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Abstract

A combined imaging system that can monitor the visible flame, invisible hot flow, flame temperature and surface temperature was

developed to investigate the combustion of wooden rods inclined at 30 degrees under forced air flow. A micro wind tunnel is

designed to generate the forced air flow that is at an angle with the fire rod. It is found that a low-speed air flow can enhance the

combustion of the burning lifetime and charring rate, while a high wind speed can decrease the intensity of combustion. There were

three aspects that were found to influence the burning and spreading of the fire: 1. The effect of flame temperature; 2. The

temperature change of the wooden surface; 3. The effect of the flow field around the burning rods, particularly for the flow field

underneath the rod surface. The statistics and visualisation have enhanced the understanding of the mechanisms of wood combustion

in a forced air flow. The developed imaging system is beneficial for monitoring the combustion process because it can monitor the

flame temperature, wood surface temperature and visualise the invisible hot combustion products simultaneously.

Keywords: wood combustion; heat convection; underneath hot gas parcel; pyrolysis; gas-phase combustion




1. Introduction

The wood burning behaviour in still air has been extensively studied in the aspects of burning rate[1], [2], acrodynamics[3], [4]

flame dynamics[5], and radiation[6] and remarkable progress has been achieved [7]. The burning in still air conditions is easy to

control, due to the burning being solely buoyancy-driven. However, a fire disaster mainly occurs with the involvement of wind flow,

both natural and fire induced. The study becomes much more complicated with the presence of wind, as the involvement of wind

flow significantly changes the flow field, flame morphological characteristics, mechanisms of heat transfer and more[7]. The forced

air flow, which mainly influences the burning behaviour, is attributed to the horizontal momentum, that is generated by the flow,

counteracting the vertical buoyancy that is generated by the fire[8].

The effects of the forced air flow are complicated and involved various aspects. Burning rate is one of the basic parameters that

represent the burning behaviour under forced air flow; therefore, it has been extensively studied. Welker et al. [9] found that the

burning rate of methanol fire decreased with the increasing wind speed. The trend of the burning rate is similarly found in the

research of Apte et al. [9], Saito et al.[10] and Carvel et al.[11] as well. However, with a more detailed experimental study, Woods

and Kostiuk [12] found the change of burning rate depends on the size of the square pool, which could show monotonic increase,

constant, or non-monotonic response. In the study of McAllister et al. [13], the non-monotonic change of burning rate with increasing

wind speed had been found from the different design of wood cribs. In addition, from the works of Hu et al. [14], it is also found

there were turning points of wind speed inside various sizes of the pool, in which the monotonicity of burning rate changes.

The geometry of the flame can also be significantly affected by cross wind. Lin et al. [8] had studied the behaviour of pool fire on

an inclined surface under a cross-wind, concluding that the flame height decreases with an increasing wind speed, while a larger

inclination angle increases the flame height. Concerning the flame tilt angle, it is wildly acknowledged that the tilt angle of the flame

increases with increasing wind speed[14][15][16]. The changes of flame geometry under a cross-wind are mainly caused by the

existence of the negative pressure zone generated by the wind[8].

Regarding the effects of the forced air flow on temperature, Himoto[17] used a series of thermocouples to read the temperature

elevation at different heights and distances of a fire plume. Luan et al. [18] utilised an experimental wind tunnel to simulate the



effects of canyon cross-wind on the temperature distributions inside volumes of smoke. They used thermocouples to read the smoke

temperature inside the wind tunnel and found the temperature change had a general decrease with increasing wind speed. In the

work of Salvagni et al.[15][16], thermography was used for building a temperature map of flame under various wind speeds. It was

found that the temperature in the reaction region was increased with increasing wind speed due to the additional air mixing, while

the temperature was decreased in the edge of the flame because of the higher heat loss rate.

In addition, the air flow field had been simulated by Computational Fluid Dynamics (CFD). In Eftekharian et al.’s work [19], the

computed results indicated that the cross-wind acted as a driving force to accelerate the flow and cause the wind enhancement

downstream of the fire source. From the simulation results of Zhu et al.’s [20], it is found that the flow fields near the fuel pan varied

from horizontal surface to inclined surface.

Many researchers focused on the wind effects on the geometry flame, burning rate, and mass loss, which are the general properties

of wood combustion. Others studied the flow field change under forced air flow by CFD simulation. However, according to the

literature reviews, studies concerning forced air flow mainly focused on the cross-wind while there are few publications that focused

on how the air flow, which is parallel to the plane of fire propagation, influences the fire spread along the wood surface. The surface

temperature of the wood surface under forced air flow has not been studied, yet it is an important parameter. The challenge can be

considered that the invasive temperature measurement devices are difficult to apply due to the high temperature at the burning zone

and the disturbance produced by the installation of devices. More importantly, invasive devices such as thermocouple are hard to

read the precise temperature in the gas-phase since the heat would radiate much faster than its voltage changes. In addition, the flow

field, especially the flow layer underneath the wood, was found to be a crucial factor in sustaining burning and spreading the fire,

from Lai et al.’s work under the still air condition[21].There is no publication that visualises the hot flow layers under the wind

condition. In our work, we developed a novel imaging system, which synchronised the visible, schlieren and thermal images with

using the techniques of the temperature measurement by thermal imaging and two-colour method, for studying the effects of forced

air flow on the fire spread on a single wooden rod. The use of single element fuel is convenient for experimental control, in addition,

a clear visualisation of the hot gas layer underneath the wooden rod is achievable by using this simple setup. The samples in this



study were fixed at 30 degrees inclination, for maximising the fire spread phenomenon[21] [22]. In this study, a micro wind tunnel
was designed for generating the forced air flow in the horizontal direction. Such scale of wind generator is suitable for the small
samples used in this study with the advantages of a low cost and convenient optical access. The air flow direction was chosen for
investigating the wind effects, both on the cross-section and along the rods, to better simulate reality. The non-invasive temperature
measurement is suitable for the study of wood combustion as the temperature can be evaluated non-intrusively. The two-colour
method is suitable for estimating the soot flame temperature and the thermal imaging is adequate for measuring the burning surface
temperature. With the help of the schlieren imaging system, the flow field around the burning wood, that plays an important role in
the combustion process, can be visualised. The mechanisms of forced air flow effects on fire spread can then be studied by
synchronising the different images.

2. Experiment setup and methodology

In this study, the samples were made of oak wood and shaped into cylinders of 9.5 mm in diameter and 400 mm in length. All the
samples were pre-dried in an electrical furnace, for 24 hours, at a temperature of 150 °C, to reach minimum water content.

The prepared samples were fixed at an inclination of 30 degrees by an adjustable holder, shown in Figure 1 (left). Each test was
operated at 40 mm above the burner, to ensure repeatable burning conditions. The fuel of premixed methane-air was used to ignite
the samples for 40 s. The wind generator was designed for the small samples consisting of an adjustable fan, with five different
wind speed settings, a custom designed wind tunnel and five mesh layers, to provide a relatively homogenous air flow. The wind
generator was set in front of the initial burning zone to provide the horizontal air flow in the same plane of the fire propagation,
where the details of wind speed are presented in Table 1. The wind speed was measured at the end of the rods and 20 tests were
made for the averaged measurements. The fan would be turned on once the burner turned off (the stage where self-sustained burning

begins).
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Figure 1 Left: schematic representation of the experimental set-up; right: the top view of the imaging system.

Premix fuel Ignition time Wind speed
(L/min) (s) (m/s)

Speed 0 0
Methane 0.34 Speed 1 0.40
Speed 2 0.49

40
Speed 3 0.62
Compressed
. 0.9 Speed 4 0.71
air

Speed 5 0.77

Table 1 The parameters of experiment setup

The imaging system of this study comprised of multiple cameras, including:a grey-scale high-speed camera, which is used for a Z-

type schlieren system; a CMOS high-speed colour camera, with an infrared (IR) cut-on filter, that is used to measure the soot flame

temperature after a calibration process. An InGaAs thermal camera for wood surface temperature measuring, the camera could

capture thermal images at a rate of 60 frames per second, with a cut-on filter to restrict its spectral sensitivity to 1550-1670 nm, to

control the temperature range that the instrument was sensitive to. A raspberry pi camera, that could record 30 fps video, was used

for capturing visible wavelength images. All the cameras were synchronised with each other and corrected with the same angle and

position. The illustration of the imaging system is shown in Figure 1(right).

The flame temperature calculation is based on the two-colour temperature measurement technique[23], the fundamental principle of

the two-colour method is based on Planck’s law, after a specific calibration process, the temperature can be calculated by the intensity

ratio of Red/Green channels[24]. Considering the soot emissivity fluctuates in different location of the flame[25], this technique has

been approved as an efficient tool for measuring the soot temperature[26][27] since it could avoid the inaccurate emissivity

estimation. Therefore, the flame temperature can be estimated by the soot temperature since the wood flame can be considered as a

uniform distribution of a high concentration of soot particles[28][29]. The high-speed colour camera is able to measure the
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temperature from 853°C to 1873°C according to dynamic range of the camera and background noise, the results would be built into

colour map combined with temperature distributions, the results of averaged temperature were introduced as well; The wood surface

temperature measurement is based on the calibration to a blackbody radiator which follows Planck’s law. For a narrow band thermal

imaging system, the most popular method for the calibration is based on the Sakuma Hattori model[30]. In this study, the InGaAs

camera was calibrated with a fixed 16 ms exposure time to measure the wooden surface temperatures in the range 250-750 °C. The

imperfection of the results can be quantified by using the difference between the calculated temperature and the furnace temperature,

which is shown in Fig.2. It is found that the residuals of two-colour technique were under 1% of temperature in Kelvin while the

measured errors of thermal imaging technique were under 2% of temperature. The uncertainly of the measuring results can be caused

by many factors, including the spectral emissivity, the radiometry calibration process, the curve fitting, the optical transmission of

the device and the noise of this imaging system. However, the residuals of temperature performed fairly good in this temperature

range.

The burning lifetime and charring rate were measured from the visible images. The burning lifetime was measured from the start of

the sustained burning to the time point that all the visible flame disappeared. The charring rate was measured by the increase of the

blackened length from the beginning of the self-sustained burning to 20 s of self-sustained burning. All the cases have been repeated

10 times to ensure repeatability. The burning lifetime and charring rate were averaged and shown their maximum and minimum

residuals. Considering the burning under the wind speed 1 and 2 were more likely to keep self-sustaining, and in most cases the

wood kept burning until the flame propagated to the end of the rods, which occurred after about 300 s. Therefore, the results only

show the minimum burning lifetime in these two groups, which represent the exceptional cases that extinguished before becoming

burned out along the whole rod. The samples were selected from the real natural wood rod which has a complicated and

inhomogeneous internal structure [31] which resulted in the deviation from the results, the deviation of these experiments are natural

and acceptable based on the repeatability of experiments.
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Figure 2 The residual of measured temperature against the blackbody temperature. Left: two-colour method; right: thermal

imaging method.

3. Results and Discussion

Visible images captured by the raspberry pi camera are presented in Fig.3 under different wind speeds at 10s and 20s for illustrating
a general trend of burning status. With the increasing wind speed, the flame had a considerable attachment phenomenon; the flame
was enfolded along the wooden rod under wind speed 1 and speed 2. The appearance of the flame indicates that gas-phase
combustion occurred[32], the larger size of the flame thus means stronger pyrolysis may have occurred.. As the flame appeared on
both sides of the rod under wind speed 1 and 2, there were larger areas under thermal pyrolysis in these two cases. When the wind
speed increased to speed 3, the whole flame attached to the bottom side of the wood surface. Moreover, the flame size and the
intensity of image had significantly decreased when the wind speed increased to speed 4 and 5, which signified the gas-phase
combustion became weak in these wind conditions. After 20 s of self-sustained burning, the flame was weakened and dimmed under

wind speed 4 and 5, shown in the second row of Fig.3.

Speed 0, Speed 1
> -
10s
\\ \ \
p e "
20s

Figure 3 The direct images of self-sustained burning at 10 s and 20 s and different wind speeds.




The averaged burning lifetime from the beginning of self-sustained burning and the charring rate at the first 20 s are shown in Fig.4

with the maximum and minimum values. Combined with the results of the burning lifetime and the charring rate, the burning at 30

degrees surface was significantly enhanced when the wind speed 1 or 2 was involved, in both the intensity of burning and the fire

propagation. In Fig.3, it can be seen the enhanced burning was attributed to the enfolded flame and the potential hot gas flow on

both the topside and underneath of the rods, which could enhance the perpendicular combustion and longitudinal propagation

respectively. With an increasing wind speed, although the intensity of flame was decreased, the burning front moved faster than the

group without wind, due to the increased preheating underneath the rod. In the meantime, the stronger cooling under the higher

wind speed and the insufficient combustion in the lateral direction resulted in a shorter burning lifetime under these air flow

conditions.

In order to analyse this phenomenon, the effects of the forced air flow will be discussed in three main aspects: 1) The effects of

flame temperature; 2) The temperature change of the wooden surface; 3) The effects of the flow field around the burning rods,

particularly for the field underneath the rods surface. Through temperature measurements and visualisation, the phenomena can be

quantified and analysed further.
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Figure 4 The averaged burning lifetime (left) and charring rate (right) against different air flow settings.



3.1. The effect of flame temperature

The wood flame may be considered as an uniform distribution of a high concentration of soot particles[28][29], therefore, the two
colour method can be a suitable tool for estimating the flame temperature by measuring the soot temperature. Fig.5 presents the
results of the flame temperature calculation at 10 s self-sustained burning under different wind conditions, for direct image (left),
and temperature colour map (right). At the meantime, Fig.6 shows the mean temperature and standard deviation at this time point
against wind speed.

It is found that the mean flame temperature is around 1610 °C under the still air condition. It is worth noting that the average flame
temperature slightly increased when the air flow was slow, then decreased with the higher velocity of wind speed and dropped
quickly when the wind speed increased to 0.71 m/s. From the standard deviation results, it is found the flame temperature fluctuated
stronger when the air flow was involved, and generally increased with the higher wind speed. Combined with the colour map in
Fig.5, the conclusion can be derived that the deviation in low wind speed was attributed to the appearance of high temperature zone,
while the large deviations under high wind speed were because there were more areas showed low temperature in these cases.
Regard to the temperature increase under low wind speed, the reason for the phenomenon is attributed to the increased oxygen
supply. Another reason for this phenomenon is that the thermal pyrolysis rate is higher under low wind speed. According to the
surface temperature results which would be shown in Section 3.2, the surface temperature excessed 300 °C in the most region under
wind speed 1 and 2, of which temperature was strongly agreed by other researchers representing the onset of rapid pyrolysis[32][33].
With the help of the high rate of thermal pyrolysis under wind speed 1 and 2, the reactions are more likely in the gas-phase
combustion than the solid-phase oxidation, more flammable gases combined with larger oxygen supply made the flame temperature
higher. In the meantime, low char residues under this temperature range [34] indicated the vapour would be easier to escape. In
addition, the rapid exothermic reactions in these two cases enables faster de-moisturization, thus gives rise to higher temperatures.
Besides, the cooler part is due to the increased convective heat loss to the surrounding cold air.

In contrast, the flame temperature is lower in the cases at speed 4 and 5. This phenomenon is attributed to the high rate of solid-

phase oxidation, as the surface temperature decreased rapidly under the high wind speed, the thermal pyrolysis tends to be slower

10



under the temperature, lower than 300 °C [32] [33], the wood temperature under different wind speed were measured by thermal

imaging and shown in section 3.2 later. The pyrolysis rate tended to be less due to flame heat feedback is less under the high wind

speed cases. In addition, the pyrolysis favoured producing solid products, like the carbon char [34]. The fewer combustible gases

products under these cases made the flame become concentrated in a low volume zone and have a lower temperature. Another reason

for increased heat loss was that the high wind speed increased the convective heat transfer between the flame and the cold air.
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Figure 5 The actual flame and flame temperature colour map at 10 s self-sustained burning with different speed of air flow. Left:

the actual flame; right: the temperature colour map.
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Figure 6 The mean temperature and standard deviation at 10 s self-sustained burning against different speed of air flow.

The flame temperature was averaged in each frame and compared to the results at different air flow speed, which is shown in Fig.7.It

is found that averaged flame temperature slightly increased under wind speed 1 and 2 compared to the still air group. Further, the

flame temperature started to decrease when the wind speed increased to speed 3 and dropped rapidly when the speed increased to 4

and 5. In the former case, the lower speed of wind increased the flame attachment and made the flame enfolded around both sides

of the rod. The larger the area involved in the heat pyrolysis, the more combustible gases that were produced from the pyrolysis

progress, which resulted in a higher intensity of combustion. In addition, the larger area enfolding the burning rod means there was

11



less area contacted directly with the surrounding cold air in the cases of speed 1 and 2, resulting in decreased heat loss of the flame.
In contrast, in the high wind speed cases, the flame mainly appeared on the bottom side of the rods. According to the study of Tang
et al.[35], the cross wind changed the flame intermittency distribution, and the flame length increased under high wind speed. This

would increase the area contacted directly with the cold air, as a result, the flame temperature decreased with the higher air flow

speed.

Temperature (°C)

| | I | I | I
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Figure 7 The time-dependant averaged flame temperature under different air flow speeds during the 20 s.

3.2. The effect of surface temperature

From the direct images in Fig.3, it is found there was observably lengthwise cooling starting from the rod end under higher velocity
of wind speed. In order to determine the differences between cases quantitatively, the surface temperature of the surface at 10 s
was calculated and is shown in Fig.8. It can be seen that the rods under still air/low wind speed conditions remained at a high
temperature at 10 s, and the high temperature zone was concentrated at the bottom end of the rods, indicating these areas were
under rapid thermal pyrolysis. In contrast, the high wind speed cases had significant cooling after 10 s self-sustained burning, the
cooling started from the topside of rod to the underneath of the rod. Under wind speed 5, most areas on the topside had cooled

under 300 °C, which means the rapid thermal pyrolysis has stopped on these areas [36], [37].
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Figure 8 The surface temperature map of 10 s self-sustained burning with different speeds of air flow.

Fig.9 illustrates the region of interest (ROI) for the following investigation. The first point (point 0) is set at the very edge of the rod
end representing the impact point (where a high volume of heat is concentrated during the ignition). Point 1 locates on the boundary
of the impact point area. And point 2 and 3 represents the areas adjacent to the high-temperature zone. The distance between each

point is 3 mm.
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Figure 9 The illustration of the region of interest (ROI).

The Fig.10 presents the temperature change during the first 20 s of self-sustained burning at point O (indicates the impact point) and

point 2 (adjacent to impact point) under different wind conditions. It is found that the temperature of the still air case remained high

during this period at point 0, while it decreased slowly at point 2, due to the natural cooling. It is worth noting that under the slow

wind condition (speed 1 and 2), the surface temperature slightly increased over time. The results indicated the surface under low

velocity of air flow remained in high temperature over the time by increasing the convection heat transfer along the wood, resulted

in a longer period of rapid pyrolysis and a longer burning lifetime.

In contrast, both the points (0 and 2) temperature in the cases under wind speed 3, 4 and 5 had dramatically dropped during this

period. It should be highlighted that the temperature of point 2 did not dramatically drop at the beginning but slightly later after the

13



wind conditions involved. In addition, it can be observed that the time for the temperature reduction were different under wind speed

3,4 and 5. The rod under higher wind speed cooled earlier.
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Figure 10 The first 20 s from the self-sustained burning temperature at point O (left) and point 2 (right) with different wind speed.

In order to deduce the difference between the cooling under the high wind speed groups, the temperature at four points along the
rod against time is presented in Fig.11. For the reason that the cases of speed 1 and 2 did not present a significant lengthwise cooling
at the first 20 s, the figure only showed the temperature evolutions of test sets at speed 3, 4, 5 and the still air conditions. From the
results of the speed O case, all four points had a slow temperature decrease from the beginning of the self-sustained burning. The
temperatures at point O and 1 without forced air flow decreased more slowly than those at point 2 and 3, which was due to the high
concentration of combustible gases around this area and remained at high-intensity combustion.

It can be seen from the figures, the fast cooling of point 2 and 3 did not start from the beginning but a few seconds later under the
high speed of the wind, the red-dotted line is used to indicate this period. The temperature of point O and 1 had a high value when
the self-sustained burning began. Then, after the involvement of forced air flow, the temperature of these two points decreased
immediately.

Instead, the temperature at point 2 and 3 increased at the beginning and then kept the high temperature before the fast temperature
drop. This is for two reasons: firstly, the high volume of heat concentrated at the impact point during the ignition, the heat was
brought towards the rods at the beginning by the air flow and the temperature remained high; secondly, there was a high
concentration of combustible gases near the impact point, which was demonstrated in previous work[21], the blowing flow could
bring the gas-phase fuel in addition with the oxygen supply to the unburned wood, which helped enhance the combustion at the

beginning. The cooling reduces the high temperature zone. In addition, the time point when the temperature dropped rapidly was

14



affected by the wind speed. Cooling will occur earlier at higher wind speed. Earlier onset of fast cooling signifies that the high-
volume heat in the impact point was cooled down faster under the condition of high wind speed. In terms of the cooling rate, it is
clearly shown that the temperature reduced faster under the high wind speed. The high wind speed could significantly increase the

convective heat loss, which then resulted in the increasing heat transfer coefficient.
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Figure 11 The first 10s from the self-sustained burning temperature at different positions with wind speed set 0, 3, 4 and 5.

The fire propagation on the wood surface was in two directions: longitudinal combustion and perpendicular combustion. The
longitudinal preheating was shown to be the critical factor of the burning on the wood surface under the piloted ignition[21] [38]
[39]. On the other side, although the perpendicular combustion showed insignificant impact on the fire propagation, it helped the
sustaining of burning.

To deduce the effects of the forced air flow on the perpendicular combustion proceeded, the vertical line, which is demonstrated in
Fig.8 was set for analysing the perpendicular direction temperature change. Fig.12 presents the vertical line temperature changed in
the period of the first 20 s under different wind speeds. It can be seen that in still air, the high temperature concentrated in the
underside and decreased slowly with time, representing the underside hot gas parcel and the heat transfer from the bottom to top.
The top side temperature remained at a high level, this is because the flame kept heating the topside surface and the heat flux
continuedly transfers from the bottom to the top, due to the effect of buoyancy.

With regard to the cases under the forced flow, in the cases of wind speed 1 and 2, the long length from underneath the wooden rod

remained at a high temperature in the first 20 s, the combustion of the whole surface was distinctly enhanced under these conditions.
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The temperature enhancement came from three aspects: firstly, it is attributed to the enfolded flame in addition with the higher flame

temperature; secondly, the continual combustible gases supply produced from the pyrolysis of the impact point and the oxygen

supply; thirdly, the heated gas flow underneath the rod that is unseeable in the visible range could promote combustion.

Regarding the high wind speed cases, it is found the vertical line region extinguished after 10 s of self-sustained burning under these

three conditions. It should be highlighted that the temperature in the bottom side decreased after the extinguishment of the top side.

It is because the perpendicular combustion plays an important role for helping sustain the burning. In addition, with increasing the

wind speed, the thickness of the high-temperature layer from the bottom side significantly decreased. The main reason for this

phenomenon is because the flame and heated flow only attached underneath the rod, insignificant heating in the top side weakened

the thickness wise combustion. Another reason is the forced flow prevented the upward heat transfer by affecting the hot gas flow

direction. The thicker layer of char formed under high speed of the wind, the fast cooling of underneath surface results in a high rate

of solid-phase oxidation; therefore, the heat transfer is decreased due to the prevention of char layer.
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Figure 12 The vertical-line temperature map against time with different speed of air flow.

3.3. The effect of flow field

The surrounding hot gas flow is the crucial factor in sustaining burning and propagating flame, which had been demonstrated in

previous work[4] [21]. The schlieren imaging technique had been applied for visualising and analysing the flow field along with the

surface temperature map. Fig.13 shows the schlieren images matched with the surface temperature map at 10 s of self-sustained

burning under the different wind conditions.
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From the image of the still air condition, it can be seen that the hot gas flow appeared on both the underneath and the topside of the

rod. Regarding the hot gas flow underneath the rod, it is attached closely to the bottom side of the rod. As well it can be clearly

observed that the underneath hot gas parcel extended further than the pyrolysis front which is showed in the temperature map and

preheated the adjacent unburned wood.

From the images of speed 1 and 2 cases, the flame under these two wind conditions blew into the top side of the wooden surface. It

is found that the flame moved faster than the still air conditions. It should be noted that there was a large area where no flame

appeared on the topside in these two cases. More importantly, even when there was no visible flame on the topside of this area, the

surface remained at a high-temperature. The schlieren image could explain this interesting phenomenon. There was thick invisible

hot gas flow attached, surrounding the no flame area surface both in the topside and the bottom. The underside flow layer represented

there was heated from the underside, with the effect of the buoyancy, the heated flow could be transferred upward to heat deep

within the wood surface. The attached hot flow layer on the top side indicates the pyrolysis proceeded and the gas-phase products

formed the hot layer to maintain the temperature of the wood.

Meanwhile, with the increased wind speed, in the cases of speeds 3, 4 and 5, the flame tended to attach the bottom side of the rods

due to the blowing of the high-speed wind, which indicates the gas-phase combustion only occurred on the bottom side.

It should be highlighted that the cooling of the surface in the high wind speed cases was along with the direction of wind and started

from the top to the bottom. In the case of speed 3, the area near the end of the rod had completely extinguished while the temperature

at the bottom side was still high enough for the rapid pyrolysis. The conclusion can be drawn from the images of speed 4 and 5 that

the topside always extinguished before the underside. Combined with the schlieren images, it is found that the area where already

cooled to extinguishment had no significant hot flow layer attached around the rod. This is attributed to the underside hot flow layer

of the extinguished area blowing off and could not attach to the bottom side. No attached hot gas parcel underneath led to the

conclusion that there was insufficient convective heating from the underside, in addition to the heat loss from the forced flow, which

resulted in fast cooling of the deep rod surface. On the other side, there was no hot flow around the topside suggesting that the
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pyrolysis ceased in that area. Neither hot gas flow from the combustion production nor the convective heating from underneath the

wood in these areas showed a rapid cooling and extinguishment.

Figure 13 The synchronised schlieren image and temperature map at 10 s of self-sustained burning with different air flow speed.

In order to further study the effect of the forced air flow on the hot gas flow, the schlieren images under different wind speed set at

0s, 10s and 20s are shown in Fig.14. At the beginning of self-sustained burning, all the six cases had the thick hot flow parcel

underneath. With forced air flow evolving, the heated flow was more likely to attach to the burning rod. Under wind speed 1 and 2,

it covered both sides of the rod, while it was more likely to attach underneath the rod under wind speed 3, 4 and 5.

As seen, the preheating length was longer under the forced air flow where a large area was heated by the hot gas layer. However, by

comparing the images between the cases with the forced flow, the hot gas layer was blown away from the underneath surface under

the higher speed wind. There was no obvious layer of the underside hot flow under the wind speed 5. The hot flow under higher

wind speed shows in a lower contrast than in the still air case reflecting the lower density of air. In contrast, the underside hot gas

parcel remained in relatively high contrast in the images and could obviously be attached to the bottom surface in the cases of speeds

1 and 2. This is attributed to two aspects: the first is due to the heat transfer from the high-temperature area (impact point) that was

increased by the air flow; the second is that the gas-phase combustion products increased with the enhancing burning.

After the 20 s of self-sustained burning, the hot gas flow in the cases of speeds 1 and 2 became larger in size and stronger in intensity.

It indicates that the combustion was significantly enhanced under these wind conditions, and more combustion products were

produced. The relationship might be found between the enhanced combustion and the increased gas-phase combustion products

since the more combustion products produced, the more hot gas layer was supplied. With the help of the air flow, the gas-phase

combustion products that came from the top side could be transferred into the adjacent underneath and continued to heat the deep
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surface.

Comparatively, the high velocity of wind impeded the hot flow transfer upward. Therefore, the topside would be cooled quickly,

resulting in less flammable gasses produced in the pyrolysis. This further led to the hot gas flow supply into the bottom side and

resulted in the bottom side cooling afterwards.

Spe&di0 Y y
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Figure 14 The illustration of underneath heated flow at 0s,10s and 20s under different air flow speed set.

Fig.15 illustrates the process of gas-phase products transfer. It is known that the hot gas flow came from the impact point and moved

in two ways: the red line represents that the heated flow moved upward due to the buoyancy; the green line shows that the part of

the upward hot flow moved along the sub- surface because of the Coanda Effect[40]. The upward hot flow could heat the deep layer

of the surface and the flow in the longitude direction could preheat the adjacent wood. The black line indicates the gas-phase

combustion products, which came from the deep surface of the rod, similarly moved in two ways: upward and along the rod. The

part of heat flow that came from the burned surface could extend along the rod and preheat the same layer of the wood.

Under the low-speed wind, the movement of gas-phase products slightly tilts in the direction along with the wind. It can be seen

that the underneath hot gas parcel (the green line) was blowing off the bottom surface slightly, while more gas-phase products were

involved into the underneath (the black line) which is the reason why the underside hot flow was stronger under wind speed 1 and

2 in Fig.14. In addition, the hot gas flow moving upward (the red line) had a tilted angle with the wooden rod instead of the vertical

direction. This would increase the fire propagation rate due to the faster heat transfer along the rod.

However, with the increased wind speed, the larger amount of the underside hot flow blew away from the bottom surface (the green

line), the high velocity of wind made the hot flow unable to attach on the surface. Moreover, the upward moving hot flow (the red

line) was significantly affected by the forced air flow and cannot be transferred upward effectively. As a result, a large area on the
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topside cannot be heated, cooled fast, and more char formed while less flammable gases were produced as a consequence, as shown

in the blue colour area in the third image. This is the reason that the high wind speed cases had a relatively higher charring rate than

the no-wind group but a shorter burning lifetime. Another reason is the hot flow supply from the deep surface, due to the larger area

fast cooled, there were less gas-phase combustion products supply into the underneath. As result, the underneath hot gas parcel

became thinner with time.

Figure 15 The illustration of the convective heat transfer and the supply of the hot gas flow underneath. Red line indicates the

upward moving hot gas flow, black line indicates the moving direction of hot gas flow generated from deep surface.

4. Conclusion

Using the multiple camera imaging system and non-invasive temperature measurement, the influences of forced air flow on

wooden rods fire spread were investigated. Generally, the combustion was enhanced when low-speed wind (speed 1 and 2)

was applied. As the wind speed increased, the intensity of combustion was observed to decrease significantly. This

phenomenon was attributed to three aspects: the flame temperature, the wooden surface temperature and the flow field around

the burning rods. These three aspects interacted with each other and determined the intensity of burning and the ability of fire

propagation jointly. The flame temperature was evaluated by the two-colour method. From the statistical results, it is found

that the flame temperature slightly increased with the low wind speed while decreased under high wind speed conditions. This

phenomenon was attributed to the flame geometry and the thermal pyrolysis rate which is determined by the surface

temperature. From the surface temperature obtained from the thermal images, it is found that the low speed of forced air flow

enhanced the surface temperature while the high wind speed significantly increased the surface cooling. The wooden surface

temperature was influenced by both the flame geometry and the convective heat transfer which generated by the hot gas flow.

With the help of schlieren visualisation, it is observed that the low speed air flow helped the convective heat transfer by
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increasing the hot gas-phase products underneath the rod. The high speed flow was seen to impede the heat transfer upward,

besides the dilution of the underneath hot gas layer. In addition, cooled wooden surface under the high-speed forced wind

decreased the gas-phase products generation of the deep surface, further decreased the convective heat transfer from the

heated gas flow.
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