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A B S T R A C T   

Vertically oriented particle-board samples were exposed to external venting flames to study the fire spread and 
charring behaviour along a timber façade. Variation in flame height and the height, volume, area, density, and 
depth of the char layer were studied to determine the impact of heat-release rate and experiment duration. There 
was a peak flame height after which the flame returned to steady height approximately equal to the value before 
the ignition of the particle board and flame heights with inert panels. Flames did not spread to the top of the 
panel with increased experiment duration. Char height and area were found to increase with heat-release rate but 
were not affected significantly by experiment duration. Char depth and volume increased with both experiment 
duration and heat-release rates. Char density decreased with increased experiment duration and heat-release 
rate.   

1. Introduction 

It is well-established that an externally venting flame can result in a 
fire spread through the façade along the height of the building. An 
increased usage of timber urged by the drive to attain sustainability in 
the built environment, including in the façade is observed recently 
[1–4]. However, a global increase in façade fire incidents [5] like the 
Grenfell tower fire in London in 2017 [6] and Torre dei Moro in Milan in 
2021 [7] raises concerns for a similar incident involving a timber façade. 
A timber façade introduces a serious risk of fire spread along the façade 
to upper floors, to other compartments in the same floor and to neigh-
bouring buildings since timber has a high heat of combustion and un-
dergoes pyrolysis at around 200 ◦C [8]. Therefore, safe application of 
timber as a façade element in a building requires substantial knowledge 
of its fire behaviour. 

As stated previously, external venting flames can result in fire spread 
along the façade of a building. Asimakopoulou et al. [9] studied the 
characteristics of externally venting flames and their effect on the façade 
using fire-resistant samples and an n-hexane pool fire as the fuel source. 
The study suggested three phases of external venting flames, namely 
“internal flaming”, “intermittent flame ejection” and “consistent 
external flaming”. It was observed that the external flaming phase had 
the largest duration of them all, which emphasizes the importance of 

further understanding the façade behaviour during this phase. Sun et al. 
[10] investigated the height of external venting flames ejected through 
an opening with fire resistant boards representing façades and a gas 
burner with gradually increasing heat-release rate to simulate fire 
growth from over-to under-ventilated conditions inside the compart-
ment. Replacing the fire-resistant samples with combustible timber 
samples will result in vertical fire-spread initiated by external venting 
flames, which was not investigated by Asimakopoulou et al. [9] or Sun 
et al. [10]. 

Fire spread on a timber façade could be simplified to a vertical fire 
spread problem along a charring, timber/timber-based panel like par-
ticle board. Saito et al. [11] and Brehob and Kulkarni [12] studied the 
upward flame spread along particle board and observed that there was 
no sustained fire propagation across the height of the sample, even when 
the burner remained on throughout the experiment. Optimal conditions 
for fire spread occurred when the flame height was larger than the py-
rolysis height. Brehob and Kulkarni [12] also recorded the flame height 
but did not use any backing material for their sample or study the 
charring behaviour of the samples. Kasymov et al. [13] studied vertical 
temperature profiles across the height of timber-based samples and 
estimated the upward fire spread rate which varied from 0.8 ± 0.15 
mm/s for chipboard to 1.38 ± 0.33 mm/s for plywood. Koutaïba et al. 
[14], using timber panels, studied the temperature profile along the 

* Corresponding author. Western Norway University of Applied Sciences, Bjørnsonsgate 45, 5528, Haugesund, Norway. 
E-mail address: dhdk@hvl.no (D.D. Karyaparambil).  

Contents lists available at ScienceDirect 

Fire Safety Journal 

journal homepage: www.elsevier.com/locate/firesaf 

https://doi.org/10.1016/j.firesaf.2022.103675 
Received 8 April 2022; Received in revised form 26 August 2022; Accepted 22 September 2022   

mailto:dhdk@hvl.no
www.sciencedirect.com/science/journal/03797112
https://www.elsevier.com/locate/firesaf
https://doi.org/10.1016/j.firesaf.2022.103675
https://doi.org/10.1016/j.firesaf.2022.103675
https://doi.org/10.1016/j.firesaf.2022.103675
http://crossmark.crossref.org/dialog/?doi=10.1016/j.firesaf.2022.103675&domain=pdf
http://creativecommons.org/licenses/by/4.0/


Fire Safety Journal 134 (2022) 103675

2

height at the centreline of the sample as well and the charring depth 
along the height of the sample. However, Koutaïba et al. did not measure 
flame height evolution over time or the effect of varying heat-release 
rate and exposure time on char features. 

Definition and measurement of flame height in laboratory experi-
ments vary over literature. Zukoski [15] defined mean flame height as 
the part of the flame with an intermittency of 50%, i.e., the height at 
which the flame appears half of the time. Lee et al. [16] and Sun et al. 
[10] interpreted flame heights as the height of 50% intermittency as well 
and measured it from the neutral plane at the fire compartment opening. 
Sjöström et al. [17] determined flame height on an inert façade 
excluding flamelets (detached flames) by only considering the flames 
with largest area in each frame. Consalvi et al. [18] investigated 
methods to measure flame heights and concluded that the continuous 
flame (region where flames are present all the time) does not give an 
appropriate representation of flame height for combustible materials 
and that flame height based on the heat flux incident on the sample 
surface is more reliable. Later, Hu et al. [19] and Asimakopoulou et al. 
[20] presents flame height as time averaged flame intermittency 
distribution. 

Char features have less ambiguous definitions compared to flame 
height. As highlighted by Buchanan and Abu [21], charring in timber 
which happens around 300 ◦C due to rapid pyrolysis is different from 
slower pyrolysis that could occur around 200 ◦C. Friquin [22] reviews 
that most research considered 300 ◦C as the char front boundary. Bar-
tlett et al. [8] dissects the different processes that happen before and 
during charring and shows that these processes are not perfectly bound 
within the temperature range. According to Friquin [22], this temper-
ature range is dependent on the species of timber, moisture content and 
heating rate. Measuring in-depth sample temperature during the 
experiment usually require installation of thermocouples inside the 
sample like in experiments by Emberley et al. [23]. If this is not possible 
due to practical limitation or scope of research, an alternate is to mea-
sure the char depth after the experiment like Xu et al. [24]. Char height 
and area are straightforward measurements once their definitions are 
established. However, while char height could be defined as the highest 
location on the vertical sample surface that has undergone pyrolysis at 
around 300 ◦C and char area as the area of this pyrolyzed region, a visual 
distinction of the region that had undergone pyrolysis at 200 ◦C and 300 
◦C could be difficult. 

Many other previous research, including some full-scale tests, had 
focused on significant physical behaviours related to façade fires 
[25–28]. However, few of the above studies explored the coupling be-
tween the fire-spread dynamics of external venting flames and the 
charring behaviour. A detailed quantification of variation in flame 
heights and char behaviour on the sample with heat-release rate in the 
fire compartment and experimental duration was not documented in any 
of them. This study focuses on external vertical fire spread along a 
timber façade from post-flashover flames emerging through a window 
below. Particular attention is given to variations in charring behaviour 
with flame height and experiment duration, and how it affected upward 
flame spread on particle boards. The findings may be used to design 
safer timber façades reducing the risk of fire spread away from the fire 
compartment.  

Nomenclature 

ac Char area (mm2) H Height of the ventilation 
opening (m) 

AT Area of walls and ceiling of 
compartment excluding ventilation 
opening and floor (m2) 

Q̇ Heat-release rate (kW) 

AW Area of ventilation opening (m2) texp Experiment duration 
(min) 

dch Char depth (mm) Vch Char volume (mm3) 
davg Average char depth xf ,5 Flame height from 5s 

moving average (mm) 

(continued on next column)  

(continued ) 

Nomenclature 

h0 Height where char depth = 0 xf,peak Peak flame height from 
5s moving average (mm) 

hch Visible char height (mm) ρch Char density (kg/m3) 
hch* Measurable char height (depth >1 

mm) (mm)    

2. Material and methods 

The objective of this study is to investigate the fire spread and 
charring on a vertical particle board panel resulting from an imposed 
flame under varying heat-release rate in the fire compartment and 
experimental duration. The experimental setup was designed to mimic a 
scenario with a room under post-flashover conditions with external 
flames venting through a window and incident onto a timber façade, 
causing fire spread to the floors above. The sample represented the 
spandrel zone between the windows of two consecutive floors. 

2.1. Setup 

The particle boards (1200 × 600 × 22 mm) were attached to an inert 
(calcium silicate) back panel mounted on a wooden frame and placed 
vertically on top of the fire compartment. As shown in Fig. 1, the fire 
compartment was made of light-weight concrete and had the dimensions 
400 (length) × 200 (width) × 400 (height) mm. The opening was 200 
(width) × 400 (height) mm with an opening factor (as defined by 
Thomas [29]) of 9.5 m-1/2, which allowed for high temperature and 
stable combustion under ventilation-controlled conditions, as observed 
during the experiments. The opening factor was calculated according to 
equation (1) [29], 

Opening factor=
AT

AW H1/2 (1)  

where AT is the total area of the compartment boundaries excluding the 
floor and ventilation opening, Aw is the area of ventilation opening and 
H is the height of the opening. The fire compartment was designed 
without a soffit or head space above the opening. A gas burner of size 
100 × 100 × 100 mm was placed inside the fire compartment. The 
bottom side of the panels were flush to the roof of the fire compartment 
and further gaps were filled with silicate push strips [30]. 

16 type K thermocouples (1 mm including shielding) were placed 
along the centre of the surface of the panel with ~80 mm vertical 
spacing (Fig. 1) with no radiation correction. The thermocouples were 
placed about 1–2 cm away from the surface of the panel and were 
attached to the frame that supported the sample. They were not attached 
to the panel to prevent any effects on the surface behaviour. Thermo-
couples were used to study the temperature evolution along the height 
of the sample. 

3. Materials 

Particle boards were selected for the experiments due to a low degree 
of deformation during the fire and negligible response to changes in air- 
moisture content: their mass varied maximum 0.3% in the lab envi-
ronment over a 9-day period. The particle boards used had sanded 
surfaces without any other surface finishing as reported by the manu-
facturer. Babrauskas and Parker [31] tested Douglas-fir particle boards 
with cone calorimeter and reported a minimum heat flux for ignition of 
25 kW/m2. Lateral Ignition and Flame spread Tests (LIFT), Reduced 
scale Ignition and Flame Spread Test (RIFT) and ISO 5657-1987 Ignition 
Apparatus tests were carried out for a pine-based particle board (similar 
to the sample used for this study) by Merryweather and Spearpoint [32, 
33], who reported minimum heat flux for ignition that varied between 

D.D. Karyaparambil et al.                                                                                                                                                                                                                     



Fire Safety Journal 134 (2022) 103675

3

13.75 and 24.9 kW/m2. Inert panels were used as samples in some ex-
periments to isolate the contribution of flames from the particle board. 
Further details of the sample materials are provided in Table 1. Material 
data that is not reported by suppliers have been taken from literature. 

Propane was used as fuel, with flow rates 0.5, 0.6, 0.7 and 0.8 g/s (±
0.006 g/s), regulated using a mass-flow controller. The heat-release 
rates corresponding to the gas flow rates, assuming 100% combustion 
efficiency and a constant heat of combustion of 46.45 kJ/g [39], are 
~23, 28, 33 and 37 kW respectively. These values are used here as 
reference values, and do not represent true heat fluxes towards the 
panels, since a part of the gas is burned inside the compartment and 
there will be heat losses from conduction through the walls, evaporation 
of moisture in the compartment, convection, and radiation to sur-
roundings. Direct measurement of the heat flux to the panels have not 
been carried out during the experiments to be reported here. The gas 
flow remained unchanged throughout each experiment. The lowest gas 
flow rate used was 0.5 g/s (the lowest flow rate that ignited the panel) 
and the highest flow rate was 0.8 g/s (flow rates above that burned down 
the panel quite fast and flames extended to the rear side of the panel). 
Experiments were conducted for 15, 20 and 25 min. The minimum 
duration was set to 15 min as most of the experiments at 0.5 and 0.6 g/s 
had their maximum flame heights (see Fig. 10) after or around 10 min, 
while experiments beyond 25 min had the panels burned through 
significantly and left the panel too deformed to make reliable char-depth 
measurements. Five-minute intervals in experimental duration were 

selected based on preliminary experiments to obtain measurable dif-
ferences in data. 

3.1. Experimental procedure 

A total of 80 experiments were carried out, 60 with particle boards 
and 20 with a calcium silicate (inert) panel. Table 2 shows all the gas 
flowrates and durations used for the experiments. 

The panels were weighed before and after the experiment to estimate 
the total mass lost. They were then mounted on to the frame. Data 
logging for thermocouples started at 0 s, video recording at 30 s, and the 
gas flow at 60 s. Once the gas flow was initiated, there was about 13 s 
delay before it was ignited, and the flames appeared outside the fire 
compartment. The ignition time of the panel was noted visually, and the 
experiment was terminated after predetermined times 15, 20 or 25 min. 
A few experiments with 23 kW for 15 min had flaming on the panel even 

Fig. 1. Experimental setup. (a) Front view with thermocouples indicated as dots along the panel. (b) Side view of the experimental setup with the 400 mm long fire 
chamber and the inert back panel. The thermocouples did not touch the sample. (c) Photo of the experimental setup from the front. 

Table 1 
Material data.   

Particle board panel [34,35] Inert panel 
[36] 

Aerated 
concrete [37, 
38] 

Components ~84% timber (Norway 
spruce and pine), ~9% glue 
and ~7% water 

calcium 
silicate 

sand, lime, 
and water 

Thickness (m) 0.022 0.05 0.2 (walls) & 
0.05 (roof) 

Density (kg/m3) ~700 225 290 ± 10 
Thermal 

conductivity (W/ 
(m⋅K)) 

0.13 0.074 0.076 

Specific heat 
capacity (J/ 
(kg⋅K)) 

1420–1450 840 1050  

Table 2 
Experimental overview.  

Material Gas 
flow 
(g/s) 

Heat-release 
rate, Q̇ (kW) 

Experimental 
duration (min) 

Total no. of 
experiments 

Particle 
board 

0.8 37 25 20 
0.7 33 
0.6 28 
0.5 23 

0.8 37 20 20 
0.7 33 
0.6 28 
0.5 23 

0.8 37 15 20 
0.7 33 
0.6 28 
0.5 23 

Inert 
(Calcium 
silicate) 

0.8 37 25 16 
0.7 33 
0.6 28 
0.5 23 

0.8 37 15 4 
0.7 33 
0.6 28 
0.5 23  
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after the gas was turned off. These flames were manually extinguished 
after the gas was turned off. Five experiments were conducted for each 
set of parameter values, see Table 2. 

3.1.1. Procedure for measurement of flame heights 
Flame heights of the externally venting flames from the compartment 

were measured and compared with the charring behaviour of the panel. 
As both the connected flame and flamelets will transfer heat to the 
sample, flame height in this study will include the flamelets; flame 
height is the highest point where combustion is observed, as measured 
from the bottom of the sample panel. This gives a better measure of the 
degree of pyrolysis of an upward spreading flame than mean height of 
the connected flame or the flame intermittency model. The measure-
ment in Fig. 2 included detached flames and not just the connected ones. 

Flame heights were measured from the video frames after extracting 
the red channel from each RGB frame, and then binarizing the extracted 
frame through Otsu method [40] using a binarization factor, similar to 
previous research [41,42]. The binarization factor (threshold value for 
converting a frame into a binary image) was determined based on the 
brightness and reflection from the background in preliminary experi-
ments. Flame height was obtained from the highest pixel in the video 
frame with a value larger than 128 (0.5 binarization factor), as shown in 
Fig. 2, using computer software. To avoid noise due to reflection from 
the burning panel and flicker flames, only binarized flames with an area 
above 1 cm2 were considered. Flame heights higher than the sample 
were recorded as 1200 mm. Shutter speed, ISO speed and aperture value 
of the camera were optimized for the lab environment. The optical axis 
of the camera was perpendicular to the surface of the sample panel, and 
a static pixel-to-meter conversion (each pixel was assumed to be 
covering the same amount of area on the panel) was used. The camera 
was placed ~4 m (maximum distance possible in the lab) away from the 
panel and perspective errors were found negligible. The height of the 
centre of the lens from the floor was set in such a way that the optical 
axis was in line with the centre of the sample panel, as shown in Fig. 3. 
The camera settings are shown in Table 3. 

3.1.2. Procedure for measurements of char layer 
Exposure to flames resulted in a charred layer on the sample 

extending upwards from the bottom. After the end of each experiment, 
the char height (hch)was measured as the highest point on the panel with 
visible surface ruptures. It was measured manually using a measuring 
tape, and the charred area (ach) was marked to facilitate measurement 
from images using a computer program. A month after the experiments, 
the char was removed manually using a chipping hammer leading to 
samples, as shown in Fig. 4 (b), to measure the char depth (dch) and 
volume (Vch) from the sample panels. The sample was weighed before 
and after char removal to estimate the mass of the removed char. 

To determine the geometry of the charred region and measure char 

depth, a grid panel with perforations on the nodes of a 50 × 50 mm grid 
as shown in Fig. 5 was constructed. The sample was sandwiched be-
tween a back plate (18 mm thick) at bottom and the grid panel at top, as 
shown in Fig. 6. Measurements were made using the depth rod on a 
digital vernier calliper. The volume of the removed char was measured 
for every “cell” by considering it as a cube of dimensions 50 (length) ×
50 (width) × height mm. The height was calculated as the average of the 
depth measured at the four enclosing nodes of the grid (edges of the 
cell). 

4. Results 

4.1. A representative experiment 

Following the ignition of the panel, there was a peak flame height 
after which the flames receded to a relatively stable height similar to the 
one before ignition, as was also demonstrated by previous studies [11, 
12,43]. To reduce the noise, a 5 s (120 data points) moving average was 
applied. All the flame height analysis was based on these averaged data 
points. Fig. 7 shows various stages in a typical experiment through the 
flame height (xf ,5) (I) and characteristic images (II). 

In Fig. 7 (I), regime 1, the sample is exposed to flames and its surface 
temperature increases. In regime 2, the panel is ignited, leading to 
flames that extend much higher on the panel. Eventually, a peak value is 
reached for the flame height (Fig. 7 (II)(c)). The heat transfer responsible 
for fire spread happens in the region above the already pyrolyzed region 
[11], and when the heat flux from the flames is not high enough to 
pyrolyze the region above, the flame spread stops (further explained in 
the Discussion). Once the char layer starts to develop, restricting heat 
transfer into the sample, a gradual reduction in pyrolysis-gas production 
due to exhaustion of exposed virgin fuel occurs, lowering the flame 
height (regime 3). In regime 4 (Fig. 7 (II)(d)), further exposure of the 
charred layer led to formation of cracks, resulting in secondary flaming 
and in-depth charring of the sample. Fig. 2. Flame height measured as the highest point of a flame. Video frames for 

a particle board (a) and inert panel (c) at 37 kW are shown along with their 
binarized frames (b) and (d), respectively. In (a) and (b) the flame height is 
partially due to the contribution of pyrolysis gases from the sample while in (c) 
and (d) all the flame height is caused by the propane. 

Fig. 3. Camera positioning relative to the sample panel (to scale).  

Table 3 
Camera settings.  

Camera model Canon EOS 7D Mark II 
Image sensor 22,4 x 15,0 mm CMOS 
Shutter speed 1/250 
Aperture value 1.8 
Metering mode Centre-Weighted Average Metering 
Exposure compensation 0 
Iso speed 100 
Auto ISO speed OFF 
Lens 18–35 mm 
Focal length 35.0 mm 
Image size (pixels) 1920x1080 
Movie exposure Manual 
Frame rate (frames per second) 24  
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4.2. Flame heights 

In separate experiments with inert panels, flame heights were 
determined in the absence of any combustible material. Through com-
parison with flame heights in experiments on combustible panels, the 
contribution to the flame from pyrolysis gases could be isolated. Fig. 8 
shows the flame heights (xf ,5) on the inert panel for the different heat- 
release rates. For each rate, four experiments were averaged. Each 
curve displays an increase during the first 2 min as the plate is getting 

Fig. 4. Panel after the experiment (a) before and (b) after char removal, along with (c) a representation of the char depth (dch), distribution. Point marked in (a) 
shows the char height, hch (highest point of surface deformation) and the one in (b) shows the measurable char height (depth >1 mm) (mm), (hch*). Note the white 
char in (a), which represented higher dch, as shown in (c). 

Fig. 5. Grid for char-depth measurement (top view). From preliminary anal-
ysis, only the area inside the region marked in red had measurable charring. 
(For interpretation of the references to colour in this figure legend, the reader is 
referred to the Web version of this article.) 

Fig. 6. Char-depth measurement setup (side view at the lower edge of the 
panel, as mounted during the experiment). See explanation in the main text. 

Fig. 7. Flame heights during a representative experiment for heat-release rate 
33 kW and with an experimental duration of 25 min. (II): Images of the panel: 
(a) Before the experiment started, (b) before ignition of the panel, (c) during the 
peak flaming phase, (d) after the flames receded to a steady-state, and (e) after 
the experiment. The times of the five cases in part II are indicated by vertical 
lines in part I. 
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heated, followed by an approximately constant value during most of the 
experiment. There was an increase in average flame height by 76 ± 2 
mm for every 4–5 kW (0.1 g/s propane flow rate) increase in heat- 
release rate. 

Fig. 9 compares the flame heights on an inert and a particle-board 
panel. The significant increase in flame height observed around 3.5 
min is due to ignition of the particle-board panel, followed by a peak 
around 6.5 min. The flame heights then recede back to values close to 
those of the inert panel, as shown in the figure. This trend was observed 
in all the experiments. 

The gas-flow rates used delivered relatively stable and measurably 
distinct flame heights as demonstrated in Fig. 8. Fig. 9 shows the 
contribution from particle boards to flame height compared with an 
inert panel where the propane gas alone was responsible for the flame 
height. In Fig. 9, the flame heights for the particle board are lower than 
for the inert panel before ignition of the panel. This behaviour was 
observed for all the experiments, and it may be due to differences in 
material properties (see Table 1). Inert panels conduct much less heat 
from the surface into the panel compared with particle boards due to 
lower thermal conductivity. This would imply that the surface of an inert 
sample is hotter than a particle board before ignition, causing increased 
convective flows resulting in higher flames. This difference in temper-
ature is demonstrated in the discussion section (see Fig. 26). 

Fig. 10 shows the flame height evolution for all the experiments with 
duration of 25 min for particle-board panels. Each figure part displays 
the run-to-run variations at fixed heat-release rate. These variations 
decrease for higher heat-release rate. Fig. 11 shows typical variations 

between different heat-release rates. The plateau (steady-state) flame 
height (before and after the peak) increases with heat-release rate. For 
some experiments, secondary burning was observed with a smaller peak 
than the peak flame height (see e.g., Fig. 10 (b)). Secondary burning 
could result from cracks in charred surface that expose fresh fuel to the 
flame (further explained in the Discussion). 

Brehob and Kulkarni [12] measured flame heights on vertical par-
ticle board sample as well. The peak flame height attained by the sam-
ples without additional external radiation was reported as ~600 mm 
and initial flame height was ~250 mm, which are comparable to the 23 
kW experiments in this study (see Fig. 11). 

Since the panels did not ignite with 18 kW (0.4 g/s), the minimum 
heat flux for ignition must correspond to heat-release rates between 18 
and 23 kW and explain why ignition times with 23 kW exhibited a wide 
variation (324–812 s), as shown in Fig. 10 (a). 

Figs. 10 and 11 indicate increase in peak flame heights with heat- 
release rate. This impact of heat-release rates on peak flame height 
(xf ,peak) and steady-state flame height is further illustrated in Fig. 12. The 
peak flame heights increased with heat-release rates (propane flowrate) 
as expected, and the increase is approximately linear. Data points for 
peak flame heights in Fig. 12 are the peak value from moving-average 
flame height plots (Fig. 10) similar to point ‘c’ in Fig. 7 (I). Data 
points for steady-state are taken as the average steady-state flame height 
after the peak from the moving-average plots (similar to average of 
regime 4 in Fig. 7 (II)). Peak flame heights had higher variation than 
steady-state flame height under the same heat-release rate. Steady-state 
flame heights occur in the region of the sample where most of the fuel 
had already been burnt off during the peak flaming period. Meanwhile, 
the peak flame height occurs in the region of the sample where the 
available fuel has a higher degree of variation. In Fig. 12, the standard 
deviation for the steady-state flame height between the experiments 
varies from 8.8 to 16.8 mm, increasing with heat-release rate. Notice 
that the standard deviation for the flame height within each experiment 
is about twice as high and is increasig with heat-release rates since there 
are larger and more frequent secondary peaks (see Fig. 10). 

Fig. 13 shows the comparison of steady-state flame height data with 
results of Lee et al. [16]. Lee et al. used a non-combustible façade ma-
terial and defined flame heights using intermittency levels. Since Lee 
et al. used an inert panel and, since in this study the steady-state flame 
heights resembled flame heights with inert panels, it is logical to 
compare the results. However, despite the many differences in meth-
odology and setup, a similar trend for flame height evolution is observed 
between the studies. 

The duration of the peak in flame height (time between ignition and 
recession back to steady-state flame heights), except for 23 kW at 15 
min, varied between 3 min and 7 min with a mean of 5 min (data not 
shown). 

The approximate rate of fire spread and the subsequent flame decay 
to steady-state flame heights were estimated from the moving-average 
graph. Flame spread rate was calculated from the peak flame height 
achieved and the duration to achieve peak flame height after ignition, 
while the decay rate was calculated from the duration taken to reach 
steady-state from the peak flame height. The flame-spread rate varied 
between 1.7 and 4.9 mm/s, with an average of ~3.2 ± 0.91 mm/s. The 
decay rate varied from 0.87 mm/s to 5.47 mm/s, with a mean value of 
~2.47 ± 1 mm/s. Fire spread rate should increase with heat-release rate 
since the incident heat flux on the sample surface will also increase 
resulting in an accelerated spread. However, within the range of pa-
rameters used in this study, impact of heat-release rate (23–37 kW) on 
fire spread and decay rates could be considered statistically insignificant 
since the p-value was greater than 0.05. The heat-release rate had a clear 
impact on the peak flame height but not on the rate at which that flame 
height was achieved nor the rate at which it decayed to the steady-state 
value. Overall, both flame-spread rate and flame-decay rate display 
significant variations between experiments. Decay rates are lower than 
spread rates, which is not surprising since different mechanisms are in 

Fig. 8. Comparison of averaged flame height for different heat-release rates 
with an inert panel. 

Fig. 9. Comparison of flame height on inert panel and particle board, both with 
a heat-release rate of 33 kW and duration 25 min. The particle-board experi-
ment is the same as shown in Fig. 7. 
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action. Kasymov et al. [13] reports an upward fire spread rate which 
varied from 0.8 ± 0.15 mm/s for chipboard to 1.38 ± 0.33 mm/s for 
plywood, which are much less than what is reported in this study. This 
difference may be due to the difference in fuel source and stability of 
heat released. While Kasymov et al. [13] used pine needle bulk as a fuel 
source, propane which has a much higher heat of combustion [39,44] 
was used in this study. 

4.3. Charring 

4.3.1. Char height, volume, area, density, and charring rate 
The char height was not affected by experiment duration, as shown 

in Fig. 14 (a). Experimental duration was expected to impact the char 
height due to increased pyrolysis of the upper regions from the 
convective heat flow. On the contrary, it was observed that experiment 

duration had no significant influence on the upward progression of char 
in the region, within the regimes studied. However, as seen in the figure, 
the heat-release rate had a substantial impact on it. With every 4–5 kW 
increase in heat-release rate, the char height increased by 136 mm 
(~20%). Char height measurements had an accuracy of ±5 mm and the 
standard deviation varied from ~61.5 mm for 23, 28 and 33 kW, to 68.7 
mm for 37 kW. 

The variation in char area with experiment duration and heat-release 
rate is shown in Fig. 14 (b). Char area increased ~54000 mm2 with 
every 4–5 kW increase in heat-release rate. There was only a slight in-
crease in char area with experimental duration (p-value = 0.003), which 
is reasonable since the surface of the sample on either side of the flame 
are heated and pyrolyzed at a slower rate than the region directly 
exposed to flames. The area of the region with measurable char depth 

Fig. 10. Flame height (xf ,5) comparison for particle-board panels. Each graph includes all the 5 experiments (labelled 1–5) under the corresponding heat-release rate 
with experiment duration 25 min. The fluctuation observed (1250–1500s) for experiment 2 with 23 kW (green curve) was due to gas-flow malfunction. (For 
interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) 

Fig. 11. Flame height (xf ,5) comparison. Variation in ignition times and peak 
flame heights for experiments with different heat-release rates and a duration of 
25 min. Each graph represents an individual experiment. 

Fig. 12. Peak and steady-state flame heights for different heat-release rates. 
Note that the standard deviation for steady-state flame height is much less 
compared to that of peak flame height. Since the experiment duration does not 
affect the peak, only variation with heat-release rate is shown. 
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showed a similar behaviour, as shown in Section 3.3.3. Char area 
measurements had an accuracy of ±0.2 × 104 mm2. The standard de-
viation of char area varied from 1.5 to 3.4 × 104 mm2 increasing with 
heat-release rate. 

The char volume was measured as described in Section 2.3.2 and was 
affected by both time and heat-release rate, as shown in Fig. 14 (c). With 
every 4–5 kW increase in heat-release rate, the char volume increased by 

~3 × 105 mm3, and with every 5 min increase in experiment duration 
the char volume increased by ~1.7 × 105 mm3 on average. The char 
volume for 28 kW fire in 15 min is comparable with the volume for 23 
kW at 25 min, and similarly for 37 kW at 15 min and 23 kW at 20 min. As 
explained in Section 2.3.2, char volume was not directly measured like 
char height or char area. Char depth was measured from nodes on a 50 
mm × 50 mm grid and then the depth values of the nodes of each cell 
were averaged to an assumed cuboid block of volume 50 × 50 × depth 
mm3. The resolution of measurement points and the averaging of depth 
at the nodes must be considered when interpreting the char volume 
measurements. Standard deviation of char volume varied from 0.32 to 
1.9 × 105 mm3. Measurement errors are small compared to this (order of 
0.07 × 105 mm3). 

Fig. 15 shows the density of the char as obtained from the char 
volume and the mass reduction upon char removal. The char density is 
higher for lower experiment duration and lower heat-release rate. The 
char density was highest for 15 min experiments under 23 kW but 
decreased both with heat-release rate and experimental duration and 
seemed to approach a minimum value of ~220 kg/m3. Schmid and 
Frangi [45] measured the char layer density to vary from ~220 to ~35 
kg/m3, depending on the char layer thickness. Since mass of the char 
removed was measured from the change in mass of the sample before 
and after char removal, char layer densities for individual char layer 
thickness could not be estimated. Therefore, the data shown in Fig. 15 is 
an average of densities of char layer with different thickness and un-
dergone different stages of pyrolysis. In addition, Schmid and Frangi 
[45] presents the char layer densities after drying the char under 105 ◦C. 
In contrast, densities in this study will include density of some moisture 
as well. 

In Fig. 16 visible char height (hch) and measurable char height (depth 
>1 mm) (hch*) are plotted against the peak averaged flame height 

Fig. 13. Comparison of flame height measurements with the results obtained 
by Lee et al. [16]. Only experiments with a similar fuel location from Lee et al. 
has been selected for comparison. black star markers represent steady-state 
flame heights from this study. The other data in the legend shows two 
different geometries and burner locations investigated by Lee et al. [16]. The 
data is adjusted for difference in measurement since Lee et al. measured flame 
height from the neutral plane and this study measured it from the bottom of 
the sample. 

Fig. 14. Variation of (a) char height, (b) char area and (c) char volume with experiment duration and heat-release rate. The increase in experiment durations is not 
accompanied by any significant increment in char height or char area. Char volume is affected by both experiment duration and heat-release rates. The markers 
denote average values, and the error bars show range of data. 
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(xf ,peak). hch* was ~66% of hch, thus these two quantities are 
proportional. 

An approximate rate of charring was estimated at the region with 
highest char depth, as shown in Fig. 17, except where samples burned 
through. The char depth at the end of each experiment was divided by 
the experimental duration to produce the estimate. The charring rate 
increased by ~0.09 mm/min with every 4–5 kW increase in heat-release 

rate. The charring rate reported for higher heat-release rates were 
similar to that reported by Fischer [46] for densities similar to the 
sample in this study. 

The main trend shown in Fig. 17, with a lower-than-linear increase in 
(local) charring rate with increasing heat-release rate, is reasonable. As 
the thickness of the char layer locally increases, heat conduction from 
the heated surface to the un-pyrolyzed material behind the char layer is 
reduced. The figure demonstrates that this is not fully compensated by 
the increase in heat-release rate. 

Fig. 18 shows the change in average mass-loss rate with the duration 
of the experiment and heat-release rate. Only an average rate for the 
entire duration of the experiment is given here. However, the graph 
demonstrates that further heating after the peak did not change the 
mass-loss rate. As seen from Fig. 14 (a & b), and further illustrated in 
Section 3.3.3, increased experiment duration resulted in increased char 
penetration into the panel but not increased upward fire spread. 
Assuming most of the mass-loss happened from the region exposed to the 
flames (region with deeper char) and not so much from the region above 
hch*, there was a steady progression of charring into the panel based on 
the steady-state mass-loss rates. Mass-loss rates are less than what is 
required for ignition and sustained fire spread (1–4 g/m2s [23,47]). 
Consistently, flames extinguished as soon as the gas flow was turned off 
(except for experiments with 23 kW for 15 min as explained in Section 
2.3. 

The quantities in Figs. 17 and 18 are closely related. The main dif-
ference between them, non-linear versus linear dependency on heat- 
release rate, can be understood from the fact that while Fig. 17 shows 
a local quantity, the entire sample contributes to the mass-loss rate in 
Fig. 18. With increasing heat-release rate, an increasing sample area 
contributes to the total mass loss. 

4.3.2. Temperature profile 
Temperature measurements were taken every 80 mm vertically near 

the surface of the sample. Thermocouples used were type K and class 1 
with approximately ±10 K accuracy as stated by the manufacturer [48]. 
An oscillatory movement of the thermocouples, ± 10 mm, in the vertical 
direction was noticed during the experiments from convective flows. 
Due to reduced stiffness caused by heat exposure, thermocouples were in 
some – but not all – cases found to be displaced ~5–10 mm downwards 
at the end of the experiments compared with initial positions. This small 
variation in position is not expected to affect the result significantly. In 
these cases, the thermocouples were repositioned before the next 
experiment started. A statistical analysis of temperature data from 
experimental runs with identical parameters was performed, and stan-
dard deviations relative to the average temperature were approximately: 
9–16% before ignition of the sample from external venting flames, 

Fig. 15. Density of char removed at the end of the experiment determined from 
the measured char volume and mass reduction upon char removal. 

Fig. 16. Variation of visible char height (hch) and measurable char height 
(depth >1 mm) (hch*) with averaged peak flame height. 

Fig. 17. Charring rate estimated in the region with highest char depth. Char-
ring rate seems to get stable around ~0.65 mm/min which is comparable to the 
rate of charring for timber in literature [21,22,45]. 

Fig. 18. Average mass-loss rate per unit area over the entire duration of the 
experiment. The mass-loss rate shows little variation with experiment duration 
but vary with the heat-release rate. 
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2–10% at the peak flame height phase, and 9–18% during the 
steady-state phase. This variation reflects both thermocouple measure-
ment accuracy and run-to-run variations in the fire evolution. 

The data was used to study the vertical temperature profile along the 
surface under variation in flame behaviour. Fig. 19 shows the temper-
ature profile from (single) experiments with 20 min duration for each 
heat-release rate. Flame behaviour were divided into three phases: 
before ignition of the sample (region 1 in Fig. 7(I)), at peak flame height 
(Fig. 7(II)(c)), and steady-state after peak flame height (region 4 in Fig. 7 
(I)). Thermocouples at 80 and 160 mm showed higher temperatures 
during the period leading up to ignition compared to thermocouple at 0 
mm. Ignition of the samples during the experiment usually occurred 
between 80 and 160 mm from the bottom, since this was the point where 
the external venting flames first contacted the sample after being ejected 
from the fire compartment. Once ignited, the flames spread to lower part 
of the sample, increasing the temperature at 0 mm. Fig. 19 shows that 
the temperatures at lower heights during the steady-state flaming phase 
increase more with heat-release rate compared with temperatures 
before ignition of the samples. This could be a result of char oxidation of 
the samples in the steady-state phase in addition to the contribution of 
flames emerging from the compartment. As shown in Fig. 19, for inert 
panels the thermocouple at 80 mm recorded the highest temperature 
followed by a steady reduction with height. The temperature at the top 
of the inert sample displayed only slight variations with heat-release 
rate, while the values measured at 80 mm had a 500 ◦C increase be-
tween 23 kW and 37 kW. The samples show a relatively similar trend in 
thermal profile between flaming phases except during the peak flame 
height. This may be due to higher variations in the flame behaviour 
during the peak. The vertical temperature profiles for inert samples are 
comparable to the results reported by Lu et al. [49] and Tang et al. [50]. 

In Fig. 20, temperatures at a few measurement points are compared 
with the evolution of the flame height. Note that the heights for these 
measurements are not the same for the various heat-release rates but 
selected relative to the steady-state and peak flame heights (both of 
which increase with heat-release rate). In all cases there is a clear – but 
unsystematic – influence on the temperatures from the flame peak. The 
temperature evolution in Fig. 20 is comparable to that reported by 
Koutaïba et al. [14] for timber panels. 

4.3.3. Char depth variation with heat-release rate and experiment duration 
The char depth was affected by both experiment durations and heat- 

release rate, as demonstrated in Fig. 21 and Fig. 22. The figures are 
constructed as a superposition of contour plots of the char depth (after 
removal of char) and the visual cracking pattern (before char removal). 
Fig. 21 shows how char depth varied with heat-release rate for 25 min 
experiments and Fig. 22 shows how experiment duration influenced 
char depth for 37 kW experiments. Char depth was observed to increase 
with both heat-release rate and experiment duration. However, the 
height to which char depth could be measured (height of the contour) 
did not increase significantly with experiment duration (Fig. 22) but 
increased with heat-release rate (Fig. 21). In many of the 25 min ex-
periments, the panel burned through at the bottom. The charring pat-
terns were tilted to the right side in most cases, most likely due to the air- 
flow conditions in the lab. 

The influence of both experiment duration and heat-release rate will 
be displayed in a more condensed way. To reduce the values from the 
char depth matrix of each sample to a column, thereby avoiding influ-
ence from shape (like tilt) as well as reducing other measurement errors, 
the average of each row of perforations on the grid (as shown in Fig. 5) 
were calculated (Fig. 23). For each experiment, this leads to a column of 
average depth values, which will be referred to as an averaged column. 

The mean of all the averaged columns from experiments with the 
same parameters was then used to create the graphs shown in Fig. 24. 
Each line is therefore an average char depth for 5 experiments. 

Fig. 24 clearly shows that the average char depth (davg) increases 
over time, but that hch*does not vary significantly with experimental 
duration. The average char depth increases with experiment duration 
while hch* remains the same unless the heat-release rate is increased. 
Standard deviation of the char depth between individual experiments is 
up to 1 mm, increasing with heat-release rate and duration and 
decreasing with height. Koutaïba et al. [14] shows a similar trend in char 
depth variation with height. Koutaïba et al. measures char layer thick-
ness at individual locations along the height of the sample, compared to 
twice-averaged values shown in Fig. 24. 

In Fig. 24, an increase in the average char depth (davg) when the 
experiment duration increased from 15 to 20 min for each heat-release 
rate may be noted. Although there is a significant increase between 20 
and 25 min as well, it is less compared to the increase between 15 and 
20 min. To explore this behaviour, the thermal penetration time for the 
sample was calculated to be ~925 s. With increased experiment dura-
tion, the heat front reaches the back of the sample and moves more 
slowly into the inert back panel (compare thermal conductivity values in 
Table 1). Further heating would increase the internal temperature of the 
sample rapidly as heat loss by conduction decreased. This could explain 
the significant increase in char depth when experiment duration 
exceeded 15 min (900 s). 

5. Discussion 

5.1. Flame heights 

This study investigates the flame and char behaviour under varying 
heat-release rates and experimental duration, and how it affects the fire 
spread. The intermittent flamelets will also contribute to heat transfer 
into the sample and eventually pyrolyze it. In addition, the connected 
flame height being much smaller than the averaged flame height 

Fig. 19. Vertical temperature profile (horizontal axis) for 20 min experiments 
for the three flaming phases; before ignition, at the peak and during steady-state 
burning (see main text and Fig. 7) along the height of the sample surface above 
the lower edge of the board (vertical axis). Each curve shows an average of a 
series of temperatures measured at different stages of the same experiment. The 
temperature profile for inert samples under corresponding heat-release rates are 
included for comparison. 
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including flamelets, could also lead to underestimation of the fire 
spread. Therefore, flame heights in this study were estimated from the 
highest points of luminous combustion. 

Consalvi et al. [18] show how inconsistent definitions of flame height 
can generate differences in perceived wall heat flux of the order of 50%. 
Consalvi et al. also state that since it is the heat flux incident on the 
combustible surface that drives fire spread, it is reasonable to define 
flame height as a quantifiable heat-flux threshold (height at which the 
incident heat flux on the sample surface exceeds a threshold value). 
However, to measure the heat-flux profile across the height of the 
sample directly, holes must be drilled into the sample, which could 
compromise the charring behaviour of the surface. 

Fig. 25 illustrates the differences in flame heights obtained from the 
three different methods discussed above. The green curve represents the 

method used in this study, while red represents the connected flames 
(excluding flamelets as described in Sjöström et al. [17]) for the same 
experiment. For 50% intermittency, represented by a blue curve, every 
120 frames (5 s) were considered to find the height to which flames were 
present 50% of the time. Estimation of flame height with the flamelets 
included shows ~50% higher values during the peak flaming period 
compared with the other two methods. In the steady-state period, the 
measurement with flamelets showed ~46% (137 mm) increase and 
those with connected flames showed ~23% (70 mm) increase compared 
with intermittent flame height measurements. Fig. 25 also shows the 
corresponding values of visible char height(hch) and measurable char 
height (depth >1 mm) (hch*) for that experiment. hch* is close to the peak 
flame height values measured using continuous and 50% intermittency 
methods, while hch is higher than those two peak values. Saito et al. [11] 

Fig. 20. Flame heights and temperature evolution below the steady-state flame height (blue), just above the steady-state (green) and above the peak flame height 
(black). Temperature data was smoothened with a 24 s moving average and flame heights were averaged every 3 s to match the data collection interval of ther-
mocouples. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) 

Fig. 21. Influence of heat-release rate on the charring depth on particle board samples. The orange line in the image is the peak flame height for that experiment and 
the white line is the plateau flame height. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) 

D.D. Karyaparambil et al.                                                                                                                                                                                                                     



Fire Safety Journal 134 (2022) 103675

12

states that upward fire spread occurs due to heat transfer to the fuel in 
the region above the pyrolyzed region. In other words, upward flame 
spread occurs when the flame height is higher than the pyrolysis height. 
Considering hch as the extent of pyrolysis, the definition of flame height 
used in this study (green curve) predicts further vertical flame spread to 
occur, inconsistently with the result. However, peaks of both continuous 
and 50% intermittent flame heights being lower than hch, correctly 
predicts the absence of fire spread. 

Fig. 26 shows the temperature profiles for an experiment with heat- 
release rate 33 kW measured by the thermocouples 1–2 cm from the 
surface of the sample. The profile shown for inert panel is from the same 
interval (at an earlier stage in the experiment compared to Fig. 19), 1 
min–3 min after the flames emerge from the compartment, as the profile 
before ignition of the particle board panel. As stated in Section 3.2, the 
surface of the inert material is indeed at a higher temperature compared 
with the particle board before ignition. At lower heights, the 

temperature after the peak for the particle board is higher than that of 
the inert panels. The temperature gradually reduces with height and 
becomes less than for the inert panel above 320 mm. The steady flame 
heights for that experiment after the peak was also ~300 mm. The 
reduction in temperature for the particle board above 320 mm could be 
due to increased thermal conduction into the sample compared to inert 
panel. A tendency for slightly higher flame heights can be discerned in 
Fig. 9 for the particle board panel during the steady-state. This is 
probably due to some production of pyrolysis gases. 

When the gas burner was switched off, the flames on the panels self- 
extinguished as well, except for the series of experiments with 23 kW for 
15 min. For those experiments there were flames on the panel even after 
the gas was turned off, probably since the ignition happened near the 
termination of the experiments. As flames from propane were present for 
just sufficient time to cause ignition of the sample but not to exhaust all 
the pyrolysis gases, the samples continued burning. These flames were 
extinguished immediately after. 

5.2. Charring and fire spread 

The charring and fire spread along the sample due to external 
venting flames are discussed in this section. Flames emerging from the 
compartment onto the particle board raise its surface temperature 
leading to thermal decomposition. It may be assumed that the particle 
boards in this study have similar thermal decomposition behaviour as 
timber. Dehydration of the sample along with very slow pyrolysis occur 
from 100 ◦C to 200 ◦C, onset of rapid pyrolysis up to 300 ◦C and rapid 
pyrolysis above 300 ◦C [8,21,51]. Charring is assumed to occur at 300 ◦C 
[8], which is different from pyrolysis where chemical decomposition 
may start without surface deformation. As the exposed region undergoes 
pyrolysis and the mass-loss rate becomes high enough for production of 
a suitable gaseous mixture, flames from the compartment ignite it. This 
increased flaming transfers more heat to the region immediately above 
the already ignited region. The region above has already been preheated 
by the flames and hot gases and starts pyrolyzing, but with a mass-loss 
rate insufficient to cause ignition. Ignition of the sample provide that 
additional heat flux required for the preheated region to pass the critical 
mass-loss rate for ignition (~1–3 g/m2s for timber [47]) and the flame to 
spread upwards. Since changes in mass-loss over time could not be 
measured during the experiment, the mass-loss rate during ignition 

Fig. 22. Variation in charring depth on particle board samples with experiment duration. The orange line in the image is the peak flame height for that experiment 
and the white line is the plateau flame height. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of 
this article.) 

Fig. 23. Averaging depth cells. Each cell represents a depth measurement from 
a node in the grid panel. The point marked by the star is the highest point on the 
panel where depth could be measured, hch*. 
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could not be determined. The convective heat flux may also contribute 
to the charring. 

Starting from the initially ignited lower layers of the sample, the char 
formed typically prevents heat transfer into the unaffected fuel layer, 
lowering pyrolysis gas production [52]. Reduction in pyrolysis-gas 
production reduces the flaming combustion, and as a result the heat 
flux incident on the region above the already charred sample surface is 
reduced, which in turn prevents pyrolysis of the sample further above. 
The flame height achieves a peak value, and as the char layer develops, 
the flame height is reduced (see Fig. 7 (I)), as also observed in previous 
studies [11,12]. Continued presence of flames from the fire compart-
ment would degrade the exposed surface region further, leading to 
cracking and shrinking of the char, with fresh wood layers exposed [53]. 
This may be responsible for the smaller secondary peaks in the flame 
height profile, as shown in Fig. 10. 

The peak flame height increased only with heat-release rate and not 
with experiment duration. Once the flame height decreased to steady 
levels after the peak, further exposure did not result in increased char 
height or further upward fire spread, as shown in Fig. 14 (a). However, 
increased experiment duration caused deeper char layers and increased 
char volumes, as shown in Fig. 14 (c). The charred area (ach) was not 

affected by increased experiment duration, as shown in Fig. 14 (b). 
Without the presence of the flames, the upper regions were only exposed 
to hot-gas flows, which heated the sample but not enough to cause 
adequate pyrolysis for continued flame spread. 

Buchanan and Abu [21] state that the density of wood drops to 20% 
of its original value when converted to char as temperature exceeds 300 
◦C. The density of char as measured in this study varied between 31% 
and 49% of the original density. As shown in Fig. 15, the density was 
higher for lower heat-release rates and lower experiment durations. To 
summarize, with no increment in char height or area, it was the char 
depth and in turn the volume that increased with experiment duration. 
In addition, increased experiment duration and heat-release rate resul-
ted in reduced char density. Thus, charring of the sample limits upward 

Fig. 24. Variation in average depth with heat-release rate for different experiment durations. The depths are averaged across the width of the panel and averaged 
again over the five experiments with identical experimental duration and heat-release rate. Note that the range of the vertical axis corresponds to the height of the 
particle board. 

Fig. 25. Flame height comparison based on three different definitions. Flame 
height including the flamelets as used in this study (green curve), continuous 
flames excluding flamelets (red curve) and flame height with 50% intermit-
tency for every 5 s (blue curve) are shown. hch and hch* for the corresponding 
experiment are also indicated. (For interpretation of the references to colour in 
this figure legend, the reader is referred to the Web version of this article.) 

Fig. 26. Vertical temperature profiles are shown for an experiment on particle 
board with total heat-release rate 33 kW – before ignition of the sample from 
external venting flames, during peak flame height, and after the peak in flame 
height when the flame height returns to steady-state (see Section 3.3.2 and 
Fig. 7). A temperature profile for an experiment on an inert panel at 33 kW is 
shown for comparison. The temperature for the inert sample at 80 mm is ~670 
◦C while for the particle board before ignition, it was ~460 ◦C. 
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flame spread as the pyrolysis gases available for combustion is reduced. 
However, continued exposure to flames will lead to further heat con-
duction inwards, creating deeper char layers in the already charred 
region. 

It may be assumed that the region of the surface with highest tem-
perature as reflected by the thermocouple data in Fig. 19, will ignite 
first. Based on the temperature measurements in all the experiments, the 
highest recorded temperatures were between 80 and 160 mm from the 
bottom of the panel. The high temperature at a higher location rather 
than at the bottom is assumed to be caused by the momentum of the 
flames as they were ejected out of the combustion chamber; keeping the 
flames away from the bottom of the panel and the thermocouple located 
there. It was this higher region that ignited first, and it was expected that 
this area should have highest char depth as it had been exposed to 
relatively higher temperatures. A significant increase in char depth in 
this region is not evident in the data. The deepest char is observed at the 
bottom of the panel and not ~80–160 mm above the bottom. This may 
be due to air flow towards the fire through the gap between the bottom 
of the panel and roof of the compartment supplying more oxygen to the 
combustion zone or it may be due to the large separation between 
measurement points (50 mm). It may also be due to heat accumulation 
at the bottom of the sample from reduced net conductive heat loss from 
this region due to geometric constraints (reduction in amount of mate-
rial available for conduction). 

5.2.1. Relevance for full-size buildings 
The current study had an opening factor (as defined in Drysdale 

[54]) of 0.07 m1/2 and reported stable average flame heights of ~200 
mm, ~286 mm, ~360 mm and ~435 mm (after peak) for heat-release 
rates of 23 kW, 28 kW, 33 kW and 37 kW, respectively. Height of 
external venting flames on a facade in a full-scale scenario was inves-
tigated by Sjöström et al. [17]. Sjöström et al. used realistic furniture as 
the fuel source to simulate a real fire scenario and had an opening factor 
of 0.062 m1/2 for their study and reported an average flame height 
around ~3500 mm–4000 mm. Oleszkiewicz [55] measured heat flux 
density in a full-scale experimental setup using propane gas as the fuel 
source with an opening factor of 0.057 m1/2. Heat-release rates in the 
experiments by Oleszkiewicz varied from 5.5 MW to 10.3 MW and 
measured heat fluxes from 19.2 kW/m2 – 68.3 kW/m2 at heights as low 
as 500 mm above the ventilation opening. However, the heat fluxes at 
2500 mm were in the interval 3.5 kW/m2 – 13.7 kW/m2 as heat-release 
rate was varied. Heat flux incident on the façade significantly reduced 
with an increase in height of only 1000 mm even for a full-scale fire 
scenario, similar to the results presented in this study. However, since 
heat flux was not measured in this study, a direct comparison is not 
possible. 

The height of an external venting flame from a compartment under 
post-flashover conditions depends on the rate of burning of the fuel and 
dimensions of the ventilation opening [56]. Since these data are pre-
sented in the study, the results can contribute to numerical modelling of 
fire spread on timber façades and can assist in a sustainable and safe 
timber-based built environment. Data for peak flame height may be used 
to predict what is the typical height between windows of two consecu-
tive floors to minimize fire spread based on the expected maximum 
heat-release rate from the fire compartment. The data about char for-
mation could help to understand the progression of char into the façade 
and in turn, the stability of the façade, as a function of exposure time and 
heat-release rate. In addition, the data could be used to design façade 
support structures and external fire breaks on a timber façade. The study 
also explores how the external venting flame height can change when an 
existing inert façade is replaced with a charring timber-based façade and 
the data can be useful in fire safety design of a building renovated with 
timber-based façade instead of an existing inert façade. 

6. Conclusion 

A series of small-scale experiments were conducted to study the fire 
spread and charring on a vertical particle board panel under varying 
heat-release rate in the fire compartment and experimental duration. A 
peak flaming period was observed, with steady burning periods before 
and after the peak. Experiment duration did not influence upward flame 
spread after the peak when no additional external heat flux was pro-
vided. An average fire-spread rate of ~3.2 mm/s and decay rate of ~2.5 
mm/s were estimated for the peaks. Char behaviour under varying flame 
heights and experiment durations were quantified. With every 4–5 kW 
increase in heat-release rate, char height increased by ~136 mm, char 
volume by ~3 × 105 mm3 and char area by ~540 cm2. Char height and 
area showed negligible influence from experiment duration but with 
every 5 min increase the char volume increased by ~1.7 × 105 mm3. 
Interestingly, the char density did not decrease linearly with increasing 
heat-release rate but seemed to stabilise around 220 kg/m3. A linear 
increase in mass-loss rate was observed with increasing heat-release 
rate. The measurable char height (depth >1 mm) (hch*) was ~60–70% 
of the visible char height (hch) when plotted as functions of peak flame 
height. Variations in average char depth along the height of the panel 
with heat-release rate and experiment duration were also quantified. 
While the fire did not spread upwards with increased experiment 
duration, deeper char layers were created. 

Further experiments with a broader range of heat-release rates and 
experiment durations may be necessary to understand the changes with 
increased scale. It is also recommended to explore how the presence of 
the window head affects the results. Direct measurement and investi-
gation of mass-loss rate, heat flux on the sample surface and heat-release 
rates is also recommended as future work. A further study may also 
include proper control over the moisture of the sample and char mea-
surements using photogrammetry. Change in flame height and flame 
spread behaviour for a double-layered façade with a cavity (ventilation 
cavity) would also be of interest, since this is a common construction 
method for timber façades. 
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