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Experiments were conducted in a plateau area in Lhasa and a plain area in Hefei China to investigate the flame spread characteris-
tics on thermal insulation materials under different environmental conditions (pressure and oxygen concentration). Molded poly-
styrene foam (EPS) and extruded polystyrene foam (XPS) samples were placed horizontally on a small-scale flame spread ex-
perimental bench. Changes in the average length of the pool fire, flame spread speed,average flame height, and length of preheat-
ing zone were used to determine the effect of the plateau and plain environments on flame spread characteristics. These parame-
ters were all larger in Hefei than in Lhasa, which indicates the fire hazard in Hefei will be higher than that in Lhasa if insulation 
materials of the same size are used. 
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Global energy problems are one of the major constraints on 
growth of the world economy and sustainable development. 
The energy consumption of buildings in China is a major 
problem. Therefore, energy-efficient building methods are a 
focus of development. External insulation materials provide 
good insulation and are widely used in high-rise buildings. 
Currently, both international and Chinese high-rise build-
ings mainly use organic polymer foam insulation boards for 
thermal insulation. These materials include molded poly-
styrene foam (EPS) and extruded polystyrene foam (XPS). 
Fire safety is a concern with these insulation materials as 
they rapidly combust and show high heat release, flame 
temperature, smoke volume, and release of toxins. A fire 
involving these materials occurred on February 9, 2009, on 
the north side of the China Central Television (CCTV) 
building. Fireworks lit the insulation material (XPS) in the 
external facade. The fire spread rapidly, and eventually ig-
nited the entire building. It resulted in the death of a fireman, 
injury of seven people, and the direct economic loss of sev- 
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eral billion Yuan. This case illustrates the important prac-
tical significance of systematic studies on the spread of 
fire in insulation materials. Flame spread speed in many 
cases determines the severity of the fire. Flame spread 
characteristics have been evaluated in a number of differ-
ent insulation materials. Lie [1] studied flame spread in 
two typical insulation materials, the thermoplastic EPS and 
the thermoset plastic polyurethane foam PU, in hollow 
walls created by two concrete slabs with different-sized air 
gaps. Oleszkiewicz [2] measured full-size flame spread 
characteristics, including the distance of flame spread and 
the maximum heat flux, in exterior insulation materials to 
evaluate the fire risk of different insulation materials. The 
changes in flame speed have also been investigated in 
many typical foams and other combustible materials 
placed horizontally under external radiation [3]. Liang et 
al. [4] studied decorative thermoplastic EPS using the 
large-scale ISO9705 test. They attributed the flame spread 
of the insulating materials to flow combustion, and the 
liquidity of molten materials was an important factor in 
this combustion. However, there are few studies that have 
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investigated flame spread characteristics of materials un-
der different environmental conditions, such as pressure 
and oxygen concentration. These studies include an inves-
tigation of the flame spread characteristics of white wood 
carbonized solid fuel at high altitude, and the comparison 
of flame spread speed, flame height, flame temperature 
and other parameters in Lhasa and Hefei, China [5–7]. In 
consideration of the large size of China, and the resulting 
large temperature gradients north to south and changes in 
altitude east to west, studies of flame spread of insulation 
materials under different conditions are practically impor-
tant.  

In this paper, small-scale EPS and XPS flame spread ex-
periments were conducted in a plateau area in Lhasa and a 
plain area in Hefei. Insulation material of the same size was 
placed horizontally and ignited, and the average length of 
the pool fire, flame spread speed, average flame height and 
length of preheating zone were analyzed.  

1  Experimental 

1.1  Experimental system 

Experiments were carried out using a small-scale flame 
spread setup (Figure 1) including a rotating support of gyp-
sum board and a measurement system. Insulation materials 
could be placed at different angles on the gypsum board to 
perform one-sided flame spread experiments. The meas-
urement system included a thermocouple, radiation heat 
flow meter, camera and data acquisition system, and a heat 
flux acquisition device. The gas temperature and internal 
temperatures of the insulation materials were measured by 
the thermocouple during the flame spread process. The heat 
flux meter was used to measure radiation heat flux in the 
process of flame spread. The camera recorded the flame 
spread process. The data were used to establish the rela-
tionship between insulation material pyrolysis front and 
flame spread time. 

1.2  Sample preparation and experimental  
measurement 

Both the insulation materials, EPS and XPS, were of the 
same size (80 cm length, 4 cm width, 4 cm thickness). The 
densities were 18 and 36 kg/m3 for EPS and XPS. The bot-
tom surface of each sample was wrapped with aluminum 
foil to prevent molten insulation materials from flowing 
onto the gypsum board. A set of parallel lines were drawn at 
5-cm intervals on the upper surface of each sample to fa-
cilitate instantaneous recording of the position of the pyro-
lysis front during flame spread. Before the experiment, the 
sample was placed on the gypsum board and the thermo-
couple was positioned on the upper surface in the middle to 
measure the surface temperature during flame spread.  

2  Results and discussion 

The flame spread experiments were carried out in Lhasa and 
Hefei, which have different geographical and meteorologi-
cal conditions (Table 1). 

The Lhasa area is hypobaric and hypoxic, while Hefei 
has normal pressure and oxygen concentration. Flame 
spread experiments in these two locations can represent the 
characteristics of flame spread at different atmospheric 
pressure and oxygen concentration. 

2.1  Flame spread characteristics 

The insulation materials EPS and XPS are typical thermo- 

Table 1  Geographical and meteorological conditions in Lhasa and Hefei 
(China) 

Places 
Atmospheric 

pressure 
(kPa) 

Absolute 
oxygen 

concentration 
(%) 

Air 
density 
(kg m–3) 

Relative 
humidity 

(%) 

Ambient 
temperature 

(K) 

Lhasa 
Hefei 

65.5 
101.8 

13.2 
21.0 

0.83 
1.28 

25 
35 

297 
295 

 

Figure 1  Small-scale experimental system used to study flame spread on insulation materials. (a) Rotary experimental stent system; (b) measurement sys-
tem of flame spread characteristics. 
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plastic materials, and each has a characteristic combustion 
process. The flame shapes can reflect the characteristics of 
flame spread on the insulation material, and those for the 
EPS sample in Lhasa are shown in Figure 2. EPS, XPS and 
other thermoplastic solid materials have a different flame 
spread process to carbonized solid materials. The combus-
tion zone on thermoplastic materials has two parts (Figure 
3). Flame zone I is the solid surface flame area, in which the 
unburnt material, shrinks, melts, pyrolyzes, foams and va-
porizes due to the heat energy it receives from the flame. 
Flame zone II is the pool fire area, which forms on the un-
consumed EPS liquid after flame zone I has passed. The 
length and maximum flame height of pool fire are indicated 
in Figure 3. 

2.2  Pool fire length and maximum flame height 

As the thermoplastic material heats, it softens and eventu-
ally liquefies. This may increase the fire hazard of the 
thermoplastic material by accelerating flame spread speed 
through the flow of flammable liquid. Alternatively, it may 
limit fire development by reducing the fuel load near the 
source of the fire through flow of the flammable liquid. 
Therefore, the changes in pool fire length during the flame 
spread process have practical application in the study of fire 
hazards. The changes in the pool fire length with the flame 
spread time on EPS in Lhasa and Hefei were obviously dif-
ferent (Figure 4). 

In Lhasa the average length of the pool fire on EPS 
(23.13 cm) was much lower than that in Hefei (33.48 cm). 
The maximum pool fire length in Lhasa (26 cm) was also 
less than that in Hefei (39 cm). These results illustrate the 
effect of atmospheric pressure and oxygen concentration on 
the pool fire length. 

 

Figure 2  Flame shapes at different flame spread time on the EPS sample 
in Lhasa. (a) 30 s; (b) 60 s; (c) 90 s; (d) 120 s. 

 

Figure 3  Schematic of surface flame spread on thermoplastics. 

 

Figure 4  Pool fire length during the flame spread process on EPS in 
Lhasa and Hefei. (a) Lhasa; (b) Hefei. 

The EPS pool fire length in both Lhasa and Hefei dis-
played cyclical fluctuations (Figure 4). These cycles in-
volved an initial increase in the pool fire length to a maxi-
mum, which was followed by a rapid decrease, and then an 
increase again. These cycles occur due to the flame spread 
characteristics of thermoplastic material (Section 2.1), 
where the zone II pool fire takes some time to consume the 
available material. During this cyclical increasing of the 
pool fire length,the speed at which the flame front of zone I 
spreads (vf) is greater than the speed at which the flame of 
zone II moves forward,which is also called the material 
burnout rate (νb). 

The position of the zone I pyrolysis front with time (Fig-
ure 5) was used to evaluate the flame spread speed on EPS. 
In both Lhasa and Hefei, a linear relationship was observed, 
which indicates the flame spread speed did not change over 
time. The flame spread speed was calculated as 0.31 cm/s in 
Hefei and 0.22 cm/s in Lhasa. 

Surface flame spread speed on thermoset material de-
pends on the heat of the flame back to the pyrolysis zone, 
and follows the flame spread speed formula [8]: 

,f vv H qρ Δ =                  (1) 

where qv is the heat flux of the pyrolysis front and ΔH is the 
enthalpy change of the thermoset material. ΔH is given by 
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Figure 5  Position of the zone I pyrolysis front with time on EPS in Lhasa 
and Hefei. (a) Lhasa; (b) Hefei. 

( ) ,p ig s vH c T T LΔ = − +               (2) 

where cp is the specific heat of the material, Tig is the igni-
tion temperature, Ts is the initial temperature, and Lv is the 
latent heat of vaporization of the material. For the EPS insu-
lation material qv is the sum of the radiative heat flux qrv and 
conductive heat flux qcv, qv=qrv+qcv, but does not include the 
convective heat flux. This can also be expressed as 

( )4 4

0

d ,
dv sf ig

x

Tq T T
x

εσ λ
=

⎛ ⎞= +− ⎜ ⎟
⎝ ⎠

         (3) 

in which, Tf is the average temperature of the flame, ε is the 

flame emissivity, qrv=εσ(Tf
4–Tig

4), 
0

d ,
dcv s

x

Tq
x

λ
=

⎛ ⎞= ⎜ ⎟
⎝ ⎠

 and 

x=0 represents the location of the pyrolysis front. As dis-
cussed earlier, on EPS vf >vb, or in other words the heat flux 
of the pyrolysis front (qv) is less than ρvfΔH, which can be 

rearranged to give .v
f

q
v

Hρ
<

Δ
 Meanwhile, qv should be 

greater than the heat flux that is required to initiate pyrolysis 
of EPS. That is cpρvf(Tig–Ts)<qv, which can be rearranged 

as
( )

v
f

p ig s

q
v

c T Tρ
<

−
. In summary: 

.
( )

v v
f
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q q
v

H c T Tρ ρ
< <

Δ −
           (4) 

By substituting eq. (3) into eq. (4), we obtain 

( )

( )
( )

4 4

0

4 4

0

d
d

d
d .                      (5)
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x
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x
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ρ
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=
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The pool fire on EPS consists of several cycles as de-
scribed earlier, so eq. (4) describes the entire process of fla- 
me spread. 

Figure 6 presents the change in maximum pool fire flame 
height with flame spread time on EPS in Lhasa and Hefei. 
In Hefei the average maximum flame height was 10.07 cm, 
while in Lhasa it was 2 cm lower at 8.07 cm. This differ-
ence in the flame height occurs because the combustion of 
EPS in both Lhasa and Hefei involves a diffusion flame. 
Under normal pressure, oxygen is supplied to a diffusion 
flame by natural convection and diffusion [9]. Lhasa is a 
hypobaric, hypoxic environment, and has a lower air density 
than in Hefei (Table 1). This reduces the buoyancy of the 
air, and consequently reduces natural convection in Lhasa. 
The result is a decreased oxygen supply and lower maxi-
mum flame height than in Hefei. 

 

Figure 6  Maximum flame height during flame spread on EPS in Lhasa 
and Hefei. (a) Lhasa; (b) Hefei. 
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The experimental results detailed above indicate that for 
horizontally placed EPS, there is essentially no difference in 
the flame spread process in Lhasa and Hefei. However, in 
the hypobaric, hypoxic environment of Lhasa, the average 
length of the pool fire and the maximum flame height are 
smaller than that in Hefei. This indicates the volume of the 
pool fire flame is greater in Hefei than in Lhasa. The rate of 
heat release per unit time in Hefei will be higher than that in 
Lhasa for EPS materials of the same size. Consequently, the 
fire hazard will be higher in Hefei than Lhasa. 

We used the same method to analyze the flame spread 
characteristics of XPS in Lhasa and Hefei. In this case, the 
pool fire length constantly increased over the entire flame 
spread process (Figure 7), and the cyclical growth of pool 
fire length we observed with EPS did not occur. This is be-
cause while both EPS and XPS are polystyrene foam mater- 
ials, the density of XPS is about twice that of EPS. There-
fore, for samples of the same size, the unit length of XPS 
fueling the pool fire is about twice that of EPS. Consequent- 
ly,the XPS pool fire can burn for longer during the process 
of flame spread. The flame spread speed on XPS is also 
expressed by eq. (4). 

The average length of the pool fire on XPS was 32 cm in 
Hefei and 20.5 cm in Lhasa. The average maximum flame 
heights were 9.3 cm in Lhasa and 10.0 cm in Hefei. The 
flame spread speeds in Lhasa and Hefei were 0.12 cm/s, and 
0.22 cm/s, respectively. These parameters for XPS were all 
lower in Lhasa than Hefei, which was also observed with 
EPS. 

2.3  Length of the preheating zone 

During the flame spread on the surface of insulation mate-
rial, the unburnt material at the pyrolysis front receives both 
radiative and conductive heat fluxes. This brings it to pyro-
lysis temperature, which results in generation of flammable 
gas and then combustion of this material. The flame spread 
speed can be expressed as 

( ) ,p f ig s v fc v d T T qρ δ− =              (6) 

where d is the material thickness, cp is the specific heat of 
the insulation material, and δf is the length of the preheating 
zone. Eq. (6) then becomes 

 ,
( )
v f

f
p ig s

q
v

c d T T
δ

ρ
=

−
 (7) 

in which ρ,cp,d,Tig and Ts have the same values in Lhasa and 
Hefei. Therefore, the heat flux qv at the pyrolysis front and 
preheating zone length δf directly affect the flame spread 
speed on the insulation material. The preheating zone length 
can be calculated from the temperature gradient (Figure 8) 
on the surface of the insulation material, which was re-
corded by the thermocouple. 

In Figure 8, the origin is the position of the pyrolysis 
front and the x-axis represents the distance from the surface 
of the insulation material to the pyrolysis front. The pre-
heating zone length is defined by the equation, δf=(Tig–T∞)/ 
|dTs/dx|max [10], in which the EPS ignition temperature (Tig) 
is 373°C. The preheating zone length for EPS was 2.49 cm 
in Lhasa and 2.9 cm in Hefei. For XPS, the length of pre-
heating zone was 3.0 cm in Lhasa and 3.48 cm in Hefei. 

On both EPS and XPS, the length of the preheating zone 
was only slightly larger in Hefei than in Lhasa. Therefore, 
the heat flux of the pyrolysis front will be the main factor 
affecting the flame spread speed on the insulation material. 

From the formula 
( )
v f

f
p ig s

q
v

c d T T
δ

ρ
=

−
, we can deduce that 

( )
v

f
p ig s

q
v

c T Tρ
<

−
. Simultaneously, the pool fire forms on 

molten insulation material and there is little vaporized ma-
terial at the pyrolysis front; therefore, the flame spread 

speed is close to 
( )

v

p ig s

q
c T Tρ −

. ΔH in the flame spread 

process is the same for both EPS and XPS at 1.6 kJ/g, and 

we have v
f

q
v

Hρ
<

Δ
. The range of the flame spread speed is 

within these two limits. 

 

Figure 7  Length of pool fire on XPS in Lhasa and Hefei. (a) Lhasa; (b) Hefei. 
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Figure 8  Surface temperature gradient during flame spread on EPS in 
Lhasa and Hefei. (a) Lhasa; (b) Hefei. 

3  Conclusions 

Small-scale flame spread experiments were conducted in 
Lhasa and Hefei using common insulation materials, EPS 
and XPS. The average length of pool fire, flame spread 
speed, average maximum flame height, and length of the 
preheating zone were determined on horizontally placed 
insulation materials (80 cm long, 4 cm wide, 4 cm thick). 
The following conclusions were drawn for horizontal insu-
lation materials: 

(1) The EPS pool fire length increases cyclically but that 
for XPS does not. 

(2) The flame spread speed on EPS and XPS is between 

vq
HρΔ

 and 
( )

v

p ig s

q
c T Tρ −

. 

(3) The experimental average length of pool fire, flame 
spread speed, average maximum flame height, and preheat-
ing zone length of EPS and XPS in Hefei were higher than 
those in Lhasa. 
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