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Abstract

Corner fires are known to spread more intensely in comparison with sin-

gle wall fires. In view of the challenges associated with prediction of such

fire behavior, the fire growth in a corner configuration of Medium Density

Fiberboard (MDF) panels is investigated to provide a set of experimental

data, performing Single Burning Item (SBI) tests. First, though, test results

with inert calcium silicate panels are discussed for three values of HRR (10,

30 and 55 kW), allowing to address the main physics involved. The experi-

mental data for 30 kW, the default SBI HRR, is used for detailed discussion

of the observations. The SBI testing methodology, materials, and set-up

are described. The results of total Heat Release Rates (HRR) and Smoke

Production Rates (SPR), as well as the panel temperatures and total heat

fluxes at several characteristic locations are analyzed. Moreover, the puffing

frequency of the corner fire is characterized thanks to Video Fire Analysis

(VFA) of the experimental footage. Additionally, flame heights are discussed,

including the concept of mirroring. A new correlation for mean flame height

is introduced, using the hypotenuse of the triangle as characteristic length for
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entrainment of air into the fire plume, and expressing that the flame height

increases proportional to the square root of the fire heat release rate. The

30 kW propane burner of the standard SBI test is shown to feature a mean

flame height of nearly 0.9 m and a puffing frequency of 2 ± 0.3 Hz, and an

average total heat flux exceeding 44 kW/m2 near the burner early on in the

test. The completeness of the dataset is expected to be useful for testing and

development of CFD codes for corner fire scenarios.

Keywords: corner fire, single burning item test, heat release rate, heat flux

1. Introduction

In fire safety problems, corner fire scenarios are often considered in flame

spread scenarios [1] since fires spread more intensely in such a configura-

tion in comparison with single wall fires. This is because the rate of mixing

with ambient air in a corner fire plume is less than that of a free burning

fire plume [2], leading to extended flame heights and high plume tempera-

tures [3]. This causes the walls to heat up more effectively in a corner fire

configuration. Reduction in radiation losses to the surroundings and also re-

radiation among the walls are other influencing factors [4]. Accordingly, an

accurate description of pyrolysis of combustibles and surface flame spread in

such a configuration by means of pyrolysis codes and Computational Fluid

Dynamics (CFD) software is of great interest to the fire safety community.

Correspondingly, numerous tests have been conducted to study the behavior

of fire in corner configurations and to obtain suitable data for evaluation of

fire modeling codes in this area, as in [2, 5–12], often resembling ISO Room

Corner tests [13].
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The corner fire tests in our experimental campaign comprise several Single

Burning Item (SBI) tests [14]. From an experimental perspective, SBI consti-

tutes a key fire spread test since it forms the basis for classification of linings

in Europe [15] and is an intermediate-scale test aiming to bridge the gap be-

tween bench-scale tests such as Fire Propagation Apparatus (FPA) tests [16]

and full-scale tests such as ISO Room Corner tests [13]. Subsequently, being

able to accurately predict the corner fire behavior in SBI is equally important

and of interest [17, 18]. More specifically, as the results of a previous study

suggest [12], predicting the global HRR evolution in modeling of a SBI corner

fire is more challenging than for ISO Room Corner or Cone Calorimeter tests

[19], showing higher sensitivity to the boundary condition at the backside of

the walls. In this view, our experimental campaign focuses on the corner fire

behavior in SBI experiments through several tests conducted with Medium

Density Fiberboard (MDF) panels as well as inert calcium silicate panels.

We monitor the fire behavior in the tests using cameras from two different

angles and measure the evolution of panel temperatures, total Heat Release

Rates (HRR) and Smoke Production Rates (SPR), as well as the total heat

fluxes at the standard thermal attack calibration points of SBI [14]. In Part

II [20], the results obtained for MDF panels are discussed. Here, we focus on

all the details of the experimental methodology and set-up.

In the present work, the evolution of the panel temperatures is investi-

gated via through-thickness temperature measurements at various locations

over the burning panels. In addition, the evolution of temperatures at the

backside of the burning walls is discussed. This is an essential component

since it helps quantifying the heat losses from the backside. Earlier numerical
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studies of corner fires have indicated the need for experimental quantification

of this heat loss [12, 21] and have highlighted its significance when transition-

ing from the small scale of Cone Calorimeter tests [19] to larger scales of SBI

tests [14] and ISO Room Corner tests [13]. To the best of the authors’ knowl-

edge, this has not been investigated experimentally in a systematic manner

before. Another relevant subject is the level of symmetry of the thermal

attack on the two panels. This is investigated in our study via analysis of

the evolution of the through-thickness panel temperatures, and Video Fire

Analysis (VFA) [22, 23]. Furthermore, the puffing frequency of the corner

fire is characterized in order to provide experimental data for comparison

with that of free burning fire plumes [24].

Tests with inert Calcium Silicate (CS) panels are discussed, as in [5, 25–

27]. The basic test (‘CSCS’) has the default SBI heat release rate of 30 kW.

Two additional tests have been performed for HRR = 10 kW (‘CSCS10kW’)

and 55 kW (‘CSCS55kW’). While quantitatively obviously different, quan-

titatively no fundamental differences are observed. Therefore, the 30 kW

results are used herein as the basis for the analysis of the phenomena ob-

served.

2. Methods and materials

The material properties of the CS panels are presented in Table 1, as

obtained from the technical specification sheet provided by the supplier. The

general experimental set-up of the SBI tests has been previously described

by the authors in [28]. Nevertheless, it is presented here in more detail. As

portrayed in Fig. 1, two test panels are placed in a vertical position and
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perpendicular to each other to form a corner. The long panel is 1.5 m high

and 1.0 m wide, while the short panel is 1.5 m high and 0.5 m wide. The

sample panels are conditioned prior to the tests at 21oC and 50% relative

humidity. A triangular propane sandstone burner with side dimension of

0.25 m is located at a 0.04 m clearance from the panels. The propane burner

operates by default at a HRR of 30 kW, representing a corner fire source at

the bottom corner of the panels. When the burner is ignited at the beginning

of the experiments (t = 0 s), it takes less than 30 s for the burner to stabilize

within ±1 kW of the desired peak HRR (see Fig. 2), except in the case of 55

kW where it takes approximately 60 s.

The hood on top of the testing trolley extracts the gases at an average flow

rate of 0.6 Nm3/s (normal cubic meter per second at 298 K). Subsequently,

the evolution of the total HRR and SPR is determined based on the concepts

of oxygen depletion [29] and smoke obscuration [30], respectively.

Table 1: material properties of the CS panels (from the source supplier)

Property Value

Thickness [m] 0.0123 ± 0.001

Density [kg/m3] 1005 ± 5%

Moisture content [%] 5 - 10

Thermal conductivity [W/(m.K)] 0.17a

Specific heat capacity [J/(kg.K)] 920b

a The nominal value of thermal conductivity is 0.17, 0.19 and 0.21 W/(m.K)

at temperatures of 293, 373 and 473 K.

b The nominal value at 673 K.
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Figure 1: The geometry of the SBI tests’ enclosure (units in m): there are two openings

in the enclosure, namely the hood on top of the testing trolley, which extracts the gases

(0.6 Nm3/s), and the vent at the bottom of the backside of the trolley (1.16 m by 0.32

m) where fresh air enters the enclosure. The bottom sides of the trolley are covered with

perforated steel plates (50% open area), to produce a more uniform airflow. The total

exposed height of the panels is 1.46 m, and there is an air gap behind each panel, i.e., 0.30

m wide behind the long panel and 0.28 m wide behind the short panel. The image is not

to scale.
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Figure 2: The HRR ramp of the burner at the start of the SBI tests (to the left), and the

layout of the measurements made on the panels in the SBI experiments (to the right, with

distance units in meters): panel temperatures are measured using thermocouples either

at 0.001 m depth only ( ), at 0.001 m depth and the backside ( ), at 0.001 m and 0.002

m depth ( ), or at 0.001 m, 0.002 m and the backside simultaneously ( ). Total heat

fluxes are measured using sensors to . Horizontal and vertical axes references have

been denoted with X and Y , respectively. The right drawing is not to scale.

Temperature measurements are made all over the panels at different

depths and at the backside using K-type thermocouples, as depicted in Fig.

2. The through-thickness measurements are made by placing the thermocou-

ples inside holes, drilled from the backside of the panels. Conduction along

the thermocouple-leads is assumed to be negligible. Each thermocouple has

its wires welded only at one terminal bead to ensure that through-thickness

temperatures are recorded strictly at the desired depth. The thermocouple

bead, sized approximately 0.0015 m, is fixed in place firmly using thermal ad-

hesive 940 HT-1 from Polytec PT in Germany. This paste provides superior

thermal conductivity (with thermal conductivity of 2.1 W/(m.K), i.e. over
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10 times that of the CS panels). Due to its alumina oxide base, the paste does

not decompose at high temperatures and is electrically nonconductive so it

does not interfere with the functioning of the thermocouples. For different

depth measurements at the same location, independent holes are considered

with 0.01 m separations, in order to reduce the influence from the neigh-

boring measurements, and to have better contact between the thermocouple

beads and the panel. It is illustrated below that this shift in position is not

crucial for the temperature evolutions (Fig. 10).

Measurements of total heat fluxes are made using water-cooled Schmidt-

Boelter heat flux sensors with a working range up to 75 kW/m2. As depicted

in Fig. 2, the measurements are made at the three thermal attack calibration

points set forth by Annex D.2 of SBI’s standard [14]. As the combustion of

propane from the burner yields a considerable amount of water vapor, con-

densation occurs on the cooled sensors, causing errors reported as high as 8%

[10]. Therefore, as a conventional practice, the temperature of the cooling

water supplied to the sensors is maintained at 50oC to diminish condensation

errors. All the sensors are set flush with the surface of the panels. Further-

more, the flame position is recorded by video cameras from two different

angles, one facing the long panel and the other one facing the short panel.

3. Results and discussion

3.1. Heat Release Rates (HRR) and Smoke Production Rates (SPR)

The HRR and SPR evolutions, shown in Fig. 3, are determined as de-

scribed in EN 13823 [14]. The HRR reaches the nominal value in approxi-

mately 30 s and has a very gradual rise until the end of the test. For test
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CSCS, the average HRR during the final 100 s of the test is 31.9 kW, with

corresponding standard deviation of 0.4 kW. This is consistent with the sta-

bility requirement specified by SBI’s standard [14], i.e., an average burner

HRR of 30.7 ± 2 kW. In case of tests CSCS10kW and CSCS55kW, the aver-

age HRR during the final 100 s of the test is 11.4 and 54.7 kW, respectively,

with corresponding standard deviations of 0.3 and 0.5 kW. Very similarly,

the SPR reaches a nominal value (0.05 m2/s in test CSCS) after approxi-

mately 30 s. Thereafter, the SPR rises very gradually, but it nearly doubles

over a span of 1000 s. The average SPR value during the last 200 s of test

CSCS is 0.097 m2/s (0.03 and 0.11 m2/s in tests CSCS10kW and CSCS55kW,

respectively).

Figure 3: The evolution of total HRR (a) and SPR (b) for tests at 55 kW (CSCS55kW),

30 kW (CSCS) and 10 kW (CSCS10kW).
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Figure 4: The flame shapes and soot deposition patterns on the CS panels in tests

CSCS55kW (a and b), CSCS (c and d) and CSCS10kW (e and f): circles 1 to 3 indi-

cate the heat flux sensors (located at positions shown in Fig. 2. Note that there is no soot

deposition at the bottom corner.
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The gradual rise in the HRR and SPR is expected to be due to the slow

pyrolysis of the surface soot deposit on the CS panels (see Fig. 4). Figure

4 indicates no soot deposition on the panels at the bottom corner near the

burner, suggesting more efficient combustion there, because the gas temper-

atures are the highest in that region. Note that this high temperature region

is more extended at higher HRR as the soot deposition patterns suggest (Fig.

4). The gradual rise in the HRR and SPR profiles in Fig. 3 is not a ‘drift’

(i.e., a gradual increase in the measured value despite a constant physical

value). The drifts associated with the measurements of gas concentrations

(for HRR determination) and light attenuations (for SPR determination) are

calculated after each test based on the specifications of SBI’s standard [14]

and are confirmed to be negligible.

3.2. Mean flame heights

The mean flame height is defined as the distance above the fire source

where intermittency is 50% [31]. We retrieve the mean flame heights from

the instantaneous flame heights from the experimental footage frames via

software analysis [22, 23], averaging them over a window of 2 s, at every 20

s. The averaging window is limited to 2 s, equivalent to approximately 50-60

frames, to ensure minimal transient effects from the fire growth in case of

fire spread (relevant for Part II [20]). The evolution of mean flame heights is

presented in Fig. 5, along with corresponding data from Zhang et al. [17].

Zhang et al. [17] conducted 6 SBI tests with insulation fiberboard panels

to determine the mean flame heights in the SBI configuration, at HHRs

ranging from 15 to 60 kW. They measured the mean flame heights using

an image processing technique based on the flame presence probability [32].
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Figure 5: The mean flame heights for CSCS10kW (a), CSCS (b), CSCS55kW (c), along

with corresponding data from Zhang et al. [17] and values from correlations of Hasemi et

al. [2], Kokkala [6] and Heskestad [33], using the side length of the triangular burner as

the characteristic fire diameter (refer to Eqs. 1 to 3).

Hence, they randomly selected a number of images from a footage sequence

of approximately 180 s, and a flame height was obtained for each image. A

probability was then associated with each obtained flame height, representing
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its intermittency. Subsequently, the mean flame height was obtained where

intermittency was 50%. As a result of this holistic approach, only one overall

mean flame height was calculated for the entire 180 s of the footage in total.

There is no value for 10 kW, but the values for 30 kW (0.81 m) and 55

kW (1.19 m) agree with our values to within 10%. The average mean flame

heights in tests CSCS10kW, CSCS and CSCS55kW, are 0.46 m, 0.87 m, and

1.12 m, respectively.

It is worthwhile to analyze how the results compare to values obtained

from existing correlations for corner fires. The following correlations are used,

as expressed in Zhang et al. [17]:

• Hasemi et al. [2]: Hf, avg = 3.65 ·D ·Q∗2/3 (1)

• Kokkala [6]: Hf, avg = 3.03 ·D ·Q∗0.9 (2)

• Heskestad [33]: Hf, avg = −2.04 ·D + 6.62 ·D ·Q∗2/5 (3)

where Hf, avg is the mean flame height (m), and Q∗ is the dimensionless HRR

parameter equal to Q̇/(ρaCpTa
√
gD5/2), where Q̇ is the HRR (W), D is the

characteristic fire diameter (m), and ρa, Cp and Ta are the density (kg/m3),

specific heat capacity (J/kg.K) and temperature (K) of the ambient air.

It must be noted that the correlations were developed based on square

burners. Heskestad’s correlation (Eq. 3) relies upon the assumption that a fire

against a wall could be modeled as if there was an identical ‘imaginary’ fire

mirrored on the other side of the wall. In the case of a corner configuration,

the actual fire source is considered as one quarter of the total fire, i.e., actual

plus imaginary (see Fig. 6.a). Thus, the flame height is determined as if the
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total fire source burnt in the open air. This mirroring model is applicable

for a corner fire only when the gap between the burner and the walls is less

than twice the characteristic dimension of the burner [34], which is the case

here (only 0.04 m distance from the corner).

As the correlations were originally not developed for triangular burners,

it is not clear what is the ’best’ fire diameter choice. The key physical phe-

nomenon here is air entrainment from the sides. As such, the side length (0.25

m) of the triangle or the hypotenuse (0.35 m) are most strongly related to

the physics involved. Yet, other geometrical choices are possible: equivalent

diameter [35] (
√

4 · A/P = 0.2 m), hydraulic diameter [36] (4A/P = 0.15

m), or square root of area [37] (
√
A = 0.18 m). Table 2 provides an overview

of the results.

Another approach for estimating Hf, avg would be to apply the mirror-

ing principle for the triangular burner, starting from Heskestad’s original

correlation for a freely burning fire [33]:

Hf, avg = −1.02 ·D + 3.7 ·
(

1

ρaCpTa
√
g

)2/5

Q̇2/5 (4)

Fig. 6.b makes clear that, in the case of a triangular burner, the length of the

hypotenuse serves as D for the total fire, whereas Q̇ is to be replaced by 4·Q̇

for the total fire (i.e., real corner fire plus imaginary source). Hence, for a

triangular fire source in a corner, the correlation resulting from the mirroring

principle should read:

Hf, avg = −1.02 ·D + 6.62 ·
(

1

ρaCpTa
√
g

)2/5

Q̇2/5 (5)
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Table 2: Mean flame heights obtained from correlations using different characteristic fire

diameter definitions. The side length and hypotenuse are most directly related to the

physics (air entrainment). Percentages indicate deviations from the experimental values

(1.12 m for CSCS55kW, 0.87 m for CSCS and 0.46 m for CSCS10kW).

HRR Diameter definition
Prediction of correlation

(kW) Hesami [2] Kokkala [6] Heskestad [33]

55 Side length (0.25 m) [17] 1.22 m (9%) 1.12 m (0%) 1.46 m (30%)

Hypotenuse (0.35 m) 0.97 m (-13%) 0.73 m (-35%) 1.25 m (12%)

Equivalent diameter (0.20 m) [35] 1.41 m (26%) 1.48 m (32%) 1.56 m (39%)

Hydraulic diameter (0.15 m) [36] 1.74 m (55%) 2.18 m (95%) 1.67 m (49%)

Square root of area (0.18 m) [37] 1.53 m (37%) 1.72 m (54%) 1.61 m (43%)

30 Side length (0.25 m) [17] 0.81 m (-7%) 0.65 m (-26%) 1.03 m (19%)

Hypotenuse (0.35 m) 0.65 m (-25%) 0.43 m (-51%) 0.83 m (-5%)

Equivalent diameter (0.20 m) [35] 0.94 m (9%) 0.86 m (-1%) 1.14 m (31%)

Hydraulic diameter (0.15 m) [36] 1.16 m (33%) 1.26 m (45%) 1.24 m (43%)

Square root of area (0.18 m) [37] 1.02 m (18%) 1.00 m (15%) 1.18 m (36%)

10 Side length (0.25 m) [17] 0.39 m (-15%) 0.24 m (-48%) 0.48 m (5%)

Hypotenuse (0.35 m) 0.31 m (-32%) 0.16 m (-66%) 0.28 m (-39%)

Equivalent diameter (0.20 m) [35] 0.45 m (-1%) 0.32 m (-31%) 0.59 m (28%)

Hydraulic diameter (0.15 m) [36] 0.56 m (21%) 0.47 m (2%) 0.70 m (51%)

Square root of area (0.18 m) [37] 0.49 m (7%) 0.37 m (-19%) 0.63 m (38%)

This correlation, unfortunately, tends to overestimate the mean flame heights

(i.e., 0.64 m, 1.19 m, and 1.61 m, versus 0.46 m, 0.87 m and 1.12 m in

tests CSCS10kW, CSCS and CSCS55kW, respectively). Interestingly, the

experimentally determined mean flame heights relate more closely to Q∗1/2:

Hf, avg/D = 4.0 ·Q∗1/2 (6)
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with R2 = 0.9923. This is in line with the correlation reported in [25] for

the maximum flame heights of a square burner in a corner with a ceiling:

Hf, max /D = 5.9 ·Q∗1/2 (see Fig. 7).

Figure 6: The mirroring model for estimating the mean flame height of a square burner

in a corner [33] (top), and that advisable for the SBI triangular burner (bottom). Arrows

indicate air entrainment sides, and parameters D and Q̇ indicate the diameter and HRR

of the burner, respectively. Refer to Eqs. 4 and 5 for explanations.
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Figure 7: Dimensionless flame heights, Hf /D, versus the dimensionless HRR parameter,

Q∗ = Q̇/(ρaCpTa
√
gD5/2), in tests CSCS10kW, CSCS and CSCS55kW, along with the

correlation of Lattimer et al. [25] for Hf, max /D (note that they used a square burner in

a corner with a ceiling). The characteristic diameter, D, is taken to be the hypotenuse of

the SBI burner (0.35 m). Parameters Hf, min, Hf, avg and Hf, max, indicate the minimum,

average and maximum flame heights, respectively.

3.3. Corner fire puffing frequency

Figure 8 shows the intermittency of the corner fire in test CSCS for a 1

s footage sequence between t = 30 and 31 s. This is when the flames from

the burner are steady and there is no deposition of soot on the panels yet.

As shown in Fig. 8, each second of the experimental footage contains several

cycles of periodic ‘puffing’ [38], playing an important role in the heat release

rate in the buoyant diffusion flames [39, 40].

The frequency of puffing is associated with the rate of air entrainment

into the plume. For a freely burning flame with a round burner geometry,

17



entrainment is essentially the same from all directions. With a square burner

geometry, there are some corner edge effects, although entrainment is still

essentially the same from all the four sides. In the triangular geometry at

hand, i.e., a right-angled triangle, the lengths of all the entrainment sides

are not equal, and the corner edge effects are expected to be relatively large

(i.e., the burner area is relatively small).

The puffing frequency has been evaluated for all tests by Fast Fourier

Transform (FFT) analysis [41] of the flame heights after t = 300 s (Fig.

9). The sampling rate is 25 Hz and a total of 211 = 2048 samples are an-

alyzed (sampling duration ≈ 82 s). The obtained puffing frequency values

are roughly 2.2 Hz (CSCS55kW), 1.9 Hz (CSCS), and 2.0 Hz (CSCS10kW),

respectively. Hence, there is no strong influence observable from the magni-

tude of HRR, just as reported in the literature [39, 40, 42]. Therefore, an

approximate average value of 2 ± 0.3 Hz can be considered for the puffing

frequency in tests CSCS55kW, CSCS, and CSCS10kW. Note must be taken

that although the FFT amplitudes are occasionally high at frequencies near

0 Hz (Fig. 9), such low frequencies are not to be associated with the puffing

phenomenon because their corresponding time-scale is several orders of mag-

nitude longer than that relevant for puffing (expected in the range of 0.1 to

0.5 s for fire diameters between 0.1 and 0.5 m [42]).

The authors are not aware of other experimental data on puffing frequen-

cies in corner configurations. Therefore, Table 3 shows a comparison with

the correlation by Zukoski et al. [24], for free burning plumes:

f = (0.5± 0.04) · (g/D)1/2 (7)

18



Figure 8: Corner fire intermittency in test CSCS during a sequence spanning t = 30 − 31

s: each second of the experimental footage contains several cycles of puffing [38].

where f is the puffing frequency (Hz), D is the fire diameter (m,) and g

is the gravitational acceleration (9.81 m/s2). The different options for D

are used. As mentioned in Table 2, the side length and hypotenuse of the

triangular burner are most directly related to the physics of air entrainment.

The free plume puffing frequencies in Table 3 are reasonably higher than

the average experimental value in tests CSCS55kW, CSCS and CSCS10kW,

suggesting that puffing in the corner configuration is slower than that in

open air configuration. This is expected since air entrainment is significantly

restricted (by nearly 40% [43]), leading to slower puffing.
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Figure 9: The puffing frequency for tests CSCS55kW (a), CSCS (b), and CSCS10kW (c),

based on FFT analysis [41], with sampling rate = 25 Hz, and sampling duration = 82 s,

i.e., 211 = 2048 samples.
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Table 3: Free plume puffing frequencies obtained using the correlation of Zukoski et al.

[24]. Note: this correlation was not developed for a triangular burner. The side length

and hypotenuse are most directly related to the physics (air entrainment). Percentages

indicate differences from the approximate average experimental value of 2 Hz observed for

the corner fire puffing frequency in CSCS55kW, CSCS and CSCS10kW.

HRR (kW) Diameter definition Free plume puffing frequency

Side length (0.25 m) [17] 3.1 ± 0.3 Hz (57 ± 13%)

Hypotenuse (0.35 m) 2.6 ± 0.2 Hz (32 ± 11%)

55, 30, or 10 Equivalent diameter (0.20 m) [35] 3.5 ± 0.3 Hz (75 ± 14%)

Hydraulic diameter (0.15 m) [36] 4.0 ± 0.3 Hz (102 ± 16%)

Square root of area (0.18 m) [37] 3.7 ± 0.3 Hz (85 ± 15%)

4. Panel temperatures

As explained in section 2, panel temperatures are measured at 0.001 m

and 0.002 m depth and at the backside. When multiple depth measurements

are made at the same location, independent holes are drilled with 0.01 m

‘separations’ from each other. Fig. 10 reveals that this separation distance,

either in vertical or horizontal direction, does not affect the measurements

(only 4% average difference between the measurements at 0.002 m depth,

while the distance between their corresponding thermocouples is (0.012 +

0.012)0.5 ≈ 0.014 m). Note that Fig. 10 refers to the test with MDF panels

(Part II [20]), which is more challenging than the CSCS tests here.

The patterns of the measured panel temperatures in test CSCS are shown

as contour plots in Figs. 11 through 12, as well as temperature profiles in

Figs. 13 through 16. The results for tests CSCS10kW and CSCS55kW are

qualitatively very similar and have been uploaded on the online system of
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Figure 10: An example of different temperature evolutions recorded by thermocouples

placed through the thickness and at the backside of the panels from test MM3 in Part

II [20] (diagram ‘a’), and the physical arrangement of the corresponding thermocouples

(diagram ‘b’): the measurements are made by allowing separations of 0.01 m between

through-thickness and backside thermocouples. X and Y denote the distance from the

corner and the bottom of the panels, respectively, while Z denotes the depth from the

surface.

the journal as supplementary materials, containing videos that illustrate the

evolution of panel temperature contour plots over the full duration of all

the experiments. The contour plots in Figs. 11 through 12 are obtained

by utilizing an interpolation scheme based on a combination of bilinear and

polynomial least-square fitting using the QR matrix decomposition technique

[44]. First, taking into account the known temperature values at the mea-

surement points, optimal fitting polynomial functions are estimated of the

form aX5 + bX4 + cX3 + dX2 + eX + f , where parameters a to f are con-

stant coefficients while X is the horizontal distance from the corner. This

is done at every height where measurements have been made, i.e., every 0.2
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m (see Fig. 2). In the next step, vertices are considered at every 0.05 m on

the panels for the aforementioned particular heights and the corresponding

vertex temperatures are determined using the polynomial functions deter-

mined in the previous step. Finally, using the known vertex temperatures,

the temperatures in all other areas are estimated via bilinear interpolation

in the vertical and horizontal direction. For the contour plots in Fig. 12

that denote the temperatures across the entire thickness of the panels, a log-

arithmic least-square fitting is implemented instead. This is deemed more

suitable in this case because previous cone calorimeter experiments [45] in-

dicate that the temperature gradient across the thickness is much larger in

the vicinity of the surface than in the regions near the backside of the panel,

hinting at an exponential temperature distribution across the thickness. The

logarithmic least-square fitting is performed by taking into account the mea-

sured temperature values at 0.001 m and 0.002 m depth and the backside,

considering logarithmic functions of the form a × LN(z) + b, where a and

b are constants, LN is the natural logarithm function, and z is the depth

through the thickness of the panel. This is done at every height where mea-

surements have been made. In the next step, vertices are considered at every

0.001 m across the thickness for the aforementioned particular heights and

the corresponding vertex temperatures are determined using the logarithmic

functions determined in the previous step. Finally, using the known vertex

temperatures, the temperatures in all other areas are estimated via bilinear

interpolation in the vertical and through-thickness direction.

According to the contour plots in Figs. 11 and 12, the heating up of the

panels near the corner is most severe in the persistent zone of the flames,
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Figure 11: The evolution of the panel temperatures in test CSCS at 0.001 m depth (left

column), at 0.002 m depth (middle column), and at the backside (right column): the X

and Y axes denote the distance from the corner and the height from the bottom of the

panels, respectively.
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Figure 12: The evolution of temperatures across the thickness of the long panel at X = 0.3, 0.15 and 0.05 m

in test CSCS: the X and Y axes denote the distance from the corner and the height from the bottom of the

panels, respectively, while the Z axis denotes the depth through the thickness of the panel, with β = 0.0123

m representing the backside. The Z axis has been shrunken between 0.003 m and β linearly, for clarity.
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Figure 13: Long panel’s through-thickness temperatures measured at different locations

in test CSCS: X, Y and Z denote the distance from the corner, the distance from the

bottom of the panels, and the depth from the surface, respectively.
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Figure 14: Long panel’s backside temperatures measured at different locations in test

CSCS: X and Y denote the distance from the corner, and the distance from the bottom

of the panels, respectively.

particularly at heights between 0.4 and 0.6 m, with temperatures as high

as 500oC. This agrees with previous observations that the peak heat flux in

the corner occurs where the continuous flame is attached to the walls [6, 25,

46]. Moreover, it is notable that the evolution of temperatures is slightly

faster on the short panel near the burner. This is due to a set-up specific

phenomenon. Zhang et al. [17] observed this in terms of slightly higher heat

fluxes on the short panel, which they explained through air entrainment

effects and the turbulent nature of the fire. Noting Fig. 8, it is appreciable

that the air supplied from the bottom vent is initially directed more toward
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Figure 15: Comparison of long and short panels’ measured through-thickness temperatures

at different locations in test CSCS: X, Y and Z denote the distance from the corner, the

distance from the bottom of the panels, and the depth from the surface, respectively.

the front side of the trolley, then flows back towards the short panel, and is

eventually extracted by the hood. Thus, it is expected that the flames receive

preferential air flow towards the short panel, leading to slightly stronger

thermal attack near the burner on this panel.

At 0.55 m or further away from the corner, all the through-thickness and

backside temperatures of the long panel remain below 100oC (see contour

plots in Fig. 11 and the temperature profiles in Fig. 13). A remarkable

observation here is that the through-thickness temperatures within this zone

start increasing as early as about t = 60 s whilst there are no flames present

in this region. This early temperature rise is caused by the radiation received

from the corner fire.
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Figure 16: Comparison of long and short panels’ measured backside temperatures at

different locations in test CSCS: X, Y and Z denote the distance from the corner, the

distance from the bottom of the panels, and the depth from the surface, respectively.

Near the corner, the pattern of some of the through-thickness panel tem-

peratures features a momentary level-off before reaching 100oC (Figs. 13.d,

14.b and 16.b). This level-off is due to the energy required to evaporate any

moisture content trapped within the CS panels.

Backside panel temperatures near the corner start rising as early as 60 s

(note temperature profiles in Fig. 14). This relates to the ‘penetration time’

[47], tp = (L2 · ρ ·Cp)/(16 · k), where L is the thickness of the panels (m), ρ is

the density (kg/m3), Cp is the specific heat capacity (J/(kg.K)), and k is the

thermal conductivity (W/m2.K). Therefore, based on the material properties

presented in Table 1, one can determine the corresponding penetration time

of the CS panels as: tp CS = (0.01232 × 1005× 920)/(16× 0.17) = 51s.
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5. Total heat fluxes

As the sensors were set flush with the surface of the panels and were in

contact with hot gases or flames during the tests (Fig. 4), the measured fluxes

are representative of total heat fluxes including radiative and convective heat

exchanges [48, 49]. Since the flux measured by each sensor in the described

conditions is primarily from radiation [50], it is essentially a function of a

T4 difference between the temperatures of the cooled periphery and the hot

black core of the flux sensor. Consequently, although the temperature of the

cooling water (set to 50oC to avoid condensation, as explained in section 2)

deviates from 20oC (at which the sensors are calibrated), this has a negli-

gible effect on the precision of the readings. As in a basic assessment [51],

considering a black-body temperature of 1000oC at the core of the sensor,

and the 30oC deviation of the temperature of the cooling water from 20oC

in the experiments, the ratio of the corresponding T 4 differences will be:

(1000 + 273)4 − (50 + 273)4

(1000 + 273)4 − (20 + 273)4
≈ 0.9987 (8)

which hints at a relative change of less than 0.13%, i.e. indeed insignificant.

Nevertheless, there are typically various potential sources of uncertainty as-

sociated with this type of measurements, such as errors due to calibration

and deposition of soot and dust, which generally lie below 10% [48, 50, 51].

As Bryant et al. [50] have recognized previously that one of the most influen-

tial errors is the change in the calibration constant, the heat flux sensors were

recalibrated after each experiment to diminish this source of error. The cal-

ibration constant is a measure of the sensor’s responsivity, and is calculated
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by a linear regression fit to the sensor’s output signal (in mV) for different

known values of incident heat flux (in kW/m2). After each SBI experiment,

it was noticed that the calibration constant of the sensors remained within

± 3% of the initial calibration. Hence, the change in the responsivity of the

sensors is very reasonable and lies within typical margins [51].

The total heat fluxes measured in tests CSCS55kW, CSCS and CSCS10kW

are shown through Fig. 17 and Table 4. As expected, test CSCS55kW

features the highest total heat fluxes for all the three sensors, while test

CSCS10kW features the lowest heat fluxes. For all the sensors, the mag-

nitude of heat flux difference between tests CSCS and CSCS10kW is over

100% more than that between tests CSCS and CSCS55kW. This is because

as the total HRR is changed from 10 to 30 kW, the HRR increases by 200%,

whereas a HRR change from 30 to 55 kW equals 83% increase in the HRR.

The highest differences between tests CSCS and CSCS10kW are visible at

the location of sensor 1 (located nearest to the burner), showing a difference

of 29 kW/m2 midway through the tests (Table 4). The corresponding differ-

ence between tests CSCS and CSCS55kW is only 8 kW/m2. At the location

of sensors 2 and 3, the total heat flux values are generally lower than those

at the location of sensor 1, because these sensors are less frequently in the

flame region (Fig. 4). This is more pronounced in test CSCS10kW, due to

the smaller fire size (lower HRR) in this test.

All the measured total heat fluxes show a slight increase over the 1200 s

of the experiment. This is mainly due to the gradual increase in the HRR

(see Fig. 3) due to the slow pyrolysis of the surface soot deposit on the CS

panels (see Fig. 4). Moreover, compared to a single wall fire, there is more

31



Figure 17: The total heat fluxes from sensors 1 to 3 in tests CSCS55kW, CSCS and

CSCS10kW. The sensor locations have been shown in Fig. 2.

radiative heat exchange between the panels in a corner configuration (with

higher view factor between the walls) [4], building up as the panels heat

up over time. Therefore, the total heat fluxes on the panels increase over

time as well. Furthermore, the deposit of soot on the panels causes a slight

modification in the emissivity and absorptivity of the panels, although this
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Table 4: Comparison of heat flux data from tests CSCS55kW, CSCS and CSCS10kW.

Sensor locations: see Fig. 2.

Location Time CSCS55kW CSCS CSCS10kW

Sensor 1 t = 20 to 50 s 53 kW/m2 44 kW/m2 19 kW/m2

t = 600 to 630 s 63 kW/m2 55 kW/m2 26 kW/m2

t = 1140 to 1200 s 61 kW/m2 55 kW/m2 28 kW/m2

Sensor 2 t = 20 to 50 s 34 kW/m2 14 kW/m2 3 kW/m2

t = 600 to 630 s 29 kW/m2 20 kW/m2 4 kW/m2

t = 1140 to 1200 s 30 kW/m2 21 kW/m2 5 kW/m2

Sensor 3 t = 20 to 50 s 15 kW/m2 16 kW/m2 3 kW/m2

t = 600 to 630 s 35 kW/m2 25 kW/m2 4 kW/m2

t = 1140 to 1200 s 34 kW/m2 26 kW/m2 4 kW/m2

is expected to have much less of an impact as the initial values of these two

parameters are relatively high.

The total heat fluxes from test CSCS have been compared with corre-

sponding data from a robin study by European Group of Official Labora-

tories for Fire Testing (EGOLF) [52], as well as the experimental study of

Zhang et al. [17], through Fig. 18 and Table 5.

The EGOLF SBI round robin involved measurements from 10 different

laboratories for the purpose of evaluating the repeatability and reproducibil-

ity of the thermal attack in SBI tests. Hence, every laboratory measured the

total heat fluxes at the three locations shown in Fig. 2 during 300 s, for 5

times, and only the average of the results during the last 60 s was considered.

The average total heat fluxes at the location of sensors 1, 2, and 3, were ap-

33



Figure 18: The total heat fluxes from sensors 1 to 3 in test CSCS in comparison with

data from EGOLF round robin [52] and Zhang et al. [17]. The sensor locations have been

shown in Fig. 2.

proximately 55, 14 and 21 kW/m2, respectively. Zhang et al. [17] conducted

9 inert SBI tests with insulation fiberboard panels. They considered 3 HHRs,

namely 30, 45 and 60 kW, each carried out for a duration of 60 s, for 3 times.

A 30 s averaging window was considered for each experiment, and the av-
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Table 5: Comparison of heat flux data from test CSCS with data from Zhang et al. [17]

and EGOLF [52]. Sensor locations: see Fig. 2.

Location Test CSCS Zhang et al. [17] EGOLF [52]

Sensor 1 44 kW/m2 (t = 20 to 50 s) 25-30 kW/m2 (t = 20 to 50 s) – – –

50 kW/m2 (t = 240 to 300 s) – – – 55 kW/m2 (t = 240 to 300 s)

Sensor 2 14 kW/m2 (t = 20 to 50 s) 10-15 kW/m2 (t = 20 to 50 s) – – –

18kW/m2 (t = 240 to 300 s) – – – 14 kW/m2 (t = 240 to 300 s)

Sensor 3 16 kW/m2 (t = 20 to 50 s) 20-25 kW/m2 (t = 20 to 50 s) – – –

23 kW/m2 (t = 240 to 300 s) – – – 21 kW/m2 (t = 240 to 300 s)

erage of the 3 experiments was reported. Based on their final results at 30

kW HRR, the average total heat fluxes at the location of sensors 1, 2, and

3, were between 25 and 30 kW/m2, between 10 and 15 kW/m2, and between

20 and 25 kW/m2, respectively.

The total heat fluxes measured in test CSCS align with the average values

from the EGOLF SBI round robin (Fig. 18 and Table 5), with deviations of

-9, 10 and 10% at locations 1, 2, and 3, respectively. The value of the total

heat flux reported by Zhang et al. seems to be too low at location 1, i.e.,

immediately above the burner.

6. Conclusions

The corner fire characteristics in the SBI configuration were investigated

with inert calcium silicate panels. The material properties, methodology and

setup of the SBI tests have been presented. The results of total Heat Release

Rates (HRR) and Smoke Production Rates (SPR), mean flame heights, cor-

ner fire puffing frequency, panel temperatures, as well as total heat fluxes at

several characteristic locations were discussed for 3 levels of HRR: 10 kW,

30 kW (i.e., the default value for SBI), and 55 kW. The presented dataset
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is expected to be useful for evaluation and development of CFD codes for

corner fire scenarios.

The mean flame heights and positions of the flame tip were analyzed using

Video Fire Analysis (VFA) of the footage. In addition, the puffing frequency

of the corner fire was characterized. Different choices for the ‘characteristic

diameter’ of the triangular burner can be made for use in the correlations for

mean flame height, and this choice has a strong impact on the results. From

a physical point of view (air entrainment), the length of the hypotenuse is the

most logical choice. It is noted, though, that existing correlations have not

been developed for triangular burners, and applying the mirroring principle

for the triangular burner leads to overestimation of the mean flame heights.

A new correlation has been introduced, using the length of the hypotenuse as

characteristic length for entrainment of air into the fire plume, and expressing

that the flame height increases proportional to the square root of the heat

release rate of the fire (Eq. 6).

The backside panel temperatures were discussed as well, establishing the

backside boundary condition. While very useful for CFD simulations, this

had not been investigated experimentally before.

The 30 kW propane burner of the standard SBI test was shown to feature

a mean flame height of nearly 0.9 m and an average total heat flux exceeding

44 kW/m2 close to the burner early on in the test. At HRRs of 10 and 55 kW,

the mean flame heights were approximately 0.5 and 1.1 m, and the initial total

heat flux levels near the burner were over 19 and 53 kW/m2, respectively. The

average puffing frequency was determined not to be strongly influenced by the

HRR, being approximately 2 ± 0.3 Hz for all the HRR tested. This frequency
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was found to be lower than that of a free plume in open air configuration,

namely due to the more restricted air entrainment in the corner geometry.

[Note, though, that the free plume correlation used was not developed for a

triangular burner.] The panel temperatures suggest that the thermal attack

near the burner is slightly stronger on the short panel side due to the set-up

specific flow field. This was observed by Zhang et al. in [17] in terms of total

heat fluxes, as well as in Part II [20] with MDF panels.

Changing the HRR from 10 to 30 kW caused a significant increase in

the total heat fluxes, yielding almost 30 kW/m2 additional heat flux near

the burner. Changing the HRR from 30 to 55 kW caused considerably less

increase in the heat fluxes (only about 8 kW/m2 additional heat flux near

the burner). This aligned reasonably with the corresponding levels of HRR

change, namely 200% vs 83% HRR increase, respectively. Additionally, the

total heat fluxes at HRR of 30 kW align well with a round robin study for

CSCS [52], with deviations of 10% and less.
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