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ARTICLE INFO ABSTRACT

Keywords: The impact of intumescent flame-retardant (IFR) coating location on the fire-resistance of inclined timber
Fire-retardant coating samples was studied using a multi-imaging system that integrated visible wavelength, short-wavelength infrared
Visualisation

(SWIR), long-wavelength infrared (LWIR), and Schlieren techniques. Weight loss post-initial ignition was
monitored using a weight scale, and a scanning electron microscope (SEM) was employed to observe the
microstructure of both coated and uncoated surfaces post-burn. Samples were inclined at 30, 45 and 60 to study
the effects of inclination on fire-retardant efficiency. Four coating strategies were compared: top surface, bottom
surface, one side surface, and both side surfaces, against an uncoated control. Quantitative results revealed
significant reductions in burning intensity and fire spread when coating was applied to the bottom surface and
both side surfaces, attributed to the inhibition of convective heat transfer from underneath the timber samples.
The mechanisms of this inhibition were considered to be the termination of gas-phase combustion and imped-
iment of pyrolysis product escape. Furthermore, the fire-retardant efficiency diminished with increasing incli-
nation angles, especially for samples coated only on the top or one side. Conceptual models were developed to
understand the mechanisms of fire-retardance and heat transfer inhibition. This work offers critical guidance for
the application of fire-retardant coatings and may enhance cost efficiency in fire safety, particularly for indi-
vidual elements of timber structures such as beams, columns, and frames.

Timber material
Heat transfer
Burning behaviour
Inclined angle

1. Introduction Cross Laminated Timber (CLT) [8] are mainly used; since they are more

cost-effective and have better structural performance. However, due to

Modern constructions are increasingly using timber-based materials
due to their advantages in sustainability and structural performance.
Compared to concrete structures, timber-based structures have an
outstanding advantage in reducing carbon emission throughout the
building life cycle assessment [1-3]. In addition, characteristics such as
being biodegradable, sustainable [4] and recyclable [5] make timber an
environmentally-friendly material in the construction industry. Instead
of using solid wood, engineered timber materials such as Laminated
Veneer Lumber (LVL) [6], Laminated Strand Lumber (LSL) [7], and

* Corresponding authors.

the combustible nature of timber, the fire safety of timber constructions,
especially in high-rise buildings, poses challenges to civil engineers and
researchers [9,10].

In fire safety design of timber structures, the fire resistance of a
building is generally defined by a certain fire exposure time while
maintaining its structural integrity [11,12]. In fire involving timber
structures, the exposed timber elements can contribute to the existing
fuel load within the fire compartment, leading to higher peak temper-
atures, longer heating times, and faster fire growth rates [13,14].
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Charred timber is defined to have zero strength and stiffness in fire
safety design according to BS 1995-1-2 [11], since the charring process
can reduce the effective cross-sectional area, thereby lowering the load-
bearing capacity of the whole structure [11]. To increase the fire resis-
tance of timber materials, the intumescent coating has been used as a
passive fire protection method. Under heat exposure, the coating can
swell up to 100 times its original thickness, forming a fire insulation char
barrier [15]. Also, the intumescent coating has been reported to be cost-
effective and environmentally friendly [15].

Researchers have conducted a wide range of tests on the intumescent
coating on timber samples in laboratory-scale experiments. Lucherini
et al. used different thicknesses of commercially available intumescent
coating to study the burning behaviours (ignition time and temperature)
and char properties (depth and swelling) on an Australian soft wood
[16]. Jiang et al. quantified the temperature of the maximum rate of
pyrolysis decreased with the percentage of wood treated with IFR
(intumescent fire retardant), the temperature for original wood is about
325 C [17]. The high efficiency and eco-friendly IFR coating has been
developed from various aspects, for example the modified decanoic/
palmitic eutectic mixture (DPEM) [18], different carbon sources addi-
tives [19], bio-based FRC curing agent of ammonium hydrogen phytate
(AHP) [20], gibbsite/SAE-based [21] and more novel designs of the
intumescent itself [20,22]. The comprehensive characterisation has
been done with those designed coatings, and a compact, continuous and
uniform char layer has been considered as an adequate structure for a
high-efficiency coating. The existing literature provides valuable in-
sights into the properties of different IFR coatings and the corresponding
local burning behaviours, using techniques such as the gas-spray gun
heating tests [20,22]. However, there are lack of understanding of fire
spread mechanism, especially in the effects of IFR on the fire spread
dynamics.

Large-scale experiments have been conducted for studying flame
dynamics and validating the findings revealed from the laboratory-scale
experiments. Zhang et al. [23] conducted a large-scale light timber
frame construction (LTFC) and investigated the fire development and
flame behaviours. Their results showed that the temperature of gas
surrounding the timber frame played an important role in flame ejection
distance and the preheating process. Self-sustained burning on timber
materials required sufficient heat and preheating on the virgin materials
[24]. It has been demonstrated that convection plays the primary role to
sustain the burning and spread the fire on timber materials, especially
for a single-element structure [24,25]. And the underneath hot flow
layer was considered as the dominate source for the convective pre-
heating [26].

Upon reviewing the available literature, several gaps in the research
have been identified: 1) Although comprehensive studies have been
conducted on local burning behaviours, the study of fire spread on IFR
coated timber remains unexplored. 2) To the authors’ knowledge, no
publications have yet investigated the influence of the different coating
locations on the effectiveness of fire-retardant measures. Moreover, the
inclined angle of the structure can potentially impact the effectiveness of
the coating. Thus, studying the effects of coating location and inclination
angles carries substantial practical and theoretical significance. 3) A
comprehensive visualisation system for fire safety assessment is desir-
able because it can enhance our understanding of the fire-retardant
mechanisms and the heat transfer process.

The aim of this study was to investigate the effects of the coating
location, on the fire-retardant effectiveness, on single-element timber
structures, at different inclination angles. We developed a synchronised
visualisation system, which includes: direct imaging (photography) to
quantify charring behaviour; Schlieren imaging, which can enable vis-
ualisation of hot gas flow surrounding the burning timber; and two
thermal cameras, providing quantitative results of the surface temper-
ature. Along with a weight scale and scanning electron microscopy
(SEM), the burning process of the IFR-coated timber can be compre-
hensively visualised and studied. The mechanisms of intumescent
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coating inhibition of the heat transfer have been revealed from the
quantitative results. A conceptual model has also been developed.

The effectiveness of different fire-retardant coating locations is
explored and presented here in literature for the first time. The insights
gained in this work may provide an important framework for future
design of the fire safety engineers and aid in the development of timber-
substrate intumescent coatings. The outcomes of the study could also
help to improve the cost efficiency of employing fire-retardant coatings,
especially for single-element structures such as beams, columns and
frames.

2. Methodology
2.1. Experimental arrangement

The experiment setup is illustrated in Fig. 1. Four cameras were used
to synchronously monitor the fire spread process, the imaging and
trigger system are shown in Fig. 1(a). Each imaging method can provide
insights from different aspects of the fire development. The mechanisms
of fire-retardance can be revealed by combining these aspects, as shown
in the example images in Fig. 1 (c). The direct images, using a colour
camera, record the whole burning process, and the burning behaviours
(charring rate and maximum charring distance) can be obtained during
post-processing. The Schlieren imaging system enabled the visualisation
of the hot gas flow field surrounding the burning wood. The hot flow is
crucial in the convective heat transfer of the fire spread [24]. The
Schlieren images were captured by a grey-scale high-speed camera. Two
thermal cameras: long-wavelength infrared (LWIR) and short-
wavelength infrared (SWIR), were used for monitoring the side surface
temperature, temporally and spatially. The mechanisms of heat transfer
inhibition can be revealed through the combination of thermal and
Schlieren imaging.

The test zone is depicted in Fig. 1 (b). The samples were 9.5 mm x
9.5 mm x 240 mm natural oak wooden cuboids. All samples were pre-
dried for 12 h at 100 °C, in a furnace, ensuring the consistency of
moisture content. An adjustable holder was used to secure the samples
and set the incline angles at 30°, 45°, 60°. The holder and the sample
were placed on a weight scale allowing weight loss during the burning
process to be measured. The samples were inclined because the fire
spread changes as a function of inclination [27]; indeed, the inclined
timber structure generally accelerates the fire spread and can cause
more serious loss [28]. A premixed methane-air flame was used as an
ignition source with a methane flowrate of 0.35 L/min and 0.9 L/min for
air. A 40 mm distance was maintained between the sample and the
burner. All samples were ignited for 20 s before turning off the burner.
The first 80 mm length from the ignition point was set as the self-
sustained region allowing the fire development after piloted ignition,
shown in Fig. 1 (b).

A commercially available thin intumescent (Model 92-ESVFR, Life-
line Fire Prevention Ltd) was applied to different surfaces beyond the
self-sustained region (80 mm), as shown in Fig. 1 (d). The coating is an
aqueous (emulsion) acrylic polymer system which is widely used for
timber materials because the easy application and good adhesion to the
wood surface. However, potential hazards can be raised such as envi-
ronmental impact and toxicity. The IFR coating was applied by brushing
the surface evenly, with the uncoated surface covered for protection.
The commercially available intumescent coating was ideal for studying
the burning behaviours of timber because their widespread adoption
and representativeness [16]. The sample without any coating (labelled
as: None) was used as a control. Subsequently, the top surface (labelled
as: Top), bottom surface (labelled as: Bottom), one side surface (labelled
as: One side) and both side surfaces (labelled as: Both sides) were treated
with the intumescent, to investigate the effectiveness of the fire-
retardant under different coating strategies and to study the mecha-
nisms of fire inhibition in timber fires.

The surfaces of both coated and uncoated samples were analysed
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Fig. 1. The experimental arrangement. (a): Imaging system setup. (b): Test rig illustration. (c): Example images of the synchronised imaging system. (d): Illustration

of the different coated surfaces (cross-section view)).

post-experiments using the FEI Inspect F SEM to perform scanning
electron microscopy (SEM), at an acceleration voltage of 5 kV and a spot
size of 3 nm. The SEM images enabled us to present the differences in the
microstructure of the surfaces. We present these with and without the
coating, allowing a detailed investigation of flammable gas escape in
conjunction with Schlieren imaging.

2.2. Burning behaviours

The overall burning behaviours were assessed from three key per-
spectives; weight loss, which correlates to the burning rate of the natural
timber; charring rate and the maximum charring distance in the coated
region, which reflected the temporal and spatial progression of the fire
respectively. The maximum charring distance was considered only for
the bottom and both sides coating strategies because the fire was able to
spread throughout the sample in other coating surface cases. Timber
materials have the natural of the inhomogeneous internal structure
which resulted in the deviation from the results. Therefore, each test was
repeated for five times, to ensure repeatability. The time evolution of
weight loss is presented as the most representative result, while the
charring rate and charring distance, obtained from direct imaging, are
averaged and the repeatability of the tests are well presented with the
calculated standard deviation.

The weight loss, as recorded by the scale, was normalised based on
the initial weight of the samples, for a more direct comparison among
the different test groups. Results were presented from the moment the
initial ignition was turned off, to either the extinguishment of the fire, or
the point at which the fire reached the farthest end of the samples.

Charring rates and the maximum charring distance in the direction of
fire spread were quantified using the direct images. These were calcu-
lated based on the distance that the leading carbon black travelled,
starting from the coated region, until the fire was either extinguished (in
the cases of Bottom and Both sides) or reached the farthest end of the
samples (for None, Top, and One side), and the time this process took.
The results were then averaged across repeated tests and their respective
standard deviations are also presented.

2.3. Temperature measurement

The temperature profile of the side surface can be used to visualise
the effectiveness of each coating strategy, in inhibiting heat transfer
thereby aiding the investigation into the mechanisms of fire retardation.
Two infrared cameras were employed in this study: LWIR camera
(PyrOptik, model LW640) and InGaAs SWIR camera (PyrOptik, model
NIRIN640), to monitor the side surface temperature of the samples after
initial radiance calibration.

The LWIR camera, operating at a fixed framerate of 9 Hz and a res-
olution of 640 x 512 pixels, was sensitive to the long-wavelength
infrared range (7.5 pm — 13.5 pm). This sensitivity enabled the camera
to detect radiation emitted from low temperature surfaces. The cali-
bration process was similar to the work of Lai et al. [29]. A blackbody
furnace (emissivity ~ 0.99) was used as the calibration source across a
temperature range of 50 °C to 650 °C, with calibration points taken at
50 °C increments. Fig. 2 (a) shows the calibration curve and measured
uncertainty of LWIR camera. The uncertainty (residuals) was quantified
as the difference between the furnace temperature and the calculated
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Fig. 2. Calibration and uncertainty of measured temperature: (a) LWIR camera and (b) InGaAs SWIR camera.

temperature. The results show the maximum residual was less than
10 °C which provides adequate performance for the purposes of this
research.

The InGaAs SWIR camera equipped with a 100 mm focus lens can
provide a narrower field-of-view (FOV) but more detailed imaging than
LWIR measurements. The spectral sensitivity was restricted in the range
of 1490 nm - 1502 nm by a band pass filter (Thorlabs, FBH1490-12) to
obtain an accurate temperature reading from 250 °C to 700 °C. The
calibration was based on Planck’s Law [29], 100 images were captured
and averaged with a blackbody furnace (emissivity ~ 0.99) between
250 °C and 700 °C, at increments of 50 °C. The offset from zero digital-
logic-levels, under unilluminated conditions, was determined by aver-
aging 100 images with the lens covered. The calibrated temperature
curve is shown in Fig. 2 (b). It was found that the measurement uncer-
tainty of the InGaAs camera was less than 5 °C across the specified
temperature range of 300 °C to 700 °C.

The radiance captured by both thermal cameras was corrected by the
estimated emissivity of burnt wood. A fixed emissivity of 0.95 was
employed in this work based on the literature [26,30].

The LWIR camera was used to provide temporal temperature results
because of its wide FOV and large dynamic range (50 °C to 650 °C). A
region-of-interest (ROI) measuring 20 mm in length within the coated
region was selected for analysis, shown in Fig. 3 (a). This length was
determined based on the average charring distance observed in the
coated region of bottom-coated samples. The surface temperature was
averaged for quantitatively indicating the mean temperature change as
fire spread into the coated region.

The SWIR camera, with its narrower FOV and more precise tem-
perature readings ranging from 250 °C to 700 °C, was aptly suited for
presenting the spatial distribution of temperature. To investigate the
mechanisms of heat transfer inhibition with different coating strategies,
the pyrolysis length and the mean temperature of the pyrolysis zone
were measured as a function of the distance to the bottom surface,
shown in Fig. 3 (b). The pyrolysis zone was defined as the pixels whose
temperature was higher than 300 °C. This threshold was chosen based

Fig. 3. Illustration of the region of interest (ROI). (a): The temporal mean
temperature of LWIR camera. (b): The spatial distributions of the pyrolysis zone
in the coated region of InGaAs SWIR camera.

on the understanding that rapid pyrolysis of wooden fuels typically
occurs above 300 °C [31,32], effectively delineating the region under-
going active flaming combustion. The size of each pixel of the camera
covered was pre-calibrated, enabling the calculation of the pyrolysis
length from the thermal images. Results were presented at 20 s, 40 s and
60 s to illustrate the temporal evolution of the pyrolysis zone under
different coating strategies.

3. Results and discussions
3.1. Burning behaviours

Fig. 4 shows direct photographic images of the wooden samples in-
clined at 30°, capturing the moment when fire spread to the coated re-
gion and moved throughout the sample (or until extinguishment). These
images evidenced that different coating strategies can significantly in-
fluence the burning behaviours of the sample, which in turn impacts the
effectiveness of fire-retardant. Specifically, with top surface coating, the
fire continues to spread throughout the sample, albeit with a somewhat
weakened top flame (compared to the 'None’). With one side surface
coating, the fire similarly propagates throughout the sample, but only
partially chars the coated surface. The strategies of coating the bottom
and both sides effectively inhibit fire spread. In the bottom-coated
sample, the fire tends to spread from the top, while in the sample
coated on both sides, the fire primarily spreads near the bottom.

The effectiveness of the fire-retardant can be assessed by the quan-
tifying burning behaviours. Fig. 5 presents the normalised weight loss
for different coating strategies when the sample was inclined at various
angles. The weight loss in the self-sustained region remained consistent
at each inclined angle. However, the weight loss rate became larger
when the inclined angle gets steeper. Similar findings were revealed by
Gollner et al. [33]. This was due to the inclined surface, which effec-
tively enhanced the heat convection to the virgin wood. As a result, fire
spreads into the coated region faster on samples with a larger inclined
angle.

The decreased weight loss rate in the coated region indicates the
effective retardant of fire. The effectiveness of the coating strategies was
ranked as follows: Both sides > Bottom > One side > Top (30°) and Both
sides > Bottom > Top > One side (45° and 60°). The bottom and both
sides coating strategies were successful in stopping the spread of the fire,
with limited weight loss found in the coated region. Top and one side
coating strategies provided a considerable inhibition of combustion
when the sample was inclined at 30°, as the weight loss rates signifi-
cantly decreased. This can also be seen in Fig. 4, which displays weak-
ened flaming combustion. However, with increased inclination, the
effectiveness of fire retardation decreased, as the weight loss rates came
close to those of the control group (refer to Fig. 5 (b) and (c)).

To further investigate the effects of the inclined angles on the fire-
retardant effectiveness, Fig. 6 compares the weight loss rates at
different inclinations. Fig. 6 (a), as a control group, represents the
weight loss rate under self-sustained burning. As previously discussed,
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the more efficient heat transfer to the virgin wood facilitated the fire
spread and took a larger volume of wood into the thermal pyrolysis [24].
In general, the fire-retardant effectiveness of all coating strategies
decreased with a larger inclination angle, which was due to the
increased flame attachment length [27] and more effective heat

convection [24]. In detail, the top and one side coatings almost lost ef-
ficacy when the angle was larger than 45°. The effectiveness of the
bottom and both sides coating decreased slightly under a larger incli-
nation, but the fire could be stopped within a short period.

Fig. 7 shows the char propagating behaviours in the coated region
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under various coating strategies and inclined angles. The charring rate
increased with the larger inclined angles (Fig. 7 (a)), which aligned with
both the weight loss rate findings and existing literature [24,33].
Regarding the coating strategies, the top and one side coating had
insignificant inhibitory effects on the charring rate compared to the
control group. In contrast, the bottom and both sides coating impeded
the charring rate. The charring of a timber material requires a sufficient
temperature for thermal pyrolysis, and a higher charring rate is associ-
ated with effective heat transfer to virgin materials [31]. A coating on
the bottom surface obstructs the spread of hot gas flow beneath the
sample, which is crucial in preheating the virgin wood [34]. Coating at
both side surfaces inhibits the convective heat transfer to the upper
surface of the timber, leading to less material being involved in thermal
pyrolysis.

Fig. 7 (b) shows the maximum charring distance of the bottom and
both sides coating strategies. These two coating strategies have similar
charring distance but char was produced on different surfaces, as shown
in Fig. 4. For the bottom coated sample, charring tended to occur on the
top surface. This was because the radiative heat transfer from the flame
on the top side becomes the primary source of heat flux when the pre-
heating from underneath was inhibited. On the other hand, for the
sample coated on both sides, the flow underneath can preheat the virgin
wood on the bottom side. However, the IFR coating on both sides
obstructed natural convection, which further supressed the initiation of
combustion on the upper surface. Regarding the inclination angles, a
larger inclination increases the area that can be preheated by the con-
vection from underneath, which means that char can travel further
under a larger inclined angle.

Fig. 8. Hot gas flow field presented by schlieren imaging of different test cases and the corresponding thermal images. (a): Burning at self-sustained region. (b - f)
burning at coating region; (b): No coating applied. (c): Top surface coated. (d): One side surface coated. (e): Bottom surface coated. (f):Both side surfaces coated.
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3.2. Hot gas flow field

Schlieren imaging can capture minor changes of the gas density and
has been used for investigating the hot gas flow during the combustion
previously [26]. Fig. 8 illustrates typical Schlieren images of each
coating strategy, along with their synchronised thermal images. A pro-
nounced hot flow is observed underneath the timber sample in its self-
sustained state (Fig. 8 (a)). This hot gas flow, composed of the burnt
gases from the combustion of timber and the flammable gases generated
from the thermal pyrolysis [24], is crucial for preheating the virgin
wood and supplying the gas-phase fuel for the flaming combustion. This
hot gas flow invariably leads the fire spread (Fig. 8 (b)).

The underneath flow appeared slightly thinner and shorter with top
and one side coating (Fig. 8(c) and (d)), but was still able to spread
throughout the samples. This can be attributed to the fact that fewer
materials were involved in the pyrolysis, leading to fewer burnt gases
and flammable gases being generated. It is found from the thermal im-
ages of one side coating (Fig. 8 (d)) that the heat was concentrated near
the bottom of the sample, suggesting the intumescent coating on the side
surface effectively obstructed the convective heat transfer from under-
neath the sample. As a comparison, in the top surface coated sample
(Fig. 8(c)), heat can be transferred into the upper region, resulting in a
larger area with high temperature.

Conversely, the propagation of the underneath hot flow was limited
in the bottom and both sides coated samples (Fig. 8 (e) and (f)). As
observed in Fig. 8 (e), the heat accumulated in the region before the
intumescent coating, a consequence of the hot flow being impeded by
the bottom surface coating. A portion of the wood preheated near the
upper surface was heated by the flame radiation [31]. However, the heat
cannot transfer downward because of the buoyancy [32], resulting in
only a limited length of the lower surface being heated. This forms the
mechanism underpinning the high performance of the fire-retardant
using the bottom coating strategy.

The underneath flow was weakened in both-sides-coated sample
(Fig. 8 (f)) and cannot propagate over a long distance. The preheating
region was found nearer the lower surface, as opposed to the upper
surface in the bottom surface coated sample (Fig. 8 (e)). This was
because the underneath flow in both-sides-coated sample could still
propagate and preheat the virgin timber. However, upward convective
heat transfer was effectively inhibited due to both sides being coated.
Given the low thermal conductivity of timber [35], heat was isolated
between the upper and lower surfaces. With insufficient heat and
flammable gases provided from below, the flaming combustion on the
upper side could not be sustained. As a result, the hot flow became
weakened due to the inhibition of global combustion, subsequently
obstructing the spread of fire.
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3.3. Temperature distributions

The hot flow gas flow markedly influenced the surface temperature
of the samples. The measuring of surface temperature offered essential
insights into burning behaviours, regions under thermal pyrolysis, and
preheating stages. Typically, timber materials initiate rapid thermal
pyrolysis at temperatures around 300 °C, producing volatiles that sub-
sequently triggers spontaneous flaming combustion [36]. On the other
hand, when the samples have surface temperature of samples ranging
from 200 — 300 °C, pyrolysis is more likely to produce solid products,
such as carbon char [37,38]. Thermal imaging has emerged as a prom-
ising tool for acquiring the temperature distribution across the timber
surface and identifying parts of the structure that have undergone
decomposition [39].

Fig. 9 shows the average temperature of the ROI in the coated region,
considering different coating strategies and inclination angles. It is
observable that the surface temperature of uncoated samples was
generally the highest and sustained for longer periods of time at high
temperatures (T > 300 °C). This phenomenon was most conspicuous
when the sample was inclined at 30° (Fig. 9 (a)), where only the top-
coated sample exhibited a comparably high surface temperature but
lasted a short period of time, which was attributed to paucity of timber
in the upper region undergoing pyrolysis and the reduced radiation from
the flame. The surface temperature of the bottom and both sides coated
samples were the lowest (~200 °C), indicating that charring combustion
predominantly occurred rather than gas-phase combustion.

The surface temperature increased with the larger incline angles, as
shown in Fig. 9 (b) and (c). In other words, the effectiveness of the
intumescent coating diminished with the increasing inclinations. This
phenomenon can be attributed to the longer length of the underneath
hot flow and the flame attachment on the upper surface, resulting in a
more extensive thermal decomposition of the materials [27]. Addi-
tionally, the increased angles also enhanced the efficacy of heat transfer
to the virgin timber via both convection and flame radiation. It was
observed that the top and one-side coating strategies nearly lost their
effectiveness when the angle was larger than 45°, since no significant
difference in surface temperature and sustaining duration can be found
between them and control group. In contrast, for the bottom and both-
sides coated samples, the surface temperature remained suppressed
compared to the uncoated sample, even though their effectiveness
decreased with the larger angles.

In contrast to the side coating (either on one side or both sides),
which hindered the convective heat transfer from the underlying hot
flow to the upper surface, the top and bottom coating functioned
differently by directly inhibiting the heat source from the respective top
and bottom surfaces. The structural integrity of timber significantly di-
minishes once rapid thermal pyrolysis is initiated, given that charred
wood possesses inferior mechanical properties compared to the original
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material [40]. Fig. 10 shows the length of the rapid pyrolysis zone (T >
300 °C) in relation to the distance to the bottom surface (as illustrated in
Fig. 3 (b)), along with its mean temperature at t = 20 s, 40 s and 60 s.

Fig. 10 (a) reveals that the primary pyrolysis zone in the bottom-
coated sample was located near the top surface (x = 4 — 9.5 mm),
while the timber had a restricted pyrolysis length near the bottom sur-
face. This was attributed to the intumescent coating obstructing the
propagation of the hot flow underneath, meaning the lower surface of
the timber was hardly heated due to the lack of convective preheating
from a sufficient hot flow. The timber at the upper surface could undergo
thermal pyrolysis as a result of flame radiation. However, due to the low
thermal conductivity of timber, heat could not effectively transfer from
the upper surface to the lower, leading to a shorter burning lifetime and
weakened combustion. The mean temperature in Fig. 10 (a) evidenced
that heat accumulation occurred at the lower surface. The intumescent
coating, which hindered the propagation of the hot flow underneath,
resulted in a build-up of hot flow before the coated region. Although fire
did not spread further on the lower surface (as evidenced by comparing
different times in Fig. 10 (a)) due to the lack of preheating and the
limited pyrolysis length, the heat accumulation resulted in a relatively
high temperature at the bottom surface.

Conversely, Fig. 10 (b) shows fire spreading across the entire side
surface (upper and lower) of the top-coated sample. The pyrolysis length
increased proportionally from 20 s to 60 s. It is worth noting that the
pyrolysis length was longer at lower surface (x = 0 — 4.5 mm) compared
with the upper surface (x = 4.5 — 9.5 mm), indicating that pyrolysis at
the lower surface dominated the fire spread. The underlying hot flow
persistently preheated the virgin timber, thus propagating the fire.
Concurrently, heat was transferred upwards by convection, engaging
more materials in pyrolysis. The mean temperature provided further
evidence that the lower surface had a higher temperature than the upper
surface, with the temperature increasing over time due to the larger
pyrolysis area enhancing the combustion.

The bottom surface has been quantitatively proved to be the most
effective coating surface compared to other single surfaces. To further
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investigate the effectiveness of the fire-retardant, the pyrolysis length
and mean temperature of bottom-coated samples were compared across
different inclined angles, as shown in Fig. 10 (c). The pyrolysis length
was found to increase proportionally with the sample inclination due to
the larger area was covered by the effective convection heating. Heat
accumulation was observed on both the bottom and top surface for all
three inclined angles. The mechanisms of the fire-retardant of different
coating strategies will be discussed in detail in the following section.

3.4. Surface topography

The quantitative results provided evidence that the different coating
strategies can significantly influence the effectiveness of IFR coating,
with the bottom surface identified as the most effective single coating
surface. In order to reveal the mechanisms of how the coating location
influenced the fire-retardant effectiveness, it’s essential to explore the
mechanisms of intumescent coating. Natural timber materials predom-
inantly comprise of cellulose, hemicellulose and lignin which are bio-
logic polysaccharide [41]. They undergo thermal pyrolysis when they
reach a certain temperature, leading to the decomposition and genera-
tion of complex products [42] further initiating the flaming combustion
and preheating of virgin timber. Fig. 11 shows the SEM images of the
timber sample post-burning, both with and without IFR coating. As
observed in Fig. 11 (a) and (c), there are discernible cracks and porous
features on the timber surface. The combustible gases produced during
pyrolysis escape from the timber through these porous structures,
forming a hot flow layer in conjunction with the burnt gases, as illus-
trated in Fig. 8. The porous structure is a crucial factor that the timber
can sustain the flaming combustion and the porosity indirectly deter-
mined the burning rate of the timber [43].

The intumescent coating is known to swell up to 100 times its orig-
inal thickness when subjected to fire [44]. This swelling forms a dense
layer that covers both the timber surface and the porous structures, as
shown in Fig. 11 (b) and (d). The mechanism by which the IFR coating
impeded the propagation of the underlying hot gas flow, thereby
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Fig. 11. The SEM images. (a): Uncoated surface ((c): zoomed in region.) (b):

Coated surface ((d): zoomed in region).
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inhibiting fire spread, can be elucidated based on these SEM images. The
intumescent coating provided two critical effects for the fire inhibition.
Firstly, the non-combustible coating material prevented the flame
propagation by disrupting the supply of oxygen. Consequently, there
were no gas-phase products contributed to the hot gas layer. Secondly,
the SEM images show that the dense coating layer covered the porous
wooden surface. This isolation limited the escape of flammable gases
generated from pyrolysis, further diminishing the likelihood of flaming
combustion.

3.5. Conceptual models

The fire spread on a timber structure required considerable amount
of heat for preheating the virgin wood [24]. Specifically, the fire spread
on an individual element of the timber structure (such as beams, col-
umns and frames) relates to the heat transfer in self-sustained burning,
as illustrated in Fig. 12 (a). The primary modes of heat transfer are: 1)
the radiation emitted from flaming combustion at the top surface. 2)
thermal conduction within the timber material, and 3) convective heat
transfer from hot gas flow underneath the structure. Timber possesses a
low thermal conductivity [35], leading to limited heat transfer within
the material. The radiative heat flux relies on the flame temperature
[45], the length of flame attachment, and the view factor [32], which
can deliver substantial amount of heat to preheat the upper side surface.
However, due to the low conductivity of timber materials, the lower
surface cannot be effectively preheated, especially when an individual

Fig. 12. Conceptual models of fire spread on (a) uncoated wood, (b) top coated wood (c) bottom coated wood and (d) both sides coated wood.
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building element has a significant geometrical thickness. Previous
research has demonstrated that the convective heat transfer from
beneath the timber plays a pivotal role in fire spread on individual el-
ements [24,26,34]. As discussed previously, the underneath hot gas flow
consisted of the burnt gases from gas-phase combustion and flammable
gases generated from the thermal pyrolysis. This flow heated the upper
materials because of the buoyancy and further preheated the virgin
timber, thus propagating the fire [31]. Burning can become self-
sustained when more regions are involved in pyrolysis, leading to
more hot gases being replenished underneath because of the Coanda
effect [46]. The visualisation in Fig. 8 directly demonstrated that the
surface temperature of the timber samples was strongly correlated with
the hot gas flow underneath.

This research explored three different strategies for impeding heat
transfer to further inhibit fire spread. These strategies included applying
an intumescent coating to the top surface (which inhibited flame radi-
ation, as shown in Fig. 12(b)), the bottom surface (which inhibited
convection from underneath, as shown in Fig. 12 (c)), and the side/both
sides surfaces (which impeded heat transfer from underneath, as shown
in Fig. 12 (d)).

In detail, the flaming combustion on the topside was inhibited when
the IFR coating was applied on the top surface. The coating formed a
non-combustible layer, preventing the diffusive motions between the
gas-phase fuel and the oxidiser. This led to less preheating on the upper
surface, which was quantified by the surface temperature in Fig. 10 (b)
as the occurrence of heat accumulation near the lower surface. Never-
theless, the hot gas flow underneath continued to heat the material
through natural convection, thereby sustaining the fire.

Fig. 12 (c) illustrates the fire spread on a sample with an intumescent
coating applied to the bottom surface. The coating prevented the for-
mation of the underneath hot gas layer by inhibiting the escape of gas-
phase fuel from the timber and stopping the attachment of burnt gases
on the bottom surface. This phenomenon can be observed from the
Schlieren images in Fig. 8. The materials at the lower surface cannot be
heated effectively (Fig. 10 (a)) because of the low thermal conductivity
of timber. Consequently, the heat accumulated near the upper surface,
reducing the volume of timber materials that takes part in the pyrolysis
process, which resulted in a shorter self-sustained burning lifetime.

Inhibiting convection during its transfer process was another
approach to enhance the effectiveness of fire-retardant. The convection
was weakened when only one side surface was coated, even though the
heat could still pass through the uncoated surface. However, when both
side surfaces were coated, as illustrated in Fig. 12 (d), the IFR coating
impeded the heat from the underneath convection, resulting in only a
limited amount of timber materials being heated by the thermal con-
duction. This significant reduction in heating led to a marked decrease in
the replenishment of gas-phase products towards the underneath hot
flow layer. The resulted weakened layer further decreased the provided
heat flux, leading to the eventual cessation of the fire.

Increasing the inclination angle can reduce the effectiveness of the
fire-retardant coating, as demonstrated by the quantitative results in this
study. Fig. 13 illustrates the effects of inclined angles on the convective
heat transfer. Heat spontaneously transfers upward by the convective
flow because of the buoyancy [32]. Convective preheating can be more
effective and cover a larger area of the timber materials with the
increasing inclination. This resulted in a larger volume of materials
undergoing thermal pyrolysis, leading to a more abundant replenish-
ment of hot gas flow underneath, which in turn preheated a longer
length of virgin timber.

The enhanced convective preheating at larger inclined angles caused
the top coating and one-side coating to lose their efficiency, as shown in
Fig. 9 (b) and (c). This loss of efficiency was attributed to the high-
efficiency convection due to geometric factors counteracting the inhi-
bition of the top (radiation) and one side (partly impeded convection),
thereby heating the upper surface of the timber. Contrarily, bottom and
both-sides coatings impeded and weakened the propagation of the
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Fig. 13. Effects of inclined angles on the convective heat transfer and the
fire spread.

underneath flow, fundamentally inhibiting convection. This explained
the remarkable and consistent effectiveness of these two coating stra-
tegies regardless of the changes in inclinations.

4. Conclusions

The effects of application locations of intumescent fire-retardant
(IFR) coating on the burning behaviours of inclined timber samples
were investigated visually and quantitatively using multiple imaging
systems and a weight scale. Additionally, the microstructure of the
coated surfaces was analysed by a scanning electron microscope (SEM)
to investigate the effect on the gas-phase products escape. It was found
that the different coating locations strongly influenced the effectiveness
of the fire-retardant, which was primarily caused by different methods
of the heat transfer inhibition. The fundamental mechanisms were
revealed from the results and conceptual models were developed
accordingly. Based on the findings of this study, the following conclu-
sions were drawn:

1. IFR coating applied on the bottom surface and both side surfaces of
the timber sample proved to be the most effective strategies for
mitigating fire spread.

2. The effectiveness of the intumescent coating diminished with larger
inclined angles. Specifically, the top and one side coating strategies
lost efficiency when the inclined angle exceeded 45.

3. Convective heat transfer from underneath hot gas flow was consid-
ered as the most effective approach of preheating the virgin timber
and sustaining burning in a single element structure.

4. The intumescent coating covered the porous structures on the timber
materials, preventing the escape of flammable gases generated from
thermal pyrolysis, thereby inhibiting combustion reactions.

5. Different coating strategies played unique roles in inhibiting heat
transfer:

e Bottom coating impeded convection by cutting off the hot gas flow

from underneath.

Top coating prevented gas-phase combustion on the top surface,

inhibiting radiation emitted from the flame.

Side coating (single side and both sides) partially or fully impeded

convection along its transfer path.
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The insights from this work hold significant importance as they
provide both theoretical and practical guidance for enhancing fire safety
in timber-based construction. While the results provide new insights into
heat transfer mechanisms and the role of coating locations, they are
based on small-scale samples. In future research, the insights gained
from this study will be utilised to design and conduct full-scale experi-
ments, thereby extending the applicability and validity of our findings to
real-world construction scenarios.
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