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The effect of altitude on typical combustible burning and
related smoke detector response signals was investigated
by comparison experiments at altitudes of 40 m and 3650 m
based on EN54 standard tests. Point-type light scattering
photoelectric smoke detectors and ionization smoke detectors
were used for four kinds of EN54 fire tests, including two
kinds of smouldering fires with wood (test fire no. 2 in
EN54 standard or TF2) and cotton (TF3), and two kinds of
flaming fires with polyurethane (TF4) and n-heptane (TF5).
First, the influence of altitude or ambient pressure on mass loss
for smouldering combustion (TF2 or TF3) was insignificant,
while a significant decrease in the mass burning rate was
found for flaming tests (TF4 and TF5) as reported in our
previous studies. Second, for photoelectric smoke detectors
in flaming fire tests, the effect of altitude was similar to
that of the burning rate, whereas for the ionization smoke
detectors, the response signal at high altitudes was shown
to be ‘enhanced’ by the detection principle of the ionization
chamber, leading to an even larger value than at normal altitude
for smouldering conditions. Third, to provide a reference for
smoke detector design in high-altitude areas, the differences
between signal speed in rising and peak values at two locations
are discussed. Also, relationship between ion chamber signals
and smoke optical densities are presented by utilization of
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an ionization smoke detector and smoke concentration meter. Moreover, a hierarchical diagram
is illustrated to provide a better understanding of the effects of altitude on combustible burning
behaviour and the mechanisms of detector response.

1. Introduction
Interest in fire detection engineering in high-altitude areas stems from the need to protect both the local
populace and historic buildings. One such area is the Qinghai-Tibet Plateau in China, with an average
altitude of 4 km. It is called the roof and the third pole of the world and contains thousands of historic
buildings, including the Potala Palace. Environment parameters such as humidity, air pressure and
temperature can significantly influence fire dynamics and burning behaviour [1–13]. For example, with
increasing altitude, the decreasing ambient pressure and the absolute concentration of oxygen (e.g. in
Lhasa, Tibet, the pressure is approximately 2/3 atm) have been shown to slow down the burning rate of
liquids and solid fuels (e.g. [5,8,12,13]). Also, flame or plume physical characteristics and temperature
profile have been proved to be affected by pressure obviously [7,9–11]. Consequently, smoke formation,
concentration and movement would also change, which introduces new challenges for smoke detectors
used in these areas.

Burning rate is one of the key parameters in the fire combustion process and also an important
variable used to determine smoke behaviour. The previous experimental studies about pressure effects
on the burning rate of wood [5,8], flexible polyurethane [12], n-heptane [6,7,9] etc. showed a complex
tendency. In our recent study [13], an overall correlation between altitude or pressure effects and burning
rate was theoretically derived based on pressure modelling [14] and radiation fire modelling [15]. This
correlation could provide an effective prediction of the burning rate variation for liquid fuels at different
altitudes.

Smoke detectors, mainly including the line and point types, are widely used for fire detection. Early
investigations of altitude effects on the response of smoke detectors were reported by Wieser [2], who
conducted four kinds of fire tests at four different altitudes with pressures ranging from 715 to 976 mbar.
They used a scaled EN54 test [16] chamber with dimensions of 6 m × 2.8 m × 2.1 m instead of the standard
test room, accounting for the necessary transportation between altitudes. The optical extinction value m
and the ionization chamber value y were compared, and the results showed that the smoke concentration
under the ceiling decreased significantly with increasing altitude. This indicates that a smoke detector
may trigger an alarm in a timely manner at normal altitudes but may not do so at high altitudes, even
for the same fire source scenario.

In this study, comparative fire tests based on the EN54 test standard [16] were performed in Lhasa
(air pressure 65.0 ± 1.5 kPa with an altitude of 3650 m) and Hefei (air pressure 100.0 ± 1.0 kPa with an
altitude of 40 m), two representative locations in China shown in figure 1. Two ordinary kinds of point-
type smoke detectors, photoelectric smoke detectors (Pho smoke detectors) based on light scattering
and ionization smoke detectors (Ion smoke detectors) based on measuring the ionization chamber, were
employed to study the influence of altitude on the variation of fire smoke characteristics and detector
response rules. The aim of this study is to provide a useful reference for smoke detector design and fire
protection engineering at high-altitude conditions.

2. Methods
2.1. Facility and instruments
Comparison experiments were conducted inside the same two EN54 standard test rooms with
dimensions of 10 m long, 7 m wide and 4 m high, built in Lhasa and Hefei. The air temperature and
humidity inside the test rooms (2 ± 2.0°C, 50 ± 5%) were controlled by air conditioning to eliminate
added interference.

As shown in figure 2, fire sources with different fuels were set in the centre of the floor in each
EN54 test room. Thick gypsum boards were used to protect the electronic balance beneath the boards
(Excellence-Plus XP with precision of 0.01 g by Mettler Toledo Co. Ltd, Switzerland), which recorded
the fuel mass variation online. Two point-type smoke detectors, including one Pho smoke detector (GD
2000 by EI Fire Protection Co. Ltd, China) and one Ion smoke detector (M 2000 by EI Fire Protection
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Figure 1. Comparison of altitudes and air pressures between Lhasa and Hefei (including another four altitudes of provincial capitals).
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Figure 2. Sketch of the experimental facility with a perspective view.

Co. Ltd, China), were mounted at the 3 m ring [16] under the ceiling. The response signals of the
two detectors were recorded using an acquisition module, which indicated the strength of the smoke
concentration with a range from 0 to 255 (with unit: 1). Smoke concentration meters (AML by Lorenz
Ltd, Germany) and ionization chamber meters (EC-912 by DELTA Ltd, Denmark) were also fixed at the
3 m ring near the smoke detectors. Smoke layer temperatures were measured using Type K armoured
thermocouple arrays with a diameter of 0.5 mm and an uncertainty level of 0.75% and thermocouples
T1–T4 in positions located 4 cm, 20 cm, 40 cm and 70 cm under the ceiling, respectively. An HD digital
camera (with frequency of 30 fps by Sony Co. Ltd, Japan) was used to monitor the fuel burning behaviour
and smoke movement. Any trade name is used for descriptive purposes only.
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Table 1. Test fires used for comparison experiments.

test fire explanation mass fuel explanation

TF2 smouldering wood fire 150 g beechwood sticks, heated by electrical hotplate with 2 kW
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

TF3 smouldering cotton fire 270 g cotton wicks, ignited from the bottom
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

TF4 polyurethane flaming fire 620 g 50 cm long, 50 cm wide and 6 cm thick, ignited from one corner
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

TF5 n-heptane flaming fire 650 g burnt in square steel pool 33 cm long, 33 cm wide and 5 cm deep
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

2.2. Experimental procedure
Four EN54 test fire sources TF2–TF5 [16] (two kinds of smouldering fires and two kinds of flaming fires)
were selected as illustrated in table 1 for comparison experiments. The detailed test procedures were
based on the arrangement described in the EN54 test method, which is only introduced briefly here. The
temperature and humidity inside the room were adjusted before the start of the test. The response signal
of the smoke detectors, the smoke concentration and the temperature of each measuring sensor were
recorded throughout the entire test online, which could also be monitored from a display terminal in the
control room. Tests were repeated to ensure results with high accuracy. A typical experimental scenario
is shown in figure 3.

3. Results and discussion
3.1. Mass variation and the response of detectors in smouldering conditions
The comparison of the burning rate and smoke detector signal for TF2 (wood) is shown in figure 4. The
background values (initial constant value without smoke) for the two kinds of detectors are different
due to the different signal processing mechanisms. It can be noted that the influence of altitude on the
burning mass loss of smouldering wood is negligible, as indicated by the limited oxygen consumption
rate in the smouldering condition, which is much less than that in the flaming combustion condition.
In addition, the actuation times (when the signal started rising) of both Pho and Ion detectors, which
started around 1000 s, are shown to be seriously delayed compared to the mass loss shown in figure 4a.
This was caused by the slow smoke movement driven by low temperature buoyancy, which made it
even more difficult for the smoke to reach the ceiling due to the cooling effect of the ambient cold air.
The thermocouple array showed that, in the later stages of smouldering, the temperature of the smoke
layer is only approximately 2°C higher than initial ambient temperature. The response of the Pho smoke
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Figure 4. Comparison of TF2 mass variation (a), and response signals of Pho smoke detectors (b) and Ion smoke detectors (c) between
the two locations.
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Figure 5. Comparison of TF3 response signals of Pho smoke detectors (a) and Ion smoke detectors (b) between the two locations.

detector in Hefei shows it to be slightly higher than that in Lhasa, whereas the Ion smoke detector shows
an opposite tendency, which will be discussed later.

TF3 (cotton) test results were similar to those of TF2. The smouldering burning rates between the two
altitudes were about the same, and figure 5 shows the comparison of smoke detector signals. Because of
the larger smouldering burning area in the early stage for TF3 than TF2, the smoke movement was faster,
driven by the larger heat release rate from TF3, resulting in a shorter actuation time of approximately
200 s. For the smoke detector responses, similar to the results for TF2, Pho smoke detectors in Hefei show
higher levels than those in Lhasa, while the opposite is true for Ion smoke detectors.

3.2. Mass burning and the response of detectors in flaming conditions
The results of flaming fires were completely different from the results of the smouldering conditions.
Test data of TF4 (polyurethane) are plotted in figure 6. As reported in our previous studies [9,12,13], the
influence of altitude on the flaming burning rate ṁ is complicated, as shown in figure 6a,b, due to the
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Figure 6. Comparison of the TF4 mass variation (a), burning rate (b), and response signals of Pho smoke detectors (c) and Ion smoke
detectors (d) between the two locations.

pressure effects on the flame heat feedback mechanism ṁ′′ ∝ pα (α varies from about 0 to 2 depending
on the burning scale). One of the main effects is that the soot formation rate per volume m′′′s under low-
pressure conditions becomes much slower in high altitudes as m′′′s ∼ p2 [12,13,15], causing fewer soot
particles and less radiation heat feedback.

Figure 6c shows that the actuation of detectors was much faster than that for smouldering tests, which
is attributed to the strong turbulent buoyancy driven by the relatively large heat release in flaming
burning. From the video monitor, it could be seen that the smoke could get to the ceiling a few seconds
after burning started. Considering that the light scattering strength is proportional to particle number
density LS ∼ ∑

nid2
i (where n is the number of particles and d is the particle diameter; subscript i indicates

the particle size distribution) [17,18], this explains why the signals of Pho smoke detectors showed the
same trend with burning rates, as shown in figure 6b,c.

It was interesting to note that although the signal strength of the ionization chamber should also be
proportional to soot particle number density, the Ion smoke detector signal in Lhasa, shown in figure 6d,
showed a significant increase compared to the curve of the Pho smoke detector signal in Lhasa, shown
in figure 6c. Now we return to the question left in the TF2 test regarding the different behaviours of Pho
and Ion smoke detectors for both smouldering and flaming burning. The main reason for this difference
stems from the detection principle of the ionization chamber in smoke detectors, which is based on the
fact that radioactive sources will increase the ability of the air to conduct electricity, which is also affected
by altitude and air pressure. The initial number of ionized air particles, or initial current I of the ionized
air inside the Ion smoke detector chambers is hence smaller at high altitudes. Because the response signal
of Ion smoke detectors is proportional to �I/I (where �I is the current variation caused by soot particles
entering the chamber and colliding with ionized air particles), the signal value is determined by the
competing effects of decreasing �I and decreasing I at high altitudes. For the smouldering conditions in
TF2 and TF3, the decrease in I is faster than the decrease in �I due to the limited influence of pressure
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Figure 7. Comparison of the TF5 burning rate (a), and response signals of Pho smoke detectors (b) and Ion smoke detectors (c) between
the two locations.

on smoke soot production. The response at high altitudes would be even stronger, as shown in figures 4c
and 5b.

Figure 7 shows the test results of TF5 (n-heptane), which is a liquid pool fire with a larger heat release
rate than TF4. Similar to TF4, the influence of altitude on Pho and Ion smoke detectors was also different.
It can be noted that the burning rate in Lhasa decreased gradually at the later stages and that both
detectors’ signals persisted due to the maintenance of the hot smoke layer.

3.3. Comparisons of soot particle size distributions
Considering the strong relationship of smoke detector sensitivity versus soot size [19] and the possible
influence of altitude on soot size, cupreous web sampling of smoke soot and scanning electron
microscopy (SEM) technique were employed to study the soot particle size distribution by a digital
image process. Figure 8 shows the SEM images of soot particles from smouldering cotton (TF3) and
an n-heptane flaming fire (TF5) under two altitude conditions with magnification 5000.

Soot pixel size distributions using the digital image process are plotted in figure 9 for a better
comparison. It could be noticed that the pressure effect on soot size distribution is very limited. On the
other hand, soot particles from smouldering cotton seem smaller than those from the n-heptane flaming
fire as the soot pixel distribution centre is closer to the left-hand side. The reason for this phenomenon
was that the burning scale rate and heat release rate of flaming fires were much larger than those of
smouldering fires in EN54 tests, resulting in more primary soot particles and larger soot concentration.
During smoke movement, the coagulation of soot from a flaming fire should be more significant due to
faster colliding velocity and frequency, leading to relatively larger soot size.

3.4. Comparisons of detector signal characteristics
To obtain the response rules of smoke detectors at different altitudes, we compared the signal
characteristics, e.g. averaged speed in rising and peak values, for each test fire in both locations. The
upward phase of the response signal data was used to calculate the average rise in speed for Pho and Ion
smoke detectors as given in table 2, with the speed rise defined as

speed rise = 0.8�S
t0.9�S − t0.1�S

, (3.1)

where �S is the increment of maximum value of detector signal minus the initial value, and t0.9�S and
t0.1�S are the time reaching 0.9�S and 0.1�S, respectively. Table 3 presents the comparison of peak values
for different detectors.
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Table 2. Comparison of averaged speed rise of detector signals.

Pho speed rise (s−1) Ion speed rise (s−1)

test Hefei Lhasa ratio Hefei Lhasa ratio

TF2 (wood) 0.74 0.69 1 : 0.93 0.23 0.26 1 : 1.13
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

TF3 (cotton) 0.20 0.18 1 : 0.90 0.08 0.08 1 : 1.00
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

TF4 (polyurethane) 0.23 0.05 1 : 0.22 0.94 0.40 1 : 0.42
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

TF5 (n-heptane) 0.26 0.04 1 : 0.15 1.07 0.60 1 : 0.56
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

The results show that for the same fuel or fire source, the detector response in high-altitude areas will
become complicated according to different combustion conditions. Especially for a flaming fire, as in the
case of TF4 and TF5, the increase in speed was lessened at high altitudes compared to smouldering fires.
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Table 3. Comparison of peak values of detector signals.

Pho peak value/1 Ion peak value/1

test Hefei Lhasa ratio Hefei Lhasa ratio

TF2 (wood) 215 185 1 : 0.86 185 196 1 : 1.06
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

TF3 (cotton) 213 152 1 : 0.71 176 192 1 : 1.09
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

TF4 (polyurethane) 62 31 1 : 0.50 248 241 1 : 0.97
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

TF5 (n-heptane) 78 42 1 : 0.54 248 255 1 : 1.03
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Because many smoke detectors are using trend or threshold algorithms for fire alarms [20], the sensitivity
of the alarm algorithm must be adjusted to fit the fire detection under low air pressure conditions.

Furthermore, based on the method of Litton [21], which determines a flaming or smouldering fire
using an ionization chamber and light scattering in actual fire detection scenarios, we investigated
the relationship between Ion smoke detector signals and optical densities using a smoke concentration
meter, as shown in figure 10. Considering the smaller soot particle diameter distribution generated by
smouldering fires mentioned above, the collision area for ionized air particles would also be smaller
than that for smoke soot from flaming fires with the same concentration, leading to weaker Ion smoke
detector response signals for smouldering combustion. Finally, a hierarchical diagram summarizing the
relevant studies of the effects of high altitude on burning characteristics and detector responses is shown
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in figure 11 to give a better understanding based on physical causality. The diagram in figure 11 illustrates
the mechanisms that determine how altitude affects the fire burning and smoke detector responses.

4. Conclusion
Comparative experimental studies on the influence of altitude on typical combustible burning and the
related response signals of point-type Pho and Ion smoke detectors were conducted at two locations
with four kinds of fuel sources, including wood, cotton, polyurethane and n-heptane, based on EN54
standards. The major conclusions are summarized as follows:

1. The influence of altitude on mass loss and burning rate for smouldering fires (TF2 and TF3) was
shown to not be significant due to limited oxygen consumption, which is much smaller than that
in flaming combustion processes.

2. The response signal tendency for Pho smoke detectors showed similar trends, with the burning
rate in the TF4 and TF5 tests attributed to large heat release and strong turbulent buoyancy
in flaming combustion, resulting in rapid smoke movement in the compartments. With the
decreased burning rate for flaming fires, the signal was also weakened obviously at high altitude.

3. On the contrary, the altitude effect on Ion smoke detectors was found to be less significant
than that on Pho smoke detectors. A mechanism analysis was proposed to investigate this
phenomenon, which was based on the detection principle of the ionization chamber.

4. The average increases in speeds and peak values of detector response signals for each test were
compared to provide a quantitative reference point for detector parameter or algorithm design
and fire protection engineering at high altitudes.

5. The relationship between ionization chamber signals and smoke optical densities by the
combined utilization of an Ion smoke detector and smoke concentration meter was proposed,
which showed different response rules in smouldering and flaming fires.

Moreover, an approximate hierarchical diagram was introduced to provide a better understanding of the
altitude and pressure effects on burning behaviour and the related response signals of detectors.

Data accessibility. We uploaded the experimental data as electronic supplementary material.
Authors’ contributions. R.T. and Y.-M.Z. contributed to the initial idea and developed the experimental platform. R.T., Y.Z.
and J.F. designed the study and performed the experiments. R.T. and Y.Z. collected and analysed the data. R.T. and
J.F. wrote the manuscript, which was reviewed again by all the authors. All the authors gave their final approval for
publication.
Competing interests. The authors declare no competing interests.
Funding. Financial support came from the National Natural Science Foundation of China (no. 51506059), the Promotion
Program for Young and Middle-aged Teacher in Science and Technology Research of Huaqiao University (no. ZQN-
PY403), the Fujian SSP Foundation (FJ2016C024) and the Huaqiao University Scientific Research Foundation (nos.
16BS801 and 14BS305).
Acknowledgements. We thank Dr Chunyu Yu, Engr Wei Tu and Mr Diao for the assistance with experiment design.

References
1. Most JM, Mandin P, Chen J, Joulain P. 1996

Influence of gravity and pressure on pool fire-type
diffusion flames. Proc. Combust. Inst. 26, 1311–1317.
(doi:10.1016/S0082-0784(96)80349-3)

2. Wieser D, Jauch P, Willi U. 1997 The influence of
high altitude on fire detector test fires. Fire Safety J.
29, 195–204. (doi:10.1016/S0379-7112(96)00
042-2)

3. ChowWK, Zou GW. 2009 Numerical simulation of
pressure changes in closed chamber fires. Build.
Environ. 44, 1261–1275. (doi:10.1016/j.buildenv.
2008.09.016)

4. Byström A, Cheng XD, Wickström U, Veljkovic M.
2012 Full-scale experimental and numerical studies
on compartment fire under low ambient
temperature. Build. Environ. 51, 255–226.
(doi:10.1016/j.buildenv.2011.11.010)

5. Li ZH, He YP, Zhang H, Wang J. 2009 Combustion
characteristics of n-heptane and wood crib fires
at different altitude. Proc. Combust. Inst. 32,
2481–2488. (doi:10.1016/j.proci.2008.
06.033)

6. Hu XK, He YP, Li ZH, Wang J. 2011 Combustion
characteristics of n-heptane at high altitude. Proc.
Combust. Inst. 33, 2607–2615. (doi:10.1016/j.proci.
2010.07.025)

7. Fang J, Tu R, Guan JF, Wang JJ, Zhang YM. 2011
Influence of low air pressure on combustion
characteristics and flame pulsation frequency of
pool fires. Fuel 90, 2760–2766. (doi:10.1016/j.fuel.
2011.03.035)

8. Zhang Y, Ji J, Li J, Sun JH, Wang QS, Huang XJ. 2012
Effects of altitude and sample width on the
characteristics of horizontal flame spread over

wood sheets. Fire Safety J. 51, 120–125. (doi:10.1016/
j.firesaf.2012.02.006)

9. Tu R, Fang J, Zhang YM, Zhang J, Zeng Y. 2013 Effects
of low air pressure on radiation-controlled
rectangular ethanol and n-heptane pool fires. Proc.
Combust. Inst. 34, 2591–2598. (doi:10.1016/j.proci.
2012.06.036)

10. Hu LH, Wang Q, Tang F, Delichatsios MA, Zhang XC.
2013 Axial temperature profile in vertical buoyant
turbulent jet fires in a reduced pressure atmosphere.
Fuel 106, 779–786. (doi:10.1016/j.fuel.2012.10.051)

11. Hu LH, Tang F, Delichatsios MA, Wang Q, Lu KH,
Zhang XC. 2013 Global behaviors of enclosure fire
and facade flame heights in normal and reduced
atmospheric pressures at two altitudes. Int. J. Heat
Mass Tran. 56, 119–126. (doi:10.1016/j.ijheat
masstransfer.2012.09.050)

http://dx.doi.org/10.1016/S0082-0784(96)80349-3
http://dx.doi.org/10.1016/S0379-7112(96)00042-2
http://dx.doi.org/10.1016/S0379-7112(96)00042-2
http://dx.doi.org/10.1016/j.buildenv.2008.09.016
http://dx.doi.org/10.1016/j.buildenv.2008.09.016
http://dx.doi.org/10.1016/j.buildenv.2011.11.010
http://dx.doi.org/10.1016/j.proci.2008.06.033
http://dx.doi.org/10.1016/j.proci.2008.06.033
http://dx.doi.org/10.1016/j.proci.2010.07.025
http://dx.doi.org/10.1016/j.proci.2010.07.025
http://dx.doi.org/10.1016/j.fuel.2011.03.035
http://dx.doi.org/10.1016/j.fuel.2011.03.035
http://dx.doi.org/10.1016/j.firesaf.2012.02.006
http://dx.doi.org/10.1016/j.firesaf.2012.02.006
http://dx.doi.org/10.1016/j.proci.2012.06.036
http://dx.doi.org/10.1016/j.proci.2012.06.036
http://dx.doi.org/10.1016/j.fuel.2012.10.051
http://dx.doi.org/10.1016/j.ijheatmasstransfer.2012.09.050
http://dx.doi.org/10.1016/j.ijheatmasstransfer.2012.09.050


11

rsos.royalsocietypublishing.org
R.Soc.opensci.5:180188

................................................
12. Tu R, Zeng Y, Fang J, Zhang YM. 2016 The influence

of low air pressure on horizontal flame spread over
flexible polyurethane foam and correlative smoke
productions. Appl. Therm. Eng. 94, 1–8. (doi:10.1016/
j.applthermaleng.2015.10.113)

13. Tu R, Zeng Y, Fang J, Zhang YM. 2016 Low air
pressure effects on burning rates of ethanol and
n-heptane pool fires with various domination of
heat feedback mechanism. Appl. Therm. Eng. 99,
545–549. (doi:10.1016/j.applthermaleng.
2016.01.044)

14. de Ris JL, Kanury AM, Yuen MC. 1973 Pressure
modeling of fires. Proc. Combust. Inst. 14,
1033–1042. (doi:10.1016/S0082-0784(73)80
093-1)

15. de Ris JL, Wu PK, Heskestad G. 2000 Radiation fire
modeling. Proc. Combust. Inst. 28, 2751–2759.
(doi:10.1016/S0082-0784(00)80696-7)

16. International Organization for Standardization.
2002 Draft International Standard ISO/DIS 7240-15,
Fire Detection and Alarm Systems. Part 15.
Point-type Multisensor (Light and Heat) Fire
Detectors.

17. Aggarwal S, Motevalli V. 1997 Investigation of an
approach to fuel identification for non-flaming
sources using light-scattering and ionization smoke
detector response. Fire Safety J. 29, 99–112.
(doi:10.1016/S0379-7112(96)00053-7)

18. Milke JA, Mowrer FW, Gandhi P. 2008 Validation of
a smoke detection performance prediction

methodology. Quincy, MA: The Fire Protection
Research Foundation.

19. Bukowsk RW. 1979 Smoke measurements in large
and small scale fire testing. Fire Technol. 15, 173–179.
(doi:10.1007/BF01983195)

20. Bukowski RW, Peacock RD, Averill JD. 2008
Performance of home smoke alarms—analysis of
the response of several available technologies in
residential fire settings. Gaithersburg, MD: National
Institute of Standards and Technology.

21. Litton CD. 2002 The use of light scattering and ion
chamber responses for the detection of fires in
diesel contaminated atmospheres. Fire Safety J.
37, 409–425. (doi:10.1016/S0379-7112(01)00
059-5)

http://dx.doi.org/10.1016/j.applthermaleng.2015.10.113
http://dx.doi.org/10.1016/j.applthermaleng.2015.10.113
http://dx.doi.org/10.1016/j.applthermaleng.2016.01.044
http://dx.doi.org/10.1016/j.applthermaleng.2016.01.044
http://dx.doi.org/10.1016/S0082-0784(73)80093-1
http://dx.doi.org/10.1016/S0082-0784(73)80093-1
http://dx.doi.org/10.1016/S0082-0784(00)80696-7
http://dx.doi.org/10.1016/S0379-7112(96)00053-7
http://dx.doi.org/10.1007/BF01983195
http://dx.doi.org/10.1016/S0379-7112(01)00059-5
http://dx.doi.org/10.1016/S0379-7112(01)00059-5

	Introduction
	Methods
	Facility and instruments
	Experimental procedure

	Results and discussion
	Mass variation and the response of detectors in smouldering conditionsQ5
	Mass burning and the response of detectors in flaming conditions
	Comparisons of soot particle size distributions
	Comparisons of detector signal characteristics

	Conclusion
	References

