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ABSTRACT 

Understanding the flammability of combustible materials at various ambient conditions is important for 
fire safety applications because fires may occur in environments different from standard atmosphere. In 
high altitude locations or in an aircraft, for example, the ambient pressure will be lower than at sea level. 
In the case of a spacecraft such as the International Space Station the cabin environment may be quite 
different, although the ambient pressure is approximately that of standard Earth, it includes microgravity, 
low velocity flows induced by the spacecraft ventilation. These low velocity flows (~20 cm/s) cannot be 
attained in normal gravity because flame induced buoyancy flows (~40 to 60 cm/s) would mask 
microgravity flows. Ambient pressure affects the buoyant flow induced by the flame and consequently 
also affects the way that flames spread. Thus, fire testing of materials may require different environments 
depending on the potential application of the material. The objective of this work is to provide further 
information of the effect of ambient pressure, and in turn buoyancy, on the upward concurrent spread of 
flames over a thin cotton fabric in low velocity air flows. The cotton material has been selected because it 
is common clothing material, and also because it will be one of the materials that will be tested in the 
microgravity experiments to be conducted during NASA's Spacecraft Fire Experiment (Saffire), on board 
of the Orbital Corporation Cygnus spacecraft.  
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INTRODUCTION 

The flammability of solid combustible materials is typically characterized by their ignitability, 
flame spread rate, heat release rate, and toxicity. Although, the most effective fire safety strategy is 
to prevent ignition altogether, if ignition occurs the fire must spread to present a risk. For this 
reason, flame spread is one of the fire processes utilized to determine the flammability of solid 
combustible materials [1, 2]. A flame spreads over a solid fuel surface by first preheating the virgin 
fuel to its pyrolysis temperature, pyrolyzing it, and igniting the resulting flammable mixture of 
pyrolyzate and oxygen. Thus, the flame propagates in a creeping fashion as a series of ignition steps 
where the flame acts both as the source of solid heating and flammable gas ignition [1–4]. Thus, the 
spread of flames over the surface of a solid combustible material is a complex phenomenon 
resulting from a number of processes occurring in both the solid phase (heat transfer, thermal 
decomposition, gasification) and the gas phase (transport, mixing, combustion) which are very 
much affected by external environmental conditions such as oxidizer flow velocity, pressure, 
oxygen concentration, buoyancy (gravity level) or external heating. Thus, there is an interest in 
studying the effect of environmental conditions on flame spread. 

Concurrent, or flow assisted, flame spread occurs when the spread of the flame and the gas flow are 
in the same direction (upward spread in buoyant flow and downstream spread in a forced flow). 
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Because the gas flow assists the spread of the flame this mode of flame spread is generally fast and 
consequently hazardous. It is for this reason that some material flammability tests use this mode of 
flame spread to characterize the fire hazard of combustible materials. In this flame spread 
configuration, the solid preheating and pyrolysis rates are dominated by convection and flame 
radiation, and the external flow velocity will therefore influence both the flame length and the heat 
flux from the flame to the solid surface [3, 5–15]. Since there are marked differences in the velocity 
distributions in flame induced buoyant flows at different pressure [16], it is expected that there will 
be also notable differences in the spread of flames. The ambient pressure affects, through the 
density, the thickness of the boundary layer, and consequently the position of the flame respect to 
the solid surface (Fig. 1). As the pressure is reduced the boundary layer thickens, the flame moves 
away from the surface, and the heat transferred from the flame to the solid surface is reduced. 
Consequently, the rate of flame spread is reduced, both because the reduced heat flux on the surface 
and a reduction in the flame length [7]. Thus, the effect on the flame characteristics and the spread 
rate, of reducing the ambient pressure is similar to that of reducing the flow velocity. This is 
relevant because in a high-altitude location or in an aircraft, for example, the ambient pressure will 
be lower than at sea level. In the case of a spacecraft such as the International Space Station the 
cabin environment may be quite different, although the ambient pressure is approximately that of 
standard Earth, it includes microgravity, low velocity flows induced by the spacecraft ventilation.  

           

Fig. 1. Upward/Concurrent flame spread diagram. Fig. 2. Schematic of experimental apparatus. 

Several studies have been conducted on the spread of flames over solid fuels under reduced 
pressure to observe the effect of buoyancy on flame spread in reduced gravity [17–21], flame 
spread in a high-altitude location [22–25], and limiting condition for flame spread [26, 27]. 
However, there is still a need to systematically study the effect of pressure, and consequently 
buoyancy, on the spread of flame over different solid combustible materials. The objective of this 
work is to determine the effect of ambient pressure on the upward concurrent spread of flames 
over a thin cotton fabric in low velocity air flows. The material has been selected because it is 
common clothing material, and also it will be one of the materials that will be tested in the 
microgravity experiments to be conducted during NASA's Spacecraft Fire Experiment (Saffire), on 
board of the Orbital Corporation Cygnus spacecraft [28]. The ambient pressures have been 
selected to cover a wide range of environments and buoyantly induced gas flow velocities. 
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EXPERIMENTAL SETUP 

The normal gravity experiments were conducted in an apparatus previously developed to study the 
flammability of solid combustible materials under varied ambient conditions [27]. The apparatus is 
basically the same as that used in the studies of Ref. [21], although modified to accept the cotton 
samples. A brief description of the apparatus is given here for completeness. The apparatus consists 
of a laboratory scale combustion tunnel that has a 125 mm by 125 mm cross section and is 600 mm 
in 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 tunnel is inserted in a pressure chamber as shown 
in Fig. 2. The side walls of the test section (normal to the plane of the samples) are made of clear 
polycarbonate. The walls parallel to the sample are 0.56 mm thick alkali-aluminosilicate glass. The 
sample is placed vertically at the midplane of the test section with both sides exposed to the flow. 
The fabric sample is made out of pure cotton and has an overall area density of 21.8 mg/cm2. The 
sample material and configuration was selected to match one of the materials that will be used in 
future Saffire microgravity experiments [28]. The cotton samples were 150 mm long by 50 mm 
wide. The sample was held in between two identical stainless-steel frames of 200 mm by 125 mm 
and 0.4 mm thick. Each frame had an identical rectangular opening the size of the sample to serve 
as the test area. Sample ignition is induced with a 29-gage Kanthal wire braided along the upstream 
edge of the fabric as shown in Fig. 3. The igniter is energized using a controlled current power 
supply (BK Precision 1785) set to deliver 40 W, the time required to assure ignition changed 
depending on the ambient pressure tested but was between 3 to 10 seconds. 

 

Fig. 3. Front view showing two representative frames of a video of the flame spread over the cotton surface (a) 
pyrolysis front, and (b) flame burnout front. 

The tests were conducted in air under pressures of 100, 80, 70, 50, and 30 ± 2 kPa. Compressed 
house air was supplied through critical nozzles (O’Keefe Controls) while constantly evacuating to 
maintain constant the 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 forced flow velocity was fixed to 20 cm/s in all the tests. The direction of the 
flow was upward so that the spread of the flame was in the concurrent configuration. The forced 
flow velocity was selected to match that to be tested in the microgravity Saffire experiments. Once 
the sample was in position, the chamber was sealed to adjust the system to the desired conditions. 
Two 9000 lumen LED were installed with an operating electronic circuit to act as a strobe light to 
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visualize and measure during the same experiment flame spread rates and the flame appearance. The 
ignition and subsequent flame spread were video recorded with a resolution of 1280 by 720 at 59 
frames per second using a Nikon D3200 camera to track the pyrolysis front. A second camera (Sony 
RX10-III) was used to record videos of visible flame length with a resolution of 1280 by 720 at 59 
frames per second. For each test condition, at least five experiments were conducted to address the 
experimental uncertainty.  

RESULTS 

Concurrent flame spread over cotton was investigated under different ambient pressures. The 
primary data collected were the evolution of the pyrolysis front and burnout front positions over 
time (Fig. 1). The flame tip was not recorded because it was difficult to determine accurately its 
location with time. Representative frames with the flame spreading over the cotton sample are 
shown in Fig. 3. Figure 3a presents a frame with the strobe light on and shows the pyrolysis front. 
Here, the position of the pyrolysis front was defined as the point where the fabric is first visibly 
blackened as it propagates over the material. Figure 3b presents a frame with the light off and shows 
the flame burnout front as well some cotton residue smoldering after the passing of the flame. Here, 
the burnout front position was defined as the upstream edge of the flame, which coincides with 
where the flame begins receding. During each test, after ignition is achieved, the flame spreads 
uniformly along the surface of the sample. The pyrolysis front had an inverted "U" shape in all tests, 
while the flame burnout front had a flatter, more unstable shape. Usually, after ignition of the 
sample, as the flame spreads over the fabric it consumes most of the cotton, leaving behind some 
smoldering cotton residue (bottom of Fig. 3b) that eventually burns out most of the fabric. As 
ambient pressure was reduced, ignition of the sample was more difficult, and, in occasions, part of 
the cotton fabric would be left unburnt.  

 
(a) Pyrolysis front               (b) Burnout front 

Fig. 4. Time evolution of the (a) pyrolysis front position and (b) flame burnout position for different ambient 
pressures. 

Some characteristic results of the time evolution of the pyrolysis front and burnout front are 
presented in Fig. 4 for ambient pressures ranging from 100 to 30 kPa. Figure 4a shows the progress 
of the pyrolysis front as a function of time. It is seen that as ambient pressure is reduced the spread 
of the flame is slower. During most of the tests, the flame is still accelerating as it spreads over the 
solid. The work of Markstein and De Ris [5] indicates that this is due to the sample not being long 
enough to reach steady state. Similar results to those presented in this work were presented by the 
authors using a different material, a composite cotton/fiber glass fabric (Sibal) [21]. When 
comparing the characteristics of the flame spread of Thomsen et al. [21] with a longer Sibal sample 
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reported by Olson et al. [20] (samples of 0.15 m vs. 1 m) it showed that despite the similitudes in 
the pyrolysis front and burnout front profiles, the sample size was not long enough for the flame 
spread to reach steady state. However, as pressure was reduced, the pyrolysis front and flame 
burnout front begin to stabilize faster. From Fig. 4 is seen that the average total burn time for an 
initial pressure of 100 kPa was 16 s, significantly smaller when compared to the average 41 s 
obtained at an ambient pressure of 30 kPa.  

The evolution of the pyrolysis front as a function of time is commonly used to determine flame 
spread rate. The data of Fig. 4 is then used to obtain average flame spread rate values as a function 
of ambient pressure, as shown in Fig. 5. Because of the acceleratory characteristics of the upward 
flame spread, an averaged spread rate over the last 50 mm of the sample is presented in the figure so 
that transient effects are minimized. It is seen that the flame spread rate decreases from 30.7 to 10.0 
mm/s as the ambient pressure is decreased from 100 to 30 kPa.  

  

Fig. 5. Average flame spread rate as a function of 
ambient pressure obtained from the pyrolysis front. 

Fig. 6. Pyrolysis length as a function of ambient 
pressure. 

Another important parameter for concurrent flame spread is the pyrolysis length because it 
determines the flame length and consequently the heat that can be transferred from the flame to the 
solid. In this work, this length is obtained by subtracting the burnout front position from the 
pyrolysis front position, and the results are presented in Fig. 6. Because of the accelerative 
characteristic of the spread process, the pyrolysis length is obtained toward the end of the test when 
it approaches steady state. From Fig. 6 it is seen that the pyrolysis length decreases from 116.4 to 
68.7 mm with decreasing ambient pressure from 100 to 30 kPa. This indicates that ambient pressure 
affects more the rate of spread of the pyrolysis front than the mass burning, since it determines the 
rate of spread of the burnout front. 

The visible flame characteristics also change with decreasing ambient pressure, although changes 
are less noticeable when compared with the flames generated by the burning of other materials [21]. 
Figure 7 shows still photographs of the material burning under different pressure environments. As 
pressure is reduced the flame becomes less turbulent and its intensity is reduced. As pressure is 
reduced, visible flame height is also affected, becoming shorter at lower pressures. 

DATA CORRELATION 

The above data can be used to verify the predictive capabilities of flame spread models on the effect 
of pressure, or buoyancy, on the concurrent spread of flames over a thin combustible fuel. This was 
done in Ref. [21] by correlating the data of the dependence on pressure of the concurrent flame 
spread rate over a composite cotton/fiberglass fabric (Sibal) using the simplified analysis of Ref. 



Proceedings of the Ninth International Seminar on Fire and Explosion Hazards (ISFEH9) 

736 

[3]. Here a similar approach is followed to correlate the cotton data presented in Figs. 5 and 6. Since 
the development of the data correlation was presented in [21], only a summary is presented here. 

 

Fig. 7. Visible flame as a function of ambient pressure. 

The flame spread analysis is based on the main controlling mechanisms for concurrent flame spread 
over a thin solid and treats the spread process as a sequence of ignitions where the flame acts as a 
source of heat to the solid and the pilot for ignition [1–4]. The analysis provides an analytical 
equation for concurrent flame spread over a thin solid as [3, 21]:  

�� � �� � ��	�
�� � ����	��� � �� � ������ � ������ � ���� ����� �!"#$ (1) 

Where �� is the heated length (Fig. 1), �	��� � ��	represents the convective heat flux at the solid 
surface, ������  is the flame radiant flux, ������  the re-radiation from the solid. �� is the mixed flow 
velocity and ����� �! is a function of the chemical time, ��� �. �� and 	� are the solid density and 
specific heat and 
 is the solid thickness. �� is the flame temperature, and � and �� are the pyrolysis 
and initial temperatures of the solid. The first term inside the parenthesis in Eq. (1) describes the 
heat transfer mechanisms of the flame spread process and the second term represents the gas phase 
chemical kinetics. Although reducing pressure will eventually affect the chemical kinetic process 
[21], it will be assumed here that for the present experimental conditions the spread rate is 
controlled by heat transport effects only. It is also assumed that the radiant flux from the flame to 
the solid is approximately balanced by the surface re-radiation, and that there is not an external heat 
flux. The heated length is approximately related to the pyrolysis length that ��~�$��  , where �$is a 
constant and the exponent c is one or less than one [29]. The flame temperature is directly 
proportional to the ambient oxygen concentration but is not strongly dependent on ambient pressure 
until the pressure is relatively low and the chemical time starts to become larger than the physical 
time. Because the oxygen concentration is that of air for all the experiments, the flame temperature 
is assumed constant in the range of pressures of the present experiments. This is a simplification in 
the analysis that should be reasonable for not too low ambient pressures. Under these conditions the 
flame spread rate becomes: 

�� & � � ���� � ����	�
�� � ���" (2) 
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From Eq. (2) it is seen that the flame spread rate is proportional to the convective heat transfer 
coefficient at the solid surface, which in turn is directly related to the boundary layer thickness 
through � � '/), where ' is the gas thermal conductivity and ) the boundary layer thickness. For a 
mixed flow, forced and free, as that of the present experiments, the average convective heat transfer 
coefficient can be expressed in terms of the Reynolds Number (Re) and the Grashof number (Gr) as 
[30]:  

� � � '� *+$ ,- ./0,*+1 � 13$ 4- 5+$ 6-  (3) 

Where C is a generic constant related to the type of flow and the pyrolysis length, �, has been 
selected as the characteristic length of the problem. Then, /0 � 	����/7, *+ � 89∆��6�1/71, 
and	5+ is the Prandtl number. �� represents the forced flow velocity component of the mixed flow, 7 is the dynamic viscosity, � is gas phase density, 9 is the coefficient of thermal expansion and 8 is 
gravity level.  

Since the flame spread rate is determined primarily by the heat flux on the fuel surface, the normal 
gravity and the microgravity data could be related by defining a mixed flow gas velocity such that 
when applied to a purely forced flow, like in the microgravity experiments, would produce a 
boundary layer of the same thickness as that encountered by the flame in the mixed flow condition 
in normal gravity.  Since the boundary layer thickness is directly related to the heat transfer 
coefficient through � � '/), then the heat transfer coefficients would be the same and thus the 
flame spread rate would also be the same. This mixed flow velocity can be obtained by equating the 
heat transfer coefficient for a mixed flow as in Eq. (3) and that of a pure forced flow obtained from 
Eq. (3) with g=0, and solving for the flow velocity in the forced flow boundary layer. Then, the 
following mixed convection velocity, ��, is obtained in terms of pressure, forced flow velocity in 
the mixed flow, and gravity. 

�� � �� ;55<= �8
1�1��, � 1"$, (4) 

where 5< is a reference ambient pressure (standard Earth ambient pressure) and �� is the forced 
flow velocity at this reference pressure 5<. From Eq. (4) it is seen that for zero gravity or large flow 

velocity the mixed flow velocity is that of a pure forced flow at a given test pressure, �� � >>?��. 

For elevated gravity and/or zero forced velocity, the mixed flow velocity becomes that of natural 

convection at a given test pressure, �� � >>? �8��$/1. With the mixed flow velocity as given in 

Eq. (4), the convective heat transfer coefficient for the forced flow, based on the mixed flow 
velocity, would be 

� � � '� ;��5�7 =$1 5+$6 (5) 

And the flame spread would be given by  

�� & ��
@�'� ;��5�7 =$1 5+$6A ��� � �!

��	�
�� � ��� & �$' ;��5�7 =$1 5+$6��� � �!��	�
�� � ���  
(6) 
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The flame spread data of Fig. 5 can be correlated in terms of the mixed convective flow velocity, ��, given by Eq. (4), as shown in Fig. 8. It is seen that Eq. (4) correlates well the variation of the 
flame spread rate with pressure. As ambient pressure is decreased, the calculated mixed flow 
velocity is also reduced, and this is reflected in slower flame spread rates. A similar analysis can 
also be done with the experimental data presented in Fig. 6 for the pyrolysis length as shown in 
Fig. 9.  

  
Fig. 8. Average flame spread rate as a function the 

mixed flow velocity. 
Fig. 9. Pyrolysis length as a function the mixed flow 

velocity. 

Table 1. Cotton properties [31] 

Property Value Units 

Solid density, ρs 417 kg/m3 

Solid specific heat, cs  1.380 kJ/(kg·K) 

Material thickness, s 5.08 x 10-4 m 

Pyrolysis temperature, Tp 629 K 

Flame temperature, Tf 2500 K 

 
Fig. 10. Measured average flame spread rate as a function the predicted flame spread rate obtained from 

Eq. (6).  
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Additionally, the experimental results of Fig. 5 can be used to compare with the predictions 
obtained from Eq. (6). This is shown in Fig. 10 where the measured average flame spread rate is 
presented as a function of the predicted flame spread rate of Eq. (6). For the calculations, the cotton 
properties were taken as those of thin cellulose paper [31] and are presented in Table 1, the flame 
temperature is taken as the paper adiabatic flame temperature [31]. The value of the constant C1 was 
set to match the experimental flame spread rate measured at normal ambient pressure (100 kPa). 
From Fig. 10 it is seen that Eq. (6) predicts fairly well the experimental flame spread rates obtained 
in lower pressure environments. However, the flame spread results are slightly underpredicted and 
the differences seem to get bigger at lower pressures.  

CONCLUSIONS 

The concurrent flame spread rate over a thin cotton fabric has been study under reduced ambient 
pressure to determine the effect of buoyancy on the flame spread process. It has been found that as 
pressure is reduced, the flame spread rate over the cotton fabric is also reduced, as observed with 
other thin fuels [21, 32]. Flame intensity is also weakened resulting in dimmer flames. The 
measured flame spread rate is correlated well in terms of a simple flame spread formula and a mixed 
convection heat transfer coefficient. The correlation of the flame spread rate data in terms of a 
mixed flow velocity parameter that includes gravity and pressure suggests that reduced pressure can 
be used to simulate the effect of buoyancy on the concurrent spread of flames.  
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