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The Airbus A380 cabin is selected as the research object to study the smoke and
temperature propagation process of upper cabin fires. The results show that during
the fire, the overall spread of smoke lasted for 600 s. At z = 3.6 m in the upper
cabin aisle, the time required for smoke propagation in first class, business, and
luxury economy cabins is 89 seconds, 59 seconds, and 83 seconds. Atz =3.6 min
the upper cabin seats, the time required for smoke propagation in first class, busi-
ness, and luxury economy cabins is 89 seconds, 82 seconds, and 106 seconds. The
closer the cabin is to the front of the first class cabin, the higher the temperature,
while the closer the business cabin is to the fire source, the higher the temperature.
In the upper cabin aisle and seats, the temperature in first class, business class,
and luxury economy class is higher as it gets closer to the fire source. The ranking
of comprehensive danger level from low to high is luxury economy class, first class,
and business class.
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Introduction

In modern civil aircraft transportation, flight safety has become a global concern, and
fires in aircraft cabins and personnel evacuation after a fire have become important issues of
concern in the transportation process of civil aircraft. If an aircraft catches fire during flight or
is about to take off without timely and rapid evacuation of personnel, it will not only cause
significant economic losses, but may also lead to serious consequences such as aircraft damage
and fatalities [1]. With the continuous progress of the global aviation industry, the prevention
of civil aircraft fires has become particularly important. The occurrence of cabin fires in aircraft
can further lead to circuit failures, fuel leaks, and other issues in the cabin, which can affect the
normal flight of the aircraft and result in tragic aircraft crashes and fatalities [2, 3]. According
to investigation reports on past aircraft accidents, cabin fires were a major cause of aircraft
accidents. Although the relevant departments have taken many preventive measures against
cabin fires, there is still a significant risk of fire occurring inside the aircraft cabin.

In the research results of aviation safety, the process of cabin fire propagation and the
evacuation characteristics of cabin personnel have received attention. In the case of flight fail-
ure, there may be obvious pressure changes in the aircraft cabin. Therefore, research results on
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the characteristics of aircraft fire propagation under different pressure conditions have been
reported. The research found that the smaller the pressure in the cabin, the greater the flame
propagation distance [4-7]. At the same time, the radiant flux of the flame will increase with
the increase of the flame propagation time [8, 9]. However, further research has shown that
when the pressure inside the cabin decreases to a specific value, a portion of the flame inside
the cabin will actually extinguish, which may be due to insufficient local oxygen supply for
sustained flame combustion in a short period of time [10]. When the pressure inside the cabin
decreases, the high temperature area of flame propagation inside the cabin will increase, thereby
increasing the contact time between the high temperature flame and cabin materials. If the liner
of the cabin is ignited, the toxic and harmful gases and smoke generated will increase the mor-
tality rate of accidents [11-15].

The combustion characteristics of combustible materials in the cabin are of great con-
cern. Related studies have reported the pyrolysis characteristics of composite materials in the
cabin [16], and analyzed the mass loss characteristics of carbon fiber epoxy resin in high tem-
perature environments [17]. In terms of emergency evacuation of cabin personnel, relevant
studies have shown that simulating the evacuation process can provide important references
[18, 19]. The theoretical model of personnel evacuation has been continuously optimized [20,
21], and the reliability of the mathematical model of personnel evacuation has been verified by
experiments [22-24]. Research has found that during the personnel evacuation process of sub-
way stations, stairwells are the most prone location for personnel congestion [25]. For high-rise
buildings, the research has found that people tend to choose the nearest exit when escaping. If
there are more people in the building, the crowding phenomenon near the exits on lower floors
will last longer, which can lead to a decrease in evacuation rate [26]. In summary, the current
research on the propagation characteristics of aircraft fires mainly focuses on the combustion
performance and flame structure of cabin materials.

This article analyzes the smoke propagation characteristics and temperature propaga-
tion laws of Airbus A380 cabin fires. Through fire simulation, the propagation process of air-
craft cabin fires can be conveniently restored, and the smoke concentration and temperature
changes at different positions and heights in the cabin can be intuitively obtained. The research
results can provide scientific reference for the layout of fire prevention and extinguishing facil-
ities in the cabin and the formulation of personnel evacuation plans, while also improving the
safety performance of aircraft and the success rate of personnel evacuation. In addition, study-
ing the propagation laws of aircraft fires can provide scientific theoretical support for the design
and improvement of aircraft cabin layout, reduce the occurrence of fires, and improve the over-
all safety performance of the aircraft.

Establishment and reliability testing of cabin fire models

Simulation principle and method

When a fire occurs in an aircraft cabin, the equations in the flow field are very com-
plex, it is impossible to obtain accurate solutions for various parameters in the flow field. There-
fore, Pyrosim software can divide the cabin into many small geometric units. Based on the
conservation equations and turbulent combustion equation, numerical methods are used to solve
the fire mathematical model. The discrete flow field characteristics are summarized to obtain
the fire characteristics of the entire cabin. For turbulent combustion and turbulent flow phe-
nomena in the cabin, Pyrosim can calculate the propagation process of fire based on the material
characteristics of combustible materials. The gas-phase turbulence model during combustion is
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the k-¢ model. The combustion model selected is the vortex dissipation model. The components
of smoke include solid particles, CO, COy, H0, and Ha.
The energy conservation equation used in numerical simulation is as:
@eriv(pDT) = div(igradTJ+ S,
ot C,

where p [kgm2] is the fluid density, t [s] — the time, U [ms™] — the velocity vector, ¢, [Jkg2°C1]
— the specific heat capacity, T [°C] — the temperature, k [Wm2°C1] — the heat-transfer coeffi-
cient, and St the viscous dissipation term.

Establishment of cabin geometric model

The Airbus A380 is the world's largest ultra wide body passenger aircraft manufac-
tured by European Airbus, with a cabin length of 56.5 m, width of 6.7 m, and height of 4.9 m.
The upper and lower cabin heights are both 2.3
m, and the cabin floor thickness is 0.3 m. The
maximum passenger capacity is 520 people. The
overall layout of the cabin is shown in fig. 1. The
arrangement of seats is arranged according to the
third class cabin, which is divided into first class,
business class, and economy class. There are 8
first-class seats, 56 business class seats, and 73
luxury economy class seats in the upper cabin,
with a total of 27 rows of seats. The lower cabin
is all economy class, with a total of 383 seats and
41 rows of seats. The aisle widths for first class,
Figure 1. Front view of double decker cabin business class, luxury economy class, and econ-
(XOZ direction) omy class are 1.53 m, 1.01 m, 0.97 m, and 0.86
m, respectively. The seat widths for first
class, business class, and economy class
are 0.55 m, 0.55 m, and 0.47 m, respec-
tively. Pyrosim software was used to con-
struct a 1:1 geometric model of the Airbus
A380 aircraft cabin. The walls on both
sides of the cabin are curved, with lug-
Lj gage racks above the seats. The X, Y, and
; Z co-ordinate axes are constructed. The
Source of fire cabin is 6.7 m wide in X-direction, 4.9 m

0(0,0.0)

Figure 2. Location of fire source in upper cabin high in Z-direction, and 56.5 m long in Y-
direction.

On the basis of establishing the cabin model, polyurethane is set as the combustible
material that causes the fire. It is a commonly used waterproof material on airplanes, and the
fire source size is 0.2 m x 0.2 m x 0.1 m. The fire source was set in a densely populated area,
namely the middle of the upper cabin. The location of the fire source is shown in fig. 2, and the
center co-ordinates of combustibles are (3.29, 28.95, 3.05). The maximum heat release rate of
the fire source is 3000 kW/m?.

To analyze the smoke concentration and temperature changes during different periods
of fire, corresponding temperature and smoke monitoring points are set up. When walking
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upright, the height of the breathing belt is 1.5 m, and when bending down, the height of the
breathing belt is 1 m. Therefore, in order to clearly and intuitively analyze the smoke diffusion
and temperature changes inside the upper cabin after a fire, monitoring points are evenly dis-
tributed at the upper cabin aisle and seat positions according to the two heights of normal up-
right walking and bending forward. Monitoring points are set along the Y direction at the bend-
ing and standing breathing belt heights z = 3.6 m and z = 4.1 m in the upper cabin aisle x = 2.1
m and seat x = 3.35 m planes. The specific names and locations of monitoring points are shown
in tab. 1.

Table 1. Name and location of monitoring points

Name Position Name Position Name Position Name Position
1 (1.94,0,3.6) 31 (3.29,0,3.6) 61 (1.94,0.15,3.6) 91 (3.29,0.15,3.6)
2 (1.94,4,3.6) 32 (3.29,4,3.6) 62 (1.94,4.15,3.6) 92 (3.29,4.15,3.6)
3 (1.94,8,3.6) 33 (3.29,8,3.6) 63 (1.94,8.15,3.6) 93 (3.29,8.15,3.6)
4 (1.94,14,3.6) 34 (3.29,14,3.6) 64 (1.94,14.15,3.6) 94 (3.29,14.15,3.6)
5 (1.94,18,3.6) 35 (3.29,18,3.6) 65 (1.94,18.15,3.6) 95 (3.29,18.15,3.6)
6 (1.94,22,3.6) 36 (3.29,22,3.6) 66 (1.94,22.15,3.6) 96 (3.29,22.15,3.6)
7 (1.94,26,3.6) 37 (3.29,26,3.6) 67 (1.94,26.15,3.6) 97 (3.29,26.15,3.6)
8 (1.94,30,3.6) 38 (3.29,30,3.6) 68 (1.94,30.15,3.6) 98 (3.29,30.15,3.6)
9 (1.94,32,3.6) 39 (3.29,32,3.6) 69 (1.94,32.15,3.6) 99 (3.29,32.15,3.6)
10 (1.94,36,3.6) 40 (3.29,36,3.6) 70 (1.94,36.15,3.6) 100 | (3.29,36.15,3.6)
11 (1.94,40,3.6) 41 (3.29,40,3.6) 71 (1.94,40.15,3.6) 101 (3.29,40.15,3.6)
12 (1.94,44,3.6) 42 (3.29,44,3.6) 72 (1.94,44.15,3.6) 102 | (3.29,44.15,3.6)
13 (1.94,48,3.6) 43 (3.29,48,3.6) 73 (1.94,48.15,3.6) 103 (3.29,48.15,3.6)
14 (1.94,52,3.6) 44 (3.29,52,3.6) 74 (1.94,52.15,3.6) 104 | (3.29,52.15,3.6)
15 (1.94,56,3.6) 45 (3.29,56,3.6) 75 (1.94,56.15,3.6) 105 (3.29,56.15,3.6)
16 (1.94,0,4.1) 46 (3.29,0,4.1) 76 (1.94,0.15,4.1) 106 (3.29,0.15,4.1)
17 (1.94,4,4.1) 47 (3.29,4,4.1) 77 (1.94,4.15,4.1) 107 (3.29,4.15,4.1)
18 (1.94,8,4.1) 48 (3.29.8.,4.1) 78 (1.94,8.15,4.1) 108 (3.29,8.15,4.1)
19 (1.94,14,4.1) 49 (3.29,14,4.1) 79 (1.94,14.154.1) 109 (3.29,14.15,4.1)
20 (1.94,18,4.1) 50 (3.29,18,4.1) 80 (1.94,18.15,4.1) 110 | (3.29,18.154.1)
21 (1.94,22.4.1) 51 (3.29,22,4.1) 81 (1.94,22.15,4.1) 111 (3.29,22.15,4.1)
22 (1.94,26,4.1) 52 (3.29,26,4.1) 82 (1.94,26.15,4.1) 112 (3.29,26.15,4.1)
23 (1.94,30,4.1) 53 (3.29,30,4.1) 83 (1.94,30.15,4.1) 113 (3.29,30.15,4.1)
24 (1.94,32,4.1) 54 (3.29,32,4.1) 84 (1.94,32.154.1) 114 (3.29,32.15,4.1)
25 (1.94,36,4.1) 55 (3.29,36,4.1) 85 (1.94,36.15,4.1) 115 (3.29,36.15,4.1)
26 | (1.94,404.1) | 56 | (3.29404.1) | 86 | (1.9440.154.1) | 116 | (3.29,40.15.4.1)
27 (1.94,44.4.1) 57 (3.29,44.,4.1) 87 (1.94,44.154.1) 117 (3.29,44.154.1)
28 | (1.94484.1) | 58 | (3.29484.1) | 88 | (1.9448.154.1) | 118 | (3.29,48.15.4.1)
29 | (1.94,524.1) | 59 | (3.29524.1) | 89 | (1.9452.154.1) | 119 | (3.29,52.15.4.1)
30 (1.94,56,4.1) 60 (3.29,56,4.1) 90 (1.94,56.15,4.1) 120 | (3.29,56.15,4.1)

Reliability test of fire numerical simulation

To verify the feasibility of the simulation results of the Airbus A380 cabin fire in this
article, the cabin fire experimental data and simulation data were compared and analyzed. In
1982, researchers conducted an aircraft fire flammability test using a passenger plane, which
was conducted at an ambient temperature of 21 °C [27]. The fire source of combustion
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experiment is set under the aircraft seat, and the material of the aircraft seat is polyurethane
foam. Input the various parameters in the experiment into Pyrosim, so that the parameters in
300 the experiment are the same as those in the sim-
el i ulation process, so that the simulation environ-
ey ment is close to the real experimental environ-
ment. This article compares the temperature data
I PR, W obtained 60 seconds after a fire with the simu-
prd . lated temperature data, and the comparison re-
N sults are shown in fig. 3.

By comparing the combustion experi-
ments and simulated temperature data of the Air-
bus A380 aircraft cabin, it can be found that there

e e ooy, s a certain degree of error in the temperature
rstanes betwsen monitorma ot anc e sonce 1y data at the fire source, with an error rate of 6.8%.
, This is because Pyrosim software will perform
unstable calculations on the average absorption
coefficient and temperature near the fire source
during numerical analysis, and intermittent flames will cause significant instantaneous temper-
ature fluctuations. The trend of experimental data and simulation data at other locations is ba-
sically consistent, proving the feasibility of conducting fire simulation research in this paper.

Temperature [°C]
- n n
(%)) o (4]
o o o

o
S

o
o
T

Figure 3. Experimental and simulation results
of cabin flame temperature

Smoke and flame temperature propagation
characteristics in Airbus A380 cabin fire

Smoke spreading characteristics at
different times during cabin fires

The smoke spread process at different times during the upper cabin fire of Airbus
A380 is shown in fig. 4. The red circle represents the location of the fire, and t represents the
time after the fire occurred, with the unit being seconds. Analysis shows that smoke starts to
appear from 3 seconds, and from 3 seconds to 8 seconds is the stage of rapid smoke rise. Due
to the effects of smoke plumes and thermal buoyancy, the smoke reaches the ceiling of the
upper cabin in a very short time. From 8 seconds to 73 seconds, the smoke in the upper cabin
began to sink. When the smoke touched the sidewall, it spread downwards along the sidewall,
and the smoke sank slower at the top of the fire source than at other positions, forming an
umbrella shaped smoke layer. At 77~82 seconds, the smoke in the upper cabin began to spread
downwards. At 77~82 seconds, the smoke spread downwards from the stairs, and at 82 seconds,
the smoke spread more noticeably downwards from the stairs. At 77~600 seconds, the smoke
in the upper cabin begins to backflow. From 82 seconds to 600 seconds, smoke gradually spread
in the lower cabin, and the entire process lasted until 600 seconds. Both upper and lower cabins
were covered by smoke.

Smoke spreading characteristics at
different positions during cabin fires
Smoke spreading characteristics at the upper cabin aisle

The monitoring point for the height of the person bending forward is selected, which
is the monitoring point at a height of z = 3.6 m, to detect the unit length opacity data of smoke
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Figure 4. Spread process of cabin smoke at different times

in the upper cabin aisle. The opacity of smoke per unit length is positively correlated with the
mass fraction of smoke around the monitoring point. As shown in fig. 5, the smoke spread rate
is highest at the head position of the first-class cabin. In the business cabin, the smoke propa-
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Figure 5. Data from smoke monitoring points at z = 3.6 m in the upper cabin aisle;
(a) first class, (b) business class, and (c) luxury economy class

gation rate at monitoring Point 8 is the highest, and the duration increases with the distance
from the fire source. The smoke propagation rate is highest at the rear of the luxury economy
class cabin, and the duration increases with the distance from the rear of the cabin. The shortest
time for the smoke unit length opacity rate to reach 100% per m in first class, business class,
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and luxury economy class is 89 seconds, 59 seconds, and 83 seconds, respectively. Therefore,
at an altitude of z = 3.6 m, the ranking of danger level from low to high is luxury economy class,
first class, and business class.

The monitoring points with a walking height of z = 4.1 m are selected to monitor the
smoke changes in the upper cabin aisle. The results are shown in fig. 6. In first class and busi-
ness class, the time and rate of smoke propagation depend on the distance between the moni-
toring point and the fire source, respectively. This pattern is different from the height of the
breathing belt when a person bends down and moves forward. The shortest time for the unit
length of smoke to increase the opacity to 100% per m is 89 seconds for first class cabin, 68
seconds for business cabin, and 106 seconds for luxury economy cabin. Under the condition of
z = 4.1 m altitude, the ranking of comprehensive danger level from low to high is luxury econ-
omy class, first class, and business class.
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Figure 6. Data from smoke monitoring points at z = 4.1 m in the upper cabin aisle;
(a) first class, (b) business class, and (c) luxury economy class

Smoke spreading characteristics at upper cabin seats

The monitoring point with a height of z = 3.6 m are selected to monitor the smoke
changes at the upper cabin seats, as shown in fig. 7. The time for smoke diffusion depends on
the distance from the front of the cabin in first-class class, the distance from the fire source in
business class, and the distance from the rear of the cabin in luxury economy class. The time
for smoke transmission in first-class, business class, and luxury economy class is 89 seconds,
82 seconds, and 106 seconds, respectively. Under the condition of z = 3.6 m, the comprehensive
hazard level ranks from low to high in luxury economy class, first class, and business class.
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Figure 7. Smoke monitoring point data at z = 3.6m in the upper cabin seats;
(a) first class, (b) business class, and (c) luxury economy class

The monitoring point for the height of human upright walking is at z = 4.1 m, and the
monitoring results are shown in fig. 8. In first class cabins, the speed of smoke propagation
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depends on the distance from the cabin head. In business class and luxury economy class, it
depends on the distance from the ignition source. This pattern is different from when people
bend down and move forward. In first class, business class, and luxury economy class, the
shortest time for the smoke unit length opacity to increase to 100% per m is 88 seconds, 67
seconds, and 109 seconds, respectively. Under the condition of z = 4.1 m altitude, the ranking
of comprehensive danger level from low to high is luxury economy class, first class, and busi-
ness class.
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Figure 8. Smoke monitoring point data at z = 4.1 m at the upper cabin seats;
(a) first class, (b) business class, and (c) luxury economy class

According to the data of upright walking and bending forward, it is found that smoke
spreads faster at the height of the breathing belt during upright walking. Therefore, during evacua-
tion, passengers sitting in the seat should bend down to escape in order to gain more escape time.

Temperature variation characteristics of
fire in the upper cabin aisle

At the beginning of a fire, the spread of smoke is relatively stable. After a certain
amount of smoke accumulates in a closed space, irregular vortices and entrainment phenomena
will form, thereby accelerating the spread of temperature. The monitoring points with a breath-
ing belt height of z = 3.6 m are selected to study the temperature changes at the upper cabin
aisle when a person bends down, as shown in fig. 9. The first class cabin remained unchanged
after heating up to 95 °C, with the highest temperature at monitoring Point 61. The temperature
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Figure 9. Temperature monitoring point data at z = 3.6 m in the upper cabin aisle;
(a) first class, (b) business class, and (c) luxury economy class

of the business cabin remained unchanged after reaching 380 °C, with the highest temperature
observed at monitoring Point 68. The luxury economy class remains unchanged after heating
up to 90 °C, with the highest temperatures observed at monitoring Points 70 and 71. The closer
the cabin is to the front of the first class cabin, the higher the temperature, while the closer the
business cabin is to the fire source, the higher the temperature. There is a significant difference
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in the highest temperature at a distance of less than 4 m from the fire source. The propagation
speed of flame temperature is smaller than that of smoke.

The monitoring points with a breathing belt height of z = 4.1 m are selected to study
the temperature changes in the aisle during upright walking, as shown in fig. 10. At the height
of the breathing belt during upright walking, the first class cabin remained unchanged after
heating up to 110 °C, and a flashover occurred at 500 seconds. The highest temperature was
observed at monitoring Point 78. The temperature of the business cabin remained unchanged
after heating up to 440 °C, with the highest temperature observed at monitoring Point 83. The
luxury economy class remained unchanged after heating up to 130 °C, and a flashover occurred
at 580 seconds, with the highest temperature observed at monitoring Point 85. The closer the
interior of first class, business class, and luxury economy class is to the source of fire, the higher
the temperature. There is a significant difference in the highest temperature at a distance of less
than 11 m from the fire source in the business cabin.
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Figure 10. Temperature monitoring point data at z = 4.1 m in the upper cabin aisle;
(a) first class, (b) business class, and (c) luxury economy class

Temperature variation characteristics of fire at the upper cabin seats

The monitoring points with a breathing belt height of z= 3.6 m are selected to monitor
the temperature changes at the upper cabin seats when the person bent forward, as shown in fig.
11. The first class cabin remained unchanged after heating up to 98 °C, and a flashover occurred
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Figure 11. Temperature monitoring point data at z = 3.6 m in the upper cabin seats;
(a) first class, (b) business class, and (c) luxury economy class

at 500 seconds, with the highest temperature observed at monitoring Point 91. The temperature
of the business cabin remained unchanged after heating up to 540 °C, and the highest tempera-
ture was observed at monitoring Point 98. The luxury economy class remained unchanged after
heating up to 90 °C, and a flashover occurred at 580 seconds. The highest temperatures were
observed at monitoring Points 100 and 101. In first class cabin, the temperature increases closer
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to the cabin head, while in business cabin, the temperature increases closer to the fire source.
There is a significant difference in the highest temperature at a distance of less than 4 m from
the fire source.

When walking upright, the monitoring points with a breathing belt height of z = 4.1
m is used to monitor the temperature at the upper cabin seats, as shown in fig. 12. The first class
cabin remains unchanged after heating up to 100 °C, and a flashover occurs at 500 seconds.
The temperature of the business cabin remains unchanged after heating up to 500 °C, with the
highest temperature at monitoring Point 113. The luxury economy class remained unchanged
after heating up to 130 °C, and a flashover occurred in 580 seconds, with the highest tempera-
ture at monitoring Point 115. In first class, business class, and luxury economy class, the closer
to the ignition source, the higher the temperature. Overall, at the same height, the temperature
of the seat position is generally higher than that of the aisle position.
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Figure 12. Temperature monitoring point data at z = 4.1 m in the upper cabin seats;
(a) first class, (b) business class, and (c) luxury economy class

Conclusions

At z = 3.6 m in the upper cabin aisle, smoke propagation in first class, business, and
luxury economy cabins takes 89 seconds, 59 seconds, and 83 seconds, respectively. Atz = 4.1
m in the upper cabin aisle, the smoke propagation time is longer. At a height of 3.6 m in the
upper cabin seats, smoke propagation in first class, business, and luxury economy cabins takes
89 seconds, 82 seconds, and 106 seconds. At z = 4.1 m in the upper cabin seats, smoke propa-
gation takes 88 seconds, 67 seconds, and 109 seconds.

At z = 3.6 m in the upper cabin aisle, monitoring Point 1 in first class cabin has the
highest temperature, 8 in business cabin has the highest temperature, 10 and 11 in luxury econ-
omy cabin have the highest temperature. At z = 4.1 m in the upper cabin aisle, the highest
temperature monitoring points in first class, business class, and luxury economy class are 18,
23, and 25. Atz = 3.6 m in the upper cabin seats, the highest temperature monitoring points in
first class, business class, and luxury economy class are 31, 38, and 40.

Atz =4.1 m in the upper cabin seats, there is not much difference in temperature in
the business cabin, with the highest temperature at monitoring Point 53 and the highest tem-
perature at monitoring Point 55 in the luxury economy class. At the aisle and seat z = 3.6 m
in the upper cabin, the temperature in the first class cabin increases as it approaches the cabin
head, while in the business cabin and luxury economy cabin, the temperature increases as it
approaches the ignition source. At z = 4.1 m in the upper cabin aisle and seats, the closer to
the fire source, the higher the temperature in first class, business class, and luxury economy
class.
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