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a b s t r a c t

To investigate the effect of low air pressure on the combustion characteristics and puffing flame fre-
quency of pool fires, ethanol and n-heptane pool fires were performed using 15 square burners of various
size in both Lhasa (altitude: 3650 m; air pressure: 65 kPa) and Hefei (altitude: 24 m, air pressure:
100.8 kPa) fire laboratories. Comparison of the experimental results for pool fires of the same size in
the two places shows that, firstly, the maximum rise in the centerline temperature in flames in Lhasa
is generally larger than that in Hefei. Secondly, the dependence of the burning rate exponent n
( _m00 / pn) on the air pressure varies with the equivalent diameter D of the burner, with n < 0
(D < 7 cm), (0–1) (7 cm < D < 10 cm), (1–1.45) (10 cm < D < 19 cm) and 1 (D > 19 cm). Thirdly, radiation
fraction of the pool fire flames is smaller at low air pressure. Finally, the puffing frequency of the pool
fire flames is higher at low air pressure. Compared with Hefei, in Lhasa, for the same size burner, a higher
maximum temperature together with less radiation from the flame is observed. This shows that in low air
pressure, the pool fire is more buoyant, which leads to stronger periodic oscillation and a higher flame
puffing frequency.

� 2011 Elsevier Ltd. All rights reserved.
1. Introduction

Pool fires and buoyant diffusion flames are major elements in
the development of many unwanted fires. These flames exhibit a
periodic oscillatory movement that is often referred to as ‘puffing’
or ‘flickering’. In a fire, these oscillations are associated with the
formation of flaming vortical structures; the frequency of the toroi-
dal vortices correlates with the flame oscillation frequency, which
mainly depends on the burner diameter with the relation f / D�1=2

[1–3].
In the investigation of air pressure effects upon fire frequency,

many available studies have been limited to the effects of pressure
upon diffusion flames, focusing on soot and temperature profiles at
elevated pressures [4,5]. The study of flame flicker under elevated
air pressure has attracted some attention, while that under low air
pressure is scarce. Of the research published on the effect of low air
pressure upon diffusion flames [6–8], most studies used a gas–air
co-flow diffusion flame in a small confined chamber. The pressure
and co-flow were controlled independently, and the oscillation fre-
quency was reported to be proportional to the air pressure. For a
laminar jet flame, the relationship between puffing frequency
and pressure is f / ðp2gÞ1=3. In these studies, the experimental
chambers were relatively small, so some confining effects might af-
fect the results. Therefore, the results from co-flow laminar jet
ll rights reserved.

: +86 551 3601669.
flame studies are unable to provide guidance for prevention of ac-
tual highland fires.

In Lhasa, capital of Tibet Autonomous Region of China, the aver-
age altitude is 3650 m, and the air pressure and oxygen content are
about only 2/3 of those in the plain areas. In recent years, a fire lab-
oratory has been constructed in Lhasa, and a series of experiments
on the combustion characteristics and fire products under low
ambient air pressure conditions have been investigated. Li et al.
[9] performed a preliminary study of n-heptane pool fires and
wood crib fires; burning rates, centerline temperature, and radia-
tion heat flux were analyzed using the same size burner and burn-
ing rate in Lhasa and Hefei. Fang et al. [10] studied the influence of
low air pressure upon CO products from n-heptane pool fires in a
confined test room. To date, the effect of burner size upon flame
characteristics and flame pulsation frequency at low pressure has
not been studied.

In this work, liquid pool fires were studied in fire laboratories in
Lhasa and Hefei. Unlike previous studies of controlled co-flow jet
diffusion flames, in Lhasa both the air pressure and oxygen density
decrease in a natural manner. This leads to natural changes in the
flame temperature, radiation and puffing frequency. The objective
was to investigate the influence of low air pressure on laminar/
transitional buoyant diffusion flame dynamics of pool fires. This
was achieved by performing fire tests using 15 square burners
of various sizes at low and high altitude with two kinds of fuels,
providing scientific support for fire prevention and detection in
high altitude areas.

http://dx.doi.org/10.1016/j.fuel.2011.03.035
mailto:fangjun@ustc.edu.cn
http://dx.doi.org/10.1016/j.fuel.2011.03.035
http://www.sciencedirect.com/science/journal/00162361
http://www.elsevier.com/locate/fuel
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Nomenclature

p air pressure (kPa)
_m00 burning rate (g cm�2 s�1)

n exponent for burning rate dependence upon air pres-
sure ( _m00 / pn)

f flame oscillation frequency (Hz)
z vertical height (cm)
k thermal conductivity (W m�1 K�1)
h convection heat transfer coefficient (W m�2 K�1)
e surface emissivity
r Stefan–Boltzmann constant (W m�2 K�4)
js absorption coefficient (m�1)
L, D square burner inner side, equivalent burner inner diam-

eter (cm, m)
A burner surface area (cm2)
M molecular weight (kg mol�1)
R universal gas constant (8.3145 J mol�1 K�1)

T mean temperature (K, �C)
_Q heat release rate (kW)
_q00r ; _Qr radiant heat flux (kW m�2), radiant heat (kW)
DHc enthalpy of combustion (kJ g�1)
DT (Tf � T1) mean flame gas temperature rise above ambient

(K, �C)
Sr flame radiant area (cm2)
Tl, Tf liquid boiling temperature, flame gas temperature

(K, �C)
Ul, Uf0 liquid regression rate, vapor velocity at source (cm s�1)
ql, qf0, qf liquid density at source, vapor density at source, hot

mixing gas density in flame (g cm�3)
vr radiant fraction of heat release rate
Fr, Ri, Nu, Re, Pr Froude number, Richardson number, Nusselt

number, Reynolds number, Prandtl number
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2. Theoretical analysis

Experimental studies indicate that three main zones can be
identified in a pool fire flame as shown in the right upper part of
Fig. 1. The flame puffing mechanism involves: acceleration of
buoyant plume gas in stagnant surroundings resulting in formation
of a toroidal vortical structure within one burner diameter above
the surface, the decaying influence of the toroidal structure on
the flame surface near the burner lip as it convects upward, and
the accumulation of buoyant gas inside the flame envelope and
its buoyant acceleration to form the next vortical structure [2].

To account for the change in oscillation frequency that occurs in
low air pressure, a theoretical equation incorporating the Richard-
son number, buoyancy factor and burner size was used [1], as
shown in the following equation:

f ¼ K

ffiffiffiffi
g
D

r
1þ 1

Ri

� �1=2

� 1ffiffiffiffiffi
Ri
p

" #�1

ð1Þ
Fig. 1. Experimental setu
Here K ¼ Cðq1qf
� 1Þ1=2, where C is a proportionality factor rang-

ing between 0 and 1; the value of K is suggested to be approxi-
mately 0.5 according to experimental data [1]. The Richardson
number is the ratio of buoyancy force and inertia force,

Ri ¼ ðq1�qf ÞgD

qf U2
f 0

, while the Froude number is Fr ¼ U2
f 0

gD .

Substituting K and Ri into Eq. (1), it can be rewritten as:
f ¼ C
Uf 0

D
ð Riþ 1þ 1Þ ð2Þ

When Ri!1, Eq. (2) can be simplified to Eq. (3).
f ¼ C
ffiffiffi
g
p q1 � qf

qf

1ffiffiffiffi
D
p ð3Þ

Eq. (3) shows that buoyancy plays an important role in the puff-
ing motion of a fire flame.
p for pool fire study.
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3. Experimental systems

A schematic diagram of the experimental setup is shown in
Fig. 1. The experiments were conducted in standard fire test rooms
that were 10 m long, 7 m wide and 4 m high [10,11] in both Lhasa
and Hefei. As proved by Hottel et al. [12,13], conduction from the
flame to the burner rim is dominant for pool fire burning rate of
pool diameters less than 7 cm, when diameter is bigger than
20 cm, burning rate becomes dominated by flame radiation. Finally
the burning rate tends to level off for larger diameters. So in our
work, fifteen steel square burners of various size (L = 4, 6, 7, 8, 9,
10, 11, 12, 13, 14, 17, 20, 24, 27, and 33 cm) with a thickness of
3 mm and a depth of 4 cm were located in the center of the test
room for use. The depth of liquid in each burner was 3 cm. Ethanol
and n-heptane were selected as fuel in consideration of the differ-
ent sooty characteristics of their flames.

In Lhasa and Hefei, the ambient conditions were well-controlled
so the variation in air pressure was less than 1 kPa in both
locations. Except for air pressure, similar ambient temperature
and humidity were used as much as possible in the two locations
(Lhasa:20 �C, 50%; Hefei: 22 �C, 60%). The physical parameters of
the liquid and vapor of ethanol and n-heptane in Lhasa and Hefei
are shown in Table 1, where the vapor density was calculated from
q ¼ pM=RT .

In the experiments, data for the mass loss, axial temperature,
radiation heat flux and flame video were recorded. The resolution
of the electric balance was 0.1 g. A rack of ten armored K-type ther-
mocouples with diameters of 1 mm was suspended above the bur-
ner surface in the centerline of the burner to measure the axial
temperature of the pool fire. The thermocouples were coated with
a stainless steel sheath to reduce the effect of radiation; their mea-
surement range was between 0 and 1000 �C in 0.5 �C increments.
In the experiments, the measured temperature value mainly re-
flects the flame gas temperature. A commercial radiant flux sensor
(Captec, TS-30) with dimensions of 3 � 3 cm was placed at the
same vertical position as the burner, horizontally away from the
pool center by a distance of five times the size of the pool so that
it was open to the flame radiation. The sensitivity of the sensor is
1.5 W/m2 and the flux data was recorded by a DaqPRO-5300 acqui-
sition system operating at a rate of one sample per second. For
recording detailed flame images, a high speed camera (Trouble-
Shooter 250) acquired images at a rate of 250 frames per second.
Each test was repeated at least four times to ensure reproducibility
of results.
4. Results and discussion

Pool fire growth is characteristic of initial accelerating period,
developed period and extinction period. For liquid pool fire, the ini-
tial accelerating and extinction duration are very small. So firstly,
in the experiments, the total mass decreases in two different linear
regions, with slow and fast burning rates. In the fully developed
period with a faster burning rate, the radiation flux, which is pro-
portional to burning rate, fluctuates but remains near a maximum
value for some time. The ethanol fires remain at maximum radia-
Table 1
Liquid and vapor parameters for ethanol and n-heptane in Lhasa and Hefei.

Fuel material Molecular formula Liquid parameters (Lhasa, Hefei)

Density (g cm�3) Boiling point (�C

Ethanol C2H6O 0.789, 0.789 67.0, 78.3
n-heptane C7H16 0.680, 0.680 89.0, 98.5
tion flux for a longer time than n-heptane fires. Secondly, except
for 4 cm side pool fires, in Lhasa, the fourteen ethanol and n-hep-
tane pool fires with 6–33 cm sides possess smaller burning rates
and radiation fluxes, leading to longer combustion time. For the
fire with 4 cm sides, in Lhasa, the burning rate and radiation flux
were abnormally large, especially in the fully developed period,
so the combustion time in Lhasa is shorter than that in Hefei.

In the following discussion, all comparisons are based on the
experimental results obtained in the stable zone during the fully
developed combustion period, which was determined as the region
where the burning rate approached the maximum value. Specifi-
cally, for each test, time-sequence burning rate data over a certain
period were first selected. In the selected period, the burning rate
data array included the maximum value and the smallest variance.
The stable developed duration time varies among the different size
burners, but is less than 60 s, which is long enough for subsequent
temperature, radiation and flame image analysis. Secondly, the
burning rate within the selected time was time-averaged. Thirdly,
for repeatability, the burning rate used for final analysis was the
average value for the repeat tests. Fluctuating temperature and
radiation data were first smoothed using a smoothing algorithm,
and then the data from the same stable period was averaged.

The experimental error in the burning rate for the 15 burners of
different size was about 1–3% for the ethanol pool fire tests and
about 2–5% for the n-heptane tests. The difference in burning rate
between Lhasa and Hefei divided by the burning rate was about
15–55%. The experimental error in the flame temperature was
about 5%, while the maximum difference in the flame temperature
between the two places was about 10–30%.
4.1. Effects on the axial temperature, burning rate and radiation

4.1.1. Axial temperature
To consider the radiation effect upon the thermocouples, Luo’s

method [14] was used to correct the error of the measured temper-
ature. As the radiation received from the flame is very small com-
pared with the radiation the thermocouple gives off to the
ambient, the error between actual flame temperature and mea-

sured thermocouple value is DTerror ¼ Tf � Tth ¼ rethð1� ef ÞT4
f =

ðhþ 4rethT3
f Þ; DTerror decreases with the decrease Tf. Here

h ¼ Nu:kg

Dth
¼ kg

Dth
½2þ ð0:4Re0:5 þ 0:06Re2=3ÞPr0:4�[15] Dth is the thermo-

couple diameter, kg , Pr is mainly determined by the gas tempera-
ture, not influenced by air pressure except extremely high or low
air pressure.

The change in the axial temperature DT (mean temperature rise
above ambient) with z= _Q2=5 for n-heptane and ethanol fires with
sides of 4, 10, 20, and 27 cm in Lhasa and Hefei are shown in
Fig. 2. Flame, intermittent and plume regions were identified based
on the work of McCaffrey [16].

Interestingly, whether in Lhasa or in Hefei, the centerline tem-
peratures of the n-heptane fires fall on the left side of ethanol fires
in the horizontal axis. This is because n-heptane fires have larger
enthalpy of combustion than ethanol fires. In addition, in Lhasa,
the pool fire with 4 cm sides has a faster burning rate and a higher
Vapor parameters
(Lhasa, Hefei)

) Latent heat (kJ kg�1) Enthalpy of
combustion (MJ kg�1)

Density (g cm�3)

838, 838 29.7, 29.7 0.00108, 0.00157
318, 318 48.5, 48.5 0.00221, 0.00324



Fig. 2. Variation in the increase of centerline temperature with z= _Q2=5 in ethanol and n-heptane pool fire flames in Lhasa and Hefei. The lengths of the burner sides were 4 cm
(a), 10 cm (b), 20 cm (c) and 27 cm (d). Region I: flame region; Region II: intermittent zone; Region III: plume region.
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rate of heat release, so the centerline temperature for both
n-heptane and ethanol appears to the left of that in Hefei. For
pool fires with sides longer than 4 cm, the burning rate in
Lhasa is slower than that in Hefei. As a result, the rate of heat
release decreases and the temperature data points shift to the
right.

In the vertical axis, variations in temperature increase show dif-
ferent behavior. Firstly, near the burner surface, the axial flame
temperature in Lhasa is lower than that in Hefei, the difference
in temperature for the large pool fires reaches almost 200 K. This
is because in the region near the burner surface the liquid is vapor-
ized by combustion heat feedback, and the increase in flame tem-
perature is mainly determined by rate of heat release from the fire.
Because the pool fire with 4 cm sides in Lhasa and fires with bigger
sides in Hefei have larger heat release, the temperature increase
near the burner surface of the fire with 4 cm sides in Lhasa is high-
er than the same fire in Hefei; for fires with bigger sides, it is lower
in Lhasa than in Hefei.

Secondly, as the height increases in the intermittent region, the
temperature in Lhasa increases more quickly than in Hefei, leading
to a larger increase in the maximum flame temperature in a very
short length. The maximum temperature difference between Lhasa
and Hefei varies in the range of 50–150 K depending on the size of
the pool fire. A higher flame temperature was also found in Lhasa
by Li et al. [9]. In Li’s work, the reasons for this were considered
to lie in both the reduced flow of air into and thermal radiation loss
from the flame at higher altitude. Because the mechanism underly-
ing this phenomenon is very complex, further detailed investiga-
tion combining chemical reaction kinetics and flame movement
dynamics in low air pressure are required to fully explain it.

The maximum flame temperature, defined as Tf(m), is an impor-
tant parameter of pool fires, significantly influencing their buoy-
ancy and puffing movement.
4.1.2. Mass burning rate
The mass burning rate _m00 of a pool fire is mainly determined by

the heat transfer from the flame to the fuel surface. Heat transfer
includes the three components of conduction, convection and radi-
ation, which correspond to the three terms as expressed in Eq. (4)
[17].
_m00 / 4
kðTf � TlÞ

D
þ hðTf � TlÞ þ rðT4

f � T4
l Þð1� expð�jsDÞÞ ð4Þ
where Tf is the flame temperature near the burner surface. Previous
studies [12,13] investigated the overall trends for the change in
regression rate Ul of several fuels with burner size. The regression
rate is expressed by Ul ¼ _m00=ql. They found that, conduction from
the flame to the burner rim is dominant for pool diameters less than
7 cm. A ‘‘transition’’ from conduction dominated to convection
dominated for pool diameters around 7–10 cm. Then burning rates
remain roughly constant in the convection dominated region for
pool diameters between 10 cm and 20 cm. Then the burning rates
steadily increase for diameters increasing from 20 cm to 100 cm
due to increasing flame radiation. Finally the burning rate tends
to level off for larger diameters.

The rates of regression of the liquid surfaces of ethanol and n-
heptane in Lhasa and Hefei are shown in Fig. 3a. The air pressure
has little effect upon liquid density, so the burning rates exhibit
the same trends in their regression rates. In Fig. 3a, the overall
trends in the regression rate with burner size are reflected by pre-
vious results of Hottel et al. [12,13] .

To further understand air pressure effects upon burning rate,
Fig. 3b expresses the variations of the exponent n, which describes
the dependence of burning rate upon the air pressure as
_m00Lhasa= _m00Hefei ¼ ðpLhasa=pHefeiÞ

n .



Fig. 3. Regression rates of ethanol and n-heptane pool fires (a) in Lhasa and Hefei, and dependence of burning rate exponent on air pressure for ethanol and n-heptane pool
fires (b).
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A new phenomenon is found that, Fig. 3b indicates that low air
pressure has different effects upon the burning rates of the pool
fires of different sizes. Relating to air pressure effects, Fig. 2 indi-
cates that for very small pool fires with sides of 4 cm, Tf is higher,
while Table 1 shows the boiling point Tl of the liquid is smaller in
Lhasa. As a result shown in Eq. (4), for pool fires with sides of 4 cm,
_m00 is bigger in Lhasa than in Hefei, and n is negative. As the burner

size increases, the Tf of pool fires with large sides is lower in Lhasa
than in Hefei, so _m00 is smaller in Lhasa. As the burner size in-
creases, the effects of air pressure upon pool fire burning rates vary
as different heat transfer mechanisms dominate. As Fig. 3b shows,
as the burner size increases, the exponent n starts at a negative va-
lue, then increases and becomes positive, until reaches its peak va-
lue, then it decreases and finally approaches 1. For a burning rate
that is dominated by convection and radiation feedback, theoreti-
cal and experimental studies have reported that n is between
0.66 and 1.3 [9,10,18,19].

So, based on the exponent n, four regions can be found for
describing the dependence of air pressure upon the fire burning
rate with burner size, as summarized in Fig. 3b. A diameter of
10 cm is the turning point for n = 1. It is noteworthy that for
n-heptane fires with 12, 13 and 14 cm sides, there are
exceptional variations in n. This is caused by vigorous, fully
developed combustion due to ample oxygen at normal air pres-
sure in Hefei.
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4.1.3. Flame radiation
Fig. 4a shows the radiation heat flux of ethanol and n-heptane

pool fires in Lhasa and Hefei. The n-heptane pool fires obviously
have a higher radiation intensity of heat release than the ethanol
ones, but the trends for the change in radiation of the two kinds
of fires are similar to their individual regression rates. The radia-
tion fraction of the heat release rate and the specific value for Lhasa
to Hefei are described by the following equations:

vr ¼
_Q r

_Q
¼ Sr � _q00r

_m00 � A � DHc
ð5Þ

vrðLhasaÞ=vrðHefeiÞ ¼ ð
_q00r
_m00
ÞLhasa=ð

_q00r
_m00
ÞHefei ð6Þ

Fig. 4b shows the ratio of radiation fraction for Lhasa to Hefei for
n-heptane and ethanol fires. In Lhasa, vr is generally smaller than
in Hefei, which results from the decreased soot formation at low
air pressure [8,9]. Supposing that the convection fraction plus the
radiation fraction is the same in both locations, the convection
fraction in Lhasa is then comparatively larger than that in Hefei.
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Combining the observations of the higher axial flame tempera-
ture and bigger convection fraction in Lhasa, it is seen that the
flame buoyancy in Lhasa is stronger than that in Hefei.
4.2. Effects upon flame oscillation frequency

Fig. 5 shows time-sequence flame images of ethanol and n-
heptane fires with sides of 20 cm, revealing the periodic puffing
movements in Lhasa and Hefei. The pool fire in Lhasa looks nar-
rower and dimmer than that in Hefei, indicating its smaller height
and width, and reduced amount of radiation.

Using a fast Fourier transform method, the oscillation frequency
was obtained from the variable area of the time-sequenced visible
flame images, as shown in Fig. 6(a and b). Fig. 6a compares the
flame oscillation frequency of pool fires using the same material
in Lhasa and Hefei, while Fig. 6b compares the frequency of pool
fires using different fuels in the same place. It can be seen that,
for a fire with the same material and burner size, the puffing fre-
quency in Lhasa is greater than that in Hefei. Under the same air
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pressure conditions, the puffing frequency is independent of the
fire material, and mainly depends on the burner size.

The above analysis shows that in Lhasa the flame gas tempera-
ture is higher and natural convection is stronger, which leads to a
larger natural buoyancy. The hot mixing gases in the flame and
ambient air should have the same molar mass, so Ri can be rewrit-
ten as Ri ¼ ðTf � T1ÞgD=ðT1U2

f 0Þ. The approximate average flame
temperature Tf (m) of ethanol and n-heptane fires in Hefei is
700 K, while in Lhasa Tf (m) is 800 K, and T1 is 300 K in Hefei and
Lhasa. Uf0 is the surface-averaged vapor velocity, which is ex-
pressed as Eq. (7).

Uf 0 ¼ ðql=qf 0Þ � Ul ð7Þ

Substituting Uf0 into Ri, Fr, and Eq. (2), and assuming that C is 0.6
[1], Uf0, Ri, and the theoretical oscillation frequency can be ob-
tained as depicted in Fig. 6(c–e).

Fig. 6d shows that, except for the smallest pool fire, the Ri of
ethanol and n-heptane fires in Lhasa is generally bigger than that
in Hefei, indicating fire flames in Lhasa are more buoyant. Fig. 6e
indicates that the theoretical oscillation frequency for the same
size pool fire in Lhasa is also generally bigger than that in Hefei.
Furthermore, the theoretical oscillation frequency is independent
of fuel material, which agrees well with the experimental results.

Eq. (3) can be further simplified to Eq. (8) as Ri is very large in
the experiments.

f ¼ C
ffiffiffi
g
p

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Tf � T1

T1

s
1ffiffiffiffi
D
p ð8Þ

Eq. (8) indicates that the puffing frequency is mainly deter-
mined by the pool size and the flame buoyancy. In Lhasa, for all
burners, Tf(m) is higher than in Hefei, so f in Lhasa is bigger than
in Hefei.

Cetegen and Ahmed [1] showed that the puffing frequency is
closely connected to convection within the height of one diameter
above the source of a pool fire. In our experiments, the height with
the maximum temperature value is similar to the length of the
edge of the square burner, so in Lhasa, the higher maximum tem-
perature produces stronger convection, which leads to a higher
puffing frequency.

It has been reported that the puffing frequency decreases in low
air pressure [7], which conflicts with the results of our investiga-
tion. The main reasons for this discrepancy are that, in the previous
research, generally only the air pressure was changed while the air
supply was provided with no change in the oxygen density [6–8].
But in Lhasa, both the air pressure and oxygen density decrease,
resulting in smaller flame height and width, and less soot forma-
tion [9]. In Lhasa, the maximum flame temperature and natural
convection increase abnormally and the buoyancy is compara-
tively strong, leading to a higher puffing frequency.

5. Conclusions

In fire laboratories in Lhasa and Hefei, 15 pool fires of various
size were burnt to study the effects of air pressure upon the puffing
frequency of the fire. The experimental results show that for the
same burner size, the oscillation frequency in Lhasa is bigger than
that in Hefei, which results from the higher buoyancy of the flame,
verified by the observations of higher flame temperature and smal-
ler radiation fraction in Lhasa. The measured frequency values
agree well with the results obtained from theoretical analysis using
an empirical equation incorporating the Richardson number, vapor
velocity and burner diameter. Furthermore, although the air pres-
sure has a different effect upon burning rate depending on the bur-
ner size, for the same air pressure conditions, the puffing frequency
is independent of the fuel, and burning rate, and mainly depends
on the size of the burner.
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