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Abstract 

The burning behaviour of a wooden rod under various forced flow conditions was investigated by employing 
a synchronised multi-imaging system integrating visible wavelength, short-wavelength infrared (SWIR), and 
Schlieren techniques. The wood samples were fixed horizontally and at an inclined angle to study the effect 
of the surface orientation under forced flow. A small-scale wind tunnel was developed to supply three types 
of forced flow: concurrent, opposed and cross flow. Each imaging technique helps to gain different physical 
insights of different aspects of the phenomenon. The combined data provides a comprehensive understanding 
of the flow effect on fire propagation. It was found that the forced flow strongly influences the often-invisible 
hot gas flow surrounding the burning rod. The heat feedback from the attached hot flow layer helped to 
maintain the surface temperature, which further influenced the burning behaviour. The mechanisms that the 
various flow orientation caused, affected the heated gas differently. Additionally, a method was proposed to 
monitor the burning process, which used thermal imaging to quantitatively calculate the area of pyrolysis 
zone on the surface. With the visualisation of the Schlieren images at the critical timings, it was found the 
thick hot gas flow underneath the wooden rod was a crucial factor that determined the intensity of burning, 
which may provide important guidance on effective wooden beam fire suppression and control. 
© 2022 The Author(s). Published by Elsevier Inc. on behalf of The Combustion Institute. 
This is an open access article under the CC BY-NC-ND license 
( http://creativecommons.org/licenses/by-nc-nd/4.0/ ) 
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1. Introduction 

Small-scale cellulosic fuels have been widely 
used to represent the burning behaviours of fire dis- 
asters, for example, within forests or the structure 
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of wooden buildings during their initiation stage of 
fire [1,2] ; large-scale fires are typically comprised of 
many individual cellulosic fuels. Over the past few 

decades, the burning behaviour of single elements 
in still air, which are solely buoyancy driven, has 
been extensively studied and achieved remarkable 
progress [3,4] . The burning behaviours can be sig- 
nificantly changed when forced air flow is involved, 
since the ways of heat and mass transfer are driven 
by both the buoyancy and forced flow. 

Concurrent flame spread, where flames spread 
in the same direction as the forced flow, was con- 
sidered as the most rapid and hazardous [5] . Pre- 
vious research has found that both the burning 
rate and spread rate increase with larger speeds of 
forced flow, until extinguishment starts [6,7] . In- 
creased flame temperature, due to the well-mixed 
fuel and oxygen, was found in the research of Lai 
et al. [8] and Singh & Gollner [9] . 

With regard to forced flow opposing the flame 
spread direction, the flame spread rate has been in- 
vestigated under microgravity conditions; the gas 
flow velocity characteristic is smaller than the buoy- 
ancy velocity [10,11] . 

In terms of the burning behaviour under cross- 
flow, researchers have done the comprehensive 
studies under stationary experiments, but very lit- 
tle investigation has been done for the fire prop- 
agation. Woods et al. [12] found the burning rate 
showed a non-monotonic response with cross flow. 
McAllister et al. [13] found the non-monotonic 
change of burning rate with increasing wind speed 
varied by using the different design of wooden 
cribs. Various techniques have been used to obtain 
the flame temperature distributions under cross 
wind [14,15] . 

According to the research of Wolff et al. 
[16] and Cristina et al. [17] , convection was consid- 
ered as the dominant source of heat transfer in the 
study of the small-scale fuel and forced flow. With 
regard to fire spread under still air conditions, it 
has been demonstrated that convective heat trans- 
fer from underneath the fuel plays the crucial role 
to help sustain the burning and spread of the fire 
[1,2,18] . 

Therefore, it is important to reveal how forced 
wind changes the flow field surrounding the burn- 
ing fuel and further influences the burning be- 
haviour. According to the literatures, several top- 
ics have yet to be studied: 1. Wind direction is con- 
sidered an important factor which influences burn- 
ing behaviour. However, there are no publications 
systematically comparing different wind directions 
with the same fuel. 2. Although flame behaviour 
has been widely studied under forced flow, there are 
few studies focused on the invisible hot gas flow sur- 
rounding the burning fuel. Convective heat transfer 
is considered an important factor which influences 
fire spread for small-scale fires; it is of great impor- 
tance for the study of forced flow on the heat flow 

field. 3. The temperature of the fuel which relates 

to the thermal pyrolysis has not been quantitatively 
analysed under forced flow conditions. In addition, 
the effect of the forced air flow on the fuel temper- 
ature requires further investigation. 

This paper aims to reveal the effects of various 
wind conditions on the fire spread and burning be- 
haviours on a single cylinder-shape wooden rod by 
combining different imaging techniques. The vis- 
ible imaging visualises the burning behaviour of 
the fuel and enables qualitative measurements. The 
wooden surface temperature can be measured using 
a thermal imaging technique and used to analyse 
the pyrolysis zone of the fuel surface. The Schlieren 
imaging is used to visualise the heated flow, sur- 
rounding the burning wood, and used to analyse 
the convective heat transfer. With the help of the 
multi-imaging system, the effects of hot flow on the 
surface temperature and further on the burning be- 
haviours and fire spread are presented for the first 
time. 

2. Methodology 

2.1. Experimental setup 

Natural oak wood was used as the test samples. 
This was shaped into cylinders measuring 9.5 mm 

in diameter and 400 mm in length. All samples 
were pre-dried for 24 hours at 100 ◦C to keep the 
moisture level consistent. The apparent density was 
measured after pre-drying, the mean density of all 
the tested samples is 0.885 g/cm 

3 with the standard 
deviation 0.066 g/cm 

3 . The samples were fixed by an 
adjustable holder at two orientations: 0-degree and 
30-degrees. The 30-degrees was used to represent 
the inclined fuel surface, since it slightly beyond the 
critical angle [3] , which dramatically enhances the 
fire spread. 

An optimised small-scale wind tunnel with 
16 cm outlet was used for the supply of forced air. 
The distance between the rod end and the wind tun- 
nel was 5 cm considering the feasibility of the im- 
age systems. Five wind speeds were applied in this 
work: the wind speed at the location of the rod 
end was measured and averaged over 20 tests. The 
chosen speeds were: 0.47 m/s, 0.53 m/s, 0.65 m/s, 
0.72 m/s and 0.87 m/s. The distribution of the wind 
speed was measured at the centre line of the ver- 
tical profile of the rod end, shown in Fig. 1 (b). 
In this study, three horizontal directions of wind 
were used, they were: concurrent-flow, indicating 
the wind was parallel to or along an angle to the 
fire spread direction; opposed-flow, where the wind 
opposed or at an angle opposing the direction of 
fire spread; cross-flow, where the wind direction was 
vertical to the wooden surface, shown in Fig. 1 (i) (ii) 
and (iii). 

A premixed methane-air jet flame was used to 
ignite the wood samples. The burner nozzle was 
5 mm in diameter, the height of visible flame was 
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Fig. 1. Demonstration of the experimental setup (a) with various test rigs: concurrent flow (i), opposed flow (ii) and cross 
flow (iii). The uncertainty within the experiment: the forced air speed distributions along the centre line of the wind tunnel 
(b) and measured temperature residuals by the InGaAs thermal camera within the testing range (250 ◦C - 700 ◦C) (c). 

measured as 59 mm ± 3mm. Once a sample was 
ignited for 20 s, the burner was turned off and the 
wind tunnel switched on concurrently. 

2.2. Imaging system 

The imaging system used in the work is shown 
in Fig. 1 (a). Three cameras were connected to a 
trigger system to provide a synchronised image ac- 
quisition. A high-speed colour camera was used 
to image the burning process directly. A short- 
wavelength infrared InGaAs camera was used to 
measure the wooden surface temperature with 
a cut-on filter to restrict its spectral sensitiv- 
ity to 1490–1500 nm. Finally, a monochromatic 
high-speed camera was used to provide a Z-type 
Schlieren imaging system to visualise the hot flow 

field around the burning rods. 

2.3. Burning behaviour measurement 

The visual images were used to determine the 
overall burning behaviour results: the burning life- 
time and maximum charring distance. Each wind 
condition was repeated 6 times to minimise the ef- 
fect of nonuniformity in the natural wood. The 
results present the averaged value from the re- 
peated trials, and the standard deviation was used 
to present the uncertainty as error bars. 

The burning lifetime was determined by the pe- 
riod from the start of self-sustained burning (when 
the ignition source was removed) to the extin- 
guishment (no visible flame in the image). The fire 

could spread throughout the whole rod with an ap- 
plied concurrent flow speed of 0.47 m/s. Therefore, 
the burning lifetime was measured until the flame 
reached the top end of the rod. The burning life- 
time would be able to show the extent of the self- 
sustained burning. 

The maximum charring distance was measured 
as the length the char propagated from the start 
of self-sustained burning to the extinguishment 
(or throughout the whole rod). The results were 
normalised to show the percentage comparing the 
whole rod length. The charring distance was used to 
represent the ability of the fire spread. The overall 
burning behaviour could be investigated when the 
charring distance was combined with the burning 
lifetime. 

2.4. Temperature measurement 

The InGaAs camera was used to measure the 
wood surface temperature. The temperature for 
rapid thermal pyrolysis of wood is widely consid- 
ered to be 300 ◦C [19] . Therefore, the spectral sensi- 
tivity was restricted in the range of 1490 - 1500 nm 

to match the temperature range. 
The calibration is based on Planck’s Law, with 

a black body furnace (emissivity ∼ 0.99) used as 
a standard temperature source for the calibration 
between 250 to 700 ◦C, at increments of 50 ◦C. 
100 images were captured and averaged to obtain 
the cameras signal value at each temperature. The 
dark noise was determined by averaging 100 im- 
ages with lens covered. A value of 0.95 was used 

Please cite this article as: Y. Lai, A. Albadi, X. Liu et al., Investigation of forced flow orientations on the burn- 

ing behaviours of wooden rods using a synchronised multi-imaging system, Proceedings of the Combustion Institute, 

https://doi.org/10.1016/j.proci.2022.07.057 



4 Y. Lai, A. Albadi, X. Liu et al. / Proceedings of the Combustion Institute xxx (xxxx) xxx 

ARTICLE IN PRESS 
JID: PROCI [mNS; August 26, 2022;3:19 ] 

as the emissivity of the burning wood. This value 
was previously determined for the emissivity of the 
oak wood and the coke [20] . 

The main sources of uncertainty within the tem- 
perature measurements are believed to be caused 
by the estimation of the emissivity, and the noise 
of the imaging system. It can be determined by 
comparing the difference between the actual tem- 
perature of the furnace and the measured tem- 
perature. The maximum residual across the whole 
temperature range was under 1% in Kelvin, shown 
in Fig. 1 (c). The emissivity of wood surface can 
vary while burning, which would cause uncertainty 
of temperature measurements. However, the maxi- 
mum residual of temperature reading within ± 0.05 
estimated emissivity value was calculated as 0.41%, 
which was negligible. 

The measured surface temperature was pre- 
sented as a colour map for visualisation. The flame 
emission would apply additional energy to the cam- 
era sensor which will slightly increase the temper- 
ature reading. In order to eliminate this influence, 
5% of the integration intensity of the flame, which 
is the estimated reflecting energy of the wooden 
surface, has been subtracted from the wooden sur- 
face. Besides, the image of the wooden surface was 
cropped and the pixels with a temperature above 
300 ◦C were averaged to show the temperature in- 
tensity at t = 20 s. This showed the temperature of 
the areas under rapid thermal pyrolysis. In addi- 
tion, the size of these areas was calculated by mea- 
surement of pixel size to represent the area under 
the rapid pyrolysis. 

3. Results and discussion 

3.1. Overall burning behavior 

The burning behaviour was investigated from 

two aspects: burning lifetime, which represents the 
time-wise self-sustained burning, and the maxi- 
mum charring distance, which indicates the space- 
wise fire spread as shown in Fig. 2 . All the results 
were measured from the visible-wavelength images. 

It can be observed from Fig. 2 that the burning 
on the 30-degrees rod was generally stronger than 
the case of 0-degree rod, both temporally and spa- 
tially. The studies under still air conditions [18] in- 
dicated that the 30-degrees inclination significantly 
enhanced the charring distance, reported as 60% 

(30-degrees) compared to 7% (0-degree). It is also 
observed that the ability of fire spread was signif- 
icantly enhanced when the concurrent flow speed 
was lower than 0.72 m/s (0-degree) and 0.53 m/s 
(30-degrees), comparing with the still air [18] . Fire 
spread under concurrent flow is similar to those un- 
der slope [5] . Incoming winds compete with buoy- 
ant forces which help the flames attach to the fuel 
surface; the 30-degrees inclination further enhances 
this effect [8] , resulting in the longest charring dis- 

tance occurred under concurrent flow. The differ- 
ence in the burning intensity between the two an- 
gles was most distinct under concurrent flow. 

Opposed flow strongly obstructed the fire 
spread and it has the shortest charring distance, as 
shown in Fig. 2 . However, the lifetime under op- 
posed flow remained high at 0-degree, even higher 
than those under concurrent flow, indicating that 
the opposed flow helped to sustain the burning 
under these circumstances. Further evidence was 
found that the difference of burning lifetime be- 
tween two rod angles was insignificant under op- 
posed flow. This is because of a smaller wind com- 
ponent at the direction of fire spread when the rod 
was fixed at 30-degrees. Another consideration is 
the boundary layer thickness which is different be- 
tween the concurrent flow and the opposed flow. 
The concurrent flow would have more cooling ef- 
fect on the ignition point because the boundary 
layer thickness increases along the rod. This could 
contribute to the longer burning lifetime under op- 
posed flow and reflect the common scenarios in a 
real fire: one-end ignited burning. 

With regards to the cross flow, the wind di- 
rection did not impact upon the direction of fire 
spread. Therefore, the burning intensity difference 
between the two angles was smaller than concur- 
rent flow. It should be noted that the slope surface 
impacted positive effect on the fire spread, shown 
as 15% fire spread under inclination compared with 
5% at horizontal. 

The results showed generally how the various 
forced flow orientations affected the burning be- 
haviours of the wooden rods. Consider that the 
flow field was strongly influenced by the forced flow, 
more physical insights will be shown in the next Sec- 
tion by visualisation. 

3.2. Visualisation 

Fig. 3 shows the Schlieren and thermal images 
at t = 20 s under various experimental conditions. 
It should be highlighted that the surface temper- 
ature of the fuel was strongly related to the sur- 
rounding hot gas flow, which was comprised of the 
burned gas from combustion and the combustible 
gases generated from the pyrolysis. Although it was 
widely considered that the heat flux required for 
the fire spread was mainly contributed by the flame 
feedback from the top [9,21] , Fig. 3 shows the heat 
transfer was dominated by the convection which 
not only came from the top side of the fuel but also 
underneath the rod. When there was thick hot gas 
flow attached, the surface temperature remained at 
a high value (beyond 500 ◦C). In addition, the rod 
that had a thick hot gas layer underneath always 
had a longer lifetime and high intensity of burning. 
For example, the 0-degree rod under 0.47 m/s con- 
current flow and under the high speed of opposed 
flow. The hot gas flow beneath the burning wood 
has been shown to be a crucial factor for the single 
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Fig. 2. Burning behaviours of rod at 0-degree (first row) and 30-degrees (second row) under various wind conditions, 
presented from time-wise: burning lifetime (first column) and space-wise: maximum charring distance (second column). 

Fig. 3. Schlieren and thermal images under different wind conditions at t = 20 s. ( t = 6 s for 0-degree concurrent flow 

0.87 m/s). (a): 0-degree, (b): 30-degrees. For cross flow: front side indicates surface facing the wind while back side is 
behind the flow. 
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element fuel combustion [1,2,18] under still air. The 
mechanism by which this influences the process is 
the contribution to the effective heat transfer into 
the deep surface by the force of buoyancy [8] . 

Therefore, the hot gas flow changed by the 
forced flow determined the convective heat trans- 
fer to the virgin wood, which further affected the 
following burning behaviour. Specifically, the con- 
current flow competed with the buoyancy and led 
the flame and the hot gas to attach into the fuel sur- 
face. This helped the heat transfer to the unburned 
wood, resulting in a longer charring distance. The 
impact would be stronger in the 30-degrees case, 
due to the role inclination plays similarly in aid- 
ing the flow to adhere to the fuel surface, result- 
ing in more effective burning and propagation in 
the 30-degrees cases. However, the high speed of 
forced flow would dilute the flammable gases and 
increase the heat loss to the cold air, presented as 
the disappearance of the flow underneath the 0- 
degree rod. When the wind speed was higher than 
0.53 m/s, the pyrolysis zone moved upside. Regard- 
ing the 30-degrees rod, the density of underneath 
flow was higher since the gas-phase combustion oc- 
curred in this region. Consequently, the thick un- 
derneath hot gas was present when the speed was 
0.72 m/s. On the other hand, the high speed of 
forced flow prevented the heat transferring upward 
effectively. There was no hot gas on the topside, 
therefore, the pyrolysis moved downside. 

The opposed flow impacted the flame on the top 
and increased the angle between the flame and the 
unburned wood. This phenomenon had also been 
reported by other researchers [11] . The additional 
observation in this work is that opposed flow also 
impacted on the underneath hot gas flow which can 
only be seen in the Schlieren image. The underneath 
flow started to appear with the 0-degree rod when 
the wind speed increased to 0.53 m/s, and was great- 
est when the speed was 0.65 m/s. It can, therefore, be 
considered as the point at which heat feedback from 

the hot gas was greatest. It was shown that the hot 
gas flow helped the surface remain at a high tem- 
perature, and the area under pyrolysis was large, by 
comparing the thermal imaging at the same time. 
Therefore, the opposed flow helped the 0-degree 
rods sustain longer than other flow directions (see 
Fig. 2 ). On the other hand, the opposed flow pre- 
vented the flow from moving to the unburned sur- 
face, leading to a short charring distance. The op- 
posed flow influenced the hot gas flow in a differ- 
ent way when the rod was inclined. The underneath 
flow was pushed into the top surface as shown in 
Fig. 3 . The underneath flow appeared only at the 
wind speed 0.47 m/s and the heated length in the 
bottom surface was shorter than on the top side. 
Consequently, the burning lifetime stayed short as 
shown in Fig. 2 . 

The crossflow did not directly impact on the di- 
rection of fire spread, however, it influenced the 
area under convective heating [22] . Both orienta- 

tions had the thick hot gas flow layer surrounding 
the rods under the cross flow speed 0.47 m/s. There- 
fore, more wooden fuel was heated and took part 
in the pyrolysis, which can be found in the ther- 
mal images of both sides. This phenomenon was 
reflected in the burning lifetime that the rods under 
0.47 m/s could sustain the longest. When the wind 
speed increased, the hot gas flow layer on the front 
side disappeared. Resulting in the surface tempera- 
ture on this side becoming significantly decreased. 
A similar phenomenon has been visualised by di- 
rect imaging in [17] and the visible flame is only 
concentrated on the back side of the rod, reduc- 
ing the fuel pyrolysis. The 30-degrees rods exhib- 
ited a similar phenomenon. However, one differ- 
ence was that the sloped surface supplied a positive 
effect on the flame propagation and both the flame 
and flow would tend to attach to the unburned sur- 
face. Therefore, the fire under low-speed crossflow 

could spread a finite distance, around 15% accord- 
ing to Fig. 2 . When the wind speed was larger than 
0.65 m/s, the cross flow dominated the effect of the 
hot gas flow direction and made the fire rarely prop- 
agating. 

3.3. Surface temperature 

The forced flow directly influenced the temper- 
ature and further affected the burning behaviours. 
It has been reported by Lai et al. [8] that the flame 
temperature slightly increased when the concurrent 
flow speed was lower than 0.49 m/s and dropped 
dramatically at higher speed when similar fuel was 
used. Singh & Gollner [9] measured the diffusion 
flame temperature profile and found the peak tem- 
perature decreased at high flow speed. From the im- 
ages in Fig. 3 , it is observed the surface temperature 
was not only contributed to by the radiation from 

the soot but also the convection from the surround- 
ing hot gas flow. The heat feedback from the flame 
and hot gas flow both impacted on the surface tem- 
perature. The high-resolution thermal camera al- 
lowed to see the fuel surface temperature distri- 
butions. The pixels whose temperature was above 
300 ◦C were averaged to show the average temper- 
ature intensity under various flow conditions be- 
cause it is widely agreed that the rapid thermal py- 
rolysis starts around 300 ◦C [19] . The front side had 
already cooled down at t = 20 s under cross flow, 
therefore, the results of cross flow only presented 
the surface of the back side. The area of these zones 
was calibrated and calculated to indicate the size of 
the pyrolysis zone. 

Fig. 4 presents the mean temperature and area 
of the rapid thermal pyrolysis zones (T > 300 ◦C). 
The results present the averaged value from the re- 
peated trials, and the standard deviation was used 
to present the uncertainty as error bars. Generally, 
the mean temperature decreased with the higher 
speed of flow. This phenomenon can be explained 
by several factors: 1. The increased heat loss from 
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the surface to the cold air because the higher speed 
of flow increases the convective heat transfer coef- 
ficient; 2. Heat feedback from the flame decreased 
due to the flame temperature drop at higher wind 
speed [8,9] ; 3. The hot gas flow layer generally be- 
came thinner with higher wind speed according to 
Fig. 3 . More specifically, the mean temperature un- 
der concurrent flow had significantly decreased as 
wind speed increases. Reversely, the opposed and 
cross flows had an indistinct temperature drop. This 
interesting phenomenon further indicates that con- 
vective feedback was dominant at this scale of fire: 
although the opposed and cross flows pushed the 
flame away from the fuel surface, the surface tem- 
perature under those two wind directions remained 
high. The high surface temperature resulted from 

the thick hot gas flow attached to the wooden rod, 
shown in the Schlieren images under opposed flow 

and cross flow (back) in Fig. 3 . Conversely, the 
concurrent flow brought the flammable gases and 
burned gases away and heated the virgin wood. 
Therefore, it diluted the underneath hot gas layer, as 
shown in the Schlieren images under high speed of 
concurrent flow in Fig. 3 . The surface temperature 
consequently decreased. In terms of opposed flow, 
the high surface temperature and short spread dis- 
tance enhanced the consumption of the local fuel. 
The burning lifetime for these cases can, therefore, 
be considered as the burned-out time for the limited 
fuel. 

The histogram shows the surface area size un- 
der rapid pyrolysis. It should be highlighted that the 
area decreased monotonically with the higher wind 
speed under concurrent flow at both orientations 
of rod, shown as a red line in Fig. 4 . Fig. 3 high- 
lighted the phenomenon of pyrolysis upside at 0- 
degree and pyrolysis downside at 30-degrees which 
was caused by the disappearance of hot flow un- 
derneath (0-degree) or topside (30-degrees). Never- 
theless, the change of location of the attached hot 
gases resulted in the decreased area of the pyrolysis 
zone. 

Regarding the pyrolysis zone under opposed 
and cross wind, there was insignificant change with 
the wind speed. This indicates that the area enfold- 
ing by the hot gas layer did not change significantly. 
On the other hand, the fire could not spread effec- 
tively in these two directions of wind. 

The pyrolysis zone decreased under high-speed 
concurrent flow. Fig. 4 highlighted the wind speed 
at which the area under opposed flow overtook con- 
current flow. These were 0.53 m/s for 0-degree and 
0.87 m/s for 30-degrees. These coincided with the 
burning lifetime in Fig. 2 . A hypothesis may be 
posited that the less fuel feeding the pyrolysis may 
lead to the shorter burning lifetime. 

3.4. Burning process 

The burning rate has been used as the indica- 
tor for monitoring the burning process in the mass 
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Fig. 5. The diagram of pyrolysis zone area (T ≥ 300 ◦C) against time and presented with Schlieren images at typical timings: 
initiation, high-intensity burning, low-intensity burning and extinguishment under wind speed 0.65 m/s. (a): concurrent 
flow; (b): opposed flow; and (c): cross flow. 

transfer [23] . This work proposed a new way to 
present the different stages of the burning process 
by monitoring the pyrolysis zone area. The pyroly- 
sis zone on the surface can be determined with the 
use of the thermal images. The larger the area of 
pyrolysis indicated the more wooden surface would 
be affected by the rapid pyrolysis. 

Fig. 5 shows the area of the pyrolysis zone 
against time at a speed of 0.65 m/s for different 
wind directions. The hot gas flow was the most sig- 
nificant factor that influenced the surface tempera- 
ture, further affecting the burning behaviours. The 
Schlieren images at typical timings are used to ex- 
plain the phenomenon of pyrolysis area change. It 
can be found that the burning process presented 
similar characteristics under the same flow direc- 
tion of 0-degree and 30-degrees rods, but on a dif- 
ferent scale. Specifically, the area under concur- 
rent and cross flow on the inclined surface was 
larger than 0-degree and resulted in a longer life- 
time. The difference was more significant under the 
concurrent flow than the cross flow. This was be- 
cause the 30-degrees inclination enhanced the up- 
ward flame propagation by increasing the preheat- 
ing from the underneath surface [18] . The cross flow 

did not have an influence on the underneath pre- 
heating while the concurrent flow forced the flow 

into the bottom of the rod and enhanced the pre- 
heating from the underneath. This is shown in the 
Schlieren images of concurrent flow. Conversely, 
there was negligible difference between the burning 
behaviours between 0-degree and 30-degrees rods 
under the opposed flow. This can be explained by 
the decreased underneath hot gas flow caused by 
the opposed flow at 30-degrees. Part of the hot gas 
layer from underneath of rod was forced upside 
which was highlighted in Fig. 3 . The decreased un- 
derneath hot gas counteracted the positive effect 
of the fire spread from the inclination. Contrar- 

ily, the thicker underneath hot gas flow in the 0- 
degree rod was pushing back to the initial burning 
location. 

With regards to the burning process at differ- 
ent timing, the four Schlieren images showed the 
typical timings as: the initiation, the high-intensity 
of burning (pyrolysis area at a high level), low- 
intensity of burning (pyrolysis area starts to drop 
sharply) and extinguishment respectively. It should 
be highlighted that there was thick hot gas layer un- 
derneath the rod when the high intensity of burn- 
ing proceeded. When the hot gas layer has gone, the 
pyrolysis area declined quickly and the intensity of 
the burning started to weaken. Researchers had in- 
vestigated that the underneath preheating played a 
critical role for the thick fuel burning under still air 
[1,2,18] . It can be concluded from Fig. 5 that the un- 
derneath flow was considered as the crucial factor 
determining the intensity of burning under forced 
wind. 

For the concurrent flow, the dilution of the 
flammable gases and the increased heat loss by the 
forced air decreased the burning intensity. In ad- 
dition, the concurrent wind under 0.65 m/s pre- 
vented effective heat transfer from the bottom of 
rod to the topside causing less fuel to be consumed 
by the pyrolysis resulting in the decreasing hot gas 
flow produced. Therefore, the fire could not be sus- 
tained, and the burning stopped. Regarding the 
opposed flow, this wind direction effectively pre- 
vented the fire from spreading. The fire spread re- 
quired both the heat and mass transfer into the un- 
burned fuel [24] . However, the opposed flow im- 
peded the flammable gases and the convection from 

the hot gas flow transfer into the virgin wood. Once 
there was not enough hot flow generated by the py- 
rolysis and the flaming burning, the burning be- 
came weaker and then stopped. The similar ef- 
fect of concurrent and opposed flow can be found 
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in the cross flow direction. The wood burning re- 
mained at a high intensity before t = 20 s. How- 
ever, with the consuming of the wood fuel, the pro- 
duced flammable gases decreased with time. There 
was not enough fuel supplied since the cross flow 

did not aid the spread of the fire, but increased the 
dilution of the gas fuel. Therefore, the hot gas flow 

became thinner causing the wood to stop burning. 

4. Conclusions 

The effects of various forced flow conditions 
on the burning behaviour of wooden rods were in- 
vestigated visually and quantitatively using multi- 
ple imaging systems and a non-contact tempera- 
ture measurement instrument. It was found that the 
forced flow strongly influenced the hot gas flow sur- 
rounding the burning rod and further affected the 
fuel surface temperature. A new method was pro- 
posed to monitor the burning process by determin- 
ing the area of the pyrolysis zone on the surface. 
Several conclusions can be drawn from this work: 

1. The inclination of the rod can have a similar 
effect to the concurrent flow by enhancing the 
attachment of the flow into the fuel. 

2. The concurrent flow helped the fire spread 
by increasing the length of the attached hot 
gas flow into the virgin wooden fuel. The 
enhanced heat loss and the dilution of the 
flammable gases led the surface temperature 
to drop, resulting in the lower intensity of 
burning under high wind speeds. 

3. The opposed flow prevented the fire spread 
by impeding the heat and mass transfer to 
the unburned surface. However, the surface 
temperature remained high at this wind con- 
dition, resulting in the high intensity of the 
local burning. 

4. The cross flow can be considered as the com- 
bination of the dilution of the hot gas flow 

and the obstruction of the fire spread. The 
hot gas flow was forced to one side of rod re- 
ducing fuels contributing to the pyrolysis. 

5. The underneath hot gas flow was found to 
be a crucial factor in sustaining the burn- 
ing and was strongly affected by the different 
flow orientations. This observation is of great 
importance for wooden beam fire control and 
suppression. 
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