 12. Test on stainless steel specimen: temperature difference
visible on the surface of the heating pads through difference in the
colour of the ceramic elements.
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distance of 10 cm were recorded, with the case of ceramic fibre and stainless steel
being to most critical cases. This is related to the high reflectivity of stainless steel,
therefore higher thermal radiation feedback, and the low thermal inertia of the
ceramic fibre, therefore the higher surface temperature and radiation feedback.

3.4. Full Power Mode and Thermal Shield

As highlighted in the previous section with regards to the presence of a specimen
in front of the heating surface, the same concept applies to the cases in which the
heating pads are set in full power mode and a thermal shield is placed in front of
the heating pads. This provides thermal feedback to the heating pads and affects
the temperature evolution of the heating pads since their temperature is not
directly controlled. Indeed, as discussed in Sect. 2.2.3, a thermal shield in front of
the heating pads influences the net heat gain at the heating pads, mainly affecting
the heat losses (primarily radiation in this case).

To investigate the influence of a thermal shield in front of the heating surface, a
ceramic fibre blanket (Insulfrax S Blanket—25 mm thick) was placed on the speci-
men holder, in front of the heating surface, as shown in Fig. 14.

As for the previous configurations, the transient evolutions of the heating pads’
temperature and incident heat flux were measured at different distances for full
power mode in an open environment with the ceramic fibre thermal shield. Fig-

Figure 13. Difference (increase) of temperature in the heating pads
due to the presence of specimens 2020 cm2 together with the
specimen holder, as well as the specimen holder itself without a
specimen: (a) stainless steel and carbon steel, (b) ceramic fibre and
glass.
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ure 15 reports the temperature and heat flux evolutions for the distances 10 cm,
15 cm and 20 cm between the heat flux gauge and the heating pads. In the begin-
ning, the temperature of the heating pads was around 20˚C and then the trans-
former set in the full power mode led to a temperature increase in the heating pads
and measured incident heat flux. After a stabilisation time for achieving steady-
state condition of about 50 min, the heating pads reached higher temperatures
than the ones recorded in an open environment (up to 1200˚C). Similarly, the heat
flux gradually increased, leading to higher values than the ones shown in Fig. 11
for the open environment. Due to the safety and calibration limitations of the
heat flux gauge, the measurement was stopped when the heat flux reached
150 kW/m2.

Consequently, after reaching steady-state temperature in the heating pads after
a stabilisation time, the values of incident heat fluxes at different distances for this
case with an important thermal shield can be compared to the open environment
case, as shown in Fig. 16. The difference between the curves increases with the

Figure 14. Photography of the measurement of the incident heat
flux with a thermal shield (ceramic fibre) around the heat flux gauge.
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decrease in the distance between the heat flux gauge and the heating pads. This is
mainly caused by two factors.

The first factor relates to the fact that, during these measurements, the heat flux
gauge is fully immersed in the boundary layer of the ceramic fibre. Therefore, the
heat flux gauge is measuring not only the radiant heat flux coming from the heat-

Figure 15. Evolution of the incident heat flux and the temperature in
the heating pads for distances 10 cm, 15 cm and 20 cm between the
heat flux gauge and the heating pads, with full power mode and with
ceramic fibre around the heat flux gauge.

Figure 16. Heat flux measured for various distances between the
heating pads and the specimen, for full power mode, with an open
environment and with ceramic fibre around the heat flux gauge.
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ing pads but also a convective component coming from the ceramic fibre. This
component is always present in the results shown in Fig. 16 because a difference
in the measured heat flux is visible for all distances, despite the fact that, for
higher distances, the radiation feedback should become negligible.

The second factor relates to the thermal radiation feedback provided by the
ceramic fibre placed in front of the heating surface, which causes a temperature
increase in the heating pads as previously noticed at a local level in Sect. 3.3 (refer
to Fig. 13). The increase of the temperature of the heating pads was then mea-
sured and it is reported in Fig. 17. Even if the material is the same as the one tes-
ted in the previous section, the thermal radiation feedback is also dependent on
the size of the thermal shield because it affects the view factor. At the same dis-
tance, the ceramic fibre placed around the heat flux gauge has a more important
influence on the heating pads’ temperature than a specimen 20 20 cm2, as shown
in Fig. 17. This effect also becomes more relevant for higher distances: Fig. 17
highlights how the thermal feedback effect is also noticed at a distance of 40 cm,
while it is negligible at 35 cm for the 20 20 cm2 case.

4. Thermal Boundary Conditions

The control and quantification of the thermal boundary conditions at the exposed
surface of test specimens have a key role in the assessment and comparison of the
performance of construction materials in fire conditions [35]. In addition, the care-
ful characterisation of the thermal boundary conditions is typically a fundamental
parameter to be defined in any numerical model for studying the thermo-mechani-
cal behaviour of materials. This section investigates and discusses the thermal
boundary conditions imposed by the experimental apparatus in different situa-
tions.

4.1. Temperature Control and Open Environment

When the temperature of the heating pads is controlled to a specific level (in this
configuration possibly up to 950˚C), the heating surface can be considered a radi-
ant source of heat with a quasi-homogeneous temperature and the test specimen is
exposed to an incident radiant heat flux at the exposed surface. In the case of an
open environment (no other major thermal contributions), the surrounding envi-
ronment can be considered at ambient conditions and the heating pads’ surface
the main source of heat. Accordingly, the specimen surface has convective (free
natural convection) and radiative heat losses with the surrounding environment
and the thermal boundary conditions at the exposed surface of the test specimen
can be obtained in a similar manner to many radiant panels applications for fire
testing [15, 36]:

_q00net ¼ a � _q00inc � hc T surf � T1
� �� F er T 4

surf � T 4
1

� �
ð1Þ
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where _q00inc [kW/m2] is the incident heat flux at the exposed surface of the test spec-

imen, _q00net [kW/m2] is net heat flux absorbed by the specimen at the exposed sur-

face, which has a surface temperature equal to T surf [K] and it is surrounded by a

gas temperature equal to T1 [K]. The absorptivity and the emissivity of the
exposed surface are respectively α [−] and ε [−], and they are usually considered
analogous according to Kirchhoff’s law [3]. The convective heat losses are descri-
bed by the convective heat transfer coefficient hc [W/m2K], which can be estimated
using well-established correlations for vertical hot plates [3, 36]. In contrast, the
radiative heat losses are considered by the Stefan-Boltzmann constant σ [5.67 10–
8 W/m2K4] and the view factor F [−] between the specimen and the far field.

4.1.1. Heat Flux Homogeneity and Specimen Size If the heating surface has a
homogenous temperature and the test specimen is smaller than the radiant source

of heat, the incident radiant heat flux ( _q00incÞ can be considered homogeneously dis-

tributed over the exposed surface. However, the specimen dimensions have a sig-
nificant influence on this problem. Indeed, the view factor between the specimen’s
surface and the heating pads affects the value and distribution of incident heat

Figure 17. Difference (increase) of temperature in the heating pads
due to the presence of a ceramic fibre specimen (2020 cm2) together
with the specimen holder, full ceramic fibre mat (65120 cm2) as well
as the specimen holder itself without a specimen.
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flux. In particular, a higher discrepancy is usually achieved between the centre and
edges/corners of the test specimens.

Considering the exact size of the heating surface (61 46 cm2), a theoretical anal-
ysis was carried out to calculate the view factor over the exposed surface of test
specimens at various distances (from 0 to 50 cm), given different specimen sizes:
10 10 cm2, 20 20 cm2 and 30 30 cm2. Figure 20 presents the results in the form of
ratios (in percentage) between the view factors at the centre and the corner of
square specimens of various dimensions. The closer to 100% this ratio is, the
more uniform the distribution of the incident heat flux over the exposed surface of
the specimen.

The results shown in Fig. 18 evidence how using the described heating pads sur-
face, 10 10 cm2 test specimens have a homogeneous distribution of heat flux, with
discrepancies up to 2–3%, and this result is quite independent of the distance
between the specimen surface and the heating surface. In contrast, for 30 30 cm2

specimens, the difference between the view factors, hence the incident heat fluxes,
at the centre and at the corners can differ up to 25% and it is highly dependent
on the distance, reaching the maximum difference between 20 and 30 cm. Speci-
mens 20 20 cm2 represent a good compromise for the assembled heating surface,
considering the heat flux distribution above 90% and a representative size for
bench-scale fire testing. Because of this, this specimen size was chosen for the fol-
lowing experimental campaigns involving this apparatus.

4.1.2. Convective Boundary Layer To verify the defined thermal boundary condi-
tions and the radiation-driven mode of heat transfer, it is important to also exam-
ine the convective heat transfer in proximity to the experimental apparatus. In
Eq. (1), the convective thermal boundary conditions were set as free (natural) con-
vection with the surrounding environment, assumed at ambient temperature (T1).
Accordingly, a sufficient spatial separation between the heating pads and the
exposed surface of the test specimen must be ensured to enable natural convection
and avoid convective heat transfer interaction between the test specimen and the
convective boundary layer of the heating pads [15, 36, 37].

This distance should be at least higher than the thickness of the boundary layer
of the heating surface and one of the test specimen. The thickness of the speci-
men’s boundary layer depends on the specimen characteristics, primarily the mate-
rial thermal inertia and the temperature achieved by the specimen surface, as well
as a geometrical characteristic length. On the other hand, the boundary layer
thickness of the radiant panel composed of heating pads can be estimated follow-
ing conventional calculations considering it as a vertical hot plate subjected to
natural free convection [3]. Assuming the heating pads’ surface temperature equal
to 900–1000˚C, an ambient temperature of 20̊C and the panel’s vertical characteris-
tic length equal to 46 cm, the thickness of the convective boundary layer of the
heating pads panel can be estimated equal to 3.2–3.3 cm. This result was also
experimentally confirmed by a qualitative measurement using a linear flag made of
several aluminium thin foils and placed orthogonally to the heating surface, as
shown in Fig. 19.
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This outcome highlights that the convective boundary layer of this experimental
apparatus is in the order of magnitude of a few centimetres and free convection
can be assumed above these distances (typically 10 cm). These results also under-
line how the boundary layer of this electrical radiant panel is much thinner than
the ones for typical gas-fired radiant panels, typically in the range of 15–20 cm
[26, 36, 37].

Figure 19. The zone of convective influence coming from the heating
pads—qualitative measurement using a flag made of aluminium thin
foil.

Figure 18. Percentage of the incident heat flux reaching corners of
the specimen compared to the incident heat flux reaching the centre
of the specimen (100%), depending on the distance between the
exposed surface of the specimen and the heating pads.
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4.2. Full Power Mode and Thermal Shield

If the transformer is set in full power mode, the temperature on the heating pads is
not automatically regulated and it might change depending on various factors (as
explained in Sect. 2.2.3). Similarly, the presence of test specimens and the use of a
thermal shield (e.g. ceramic fibre around the specimen) can highly influence the
thermal conditions of the heating pads and the tested specimen. As a result, the
thermal boundary conditions presented in Sect. 4.1 cannot be applied and their
definition becomes much more complex.

Indeed, all the modes of heat transfer defined in Eq. (1) may be affected by the
temperature of the heating pads, hence influence the incident radiant heat flux, the
specimen surface temperature, the thickness of the convective boundary layer as
well as the convective heat transfer coefficient, and the radiation losses. In addi-
tion, when a thermal shield (e.g. ceramic fibre) is placed around the specimen
(Sect. 3.4), there is an important effect of convection flows caused by the sur-
rounding material, as well as additional feedback from the shield to the heating
pads.

All these effects have to be taken into account for the definition of the thermal
boundary conditions. This exercise becomes quite challenging due to the complexi-
ties in measuring specific values (e.g. temperature of the heating pads and incident
heat flux at specimen surface) and defining physical parameters (e.g. convective
heat transfer coefficient). This problem can be solved in an implicit manner start-
ing from experimental results.

5. Bench-Scale Fire Tests

After the description and the characterisation of the heating conditions repro-
duced by the developed experimental apparatus, a few bench-scale specimens of
various construction materials are tested in order to investigate the capabilities of
the presented methodology and the imposed thermal boundary conditions. In
addition, the experimental results are compared to numerical models to study the
heat transfer problem and the accuracy of the definition of the thermal boundary
conditions.

The example presented herein discusses the experimental application of the well-
defined thermal boundary conditions, hence incident radiant heat flux, in accor-
dance with Sect. 4.1.

5.1. Experimental Setup and Test Method

This case study aims at reproducing the thermal boundary conditions defined in
Eq. (1) and therefore avoiding the influence of the thermal feedback of the test
specimen and the influence of any other thermal shield (e.g. ceramic fibre).
According to the results discussed in Sect. 3, the distance between the heating
pads and the exposed surface was set to 25 cm, and the heating pads were heated
using the automatic mode with a heating rate of 1000˚C/h and a target tempera-
ture of 925˚C. Test specimens were kept in place using the described specimen
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holder and without any insulation around the specimen (“open environment”).
According to the calibration presented in Sect. 3.1, this configuration aimed at
imposing an incident radiant heat flux of 30 kW/m2 at the exposed surface of test
specimens.

The specimens tested in this research study were 20 20 cm2 carbon steel plates
(thickness 5 mm), 20 20 cm2 stainless steel plates (thickness 2 mm), as well as 20
20 cm2 glass plates (thickness 6 mm), as shown in Fig. 20. Two thermocouples
(type K, diameter 0.5 mm) were welded in the centre of the exposed surfaces of
stainless steel and carbon steel specimens to measure the increase in temperature
during the test. In contrast, the same thermocouples were glued on the exposed
surface of the glass specimens using FixWool FX adhesive, a glue designed for
high temperature applications (up to 1300˚C) and characterised by high homogene-
ity and easiness of application.

The tests were performed in two configurations for the thermal boundary condi-
tions at the unexposed surface (back). First, specimens of each material were tes-
ted with the unexposed surface free (fully exposed to ambient conditions). Second,
specimens of each material were tested with a layer of 20 20 cm2 ceramic fibre
(Insulfrax S Blanket—25 mm thick), placed and ensured in contact with the unex-
posed surface of the specimen.

The testing procedure foresees that, at the beginning of each test, a protecting
plate was placed between the heating pads and the specimen, at about 40 cm dis-
tance from the heating pads in order to limit its influence on the temperature of
the heating pads and to protect the test specimen (shown in Fig. 21a). The pro-
tecting plate was then removed when the temperature of the heating pads reached
the target temperature of 925˚C and steady-state conditions were established (sta-
bilisation time of 55 min) and the distance between the specimen and the heating
pads was adjusted to the desired 25 cm (shown in Fig. 21b). The thermal tests
were performed for 30 min after the removal of the protecting plate.

5.2. Numerical Modelling

In order to verify the accuracy of the thermal problem defined in the experiments,
a numerical model was established based on Eq. (1), considering a unit view fac-
tor (F ) and neglecting the radiative heat gains from the far field [15]. The software
used to establish the numerical model was Abaqus 2019 [38]. Accordingly, the net

heat flux absorbed by the specimen at the exposed surface ( _q00net) can be calculated

as:

_q00net ¼ a � _q00inc � hc T surf � T1
� �� erT 4

surf ð2Þ

As illustrated in Fig. 22, two cases for each tested material were modelled as one-
dimensional heat transfer with varying thermal boundary conditions at the unex-
posed surface of test specimens. The first case referred to the tests with a free

unexposed surface of the specimen, where convective ( _q00loss;convÞ and radiative

( _q00loss;radÞ losses were considered (see Fig. 22a). For the case with ceramic fibre

insulation, the conductive losses ( _q00backÞ were calculated at the unexposed surface
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of the specimen considering the thermal properties of the insulation material and
including again convective and radiative losses at the back surface (see Fig. 22b).

In order to solve the heat transfer problem, various input parameters were
defined. As regards the thermo-physical properties, the materials properties of

Figure 20. Photography of specimens tested: (a) carbon steel and
stainless steel plates with welded thermocouples, (b) glass plates.

Figure 21. Photography of a bench-scale test: (a) during the heating
process of the panel, with an insulation plate between the specimen
and the heating pads, (b) during the specimen exposure.
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ceramic fibre were defined as constant for density and specific heat capacity, and
function of temperature for thermal conductivity, as shown in Table 2. The prop-
erties of carbon steel and stainless steel [28] as well as the properties of glass
[29, 33] were included as functions of temperature.

The emissivity and absorptivity of carbon steel were set as 0.7 [28], 0.4 for
stainless steel [28], and 0.6 for ceramic fibre [32]. The glass absorptivity was
defined according to Table 1 in the case of a free unexposed surface, while the
emissivity value (absorptivity+transmissivity) was used for the case with the insu-
lated unexposed surface since glass could not transmit heat wave due to the opa-
que substrate. Finally, the convective heat transfer coefficient was set equal to
10 W/m2 K, both for the exposed and unexposed surfaces, using empirical correla-
tions found in the literature [3].

5.3. Experimental and Numerical Results

The numerical results and the temperature evolutions measured in the bench-scale
tests are presented in Fig. 23a for carbon steel, Fig. 23b for stainless steel and
Fig. 23c for glass specimens. The temperature evolutions obtained experimentally
are shown as temperature ranges which include the measurement inaccuracies
based on readings of thermocouples attached to the same specimen (±5˚C) and
the thermocouple accuracy specified by the producer (±4˚C up to 1000˚C). On the
other hand, the temperature evolutions obtained numerically include the inaccu-
racy of the heat flux definition, shown in Fig. 10 (±1.5 kW/m2 for the test condi-
tions described in Sect. 5.1) which are presented as shaded areas. It is also
important to mention other uncertainties not included in the plot. For instance,

Figure 22. Schematic drawings of boundary conditions modelled: (a)
free unexposed surface, (b) fibre placed on the unexposed surface; _q00

s
refers to heat storage within the specimen and _q00

back refers to conduc-
tive heat transfer from the specimen to the fibre.
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the value of the convective heat transfer coefficient is kept as an approximated
constant value (10 W/m2 K on both sides) while in reality, it may vary during the
test and from test to test and is dependent on many factors: conditions in the lab-
oratory (e.g. flow fields), and specimen geometry (e.g. size and orientation). More-
over, the thermo-physical properties of tested materials, especially the properties
of the ceramic fibre used to insulate the unexposed surface, are applied as either
constants or values for certain temperature points. These properties are highly
temperature- and product-dependent, and they largely vary depending on the ref-
erenced source. Additionally, some attention has to be paid to the glass transmis-
sion coefficient which may vary depending on the glass composition, surface

Table 2
Thermal Properties of Ceramic Fibre

Density (kg/m3) 128 [30]

Specific heat (J/kg K) 1000 [31]

Thermal conductivity (W/m K) [30]

20˚C –

200˚C 0.05

400˚C 0.08

600˚C 0.12

800˚C 0.18

1000˚C 0.29

Figure 23. Temperature evolution on the exposed surface of the
specimen, compared to the temperature evolution obtained through
numerical modelling: (a) carbon steel, (b) stainless steel, (c) glass.

Fire Technology 2023



treatment and emissivity spectrum of the heat source. For the current simulations,
this coefficient was taken from the literature.

As regards the carbon steel and stainless steel plates with free unexposed sur-
faces, the experimental results for both types of steel are very comparable with the
numerical results (±15˚C), confirming the correct definition and estimation of the
thermal boundary conditions at the test specimens and imposed by the developed
experimental apparatus.

In contrast, the specimens tested with fibre on the unexposed surface achieved
significantly lower temperatures after 30 min than what was obtained in the
numerical simulations (about±50˚C compared to temperatures of specimens mod-
elled with fibre). The reason for this difference could be related to the underesti-
mation of the conductive heat losses at the substrate insulation in the numerical
model (steady-state thermal conductivity values were used) and the insufficient
contact between the test specimen and the ceramic fibre, which could have resul-
ted in heat losses at the connecting interlayer.

On the other hand, both configurations with glass specimens obtained similar
temperature evolutions as in numerical modelling (±40˚C for free specimen and±
16˚C for insulated specimen). The differences might be caused by the presence of
non-transparent glue used for the thermocouple attachment and inaccuracies in
the definition of the glass optical surface properties (e.g. absorptivity, transmissiv-
ity, and emissivity), which highly depend on many factors (e.g. radiation emissiv-
ity spectrum).

6. Discussion

The previous sections have presented and discussed the experimental apparatus
for bench-scale fire testing that uses electrical heating pads. From the various
analyses and experimental results, it is possible to highlight different advantages
and shortcomings of the presented apparatus compared to other bench-scale
methodologies that involve radiant panels and primarily radiative heat fluxes for
fire testing.

6.1. Advantages

In addition to the relatively low cost, this research study has first underlined the
ease of using radiant panels for fire testing bench-scale specimens, along with their
flexibility and modularity for many research applications.

The safe environmental conditions that can be easily achieved using this appa-
ratus were also stressed. No combustion and hazardous gases are released by the
electricity-powered heating pads, whereas these are usually produced by gas-fired
radiant panels. This could represent a hazardous situation in the case of laborato-
ries without a dedicated extraction system and/or with limited dimensions. More-
over, this solution avoids any complications related to the installation and storage
of flammable gases.

Also, it was shown how the supplied electrical power and the heating pads’
temperature, therefore the thermal boundary conditions, can be controlled in a
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precise manner up to the heating pads’ temperature of 950˚C, owing to the auto-
matic regulation system of the transformer.

Furthermore, experimental results have emphasised how the thickness of the
convective boundary layer of the heating surface is significantly lower than with
gas-fired radiant panels. This significantly reduces the area of convective influence
and enables to test specimens at lower distances between the exposed specimen
surface and the heating pads and achieve higher heat fluxes, still avoiding the
interaction between the boundary layers of the specimen and the heating pads,
and directly control the thermal boundary conditions imposed on specimens.

The described apparatus is highly-modular and mobile, and it can be used in
most circumstances and laboratories, assuming sufficient available electrical power
and electrical safety precautions. When fire testing non-combustible materials, the
apparatus does not require an exhaust system to collect combustion gases and
smoke, a requirement that limits the application and flexibility of using gas-fired
radiant panels.

6.2. Limitations

The apparatus certainly requires the availability of important electrical power.
However, the electrical power required for this apparatus falls within the typical
capabilities of major laboratories and the power required to feed the 0.28 m2 heat-
ing surface is well below the 65 kVA capacity of the transformer.

Due to the high thermal inertia of the heating pads, the heating and cooling
processes are quite time-consuming. The heating pads take about 15 min to
achieve a homogeneous steady-state temperature of 800˚C over its surface and this
process can take more than 45 min for higher temperatures or for full power
mode. In addition, the apparatus typically takes 1.5–2 h to decrease its tempera-
ture back to ambient conditions between successive tests, unless forced convection
is applied for cooling (e.g., mechanical fan or compressed air).

While the maintenance of the apparatus is quite limited and low in cost, the
heating pads and the steel grid may require frequent replacement in case of
intense and prolonged use.

One of the main limitations of this apparatus is the fact that the temperature of
the heating pads, and therefore the thermal boundary conditions, can be con-
trolled only up to 950˚C. This results in a relatively low range of incident heat
fluxes for fire testing, with values up to approximately 50 kW/m2. However, if
higher heat fluxes and temperatures have to be achieved, it is possible to set the
heating pads in full power mode. In this case, the temperature of the heating pads,
and therefore the incident heat flux, are not directly controlled and the testing
conditions are affected by many factors: for instance, the presence of a specimen,
the type of the specimen, the size of the specimen, the presence of thermal shields,
and the distance between the specimens and heating pads. This increases the
experimental uncertainties and causes a lower understanding and control of the
thermal boundary conditions, but it extends the capabilities and application of the
experimental apparatus.
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6.3. Future Possibilities

The high flexibility and modularity of the presented apparatus can enable many
other future applications for investigating the behaviour of various construction
materials and systems exposed to fire and/or elevated temperatures.

Among many possibilities, the heating surface and test specimens can be
increased in size. It is easy to increase the heating surface dimension by adding
and connecting more heating pads. Using the described transformer, it would be
possible to create a heating surface of 0.67 m2 (two layers) or even a heating sur-
face of 1.34 m2 (one layer). This would enable testing specimens of higher dimen-
sions and obtaining higher heat fluxes at the same distance.

The heating pads can be also configured to work using different heating zones
over the radiant surface. The transformer allows to create up to six different tem-
perature zones on the heating pads, creating different temperature gradients and
various distributions of heat fluxes over the exposed surface of test specimens. For
example, this application can be useful to recreate specific glass breakage patterns
caused by temperature gradients.

Finally, the heating surface can be installed in an enclosure with controlled
environmental conditions. This would allow for testing materials and systems in
different environmental conditions, for example in controlled oxygen or nitrogen
atmosphere, low-pressure chamber and/or various humidity levels. This is the case
for the cone calorimeter, of which a customised version has already been designed
for this purpose, showing a possible direction for future development of this
experimental apparatus [40].

7. Conclusions

This research study presents an experimental methodology that uses electrical
heating pads for fire testing bench-scale samples, characterised by lower costs
compared to well-known gas-fired radiant panels apparatus (e.g. H-TRIS), but
still enabling high experimental repeatability and versatility for many applications.
The research study analyses its functionalities, including the testing methodology
and the characterisation of the heating conditions. The presented experimental
apparatus imposes specific thermal boundary conditions by controlling the tem-
perature of the heating pads and a large range of heating conditions can be
imposed on test specimens for investigating the behaviour of modern construction
materials and systems exposed to fire and/or elevated temperatures.

Three modes of testing were described: controlled temperature in an open envi-
ronment, full power mode in an open environment (with or without a specimen)
and full power mode with a thermal shield. On one hand, the first mode is very
useful for any type of systematic research due to the well-defined thermal bound-
ary conditions, ensuring a comprehensive and robust approach. On the other
hand, the other two modes are more suitable for internal R&D projects which aim
at imposing higher heat flux and achieving higher temperatures, at the cost of
compromising the well-defined boundary conditions. These projects usually focus
on pushing the limits of materials and systems in order to understand changes in
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fire behaviour and how to improve them. In the end, the choice of a suit-
able mode depends on the needed approach and aim of the tests.

There are many important advantages of the described apparatus: among oth-
ers, its relatively low cost and its flexibility and modularity for many research
applications. There are various disadvantages as well, i.e. thermal inertia of the
heating pads. The apparatus characteristics, along with its main advantages and
limitations described in this study, provide an extensive overview of its capabilities
and potential applications. It is crucial to consider all features of the apparatus
when choosing as testing equipment and method for a specific research program.
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