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To examine the pressure effect on burning rate, flame height and axial temperature distribution of diffu-
sion fires, experimental measurement and theoretical analysis on circular n-Heptane fires with serial
sizes were conducted at two altitudes, i.e. 100.8 kPa (in a sea-level city Hefei) and 64.3 kPa (in a Tibetan
city Lhasa). From the results, the mean burning rate at quasi-steady stage and boiling stage consistently
implied that the exponent a ( _m00 �

D
Pa) varies for different heat transfer domination stages, i.e. a 6 0 for

conductive stage and a = 2/3 for convective stage. Analysis shows that the flame height, the axial flame
and plume temperatures are all well correlated with the dimensionless heat release rate Q � Q=ðPD5=2Þ,
with the correlation coefficients derived from the current low-pressure measurements. Analysis shows
that the flame height and the plume temperature increase with the pressure rise as a power function
of pressure for the same pool size.

� 2013 Elsevier Ltd. All rights reserved.
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1. Introduction

Altitude tests have confirmed that low air pressure plays signif-
icant effects on mass burning rate ( _m), or fire load Q. Earlier Euro-
pean standard EN54 fire tests at four altitudes between 420 and
3000 m (97–71 kPa) pointed out that mass transfer flux _m00 �

D
Pa

(the symbol �
D

denotes the proportional relationship for the same

burner size D), with P the pressure and a � 1.3 [1]. Since the build-
ing of a high-altitude fire in Lhasa (3658 m/64.3 kPa) of Tibet, a ser-
ies of fire tests with different experimental parameters have been
conducted. Li et al. [2] firstly reported the experimental results on
n-Heptane and wood crib fires in Hefei (50 m/100.8 kPa) and Lhasa,
and verified the correlation obtained by Wiser et al. [1]. Hu et al.
[3] conducted n-Heptane fire tests in Dangxiong (4350 m/
5.91 kPa) and Lhasa, and suggested that _m00 � fcn ðD; PÞ, with D
the pool diameter. Fang et al. [4,5] summarized the data from
square pool fires with different sizes (D = 4–33 cm), and obtained
_m00 �

D
Pa, where a is related to the flame heat feedback terms. Rect-

angular ethanol and n-Heptane fires tested in Hefei and Lhasa by

Tu et al. [6] indicated that _m00 �
D

P under radiation-controlled condi-

tion. Cardboard box fires of different sizes specified by federal avi-
ation administration (FAA) minimum performance standard (MPS)
[7] were tested in Hefei and Lhasa by Niu and Yao et al. [8,9], where
it is found that mass burning rate and radiative heat flux decrease
while plume temperature increases under lower pressure.

http://crossmark.crossref.org/dialog/?doi=10.1016/j.ijheatmasstransfer.2013.11.042&domain=pdf
http://dx.doi.org/10.1016/j.ijheatmasstransfer.2013.11.042
mailto:wangj@ustc.edu.cn
http://dx.doi.org/10.1016/j.ijheatmasstransfer.2013.11.042
http://www.sciencedirect.com/science/journal/00179310
http://www.elsevier.com/locate/ijhmt


Nomenclature

Af flame surface area (m2)
cp specific heat (J/kg K)
D burner diameter (m)
fv soot volume fraction
g acceleration of gravity (m/s2)
h heat transfer coefficient (k W/m2 K)
Hc heat of combustion (kJ/g)
k thermal conductivity (k W/m K)
_m burning rate (g/s)
_m00 burning intensity (g/m2 s)

Lm mean bean length (m)
Rl fuel regression rate (m/s)
P ambient pressure (kPa)
Q heat release rate (kW)
Q⁄ dimensionless heat release rate (–)
_q00 Heat flux (k W/m2)
r stoichiometric mass rate, air to fuel (–)
t time (s)
T temperature (K)
Ts fuel surface temperature (K)

Xr radiant fraction (–)
Vf flame volume (m3)
z axial height (m)
z* characteristic flame length (–)
z0 virtual origin (m)
zf flame height (m)
j effective absorption coefficient (m�1)
q1 air density (kg/m3)
r Stefan–Boltzmann constant (W/m2 K4)

Subscripts
f flame
h Hefei
l Lhasa
r radiative
s liquid surface
st quasi-steady phase
bl boiling phase
1 ambient
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Theoretical modeling approach has been used to correlate the
fire plume parameters with total heat release rate Q and pool size
D based on experimental data at standard pressure. Thomas [10]
derived a dimensionless relationship for flame height, i.e.
zf =D � fcn ðQ 2=gD5Þ. McCaffrey [11] identified the three distinct re-
gimes by the correlations of axial velocity and axial temperature
with scaled axial height in a buoyant methane diffusion flame on
a 0.3 m square porous burner. Zukoski introduced the concept of
dimensionless heat release rate (Q � ¼ Q=ðq1cpT1

ffiffiffi
g
p

D5=2Þ) and
dimensionless flame height to describe diffusion flames and
plumes in a unified way [12,13]. A model for correlating measure-
ments of virtual origins for finite axisymmetric sources was pro-
posed by Heskestad, with which mean flame height can be well
predicted [14–17]. Quintiere formulated the behavior of fire
plumes by a set of unified correlations, which included another
important factor, radiation fraction (Xr) [18].

Fang et al. recorded the change in the axial temperature with z/
Q2/5 for n-Heptane and ethanol fires at high altitude, without con-
sideration of the varied air density aroused by pressure [4]. Yin
et al. investigated the altitude influence on small pool fires with
a pressure chamber of 3 m � 2 m � 2 m, and pointed out the
importance of low air pressure influence on Q*, as
Q � �

D
Q=q1 �D Q=P, with which the dimensionless fire plume tem-

perature ((T � T1)/T1) is correlated with the pressure to the power
of �2/3 [19].

In order to unify the air pressure influences on fire plumes, a
series of circular pool fires with different sizes were tested in Hefei
and Lhasa. The combustion characteristics of fire plumes, such as
mass burning rate, flame height and axial temperature distribution
were measured to establish a unified analysis of air pressure influ-
ences upon fire plume. The classical theoretical modelings and
their simplified forms will be discussed and compared to verify
their applicability under low air pressure.
Fig. 1. Schematic diagram of experimental setup.
2. Experimental setup

The experiments were conducted in Hefei and Lhasa, respec-
tively under the condition of similar ambient temperatures and
humidities (Hefei: 15 ± 2 �C, 45% ± 5%; Lhasa: 15 ± 3 �C, 40% ± 4%).
Fig. 1 shows the schematic diagram of experimental setup.
Five different sizes of circular pans were adopted, with the
diameters of 6, 8, 10, 12, and 14 cm, respectively. The burners were
constructed by steel, with 2 cm in depth and 0.32 ± 0.01 cm in
thickness. Electronic scale (METTLER TOLEDO, XP 10002S) with
the resolution of 0.1 g was used to record the mass loss of fuel dur-
ing burning. A 30 cm � 30 cm insulation board was placed on the
top of scale to shield the high temperature. To minimize the effect
of soot deposition on temperature measurement, the thinner K-
type armored thermocouples with diameter of 0.5 mm [19] and re-
sponse time less than 1 s were adopted. An array of 14 thermocou-
ples was located vertically along the axis of the burner. The lower
eight thermocouples were spaced 5 cm between each other, and
the upper six ones were spaced 10 cm. The temperature measure-
ments reported in this study were the direct thermocouple read-
ings without radiation correction which may yield an uncertainty
less than 10% [20] depending largely on the level of soot radiation.
The boiling of liquid fuel was monitored by a high-resolution CCD
camera. Another 25-fps video camera (Sony, HDR-XR160E) was
place 1.5 m away from the fire axis to record flame images.

In the experiments, n-Heptane was selected as the tested fuel
with industrial purity above 99% (impurity contents: volatile
60.05%, water 60.05%, unsaturated compounds in Br+ 60.032%),



Table 1
Summary of fire tests.

Fuel Location Pressure (kPa) Diameter of burners (cm) Measurement

n-Heptanea Hefei 98.6 6, 8, 10, 12, 14 (1) Mass loss
(C7H16) Lhasa 64.3 (2) Temperature

(3) Video record

a Parameters for liquid n-Heptane: density 679.5 kg/m3, latent heat 318 kJ/kg, enthalpy of combustion 48.5 MJ/kg.
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whose density is 683–685 kg/m3, boiling range is 96.5–98.5 �C,
self-ignition temperature is 223.0 �C and the explosion limits is
1.05–6.7% [4,19]. n-Heptane was filled into the burner to a height
of 1.5 cm, equivalent to 28.8, 51.2, 80.1, 115.3, and 156.9 g for
the pools from the smallest to the largest. Summary of fire tests
was listed in Table 1, where tests of the same configuration were
repeated for at least three times to ensure the repeatability.

3. Results and discussion

Compared with pool fire with infinite depth, the thin-layer fuel
burning process is more complicated since boiling phenomenon is
involved, especially for n-Heptane with a lower boiling point [21].
Due to the enhanced thermal effects from the vessel wall and bot-
tom, the burning fuel is prone to bubble up [21]. Four typical
phases namely pre-burning stage (I), quasi-burning stage (II), boil-
ing–burning stage (III) and decay stage (IV) were identified by Kang
et al. [21], which were also observed in the current tests. Fig. 2
plots the variation of burning rate and flame height in the entire
burning process for the 14 cm pool fires. The quasi-steady burning
stage occurs after a short pre-burning, and continues for about 350
and 450 s in Hefei and Lhasa tests, respectively. In the quasi-steady
stage, the burning rate and flame height increase at approximately
the constant rates. In the boiling stage, the increase in burning rate
suddenly accelerates and leads to a quick development of fire. As
predicted by zf � ðQ �Þ2=5�

D
ð _mÞ2=5 at a fixed pressure, the change

in flame height is not as much as that in mass burning rate, which
can be seen from Fig. 2 that the burning rate peaks occur at certain
range where the flame height seem not changing much. From the
video records of fuel surface, as shown in Fig. 3, the boiling stage
starts with some bubbles emerging around the vessel rim when
the fuel is consumed to about 0.48 cm high, then the bubbles rap-
idly accumulates on the fuel surface. The generation of bubbles on
the solid–liquid interface is so called nucleate boiling phenome-
non, which can significantly promote the heat exchange between
the wall and the fuel, and lead to a rapid growth in the burning rate
[21]. When the fuel level decreases to 0.19 cm, the fuel has already
fully boiled. The flame height continues to increase in the boiling
stage, but the increment of flame height is much less sensitive to
the boiling than that of burning rate. From the experimental obser-
vation, the burning rate decreases under low pressure, but the
Fig. 2. Flame height and burning rate of 14 cm
flame height increases distinctly. The averaged burning intensities
(burning rate per unit area) and flame heights in quasi-steady
burning stage and boiling stage for tests in Hefei and Lhasa were
calculated in Table 2, denoted by _m00h;st; _m00h;bl; _m00l;st; _m00l;bl; zfh;st; zfh;bl;

zfl;st; zfl;bl respectively, where h and l represent Hefei and Lhasa, bl
and st represent boiling and quasi-steady burning.

3.1. Mass loss

Previous studies [4,22,23] indicated that burning intensity is
mainly determined by the heat transfer from flame to fuel surface
through conduction, convection and radiation,

_m00 � 4
kðTf � TsÞ

D
þ hðTf � TsÞ þ rðT4

f � T4
s Þð1� expð�jLmÞÞ ð1Þ

where Tf is the flame temperature near the burner surface, and
will increase slightly under low air pressure [2,4]; Ts is the fuel sur-
face temperature, and is usually regarded as fuel boiling tempera-
ture [21,23], i.e. 98.5 �C in Hefei and 89 �C in Lhasa for n-Heptane
in this study [4]. The investigation on the fuel regression rate
(Rl ¼ _m00=ql;with ql liquid density) shows that the conduction
dominates when the burner diameter D is less than 7 cm, the tran-
sition occurs at 7–10 cm, and convection dominates when
10 cm < D < 20 cm [23].

The burning intensity under low pressure can be determined by
examining the pressure effects on the three heat feedback terms
individually. As suggested by Fang et al. [4,6], the burning intensi-
ties vary with pressure as _m00 �

D
Pa. For the conductive term, it has

_m00 � 4kðTf � TsÞ=D�
D

P0, where the thermal conductivity k is con-
sidered as a pressure independent constant. As the low pressure
arouse a slight increase in Tf and decrease in Ts, the burning inten-
sity increases slightly due to the conductive term under lower
pressure, implying that the exponential parameter a should be a
small negative value [4]. For convective term [24], it has
_m00 � hðTf � TsÞ, where the convective coefficient h decreases with

pressure as h � ðGrÞ1=3ðPrÞ1=3 � P2=3 [24], i.e. _m00 �
D

P2=3. The varia-
tion of exponential factor a was shown in Fig. 4, where three re-
gions are divided by the former analysis on heat feedback terms:
I – conductively dominated region (a < 0), II – transition region
(0 < a < 2/3), and III – convectively dominated region (a P 2/3).
Fig. 4 shows that a increases with the increasing of burner
pool fires (a) in Hefei, and (b) in Lhasa.



Fig. 3. Image records of fuel surface (a)–(e) corresponding to the fuel level heights of 1.34, 1.05, 0.76, 0.48, and 0.19 cm.

Table 2
The averaged burning intensities and flame heights in Hefei and Lhasa.

D (cm) _m00h;st (g/s) _m00h;bl (g/s) _m00l;st (g/s) _m00l;bl (g/s) zfh;st (cm) zfh;bl (cm) zfl;st (cm) zfl;bl (cm)

6 0.025 0.044 0.023 0.052 22.3 29.1 24.2 35.5
8 0.049 0.083 0.042 0.085 29.7 34.9 30.4 39.8
10 0.083 0.110 0.067 0.118 33.7 40.0 39.1 46.9
12 0.123 0.223 0.104 0.198 39.6 46.8 44.5 54.3
14 0.219 0.357 0.144 0.294 43.4 49.3 51.5 61.7

Fig. 4. Exponential factor a for different sizes of burner.

Fig. 5. Variation of _m00bl= _m00st in Hefei and Lhasa.

Fig. 6. Flame shapes and their binary images in Lhasa (a)–(e) for 6–14 cm burners
at 7500th frame (300.00 s) after the fire ignition.
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diameter, which is consistent with the previous report [4]. Gener-
ally, the transition from conductively dominated to convectively
dominated starts from the pool dimension of around 10 cm. The
burning in the boiling stage is more prone to be conductively dom-
inated [21], as also observed in Fig. 4.

Fig. 5 shows the pressure effect on the ratio of _m00bl= _m00st . The boil-
ing burning relative to steady burning in Lhasa is more violent than
in Hefei, which can be attributed to the improved conductive heat
transfer caused by the higher flame temperature and lower boiling
point under low pressure.
3.2. Flame height

Fig. 6 shows instantaneous flame shapes for different sizes of
burner and their corresponding binary images at the 7500th frame
(300 s) after the fire ignition. The predicted puffing frequency
equaling to 1.5D�1/2 [25] and the experimental results from Fang
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et al. [4] both indicated that flame oscillation frequency should be
within the range of 4–9, thus the current image recording speed is
acceptable. The RGB images of the entire burning procedure re-
corded by the Sony camera were firstly converted to binary images.
The binary image processing technique used by Hu et al. [3] and
Yang et al. [26] was employed to process the 25 fps videos to ob-
tain the flame heights as the time-averaged visible flame heights
for the quasi-steady and boiling burning stages, respectively.

The flame height is closely related to the air entrainment. Ide-
ally, the flame should extend to a height (zf) where the total flux
of air entrained along the height is sufficient to consume the fuel
[23]. For turbulent flames, excessive entrainment occurs and can
reach n times (n � 9.6) of the air needed for the combustion [18].
A flame height correlation of zf =D � fcnðQ �Þ with dimensionless
heat release rate was suggested for turbulent flames by previous
studies [13,16,17]. The lower ambient pressure indicates a decreas-
ing air density, which reduces the mass flux of air entrainment per
unit length and thus the flame requires longer entrainment path,
i.e. the flame height to fulfill the combustion.

Zukoski et al. [13] divided the flame into two regions by corre-
lating the flame height zf with the dimensionless heat release rate
Q*,

Q � < 1; zf =D ¼ 3:30 � ðQ �Þ2=3 ð2Þ

Q � P 1; zf =D ¼ 3:30 � ðQ �Þ2=5 ð3Þ

Heskestad [16,17] provided a further explicit equation for flame
height, which covers the entire diffusion regime of Q*

(0.12 < Q* < 1.2 � 104) [11,23,27,28]

zf =Dþ 1:02 ¼ 15:6
rCpT1

Hc

� �3=5

ðQ�Þ2=5 ð4Þ

where, Hc=r is the heat liberated per unit mass of air entering the
combustion reactions and is considered pressure independent. For
a large number of gaseous and liquid fuels, Hc=r varies slightly
[16,23] in the range from 2900 to 3200 kJ/kg [27]. The factor
15:6ðrCpT1=HcÞ3=5 was given as 3.7 in [27].

Fig. 7 shows that the linear fitting results of the measured flame
height by method of least squares, which indicates that the dimen-
sionless flame height is highly correlated to the power of dimen-
sionless heat release rate, i.e. zf =D � ðQ �Þ2=5

; with Pearson
correlation coefficient [29] of R = 0.89. Adjusted coefficient of
determination R2 was introduced to explain the errors in the linear
fits [30,31]. The fitted slopes, 3.20 based on Eq. (3) and 3.98 for
using Eq. (4) have the adjusted coefficients of determination R2

equaling 0.983 and 0.995, respectively, which indicate good agree-
ments with the theoretical predictions, i.e. 3.3 and 3.7.

Furthermore, since Q* can be scaled by pressure as
Q � � Q=ðPD5=2Þ�

D
Pða�1Þ, then it has zf �

D
P0:4ða�1Þ. The exponential
Fig. 7. Averaged flame heights fitted using Zukoski relation [13] and Heskestad
relation [16,17].
factor a is less than 1 as indicated from the above analysis on burn-
ing intensity, therefore the flame height increases under low pres-
sure as indicated from the experimental measurements in Table 2.
As pressure descends, the air entrainment (denoted by ambient
density q1 � P) decreases relative to the fuel consumption rate
( _m00 �

D
Pa), then correspondingly the flame will shift to a higher ax-

ial position to obtain sufficient oxygen, exhibiting as the stretched
visual flame and an increasing in flame height under lower pres-
sure for the same burner size.

3.3. Soot and flame radiation

Soot is actually pointed out to be the main contributor of flame
radiation for most moderately-sooting (e.g. n-Heptane [32]) and
heavily-sooting (e.g. toluene [32]) flames [33]. Previous studies
conducted at elevated pressure indicated that soot concentrations
show a significant increase with pressure, and generally the pres-
sure dependence of soot can be simplified in the form of a power
law dependence. Different fuels show different sensitivities to
pressure, and thus, their power law fitting exhibits different scaling
factors [34], e.g. a comparison of the pressure dependencies of the
soot yield indicates that n-Heptane fueled flame seems to be
slightly more sensitive to pressure than both ethane and propane
fueled flames, with a power about 2–2.5 [35]. Yao et al. developed
a global soot model for fires [36,37] where fv � P2, which had been
validated and applied in the modeling of liquid n-Heptane pool
fires [38] based on experiments conducted at Lhasa [3]. The square
dependence of pressure also coincides with the results in radiation
fire modeling proposed by De ris as [39] j � fv � P2; where j is the
soot absorption coefficient.

The incident flame heat flux is given as [40]

_q00r ¼ rT4
f ½1� expð�jLmÞ� ð5Þ

where jLm can be legitimately assumed as a small value, especially
under low pressure where soot production is even lower. Thus

_q00r � rjLmT4
f � P2LmT4

f ð6Þ

where the beam length Lm is given with an optimal factor 3.6, and
conventionally expressed as Lm ¼ 3:6Vf =Af [40,41], thus the flame
total radiation can be correlated by _Qr ¼ Af rjLmT4

f � P2Vf T
4
f .

To further evaluate the mean beam length, flame shape is as-
sumed for simplicity a cylinder of diameter Df and height zf. On ac-
count of zf	 Df, Lm can be simplified as [42],

Lm ¼ 0:9
zf =Df

zf =Df þ 1=2

� �
Df � 0:9Df ð7Þ

Combined with Eq. (6), it is logical to express the flame radia-
tive heating on liquid surface by _q00rs � P2Df ðT4

f � T4
s Þ, which is pro-

portional to burning intensity _m00 under the radiation domination.
It is well agreed with the experimental results, _m00 � Pa (a ¼ 1:3 by
Li et al., and a ¼ 1 by Fang et al.), where the increasing flame diam-
eter Df and flame temperature Tf combined with the decreasing
surface temperature Ts under low pressure finally lead to the expo-
nent factor a being less than 2.

In the study of Zarzecki et al. [42], Df was briefly set as a con-
stant equaling the burner diameter, which is not veritable for the
air pressure influence. A rough prediction on flame diameter can
be derived from the study on laboratory-scale laminar diffusion

flames [43], where Df �
ðD; _m00 Þ

P�0:5 (the symbol �
ðD; _m00 Þ

denotes the pro-

portional relationship for the same burner size D, and fuel flow rate

_m00). Thus,

Lm �
ðD; _m00Þ

P�0:5 ð8Þ

Besides, flame volume Vf equals
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Vf ¼ pðD2
f =4Þzf �

ðD; _m00 Þ
P�1:4 ð9Þ

Finally, the radiant fraction at a fixed burner size and fuel flow rate
can be expressed as,

Xr �
ðD; _m00 Þ

_Q r �
ðD; _m00 Þ

P0:6T4
f ð10Þ

Previous studies indicated that a slightly higher flame temper-
ature aroused by the decreasing pressure [6,35,44], then the coun-
teraction of Tf and P finally leads to the little decrease in Xr under
low pressure [4]. However, in most situations, e.g. in the analysis
of fire plume, flame temperature and radiant fraction can be ratio-
nally regarded as a constant for their fairly week dependence on
pressure.

3.4. Axial temperature distribution

Axial temperature distribution is usually scaled by z/z*, where
z� ¼ ½Q=ðq1cpT1

ffiffiffi
g
p Þ�2=5 is introduced as a characteristic length in

fire scaling [18,27,45]. Under normal pressure, z* is generally ex-
pressed in a simplified form as Q2/5. By aid of the simplified term
Q2/5

, three explicit regions of the fire plume are delineated
by McCaffrey [11] as flame region (z/Q2/5 < 0.08), intermittent re-
gion (z/Q2/5: 0.08–0.2) and plume region (z/Q2/5 > 0.2), with the
temperature rise T � T1 proportional to (z/Q2/5)0, (z/Q2/5)�1 and
(z/Q2/5)�5/3, respectively in these regions. To include the pressure
effect in the analysis of axial temperature, the characteristic length
should be further suggested as z* � (Q/P)2/5, and then the averaged
temperature rise T � T1 along the burner axis can be scaled by
z(P/Q)2/5 (see Fig. 8).

Derived from the analysis of mass and heat transfer, Quintiere
[18] and Heskestad [15] concluded the following empirical expres-
sions, which are respectively given for flame and plume regions,

Quintiere relation for flame region:
Fig. 8. Averaged axial temperature rise scaled by zP2
T � T1
T1

¼ CT;1ð1� XrÞ
Hc=r
cpT1

ð11Þ

Quintiere relation for far-field plume region:

T � T1
T1

¼ CT;2ð1� XrÞ2=3 z
z�
� ��5=3

ð12Þ

Heskestad relation for plume region (criterion: T � T1 6 500 
C or
z P zf )

T � T1
T1

¼ C 0T;2ð1� XrÞ2=3 zþ z0

z�2=5

� ��5=3

ð13Þ

Here, Xr = 0.4 for n-Heptane fires [46–48]. The constant CT,1 varies
from 0.347 to 0.427 [18], which depends on the accuracy of the
flame temperature measurements, CT,2 = 10.58 [18], and C0T;2 ¼ 9:1
[15]. The concept of a virtual origin, z0 ¼ 1:02D� 1:38ðQ �Þ2=5D,
was introduced by Heskestad [15] for plume region that is not far
enough. Eq. (13) with the modification of virtual origin even agrees
well in the intermittent region [15]. The application of Eq. (13) is
limited to two empirical criteria, i.e. criterion I: T � T1 6 500 �C
or criterion II: z P zf . For far-field plume region, z0 can be ignored
to transform Eq. (13) into Eq. (12) [28].

Fig. 9 shows the fitting results based on the correlations by
Quintiere [18], where the three regions of fire plume can be well
indentified with the values of CT,1 and CT,2 fitted using Eqs. (11)
and (12) are 0.374 and 9.04. The fitted CT,2 = 9.04 is lower than
the value 10.58 suggested in [18,28], which is probably because
the simplified assumption of point source is not suitable for finite
real fire.

Based on an alternative form of Eq. (13) [28,45], Fig. 9 can be
easily converted into Fig. 10, where the linear fit is only imple-
mented in the plume region as described by Heskestad [15]. The
x-axial and y-axial variables show the strong linear relations with
Pearson correlation coefficients (R) of 0.97 and 0.94 for the data
/5/Q2/5 (a) and (b) in Hefei, (c) and (d) in Lhasa.



Fig. 9. Averaged axial temperature rise correlated with axial height using Quintiere
relations [18].

Fig. 10. Averaged plume temperature rise correlated with axial height using the
Heskestad relation [15].
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partitioned by criteria I and II. Furthermore, the fitted values of C0T;2
indicate extremely small errors in the linear fits where the ad-
justed coefficients of determination R2 > 0:99. C0T;2 is respectively
fitted as 10.8 and 10.1, which are slightly higher than the empirical
value of 9.1 obtained at normal pressure [15]. The parameter C0T;2
obtained under the criterion directly defined using flame height
z P zf is closer with the previous theoretical result. Under lower
pressure, the flame is stretched and the plume temperature in-
creases at the same height, thus both the criteria define a farther
initial location for the plume region.

The averaged temperature rises in the flame region for quasi-
steady and boiling burning stages in Hefei were 678 and 638 �C,
slightly lower than those in Lhasa, i.e. 692 and 665 �C. The observa-
tion of higher flame temperature in Lhasa is consistent with previ-
ous studies [2,4,6], which can be explained by the decreasing
radiative heat loss [35,44] and weaker ambient air entrainment
cooling for lower air density [2]. There is less soot loading in flames
when the pressure is reduced, while the ensemble flame volume or
the mean beam length becomes larger with decreasing pressure.
These two factors are competing with each other as far as radiative
heat loss from the flame is concerned. However, it has been exper-
imentally observed [35,44] that radiative heat loss from the flame
is reduced with decreasing pressure, and generally leads to a slight
decreasing Xr in Lhasa as discussed in Section 3.3. Consequently,
the temperature rise increases with the decreasing of pressure
due mainly to the reduced soot level.

The far-field plume temperature can be further transformed
from Eq. (12) to a function as ðT � T1Þ=T1 � ðz=DÞ�5=3ðQ �Þ2=3 �
ðz=zf Þ�5=3�

D
P2ða�1Þ=3, which indicates that plume temperature

increases under low pressure. The flame stretching (or increasing
in flame height zf) under low air pressure leads to the relative
downward shift of temperature measuring points in the flame.
Under low pressure, the plume temperature measurements at
the same height actually shift closer to the flame envelope, i.e.
the location of stoichiometric mixture fraction, and correspond-
ingly the measured plume temperature increases towards the
flame temperature.
4. Conclusion

The effects of low air pressure on fire plume in the quasi-steady
burning stage and the boiling–burning stage were analyzed based
on the experimental measurements on mass burning rate, flame
height, and axial temperature distribution. The classical theories
on fire plume were adopted to establish a unified analysis.

From the analysis of pressure effect on flame heat feedback, the
burning intensity is concluded as a power function of pressure
_m00 �

D
Pa, where the power a varies for different heat feedback

modes: a < 0 for conductively dominated mode, 0 < a < 2/3 for
transition mode, and a P 2/3 for convectively dominated mode.
As the pool dimension increases, the power a increases gradually.
The burning in the boiling stage is more prone to be conductively
dominated.

To characterize fire plumes under different pressures, the
dimensionless heat release rate and characteristic length were
modified as Q � � Q=PD5=2 and z� � ðQ=PÞ2=5 by adding a pressure
term into the previously-used Q � � Q=D5=2 and z� � Q 2=5 for stan-
dard pressure cases. The dimensionless heat release rate for the
same pan size is related to the pressure by Q � �

D
Pða�1Þ, and corre-

spondingly the flame height is related to the pressure by
zf �

D
P0:4ða�1Þ. The power a < 1 indicates that flame height increases

under lower pressure, as validated by the averaged visible flame
heights obtained from the flame images in Hefei and Lhasa.

The combined effects of expanded flame volume and reduced
soot yield under lower pressure lead to a decreased radiative heat
loss, which increases the flame temperature. The relationships be-
tween flame temperature and radiant fraction are complex and
coupled. Generally, Xr and Tf are weekly dependent on pressure,
and both can be considered as constants in most situations. Mod-
ifications of model constants for low-pressure fire plumes were
proposed to correlate the measured axial temperature with the
axial height in the plume region by the Quintiere and Heskestad
relations. The correlation ðT � T1Þ=T1 � ðz=zf Þ�5=3�

D
P2ða�1Þ=3 indi-

cates that the plume temperature increases under lower pressure.
The flame stretching under low pressure leads to the shrink of
relative height (z/zf), which means that the measurement at the
fixed height is closer to the stoichiometric mixture fraction and
thus the measured plume temperature increases towards the flame
temperature.
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