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Flame spread over solid fuels is a canonical problem in fire science, due to its direct 

implications on material flammability and importance in fire development. In a microgravity 

environment, such as onboard a spacecraft, flames can behave very differently than on Earth. 

This is concerning for spaceflight life safety, especially in higher-oxygen environments. Due to 

the difficulties associated with microgravity testing, low-pressure environments have been 

proposed as an alternative to approximately replicate the burning behavior of solid fuels 

observed in reduced gravity conditions because of similar diffusion and heat transfer 

mechanisms. However, the roles played by gravity and pressure on flame length, standoff 

distance, and flame spread rate vary with the burning configuration. In concurrent flame 

spread, the buoyant flow enhances the spread rate by bringing the flame closer to the fuel 

surface and increasing the heating of the solid fuel. In opposed flame spread, the sample is 

preheated by the flame ahead of the flame leading edge, which is strongly affected by the 

surrounding flow field. In this work, we consider flames spreading over thin cotton samples 

in both downward (opposed) and upward (concurrent) configurations to investigate the effect 

of pressure (30-100 kPa) on flame characteristics, such as spread rate and standoff distance. 

A small forced flow is induced upward so that the flames are exposed to a mixed (forced and 

free) flow. By reducing pressure, flames become less bright, their standoff distance increases, 

and their spread rates decrease similar to what is observed in low-gravity environments. These 

results could in help understanding the differences between flames spreading at low pressure 

and low gravity environments for these similar, yet very different, spreading configurations. 

They could also provide more information about potential Earth-based flammability testing 

of materials for spacecraft applications. 
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I. Introduction 

LAME spread over solid fuels has been studied for decades because of its importance in fire safety. The nature of 

a fuel, the conditions under which it ignites and burns, and its interactions with the surroundings determine the 

rate of growth and heat released by the fire. In confined habitats, especially when escape routes are not available and 

ventilation is limited, such as onboard a spacecraft, a fire or even a small flame could have catastrophic consequences. 

This is increasingly relevant as we look towards long duration space flight and the potential of reduced pressure, 

increased oxygen concentrations atmospheres (Space Exploration Atmospheres, SEA)1. Therefore, understanding the 

physics behind spreading flames is important for life and habitat safety aboard spacecraft.  

On Earth gravity, flames naturally generate their own flow fields as buoyancy induces upward currents 

proportional to the density difference between hot post-combustion gaseous products and the ambient air. In 

microgravity this buoyant flow field is extremely weak and comparable to diffusive flows, and flames may not spread 

without externally generated flows, such as the low velocity flows generated in spacecraft by heating, ventilation, and 

cooling systems (HVAC). Spreading flames are generally divided into two main categories: concurrent flame spread, 

where the direction of propagation is the same as that of an oncoming flow field, including upward-spreading flames 

on Earth, and counter-current or opposed-flow flame spread, where the flame moves against an incoming flow. 

Concurrent-flow flame spread is known to be more hazardous than opposed-flow flame spread in a terrestrial 

environment. Concurrent spread is characterized by an acceleratory portion in which the flame grows over the 

flammable material due to the increased buoyancy induced flows caused by the larger surface burning. However, it 

has been shown that in a low-gravity environment opposed-flow flames can grow more easily than concurrent 

spreading flames because of a fresh supply of oxidizer2, and sometimes burn under conditions where extinguishment 

would occur on Earth3-5. 

The challenges associated with microgravity experiments (cost, duration, safety regulations, among others) make 

testing in space or other microgravity facilities difficult, so researchers have to look at alternative methods to test the 

flammability of materials to be used in spacecraft environments. A possible approach is to use reduced ambient 

pressure, and consequently reduced density, to reproduce the burning characteristics observed in microgravity 
conditions. As the pressure is reduced, flames tend to move away from the fuel surface, and the boundary layer along 

the solid fuel becomes thicker6. Furthermore, this behavior causes a reduced heating of the fuel surface by the flame, 

that results in lower spread rate and flame length. Thus, the effect of reducing the ambient pressure has similar 

consequences as reducing the buoyant flow velocity in low gravity. Previous experiments suggest that reduced 

pressures ranging between 20-40 kPa may be able to simulate concurrent flames in microgravity in terms of flame 

spread rate and flame length7-9, at least for thin combustible materials. Furthermore, models involving a constant 

Grashof number have been successful in correlating partial gravity results10. However, there are some limitations to 

the comparison between low gravity and low pressure. Numerical studies and scaling analyses highlighted the 

importance of radiation losses in reduced pressure environments11-13. At the same time, diffusion processes become 

more important because of the lower molecular density. This, in combination with different heating mechanisms and 

pressure effects on chemical kinetics, can change the flame structure14-18. 

The comparison between concurrent flame spread rates over fabric and acrylic fuels at reduced pressure on Earth 

and in microgravity has given promising results when a mixed flow field is considered (given by a buoyant component 

depending on pressure and gravity and a forced component)7,8,10. However, similar models have not been effective in 

comparing the terrestrial and microgravity results for opposed flame spread over acrylic rods19, suggesting that the 

heat transfer from the flame to the solid fuel is affected differently in this flame spread configuration. The different 

behavior of opposed and concurrent flames could be due to the different role played by the problem geometry; in 

concurrent flame spread, the flame develops from the upstream sample edge, and covers a large portion of the fuel 

(generally increasing in time). On the other hand, opposed-spreading flames develops from the downstream edge of 

the sample, preheating only the fuel ahead of the flame leading edge. This makes the opposed flames much slower, 

and usually steady, but also more susceptible to the ambient conditions such as flow velocity. 

The comparison between low gravity and low pressure flame spread needs to account for differences related to the 

heat transfer mechanisms (i.e. heating of fuel surface, and importance of radiation), flow field (importance of 

buoyancy), and chemical kinetics, and these factors can play different roles based on the flame spread configuration. 

In this work, we compare the effect of reduced pressure on opposed and concurrent flames spreading over thin cotton 

samples. Specifically, we present flame spread rate, standoff distance and flame length variations with pressure. A 

previously developed theoretical analysis is expanded to study the correlation between predicted and measured 

standoff distance; opposed and concurrent spreading flames show a similar trend when reasonable length scales are 
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used for the prediction. These results should 

help further the understanding the effect of 

pressure on the heating of the fuel surface. 

II. Experimental setup 

The normal gravity experiments were 

conducted in an apparatus previously 

developed to study the flammability of solid 

combustible materials under varied ambient 

conditions7,8. The apparatus consists of a 

laboratory scale combustion tunnel that is 

inserted in a pressure chamber (Figure 1). 

The tunnel has a 125 mm square cross 

section and a 600 mm total length. The first 

350 mm section of the duct serves as a flow 

straightener, the other 250 mm segment of 

the duct is used as the test section. The 

chamber is provided with a flow system that provides constant supply and exhaust of gases to avoid vitiation problems. 

Compressed house air was supplied through critical nozzles (O’Keefe Controls) to the bottom of the duct while 

constantly evacuating to maintain constant pressure inside the chamber. The chamber pressure was controlled by a 

high-capacity vacuum generator (Vaccon JS-300) and a mechanical vacuum regulator. The chamber pressure was 

monitored constantly with an electronic pressure transducer (Omega Engineering, Inc. PX303-015A5V). The tests 

were conducted in air under pressures ranging between 30 and 100 ± 2 kPa. The forced flow was adjusted to provide 

20 cm/s at the respective chamber pressure for all tests, this velocity was selected to match the flow of air induced by 

the HVAC system inside of a spacecraft. In addition to the forced flow, because the experiments were performed 

under Earth’s gravity, the flame is also exposed to a self-induced buoyant flow. Thus, during the experiments the 
flame is exposed to a mixed (free and forced) flow condition. 

The direction of the flow was upward, with the flames spreading downward (in opposed flow configuration) by 

igniting the sample at the top, and upward (in concurrent flow configuration) by igniting the sample at the bottom. 

The samples consisted of thin cotton fabric made out of pure cotton and had an overall area density of 21.8 mg/cm2. 

The rectangular samples were held in between two identical stainless-steel frames 0.6 mm thick, with a rectangular 

opening of 150 mm long by 50 mm wide that served as the test area. Each sample was placed vertically at the midplane 

of the test section. Ignition of the material was induced with a 29-gage Kanthal 45 mm length wire. The igniter is 

energized using a controlled current power supply (BK Precision 1785) set to deliver 40 W for about 10 s. The igniter 

was braided along the upstream edge of the sample (bottom of the sample) for the concurrent flames experiments, 

whereas for the opposed ones it was braided along the downstream edge of the sample (top of the sample). The 

concurrent spread experiments were repeated five times for each test condition to address the experimental uncertainty, 

whereas three repetitions were sufficient for downward spreading flames because of their steadiness and higher 

repeatability. 

The ignition and subsequent flame spread were video recorded with a resolution of 1920 by 1080 at 30 frames per 

second using a Sony RX10-III camera for the front view, and a second camera (Nikon D3200) was used to record 

videos of the flame side view with a resolution of 1920 by 1080 at 30 frames per second. The camera settings were 

kept constant among the experiments, although they slightly differ between front view and side view. The experiments 

videos were processed using a Python-based program, called Flame Tracker, internally developed and now publicly 

available20. The color tracking method, based on intensity thresholds for each pixel in the RGB channels, was used to 

isolate the flame region from the background on a frame-by-frame basis, and the minimum and maximum coordinates 

were identified as flame base and tip locations. The flame length is directly calculated as the difference between these 

two locations. The Flame Tracker also calculated the spread rates between all the frames considered (both for flame 

base and flame tip); these values were smoothed with a moving average, with a number of frames between 10 and 30, 

corresponding to a time average of 0.3 and 1 s. In this work we report the spread rate values of the flame base for the 

opposed flow configuration, and the ones of the flame tip for the concurrent flow configuration. 

 
Figure 1. (a) Schematic of experimental apparatus and (b) picture 

of the exterior of the vacuum chamber. 

 



 

International Conference on Environmental Systems 
 

 

4 

III. Experimental Results 

A. Concurrent flames 

Figure 2 shows the frontal (on the left) and side (on the right) views of concurrent spreading flames a few seconds 

after ignition, at the tested pressure levels. Camera settings are maintained constant with variating pressure to 

qualitatively show the visual differences of the observed flames. From the side flames we can notice that by reducing 

pressure the flames become dimmer, and the turbulence and flickering at the tip of the flames gradually disappear. 

From these images we can also notice that the flame region becomes thicker (along the direction perpendicular to the 

fuel surface) despite the lower luminosity, suggesting that diffusion processes get increasingly important. An 

interesting feature shown by the photographs of the flames starting at pressures below 60 kPa is the location of the 

blue portion of the flame. Diffusion flames are controlled by the transport of the fuel and oxidizer toward the reaction 

zone. Naturally we would expect a larger supply of fresh oxidizer on the outer side of the flame zone (oxidizer side), 

while we expect a larger fuel concentration in the inner side (fuel side). Consequently, the sooty region of the flame, 

characterized by the yellow-orange color, develops on the fuel side, while the flame leading edge and the outer layer 

have a blue color characteristic of CH radicals’ emissions in contact with the oxidizer, although usually this layer is 

not visible because of the much lower luminosity with respect of the sooty region. However, as shown in Figure 2, the 

blue region of the flame moves towards the fuel side at low pressure. From these images it is not clear if the internal 

blue layer is not visible at higher pressures or if it is not present at all. A similar effect is visible in the side flames at 

reduced pressure in Ref. 10. An inner blue region with 

an outer red halo was observed also in microgravity 

flames (drop tower tests) at very low pressures (~5 kPa) 

by Marcum et al.21; the red region was associated to a 

two-stage reaction zone following the leak of reactants 

such as CO and H2 slowly reacting to CO2 and H2O. 

However, the pressure levels considered in this work 

are much higher, and by a visual comparison with Ref. 

21, the flame inversion might have a different nature, 

especially since the red region in the flame pictures of 

Figure 2 seems generated by soot radiation emission. 

The blue region could indicate that the oxidizer can 

better penetrate to the fuel side because of the enhanced 

diffusion at low pressure, or that it could enter from the 

quenching zone by the flame leading edge; despite the 

reason, this behavior has not been observed in 

microgravity. 

Upward spreading flames grow over time, and so do 

their spread rates. Given the total length of the samples 

 
Figure 2. Frontal (left frame) and lateral (right frame) view of concurrent spreading flames over thin cotton 

samples for the tested pressure levels. 

 

 
Figure 3. Variation of the spread rate (left axis), and 

time needed by the flame to cover the entire sample 

length (right axis) with pressure for upward spreading 

flames over cotton samples. 
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considered in this work (about 150 

mm), the tip of the flame reached the 

end of the sample before substantial 

movements of the flame base. 

Instantaneous values of the spread 

rate for the flame tip were obtained 

from the front videos on a frame by 

frame basis (starting when the igniter 

was turned off), and then smoothed 

by using a moving average of 10 

frames (0.3 s) for pressures above 60 

kPa, and 30 frames (1 s) for the lower 

pressure levels. These spread rate 

values, which increased over time, 

were then averaged over the time 

needed by the flame to cover the 

entire sample, for all the repetitions 

of the experiments. Figure 3 shows 

these average spread rate values as 

function of ambient pressure, as well 

as the spreading time of the flame tip. The standard deviation reflects the variation of the spread rate values during the 

experiments, and not among the repetitions; this explains the large error bars. Overall, we can see that the spread rate 

substantially decreases with pressure, with the only exception being the flames at 40 kPa; these flames tended to shrink 

after the igniter was turned off, followed by a few seconds of very slow growth before quickly gaining intensity and 

covering the entire sample. This could be seen as an intermediate behavior between the flames at 60 kPa that grew 

relatively quickly, and the flames at 30 kPa, which had a much more gradual growth. However, the initial behavior 

could also be related to a slower ignition process due to the reduced pressure. This transition of flame behavior can 

also be observed by the spreading times reported in Fig. 3; from 100 kPa to 60 kPa, the flames reached the end of the 

samples in less than 5 seconds in all cases, with small dependence on pressure. On the other hand, the spreading time 

starts increasing at 40 kPa, and at 30 kPa it becomes more than four times larger than at 100 kPa. 

B. Opposed flames

Figure 4 shows the front and lateral views of opposed spreading flames over the cotton samples about 20 s after

ignition at the tested pressure levels. At 40 kPa the flame could not propagate along the sample after ignition, thus in

the opposed spread configuration we reached a non-propagation (extinction) limit, while concurrent flames were able

to spread at much lower pressures.

As in the concurrent case, by reducing pressure the flames get dimmer, their reaction zone becomes thicker (visible 

from the side view), and the blue region develops along 

the internal layer of the flame between 50-60 kPa. The 

flame length does not seem to be strongly impacted by 

pressure reductions. 

The opposed spread videos were processed to 

measure the variation of flame position, length and 

spread rate in time, which reached steady state soon after 

ignition, unlike the case of concurrent spreading flames 

that grew over time. Figure 5 shows the variation of 

flame spread rate and flame length with pressure, 

averaged among the experiment repetitions. While the 

spread rate decreases of about 20 % from 1.20 mm/s at 

100 kPa to 0.95 mm/s at 50 kPa, the flame length does 

not show a clear trend. These results are consistent with 

the thermal theory of opposed flame spread, which 

predicts small variations of spread rate with pressure22. 

From the comparison of the flame pictures in Figure 

2 and Figure 4 (not in the same scale), it is also seen that 

Figure 5. Variation of the measured spread rates (left

axis), and flame length (right axis) with pressure for

opposed spreading flames.

Figure 4. Frontal and lateral views of opposed spreading flames. The 

spread rate and length of these flames reach steady state soon after 

ignition. 

Figure 5. Variation of the measured spread rates (left 

axis), and flame length (right axis) with pressure for 

opposed spreading flames. 
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the flame lengths are much larger for concurrent spreading flames than for opposed spreading flames. This is due to 

the difference geometrical configuration of the burning surface; in concurrent flame spread a flame spreads on each 

side of the cotton sheet, the pyrolysis region is determined by the rate of spread of the burning front and the pyrolysis 

front, and it is followed by a relatively long preheating region downstream of the pyrolysis front23, where the flames 

on each side are guided by the momentum boundary layer. In opposed flow flame spread, the solid fuel ends at the 

burn out edge, and the flames from both sides of the cotton sheet converge into a single flame, burning in a wake type 

diffusion flame. 

C. Standoff distance

The flame standoff distance is an important parameter in flame spread modeling because of its relation to the heat

transfer between fuel surface and flame region, and dependence on ambient conditions. A common assumption for 

flames burning in atmospheric conditions is the flame-sheet approximation (infinitely thin flame), resulting from 

infinitely fast kinetics and no products dissociation24. In reality, finite-rate chemistry and diffusion cause the flame to 

have a finite thickness, especially at low pressures. The importance of the standoff distance can vary with the flame 

spreading configuration; since the concurrent flames 

developed over flat fuels cover a much larger fuel area 

than opposed spreading flames, variations of standoff 

distance could play a bigger role in the first case. 

To quantify the effect of pressure on the standoff 

distance, the side videos of concurrent flames spreading 

over the cotton surface were processed to measure the 

maximum distance from the fuel surface to the outer 

flame region. Because of the thickness of the flame, we 

refer to this measured length as maximum flame 

standoff distance. The measured values for concurrent 

flames are reported in Figure 6, and error bars are 

presented showing the variability between repetitions at 

similar conditions. As mentioned before, the tip of 

concurrent flames oscillates for pressures between 60-

100 kPa, thus only the laminar portion of the flame was 

considered for the tracking, as shown in the inset of the 

figure (the shaded upper region was neglected for these 

measurements). From the graph of Figure 6, we can see 

that the maximum distance increases of about 50% 

going from 100 to 30 kPa for concurrent flames.  

Figure 6 also presents the results for the flames 

spreading downward in the opposed flow configuration. 

It can be seen that a similar increase in the maximum standoff distance occurs for opposed spreading flames as for 

concurrent spreading flames in the smaller range 100-50 kPa. Furthermore, from the measurements it was observed 

that the standoff distance was not function of time, and small oscillations decreased at lower pressures, as indicated 

by the lower standard deviation in Figure 6 for the values below 50 kPa.  

IV. Simplified Analysis and Discussion

In both concurrent and opposed flame spread, the flow velocity approaching the flame region is an important 

parameter of the problem since it controls the residence time of the oxidizer. The flames tested in this work were 

exposed to a forced flow velocity of 20 cm/s, and the buoyant flow generated by these flames is of the same order of 

magnitude (10-50 cm/s). Thus, the flow velocity affecting the boundary layer along the sample and the flame itself 

are exposed to a mixed (forced and free) flow. This type of situation has been previously studied theoretically25-27. 

Specifically, a relation for the flame standoff distance 𝑦𝑓 was derived in terms of non-dimensional parameters27:

𝑦𝑓 = (Re4 + Gr2)−1/8𝑥 ∫ [1 + θ (
𝑇𝑤

𝑇∞
− 1)] 𝑑

η𝑓

0
η (1) 

Figure 6. Variation of the measured standoff distance 

with pressure for concurrent and opposed spreading 

flames. The green dashed lines represent pressure 

dependencies of 𝒑−𝟎.𝟓. The inset shows how the laminar 
region was considered to measure the maximum 

distance between fuel surface and flame. 
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With Re = 𝑉𝑔𝑥/ν being the Reynolds number, Gr = 𝑔𝛽Δ𝑇𝑥3/ν2 the Grashof number, θ a non dimensional

temperature parameter, and x the local coordinate along the fuel; the other parameters are kinematic viscosity (ν), flow 

velocity (𝑉𝑔), gravity (g), thermal expansion coefficient (β), the integration variable for the coordinate y (),  the wall 

and ambient temperatures (𝑇𝑤 and 𝑇∞), and temperature difference between flame and surroundings (Δ𝑇). The standoff 

distance increases with the coordinate along the sample x, but this is not the case for opposed spreading flames, where 

the flames on each side of the sample reattach after the pyrolysis region, as discussed in Sec. III.B (see Figure 4). 

However, since we are interested in the flame leading edge region, which is the one determining the spread along the 

sample, we can ignore the wake region of opposed spreading flames for this analysis. 

For simplicity, we can assume a constant value of the coordinate 𝑥 in Eq. (1), equal to a length scale of the problem 

𝐿. Reynolds and Grashof numbers in Eq. (1) may be described by different characteristic lengths; the development 

length of the boundary layer in front of the flame determines Re, while the Gr number measures the buoyant flow 

generated by the flame, with length scales of the order of pyrolysis or flame lengths. However, in first approximation 

we can assume a single characteristic length. Moreover, the integral term in Eq. (1) is of order 1 and does not dependent 

on pressure, thus we can rewrite Eq. (1) as: 

𝑦𝑓 ∼ (Re4 + Gr2)−1/8𝐿 (2) 

This equation is valid for a mixed flow, and in the cases where Re ≫ Gr, or Gr ≫ Re, we would obtain respectively 

the standoff variation in a flow dominated by the forced or buoyant components. 

The buoyant flow induced by a flame is given by the density difference between the flame region and the 

surroundings. Therefore, we can rewrite the Grashof number in terms of the density difference between the flame 

region and the surrounding environment. The pressure dependencies of Gr and Re become: 

Gr = 𝑔ρΔρ𝐿3/μ2   →   ρΔρ = ρ∞(ρ∞ − ρ𝑓) ∼ 𝑝∞
2 (3) 

Re = ρ𝑉𝑔𝐿/μ ∼ 𝑝∞  (4) 

The density of the flame region ρ𝑓  is much lower than the ambient density because of the high temperature, 

therefore we expect a low dependence of 𝜌𝑓 on the ambient pressure, therefore ρ∞ − ρ𝑓 ∝ 𝑝∞ . By substituting the 

pressure dependencies from Eq. (3) and (4) in Eq. (2), we can estimate the variation of the standoff distance with 

pressure to be 𝑦𝑓 ∼ 𝑝−0.5. By applying a power law fitting to the measured values of the maximum standoff distance

in Figure 6, we obtain a pressure exponent of -0.33 in the case of opposed spreading flames, and -0.37 in the case of 

concurrent spreading flames. The green dashed lines in Figure 6 correspond to a 𝑝−0.5 dependence, and they fit within

the error bars of the experimental results. Given the limitations in measuring the standoff distance, e.g. the change of 

flame luminosity with pressure, and the thickening flame region in contrast with an infinitely thin flame sheet 

approximation (infinitely fast kinetics), the predicted and measured exponents are reasonably close. Furthermore, the 

length scale of the problem in Eq. (2) could vary with pressure as well and could be responsible of the difference in 

the pressure exponent. 

The importance of the length scales of the problem depends on the spreading configuration. The flame length of 

opposed spreading flames does not significantly affect the fuel ahead of the flame, whereas in concurrent spreading 

flames a longer flame preheats more fuel to the vaporization temperature. The pyrolysis length, on the other hand, is 

proportional to the spread rate for both opposed and concurrent spreading flames; this length is also an appropriate 

scale to estimate the buoyant flow induced by the flames. By using the definitions of Reynolds and Grashof numbers 

in Eq. (3) and (4), and the pyrolysis length 𝐿𝑝 as the characteristic length of the problem, Eq. (2) becomes:  

𝑦𝑓 ∼ (
𝐿𝑝μ∞

ρ∞
)

1/2
(𝑉𝑔

4 + 𝑔2𝐿𝑝
2 Δρ2

ρ∞
2 )

−1/8

(5) 

We can estimate the variation of the standoff distance with the experimental conditions of 𝑉𝑔 = 20 cm/s, g =

9.81m/s2, density and viscosity calculated at the ambient temperature (𝑇∞ = 300 K), respectively 1.16 kg/m3 and

1.8510-5 kg/(ms), and by assuming a constant density in the flame region of 0.17 kg/m3 obtained at a flame 

temperature of 2100 K. The value of the pyrolysis length 𝐿𝑝 changes between the spreading configurations. 

Furthermore, previous experiments for concurrent spread have shown that 𝐿𝑝 is function of pressure7, but since in this
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work we consider the standoff distance for the 

developed flame, it is reasonable to assume that the 

flame already spread through the entire sample, and 

therefore 𝐿𝑝 = 150mm. The pyrolysis length is 

function of pressure also for opposed spreading flames, 

but its variation is negligible for the thin samples 

presented in this work. Thus, for simplicity we can select 

a constant value of 10 mm (same order of magnitude of 

the experimental values). 

Figure 7 shows the comparison between the 

experimental values from Figure 6, and the values 

estimated from Eq. (5) with a multiplication factor of 5. 

It is interesting to notice that the standoff distance for 

opposed flames follows the same trend of the values for 

concurrent flame spread, despite the fundamental 

differences between these two configurations. 

V. Conclusion 

Experiments of opposed and concurrent flame 

spread configurations were carried on over thin cotton 

samples at ambient pressure between 30-100 kPa. Overall, a pressure reduction slows down the flame spread, makes 

the flames dimmer, and causes a thickening of the reaction zone and an increase of flame standoff distance. It was 

found that opposed flames were not able to spread after ignition at 40 kPa, even though the spread rate at 50 kPa is 

still close to the one at 100 kPa; this suggests that low pressure extinction is not a gradual behavior, but rather a sudden 

mechanism that could be due to the effect of pressure on the flame structure and the fuel surface preheating.  

Interestingly, at 60 kPa a thin blue region appears near the middle of the diffusion flame, and as the pressure is 

reduced this blue region moves towards the fuel surface. This is in contrast with common diffusion flames at 

atmospheric pressure where the blue region is on the oxidizer side of the flame. 

The standoff distance, measured as the maximum distance of the flame region from the fuel surface, increases in 

both opposed and concurrent spread at lower pressures. A simplified analysis is used to study the pressure dependence 

of the standoff distance for a mixed (forced and free) flow, and the result of 𝑝−0.5 is close to the experimental values

for opposed spread (𝑝−0.33), and concurrent spread (𝑝−0.37). The difference could be attributed to the characteristic

length of the problem, that could vary with pressure as well. 

By assuming a constant length equal to the pyrolysis length based on the spread configuration, the flame standoff 

distance was estimated for the tested conditions. The measured values show good agreement with the estimated values; 

moreover, opposed and concurrent spreading flames showed a common trend, despite the different order of magnitude 

of the pyrolysis length. 

The results of the standoff distance, and the comparison between opposed and concurrent spreading flames, could 

be used in future models to estimate the variation of heat flux between fuel and surface at low pressure. Numerical 

results could clarify the buoyant flow field generated by these flames. 
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