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A B S T R A C T   

This work studies the flame spread over horizontal thick PMMA (polymethyl methacrylate) rods with three radii 
under different oxygen concentrations and upward cross flow velocities. The flame spread rate and the limit 
oxygen concentration are measured. Far away from the extinction limit, the flame spread rate increases with the 
flow velocity but decreases with radius. Near the extinction limit, the flame spread rate is insensitive to the flow 
velocity and radius. The flame spread rate can be correlated by the stretch rate, and it is found that the flame 
spread rates for different radii are close at the same stretch rate. A scaling analysis shows that the flame spread 
rates are approximately square-root dependent on the stretch rate. Prior to the extinction, the flame has entered 
the regressive burning regime where the flame leading edge will not spread forwardly but continuously retreat. 
The flame extinction is dependent on the local stretch rate and in-depth heat conduction. For a given radius, the 
limit oxygen concentration increases with the stretch rate. For a given stretch rate, the smaller cylinder can 
sustain at lower oxygen concentration due to the less solid-phase heat loss.   

1. Introduction 

Flame spread over the solid combustible surface is of great interest 
for fire safety research, due to its influence on the initial fire develop-
ment and heat release rate [1]. Opposed and concurrent flame spread 
mechanisms over solid fuels have been extensively investigated for 
several decades (e.g., the reviews of Fernandez-Pello et al. [2], Quintiere 
et al. [3], and Gollner et al. [4]), which result in a significant contri-
bution to the development of fire research. Generally, the classification 
of opposed and concurrent flame spread is based on the relative direc-
tion between flame spread and ambient flow. The flame spreads in the 
reverse direction against the flow in the former case and the same di-
rection of flow in the latter case [2]. Extended studies of flame spread 
over inclined fuel samples were performed [5–9], and the flame spread 
behaviors in those studies are similar to opposed or concurrent flame 
spread. However, the direction of flame spread and the gas flow is not 
always collinear. Typically, in the ceiling or floor flame spread, the di-
rection of buoyant flow is perpendicular to that of flame spread. The 
variation of the flow direction can change the flame standoff distance 
and alter the heat flux from the flame to the fuel, which in turn affects 
the gas-phase reaction and flame spread behavior [10,11]. Therefore, it 

is necessary to investigate flame spread behavior in more complex flow 
conditions. Some researchers have focused on this problem. For 
example, Tizon et al. [12] studied the flame spread process under 
oblique forced flow in absence of gravity. Zhao et al. [13] conducted 
lateral flame spread over PMMA slab in forced flow and they developed 
a heat transfer model based on the laminar diffusion flame theory to 
predict the flame spread rate. Higuera and Linan [14–16] have inves-
tigated the horizontal flame spread behavior over PMMA cylinders in 
buoyant flow and the absence of gravity environments. 

To further study the flame spread behavior in a mixed convection 
flow, the horizontal flame spread over thick rods under upward forced 
flow is focused on in this work. The flame spread configuration, in this 
case, is similar to the studies about the stagnation-point diffusion flame 
[17–20]. The flame in the non-uniform flow field is subjected to the 
effect of the stretch rate. The numerical model about the 
stagnation-point diffusion flame [17] showed that the flame character-
istics, e.g. extinction boundary, and mass burning rate, are almost 
identical at the same mixed stretch rate. For a spreading flame, Wich-
man [21] and Hossain et al. [22] used the flame stretch theory to explain 
flame spread behavior. Wichman [21] proposed a theoretical model to 
describe the flame spread rate in the flow with a linear velocity gradient. 
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This theory shows that the flame stretch rate has a greater influence on 
flame spread rate than flow velocity. Hossain et al. [22] conducted flame 
spread experiments in narrow channel apparatus and compared the 
differences between the flame spread rate in the buoyancy-suppressed 
and fully developed environment [23]. They found that the two sets of 
flame spread rates are in great agreement when their stretch rates are 
close. These results suggest that the stretch rate is a potential factor to 
characterize the flame spread behavior. 

The present work aims to investigate the effects of flow velocity, fuel 
radius, and stretch rate on the horizontal flame-spread and extinction 
behavior over thick rods in upward cross flow as well as the controlling 
mechanisms. Three PMMA cylinders with radii of 10, 20, 50 mm are 
used to perform the experiments at various oxygen concentrations. The 
influences of stretch rate on flame spread and extinction behavior are 
quantified and discussed. 

2. Experimental apparatus 

Fig. 1 shows the schematic of experimental apparatus designed to 
conduct flame spread experiments over horizontal cylindrical PMMA. 
The vertically oriented flow tunnel has an outer diameter of 100 mm, an 
inner diameter of 90 mm, and a height of 530 mm, which is the same as 
in Reference [24,25]. It was composed of a quartz glass tube and a flow 
homogenizer section which is full of aluminum honeycomb and glass 
beads to smooth flow. The ambient atmosphere was O2/N2 mixture 
which can be achieved by mixing air supplied from the compressor with 
N2 or O2 supplied from gas bottles. The gas flow velocity and oxygen 
concentration were adjusted by two mass flow controllers (Alicat Sci-
entific, type MC) which allow the mixture with a prescribed oxygen 
concentration (XO2) between 15% and 25% at flow velocities (Vg) from 
0 to 60 cm/s. The flow rate and oxygen concentration were measured 
using a hot-wire anemometer and a fuel gas analyzer (TESTO 350) 
respectively at the outlet of the flow tunnel. A digital video camera 
(Nikon D7200, 25fps) with a resolution of 1920 by 1080 was employed 
to record the burning and extinction process from the front view. 

The PMMA samples with radii of 10, 20, 50 mm, and a constant 
length of 70 mm were used in this experiment. For the sample with the 
largest radius (r = 50 mm), it was cut as a 70 mm × 70 mm × 12 mm slab 
and then heated at 160 ◦C for about 90 min until it was pliable [19]. The 
hot sample was immediately placed in a cylindrical steel mold and press 
the sample to the wall of the mold to have the desired radius. The other 
two samples are solid cylinders that are cut from the cast PMMA slab. 

These samples are all thermally thick fuels, for the fact that the length of 
the heated layer is smaller than the radius of the sample. The sample was 
placed 15 mm above the center of the flow tunnel which acted as a 
nozzle. To verify the uniformity of the flow field around the sample, the 
velocity profile at the outlet of the flow tunnel was measured by a 
hot-wire anemometer, and the velocity profiles are provided in the 
Fig. A1. 

When performing the flame spread experiment, one end of the 
sample is ignited by a torch in the environment with preset oxygen 
concentration and flow velocity. The flammability tests have little dif-
ference compared to the flame spread experiments. To preclude the ef-
fect of ignition on flame extinction limit, the sample is firstly ignited in 
the air. The oxygen concentration is decreased by 1% at 30 s intervals 
when XO2 ≥ 19%. To obtain a more accurate flammability boundary, the 
oxygen concentration is decreased slowly by 0.5% at the same intervals 
when XO2 < 19% until the flame is extinct. To reduce random errors, 
each test was repeated at least three times. The relative errors of oxygen 
concentration are about ±0.2%. The precision of the gas flow velocities 
in the forced flow experiments is about ±5%. The uncertainty on the 
measured flame spread rate is mainly due to the ambiguity of the flame 
leading edge. 

3. Results 

3.1. Flame spread and fuel regression behaviors 

Fig. 2 shows the horizontal spreading flame with radii of 10, 20, and 
50 mm in the air. It is seen that the flame is yellowish when r ≤ 20 mm, 
indicating the soot content is high for the present experiments. With the 
increase of radius, the flame becomes dim. For r = 50 mm, the flame is 
weak and blue after the ignition. As the flame spread forwardly, the 
middle part of the flame becomes yellow, but the leading edge and the 
tail of the flame are always blue during the test. Fig. 3 shows the hori-
zontal spreading flame with a radius of 10 mm at various upward cross 
flow velocities at XO2 = 18%. Under low oxygen concentration, there is 
no significant change in the flame appearance compared with XO2 =

21%, as shown in Fig. 3(a). However, the spreading flame will transit to 
fuel regression prior to the extinction with the increased oxidizer flow 
velocity. Fig. 3(b) shows the photographic sequence of fuel regression 
with a radius of 10 mm PMMA rod at a flow velocity of 40 cm/s. When 
the flame entered the regressive burning regime, the flame front will not 
spread forward but continuously retreat until the flame beneath the 

Fig. 1. Schematic of the experimental setup.  
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cylinder is extinct. The flame leading edge is locally blown off because of 
the slow chemical reaction rate and the flame moves to the back surface 
of the sample to sustain the burning. However, the flame can still sustain 
and even spread along the rear surface of the PMMA cylinders. The 
flame will be totally blown off when the upward cross flow reaches a 
critical velocity. Moreover, as the oxygen concentration increased to 
21%, the sample with a smaller radius of 10 mm regresses when the flow 
velocity is greater than 40 cm/s, and the critical flow velocity for fuel 
regression increases with the radius which is in agreement with that for 
downward burning conditions [27]. At 18% O2, the critical velocity is 
about 30 and 40 cm/s for a sample with a radius of 50 mm and 10 mm 
respectively. The fuel-regression behaviors can be also observed in 
reduced pressure, lower oxygen concentration and microgravity (low 
velocity) environments [27] where the finite rate chemical kinematic 
dominates the flame behavior. It can be inferred that the regressive 
burning behavior at XO2 = 25% will occur at a larger flow velocity 
although not observed in this work. 

Fig. 4 plots the flammability boundary for flames spreading over 
PMMA under upward cross flow. It should be noted that the extinction 
limit refers to the oxygen concentration and flow velocity at which the 
flame is totally extinguished. It is seen that the limit oxygen concen-
tration increases with the gas flow velocity but decreases with the 
diameter. 

Fig. 2. Images of horizontal flame spread with radii of 10, 20, 50 mm in the air with buoyant flow.  

Fig. 3. Images of horizontal flame spread and regression with the radius of 10 mm at the gas velocity of 20, and 40 cm/s under XO2 = 18%.  

Fig. 4. Extinction boundary using oxygen volume fraction and gas flow ve-
locity as coordinates. 
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3.2. Flame spread rate 

The variations of flame spread rate over the bottom surface of the 
PMMA rods as a function of gas flow velocity, together with the data of 
downward flame spread rate, are shown in Fig. 5 for several oxygen 
volume fractions. The flame spread rate is almost a constant after the 
ignition indicating that horizontal flame spread is in a steady-state and 
the time evolution of flame leading-edge position is provided in Fig. A2. 
It is seen that at high oxygen concentrations (XO2 ≥ 21%), the flame 
spread rate almost increases monotonically as the gas flow velocity in-
creases, as shown in Fig. 5(a) and (b). Another observation is that, at a 
given flow velocity, the flame spread rate decreases with the increased 
sample radius. One possible factor to consider that could explain this 
variation trend is the curvature effect. For the larger cylinder, the heat 
transfer from the flame to the solid fuel is decreased due to the curvature 
effect, and the temperature of the solid phase increases slower because 
of the larger heat inertia [26]. Also shown in Fig. 5 is the data on 
downward flame spread rate over PMMA rods, which were measured 
previously in the same apparatus used in this work [24,25]. Compara-
tively, for downward spread flame, the data exhibit a different trend as 
the flow velocity increases, they are independent of the forced flow 
velocity when it is smaller than the buoyancy-induced flow (~30 cm/s) 
[24,25], under which the buoyant flow overwhelms the forced flow and 
controls the downward flame spread. At a low oxygen concentration 
(XO2 = 18%, Fig. 5(c)), the flame spread rate appears practically inde-
pendent of the flow velocity and radius. This variation may be caused by 
the finite chemical reaction rate caused by the low oxygen 
concentration. 

4. Discussion 

4.1. Scaling analysis on flame spread 

When the flame spreads in the non-uniform flow, the flame sheet is 
subjected to strain and curvature effects [28], and it will lead to the 
change in the flame area which can be described by stretch rate. In the 
classical flame spread theory, an Oseen flow approximation is used [29], 
and the effect of the stretch rate is neglected. However, the flame spread 
behavior in this work is mainly affected by the combination of buoyant 
and forced flow stretch rates. The buoyant flow stretch rate ab is given by 
Ref. [17]: 

ab =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
T* − T∞

T*
g
r

√

(1)  

where T* is the reference flame temperature (900 K [30]) that is an 
average temperature between the pyrolysis (Tv) and the flame temper-
ature (Tf), T∞ is the ambient temperature (300 K) and g is gravity ac-
celeration (9.81 m/s2). The forced flow stretch rate af for the cylindrical 
fuel is given as af = 3Vg/2r. The mixed flow stretch rate a is expressed 
as: 

a=
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

a2
b + a2

f

√

(2) 

For flame spread over horizontal cylindrical fuels in upward flow, the 
characteristic length in solid and gas phase as shown in Fig. 6 are 
expressed as [31]: 

Lgx ∼ Lsx ∼ ag
/

Vf

Lgy ∼

̅̅̅̅̅̅̅̅̅̅

αg
/

a
√

Lsy ∼

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

asLsx
/

Vf

√

∼

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

asag
/

Vf

√

(3)  

where α is the thermal diffusivity, the subscripts “s” and “g” represent 
the solid and the gas phase, respectively. For thermally thick fuel, 
penetration depth τh is smaller than the sample radius which can be 
estimated by Lsy, i.e. τh ∼ Lsy ∼

̅̅̅̅̅̅̅̅̅αsαg
√

/Vf . 

Fig. 5. Flame spread rates as a function of gas flow velocity under (a) XO2 =

25%, (b) XO2 = 21%, and (c) XO2 = 18%. The data of downward flame spread 
rates come from References [24,25]. 
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Considering that the flame is almost parallel to the solid fuel, the 
view factor from the flame to the control volume is small. Therefore, the 
flame radiative heat flux to the solid fuel is neglected. In the thermally 
controlled flame spread, the surface radiation and gas phase kinetics can 
also be neglected, and an energy balance for the solid phase control 
volume of Fig. 6 yields that: 

Vf ρscs(Tv − T∞)π(r2 − (r − τh)
2
) ∼

kg(Tf − Tv)

Lgy
Lgxf 2πr (4)  

f =
c Lgx

r

ln(1 + c Lgx
r )

(5)  

where ρs and cs are the density and specific heat of the solid phase, kg is 
the heat conductivity of the gas phase, f is the heat transfer factor that 
accounts for the fuel curvature effect [26], c is a constant varied with 
flow conditions. Simplify the above equations, the flame spread rate can 
be expressed as: 

Vf ∼ f (1 −
τh

2r
)
− 1 kg

ρscsτh
(

Tf − Tv

Tv − T∞
)

Lgx

Lgy
(6)  

if Lgx ≪ r and τh ≪ r, the flame spread rate can be further simplified as: 

Vf ∼
kg

(ksρscs)
1/2 (

Tf − Tv

Tv − T∞
)

̅̅̅
a

√
(7) 

Assuming the physical properties are constants, the simplified rela-
tionship between the flame spread rate and the stretch rate is obtained, i. 
e. Vf ∼

̅̅̅
a

√
. This scaling analysis indicates that the flame spread rate in 

the thermal regime is dependent on the stretch rate, which is similar to 
the result of opposed flame spread in a linear gradient flow [21]. 

In Fig. 7, the flame spread rate results shown in Fig. 5 are replotted as 
a function of mixed-flow stretch rate for various oxygen concentrations. 
It is evident that the flame spread rate with different radii and flow 
velocities are close if their stretch rates are the same. This result is 
similar to the stagnation-point diffusion flame theory where the 
fundamental flame characteristics, such as mass burning rate, maximum 
temperature, and flammability boundary, are almost identical for the 
same stretch rate [17]. Near the flame extinction limit, the flame spread 
rates have little change with the stretch rate. The flame spread rates are 
increased with the stretch rate when XO2 > 21%. By fitting the results, it 
is found that the flame spread rates have a power-law fitting function 
with stretch rate, Vf ~ an. The power-law exponent n is 0.32 at XO2 =

21% and 0.26 at XO2 = 25%, which is approximate to the predicted 0.5. 
The deviation from the theoretical prediction is probably due to ignoring 
the curvature effect in Eq. (6), surface and flame radiation in Eq. (4). 

Notably, the critical stretch rates for occurring fuel regression with 
different radii are not the same and vary with fuel size. 

4.2. The role of stretch rate on flammability boundary 

Fig. 8 shows the flammability boundary as a function of stretch rate. 
It is seen that the limit oxygen concentrations for all the rods are 
increased with the stretch rate during the tests and the smaller cylinder 
has a lower limit for a given stretch rate. The flammability boundary 
with various radii is different even if the stretch rate is the same, 
implying that the flammability of the fuel cannot be determined only by 
the stretch rate. 

Near the extinction limit, the flame entered regressive burning 
regime and Vf ~ 0. The energy balance at the surface is established 
which can be expressed as [32]: 

q̇′′
f ,c + q̇′′

f ,r = ṁ′′Lv + q̇′′
s,c + q̇′′

s,r (8)  

where the subscripts “f” and “s” represent the heat flux from flame and 
solid phase, “c” and “r” represent the conduction and radiation. ṁ′′ is the 
mass burning rate, Lv is the latent heat. During the flame spread process, 
q̇′′

s,c is varied with the fuel radius and the burning time, which is different 
from the previous studies about the stagnation-point diffusion flame 
where the ice bath is used to control the solid heat loss [19]. Besides, the 

Fig. 6. Solid and gas phase control volumes at the flame leading edge for a cylindrical fuel.  

Fig. 7. Flame spread rates as a function of mixed-flow stretch rate a.  
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distribution q̇′′
s,c along the length direction may change due to the vari-

ation of the temperature gradient inside the solid. For the smaller cyl-
inder, it is faster to heat the solid phase due to its smaller thermal inertia 
at the same burning time. Similar results are also found in the study of 
spherical solid fuel-burning behavior [33]. Therefore, the conductive 
cooling effect decreases slower compared to a larger cylinder. The nu-
merical simulation shows that the larger ratio between q̇′′

s,c and q̇′′
f ,c will 

lead to flame extinction, even if at the same stretch rate [34]. Due to the 
smaller heat loss, the net heat flux is larger for the smaller cylinder 
which can sustain the flame burning at lower oxygen concentration. 
Overall, it is implied that the flame extinction limit is affected by the 
combined effect of stretch rate and heat loss into the solid interior. To 
further illustrate the mechanism of extinction, a sophisticated numerical 
model or a precise experiment to measure the dominant heat transfer 
flux is needed in the future. 

5. Conclusions 

A series of flame spread experiments over horizontal thick PMMA 

cylinders in upward cross flow are conducted to investigate the effect of 
radius, gas flow velocity, and stretch rate on the flame spread and 
extinction behavior. The major conclusions are drawn as follows:  

(1) The horizontal flame spread rate at the bottom surface increases 
with the flow velocity but decreased with radius when XO2 ≥

21%, while the spread rate appears less sensitive to the variation 
of flow velocity and radius near the extinction limit conditions 
(XO2 = 18%).  

(2) The flame spread rate can be correlated by the stretch rate for 
flame spread over samples with different diameters under 
different flow velocities. The scaling analysis neglecting surface 
radiation and curvature effect shows that the flame spread rates 
are approximately in proportion to the square root of the stretch 
rate.  

(3) Flame extinction is dominated by stretch rate and solid-phase 
heat loss. The smaller cylinder can sustain burning at a lower 
oxygen concentration due to the less solid-phase heat loss. 
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Appendix 

The velocity profile at 15 mm above the outlet of the flow tunnel is shown in Figure A1. The gas flow velocity near the wall is slightly slower about 2 
– 5 cm/s than that in the central region mainly due to the effect of the boundary layer. The average velocity is close to the forced flow velocity Vg. In 
general, it can be considered that the flow field around the sample is uniform. 

Fig. 8. Extinction boundary using oxygen volume fraction and mixed-flow 
stretch rate a as coordinates. 
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Fig. A1. The velocity profile above the flow tunnel at different forced flow velocities.  

The position of the flame leading edge at the bottom surface of the PMMA cylinders as a function of time is measured at various oxygen con-
centrations and sample radii as shown in Figure A2. It is seen that the flame leading edge position has a linear relationship with time. Therefore, the 
horizontal flame spread at an upward forced flow environment is in a steady state.

Fig. A2. The time evolution of flame leading-edge position for three PMMA cylinders at Vg = 10 cm/s and XO2 = 21%, 25%.  
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