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Abstract 

This numerical study focuses on the impact of a composite-type aircraft on a large 

aviation-fuel fire in a moving fluid medium. A pyrolysis model over surface of condensed 

fuel and composite material is incorporated, allowing to investigate the roles of the wind 

conditions on fire growth, heat flux distribution and smoke products. The outcome of the 

study indicates that interaction between composite-type aircraft and fire environment 

combined with the influence of wind conditions affects dramatically the continuous flame 

shape and consequently, the distribution of the incident heat fluxes to the engulfed fuselage. 

An increase of wind speed results in an alteration of flame cover where the fire and fuselage 

are of comparable size. The highest toxic products such as carbon monoxide and soot occur 

on the windward side of the fuselage for a low wind speed, but on the leeward side of the 

fuselage for a medium or high wind one. The flame spread rate over a composite-type aircraft 

is almost equal in magnitude for a medium or high wind speed, but about a factor 4 increase 

of that to the low wind one. As a consequence, the fire power from a composite-type aircraft 

represents an increase of about 30% in comparison with that from aluminium-type one with a 

wind speed above 5 m/s. 
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1. Introduction 

As a consequence of engine failure [1, 2], the spilt aviation liquid fuel is volatilise to form a 

cloud of combustible mixture, with subsequent gas-phase ignition and establishment of a 

vapour cloud fire. Aircraft fire represents a major threat to the occupants and cargo due to a 

large quantity of aviation liquid fuel, and a greater heat feedback from large fully turbulent 

fires [3]. Regarding the new generation of aircraft, the substitution of aluminium-type fuselage 

by flammable composite material one with a composition of resin/carbon fibres, leads to a 

development of a fireball due to a larger heat release rate. In comparison with an aluminium-

type airplane fire [1, 2], the evacuation strategy and fire fighting in composite airplane fire is a 

delayed effort. The burn-through time of a composite fuselage depends on the material 

composition of resin/carbon fibres, thickness, burning flammability, physical properties, etc. 

[4, 5]. During a post-crash fire, burn-through of the composite fuselage does not occur within 

3 minutes [5]. Ignition and propagation of composite-type aircraft fires are complex 

phenomena involving several scales defined from the smallest to the largest. The smallest 

scale is that a composite material particle with the main physical effects involved such as the 

fusion and thermal degradation [5]. The largest scale is the relevant scale to develop a 

buoyancy-controlled thermal plume in cross-wind [2].  

 

Intensive research has been carried on interaction between a flame and a cross-flow [6, 7] 



in terms of the ratio between buoyant and inertia forces in assessing if the flame is controlled 

by a natural or forced convection. Putman [7] investigated the behaviour of small fires, 

indicating that an increase of the longitudinal ventilation rate enhanced the visible flame 

length where the gas temperature is above 500°C. Most of the existing literature [8-11] on the 

dynamics of fires have also investigated pulsation or puffing under cross-wind conditions in a 

reduced-scale. The study of Russel [12] demonstrated the alteration of the flow field and the 

related influence on the fire physics when a small cylinder as compared to the fire, is fully 

engulfed by the flames. It is well known that reduced-scale tests do not necessarily reflect the 

behaviour of a full-scale fire due to large contribution by radiation associated with fire growth 

rate. A remarkable proportion of the work has thus looked specifically at large-scale pool fires 

[13-17] which imply poor entrainment, therefore enhanced soot production. By means of 

Gardon-gauge-type radiometers, the analysis of Gregory [13] showed that a maximum heat 

flux on the bottom of the horizontal cylinder engulfed in luminous flames, and minimum on 

the top. The Birk correlation [14] predicts that the highest heat fluxes are at the top and the 

values decrease along the periphery to the underside of the cylinder. The occurrence of large 

fires which engulf objects was experimentally and numerically studied by Gritzo [15]. Tests 

were conducted by Keltner [16] to simulate fuel spill fires that might occur under the wing of 

a transport aircraft. By means of both radiometers and thermocouples, a considerable effort 

has been made by Suo-Anttila [17] in conducting a full-scale measurement of the temperature 

and heat flux distributions with the presence of a fuselage-sized cylindrical object engulfed in 

a large aviation fuel fire subjected to various winds. Nevertheless, large-scale liquid 

hydrocarbon pool fires are difficult to analyze experimentally because of the sheer scale of the 

fire. The computations effort of large pool fires by using k  type turbulent model in cross-

flow [18] was driven to assess the complex geometry or physics.  

 

Maritime accident regarding fire and explosion events is also dealt with carefully, allowing to 

identify the most significant causes of accidents such as hot work, electric arcs, static 

electricity, and combustible gas accumulation in the cargo tank [19]. A hybrid model was 

developed for human-factor analysis of engine-room fires on ships by taking into account the 

wide range of both sources of fuel and sources of ignition within the engine room [20]. A new 

framework which is based on grounded theory, fault tree analysis and Bayesian network, was 

proposed for identifying critical risk factors in ship fire accidents [21]. The recent cases of 

ship fires explosions due to lack of safety awareness were analysed [22], suggesting the 

necessity to research precise evacuation plans, develop ship structure/materials reinforcing fire 

resistance to secure more time for evacuation, and to enhance people`s safety awareness by 

implementing thorough safety training. 

 

Although, modelling appears as the most promising technique in ship or aircraft fire accidents, 

presently analysis of toxic products as carbon monoxide and soot is primarily limited to 

characterization of large-scale fires in the absence of other influencing factors such as wind 

condition and engulfed objects, as described by Gottuk [23]. In this work, occurrence of large 

scale fire engulfing an aluminium- or composite-type aircraft is numerically studied to 

simulate fuel spill fires adjacent to the engine. The objectives of this work are to examine 

impact of a composite-type aircraft on the dominant hazards, such as fire growth, temperature, 

heat flux and smoke products like carbon monoxide/ soot under a variety of wind conditions. 

The availability of such numerical simulation can provide cost-effective alternatives by 

reducing the number of large-scale tests necessary to develop fire protection requirements or 

standards. An analysis has focused on flame spread and burning over a composite material 

surface of an aircraft exposed to an aviation-fuel fire in crosswind on a scale where both 

radiation and buoyancy are significant. A two-steps reaction model and smoke point concept 



for a fire model’s treatment of soot formation are incorporated within Fire Dynamics 

Simulator (FDS) [24]. This makes Computational Fluid Dynamics (CFD) calculations of 

flame radiation in non-premixed flames of an arbitrary hydrocarbon fuel feasible, thereby 

retaining simplicity and minimizing computational expense. This approach has a profound 

influence on reliably predictions of mass burning of condensed fuels, flame spread and fire 

growth via thermal radiation. Large computer times are required to run these advanced models 

particularly for a full-scale, three-dimensional aircraft fire. The numerical model has been 

verified by comparing the computed temperature field and heat flux against the measurements 

from a full scale aviation-fuel fire engulfing a fuselage-sized cylinder [17], expressly to test 

the robustness and efficiency of the model [25]. We have attempted to provide an entirely 

tractable solution for engineering calculations such as aircraft fires.  

 

2. Numerical Modelling 

Physically-based models account for each mechanism of heat transfer and predicts not only 

the spread rate of the fire but also the chemical species. Advanced fire physics model, which 

is the subject of the current work, requires state-of-the-art submodels (combustion, 

multidimensional participating radiation, soot formation, heat transfer, condensed fuel 

vaporization, etc) which are coupled with the flowfield governing momentum solution. A 

physics-based continuum model is used, wherein governing equations for the various thermo-

physical phenomena involved in fire are solved numerically. The finite-difference technique 

is used to discretize the mathematical representation of the reacting flow phenomena of 

interest here. A detailed description of the three-dimensional physics-based model can be 

found in FDS user guide [24] and references therein. This section provides only a summary of 

the physics-based model utilized in the current work.    

 

2.1 Combustion via two chemical reaction steps       
The combustion processes are governed by the convection-diffusion equations for the mass 

fraction, Yi, of the six major chemical species, such as CmHn, O2, CO, CO2, H2O and N2. The 

mixing-controlled combustion via two chemical reaction steps for CO formation is assumed. 
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In turbulent regime, the turbulence is so intense compared to the chemical time, allowing a 

perfect mix fuel and oxidant before the reaction occurs. In terms of limiting concentration of 

fuel or oxygen, this regime is referred as perfectly stirred reactor as in the EDC combustion 

model [24, 26], and the local HRR is calculated as follows :  
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Here, i denotes the primary fuel and CO. The key mixing timescale, mix
, is supposed to relate 

approximately to the three processes such as diffusion, subgrid-scale advection, and buoyant 

acceleration. The source term is multiplied by Heav(YO2-YO2,lim) which is zero when its 

argument is negative (YO2<YO2,lim) and 1 when it is positive (YO2>YO2,lim). Flame extinction 

occurs when the local oxygen concentration is below a critical value, YO2,lim which is 

evaluated as a function of specific heat, temperature and chemical composition [24]. 

 

2.2 Radiative heat transfer via soot formation 



For a heavily sooting fire, the majority of the radiation in fire plume (>90%) is derived from 

the visible part of the flame, where soot particles are radiating heat [3]. Soot production in fire 

plumes is a highly complex subject due to the spatially-varying formation and oxidation 

processes, the influence of turbulent fluctuations and strong temperature and fuel dependent 

effects. Nevertheless, a number of researchers [27] have had some success in identifying 

factors which allow simplified analysis. The current model use classic principle of smoke 

point to relate soot production to material properties. A fuel’s smoke point is the maximum 

height of its laminar flame burning in air at which soot is not released from the flame tip [27]. 

 

A global soot formation model is incorporated into a turbulent flow calculation in a 

convection-diffusion equation for the soot mass fraction. Soot formation is assumed to be 

controlled by second-order homogeneous gaseous reaction processes, and thus, is expressed 

as a function of the mixture fraction, Z, and gas temperature, T, both affected by a pulsing 

behaviour in turbulent flames. 

)T/Texp(T
Z1

ZZ
A

st

st2
ff 

 











                (4) 

Here the temperature exponent 25.2  and activation temperature K2000T  are assigned. 

The parameter for differences in sooting behaviour of different fuels is the pre-exponential 

factor, Af, which is reversely proportional to its laminar smoke point height which has been 

measured for many fuels [27]. 

 

A radiative transfer equation is solved by using a discrete expression adapted to a finite 

volume method [24].  
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As the radiation spectrum of soot is continuous, it is assumed that the mixture of soot and gas 

behaves as a gray medium with a mean absorption coefficient,  , used in Eq.(5). A narrow-

band model (RadCal) has been implemented in FDS [24] for the calculation of the gray or 

band-mean gas absorption coefficient. The effect of soot concentration on radiation is 

included by adding the radiation coefficient of soot into that of gas [24]. 

           

2.3 Phase coupling conditions 

 

The thermal degradation of the solid phase of composite type as well as the combustion of the 

gaseous pyrolysis products require the development of specific chemical models for the 

composite material. Advanced measurements on temperature-dependent, composite material 

property information on thermal conductivity, density, heat capacity, heat of pyrolysis and 

reactions Arrhenius parameters would require an extensive experimental effort [4, 5]. 

Furthermore, each material component in the composite fuel may undergo several competing 

reactions, and each of these reactions may produce some other solid component (residue) and 

gaseous species. More comprehensive and complex models would be prohibitive in the 

framework of large CFD problems. A pyrolysis process of the charring materials gives rise to 

a charred surface layer and its thickness increases with time. The charred surface layer shields 

the heat flux and thereby limits the rate of fuel gas production. The pyrolysis model of the 

composite material needs effective material properties for properly estimating the thermal 

degradation of solid fuels in a fire situation, including evaporation, charring and internal 

heating [28, 29]. The development of more complex reaction mechanisms for the composite 

material is challenging due to the high complexity of fire spread dynamics that arises from the 



interaction between solid and gas phase, and the corresponding physical – chemical processes 

(e.g. pyrolysis). 

 

The current model to the field modelling of pyrolysis process includes the material properties, 

heat transfer, chemical kinetics, soot and turbulence effects on fire spread over condensed fuel 

surface. A thermal equilibrium over the surface of the virgin condensed material is used, and 

the pyrolysis rate is calculated via a mass balance across the interface [30] as follows :  
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The mass transfer coefficient induced by convection, hm,conv,  is defined as, 
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where   is the density,   the thermal diffusivity, and L the local length scale. The Nusselt 

and Reynolds numbers are defined respectively as, 

RePrmNu n3/1  and 
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The empirical constants are given as m=0.037 and n=4/5 for the Reynolds number beyond a 

value of 3x10
5
, and m=0.664 and n=1/2 for Re below that value.  

 

The mass transfer coefficient controlled by radiation, hm, ray, is expressed as, 
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Here, Cp denotes the gas specific heat, Ts the surface temperature of condensed fuel, and Tg 

the gas temperature. The radiation heat flux is obtained from the radiant intensity [24], I, by 

solving a radiative transfer equation (Eq.5) associated with a mean absorption coefficient in a 

gray medium. For situations where the condensed fuel is a diffusively reflecting and emitting 

surface, the radiant intensity over the burning surface is calculated by using the following 

expression [24], 
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Here, s  denotes the surface emissivity,   the solid angle and rs the direction vector of the 

intensity.  

 

The mass transfer number, B, in combustion system is defined as follows [30] :  
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Here O/F is the stoichiometric fuel/oxygen ratio, Hc the heat of combustion, Lv the fuel latent 

heat and 2OY  the local oxygen mass fraction. The gas and condensed fuel specific heats are 

denoted respectively by Cpg and Cpc. 

 

 The B-number approach as Eq.(11) is employed because its robustness and efficiency 

has been tested [30]. Even with such approach, the number of properties needed is 

staggering and we lack the ability to accurately quantify here through bench-scale 

experiments. Table 1 presents the temperature-independent material property found in 

literature for the liquid fuel (kerosene) [30] and the composite material [4, 5]. 

However, the specific composition of aluminum about its purity and composite 

materials about kind of the resin/fiber and its content is unknown due to industrial 
confidentiality, e.g. AirBus. All the parameters in Table 1 is used in the FDS [24] 



input file. In fact, the composite content of aircraft is generally between 15% and 55%. 

However, we lack the ability to develop a more complex pyrolysis model to take into 

account the influence of composite content on its fire behavior.  

Table 1. Material property for the liquid fuel (kerosene) and the composite material 

Property Kerosene Composite material 

Conductivity, k (W/m.K) 

Density,   (kg/m
3
) 

Heat capacity, Cp (kJ/kg.K) 

Pyrolysis heat, Lv (kJ/kg) 

Combustion heat, Hc (kJ/kg) 

Boiling temperature, TB (°C) 

Ignition temperature, TIgn (°C) 

Surface emissivity, s  

0.17 

750 

2.45 

256 

44000 

216 

- 

1 

0.515 

1625 

2.015 

9800 

21000 

- 

390 

0.9 

 

The condensed fuel is assumed to be thermally-thick, a one-dimensional heat conduction 

equation for the material temperature is solved [24]. The surface temperature, Ts, is affected 

by gains and losses with a heat balance across the interface: 
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Here,   is the thermal conductivity of condensed fuel. 

 

 

3. Results and discussion 

 

Schematic diagram of an aircraft fire, and coordinate system in the numerical simulation are 

shown in Figure 1. The atmospheric condition, characterized by fluctuations in wind speed 

and direction, can’t be taken into account in the current simulation. The aircraft orientation 

relative to the external post-crash fire in crosswind, area of spill and volume of fuel are the 

important parameters. Therefore, scenarios of an aircraft post-crash fire are highly variable 

because of the extremely varied nature of wind conditions. Therefore, the influence of 

deviation in the wind speed on the behavior of the fire is studied by taking into account a 

speed range of 0-10 m/s. The effects of aircraft orientation relative to the wind direction, 

characterized by an angle   that varies from 0 to 360° (cf. Fig.1), on the heat flux over the 

fuselage skin are taken into account. 

 



  
Figure 1. Schematic diagram of the occurrence of large fires engulfing an aircraft and 

coordinate system in the numerical simulation 

 

The calculations were performed using a computational mesh, which was made up of 200 x 

200 x 250 cells with overall dimension of 90 m in length (x), 90 m in width (y) and 100 m in 

height (z). The grid is locally refined with extra grid points being added in strong shear stress 

zones, such as near the pool fire surface and in the wake region around the aircraft. Along the 

length, x, cell sizes start at 0.15 m around the pool fire, and stretch to about 1 m at the free 

boundary. In the z direction, cell sizes are approximately 0.1 m in the vicinity of the burning 

zone and stretch to about 1.2 m near the free boundary. A uniform grid is used with a cell size 

of approximately 0.45 m in the transversal direction, y. Upon encountering the perturbation 

induced by an aircraft in crosswind, the boundary layer probably changes rapidly from 

transition into a fully turbulent one. The viscous sublayer is critically dependent on the near-

wall model due to important viscous effects. An extremely small grid size (mm) is required to 

fully resolve the turbulent boundary layer and the complex flow instabilities in the wake 

around aircraft for the high Reynolds number flow, making practical fire simulations difficult. 

In the present work, the computational nodes immediately adjacent to a wall are located in the 

fully turbulent region and this simplicity allows faster computations and by this a higher 

spatial discretization and an increase of the resolved part of the fire oscillation. Besides, 

predictions of the most dominant radiative heat transfer are generally less sensitive to the near-

wall turbulence model. It was found that the mildly stretched grid system with a moderate 

computational domain offered the best tradeoff between accuracy and cost. With the use of a 

highly compressed grid system, build-up of numerical error could produce spurious results 

over the course of a LES calculation due to commutation of the filtering operation. Up to now, 

investigations of the large-scale fire are limited to computations on relatively coarse meshes 

[18, 25]. Instantaneous view of the predicted thermal plume at a wind speed of 2 m/s is 

illustrated in Fig.2. Oscillations of the fire plume due to air entrainment variation and flame 

flicker correspond to hot gases puffs burning [8-11, 31], consistent to a real aircraft fire 

situation. Note that during a post-crash fire, a burn-through time of the fuselage within 180 

seconds is used to guide the evacuation strategy, and thus, taken into account as a physical 

duration in the numerical simulation. 

 



 
Figure 2. Instantaneous view of the predicted thermal plume at a wind speed of 2 m/s 

 

 

3.1 Heat flux distribution  
 

For the large scale fire, radiation flux seems the central and dominant mode of heat transfer 

[3], convection flux plays a second role [32]. The radiation heat flux to the surrounding 

aircraft skin depends mainly on three factors: 1) the flame volume and its temperature level; 

2) the concentrations of gaseous and particulate soot emitting species; 3) the view factor from 

flame to the exposed fuselage skin. Changes in the maximum heat flux to the fuselage skin as 

a function of the orientation of aircraft relative to the wind direction are shown in Fig.3. 

Radiative heat transfer is combined with wind-enhanced, aircraft-induced turbulence and 

global flame zone redirection. Thus, the wind direction combined with its intensity directly 

affects the view factor from the flame to the fuselage skin, and consequently, has a 

pronounced impact on the flame-surface heat flux over the fuselage skin. When the wind 

direction changes from 0 to 180°, the aircraft is located upstream the pool fire. In this case, 

the flame is directed far away from the aircraft by the crosswind and the peak in heat flux to 

the fuselage skin is minimum. When the aircraft is located downstream the pool fire (α>180°), 

i.e., the flame is directed towards the aircraft by a crosswind, the peak in heat flux to the 

fuselage skin increases sharply. Interaction between the pool fire and the aircraft becomes the 

strongest when the aircraft moving direction is perpendicular to the crosswind, as schematized 

in Fig.4 for  270 , with the highest heat flux for the wind speed above 5 m/s [17]. A 

further increase of the angle results in a reduction in radiation flux mainly due to decreases of 

the flame to aircraft view factor. When the aircraft moving direction is parallel to the wind 

direction, the cold air flow, which is believed to act as a radiation shield, exists between the 

pool fire and the fuselage, and there is evidence of the lowest heat flux on the fuselage skin.  

 



         
Figure 3. Evolution of radiation flux as a function of the wind direction combined with the 

wind intensity    

 

 
Figure 4. Airplane downstream a liquid pool fire with a moving direction (vertical arrow) 

perpendicular to crosswind (horizontal arrow) in the case of  270  

 

Since interaction between pool fire and aircraft is the strongest when the aircraft moving 

direction is perpendicular to the crosswind (cf. Fig.4), evolution of the peak in heat flux as a 

function of the pool size for various wind speeds in such situation is shown in Fig.5. Under 

the quiescent condition, since the pool fire is far away from the fuselage with a distance of 

about 25 m, the peak in heat flux on the fuselage skin becomes significant solely when the 

pool size exceeds 30 m in diameter due to an increase in the flame height and its volume. 

With a low speed of 2 m/s, the peak in heat flux on the fuselage skin becomes strong starting 

from the pool size of 20 m. The peak in heat flux on the fuselage skin even at a low wind 

speed of 2 m/s is almost tripled compared to that for a quiescent pool fire as the pool fire size 

increases to 40 m. For the mediate wind speed of 5 m/s, an increase of the peak in heat flux 

from 220 to 300 kW/m
2
 is brought about with an increase of the pool size from 10 to 20 m in 

diameter due to an increase in HRR. However, the peak in heat flux approaches an 
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asymptotical value of about 340 kW/m
2
 for the kerosene pool fire once the pool size surpasses 

a critical dimension of 20 m in diameter regardless of wind intensity [17]. This is mainly due 

to the decaying of combustion efficiency with an increase of the pool size, which controls the 

temperature field through radiative heat transfer.  
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Figure 5. Evolution of the peak in heat flux as a function of the pool fire size for different 

wind speeds 

 

An orientation of  270  and a pool size of D=20 m are identified as the largest factors 

affecting the thermal environment. Thus, in the following section, such a particular situation 

(cf. Fig.4) is considered for investigating the effects of a composite-type aircraft on the major 

changes in the overall flame structure. 
 

3.2 Flame spread over the skin of composite-type fuselage 

 

The flame front spreading is mainly governed by the heating rate of solid combustible 

materials to generate combustible gases via convective and radiative heat transfers [28, 29]. 

The combustion reaction of flame front mainly occurs in non-premixed medium along the 

boundary layer between combustible material and air. A thermal layer containing the hot 

gases and soot is transported by natural or forced convection. By applying a heat flux up to 

240 kW/m
2
, the flame spread occurs as a result of heating of the unignited part of composite 

materials to an ignition temperature of 390°C at which the pyrolysis flux exceeds a certain 

threshold level, essentially dependent of air cross-flow. The gaseous products from pyrolysis 

of the composite materials in contact with air, ignite in the flammability limits. The time for 

the temperature at a given position over composite material surface to reach the ignition 

temperature is selected for the pyrolysis front arrival time, t . Advancement rate of the 

pyrolysis front from zp to zz pp   vs time interval t  gives the average flame spread 

velocity, Vp [33]. Temporal data of flame spread rate, Vp, for the different wind velocities are 

plotted in Fig.6, providing important information on events in the fire affected by the wind 

condition. The wind speed above 5 m/s bring about a direct impingement of the buoyant 

plume on the composite fuselage which tends to enhance the fire propagation. The results 

suggest that the flame propagation over the composite material surface occurs in two 

successive periods. In the first period during about 30 s corresponding to the preheating 

processes of the composite material, the flame spreads slowly over the fuselage skin with a 

mean value of 0.08 m/s. The second mode is evident from a quick rise of the flame spread rate 

up to 0.5 m/s in the slope of the curves due to the thermal exposure of the fuselage skin 



immersed in the fire environment, and seen to occur at t=15 s. Later, the flame front spread 

rate Vp slows down starting from 60 s with an average value of 0.05 m/s when the fire 

propagation over the fuselage skin reaches a steady state. A decrease of the wind velocity 

from 5 to 2 m/s slows down significantly the flame spread rate over the composite surface. 

The flame spread rate, Vp, appears insensitive to wind velocity as its value is below 2 m/s 

with a peak value of about 0.1 m/s. It is found that the preheating duration of the composite 

material significantly increase from 90 s for wind velocity of 2 m/s to 120 s in absence of 

wind. 

 
Figure 6. History of the flame spread rate over the skin of the composite type fuselage for 

various wind speeds 

 

During fire propagation, a large amount of energy is released in the form of radiation, and as a 

result, the heat feedback from the gaseous flame increases the pyrolysis area of composite 

material. The ratio of the pyrolysis area to the fuselage one as well as to the wing area as a 

function of time for various wind speeds is presented in Fig.7(a, b). The ratio of the pyrolysis 

area to the fuselage one (cf. Fig.7a) is below 10% for a wind speed below 2 m/s. For a 

medium wind of 5 m/s, the ratio is considerably higher with a magnitude of 25% due to an 

impingement of the buoyant plume on the fuselage surface with an increase in the peak by a 

factor of 10 relative to quiescent fires. The high wind speed of 10 m/s leads to a shallower 

smoke plume, and a dramatic increase in the pyrolysis area over the fuselage is brought about 

with a ratio of about 35%. Over the wing skin (cf. Fig.7a), an increase of wind speed from 2 

to 10 m/s results in an increase in the ratio only by a factor of 10%. The ratio of the pyrolysis 

area to the wing surface reaches an asymptotic value of 40% for wind velocity above 5 m/s 

due to a flame cover over the composite surface (cf. Fig.12c). It is found that the peak in the 

ratio of the pyrolysis area to the wing surface for a wind speed below 2 m/s is almost equal in 

magnitude with a value of about 30%. Indeed, the simulation time of 180 seconds can’t fully 

show evolution of the pyrolysis front especially for a wind speed below 2 m/s, but it is 

sufficient to guide the evacuation strategy. 
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(a) composite fuselage    (b) composite wing 

Figure 7. History of the ratio of the pyrolysis area to fuselage one as well as to the wing area 

at various wind speeds 

 

The instantaneous shape of the flame where the gas temperature is higher than 500°C, during 

fire propagation over the composite material surface for wind speed of 10 m/s is illustrated in 

Fig.8(a,b,c). During the initial phase at t=10s, surrounding the cone of fuel vapor is a zone of 

luminous persistent flame. Above this zone is a further combustion region, but here there is 

intermittency and obvious turbulence in the flaming. With an increase in height, there is the 

non-reacting buoyant plume, which is generally turbulent in nature and characterized by 

decreasing velocity and temperature. Starting from 60 s, with an increase in the pyrolysis area 

(cf. Fig.7), the aircraft is fully engulfed by luminous regions of efficient combustion 

appearing randomly in the outer surface of the fire according to the turbulent fluctuations in 

the fire plume. The availability of sufficient oxygen allows the pyrolysis gases to undergo 

gas-phase combustion rapidly with an increase in luminous flame region. Wake regions are 

formed around aircraft and at times, spiralling vortex flows are seen in the plume. Shear-

stresses between hot combustion products and fresh air make the flow unstable and amplify 

oscillations near the fire base due to large eddy structures corresponding to hot gases puffs 

burning [31]. Coherent structures appear also surrounding the wing, and the flame presents a 

pronounced instability due to crosswind, following the experimental observation [8-11].  
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b) t=60 s 
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c) t=180 s 

Figure 8. Instantaneous shape of the flame around a composite-type aircraft at different 

instants 

 

3.3 Burning rate over the composite fuselage and liquid fuel  
 

The magnitude of wind intensity brings about a significant change in the burning rate when 

the fire plume is displaced over the composite material surface due to a change in radiation 

distribution. This supports the postulation of an interaction between aircraft and fire that 

surrounds it. The surface burning corresponds to a signal representing the presence of flames 

above the region. A critical heat flux of 30 kW/m
2
 is needed, below which the mass loss rate 

of composite material enters rapidly the decay phase. History of the mean mass loss rate of 

the composite material per unit area averaged over the total pyrolysis surface is presented in 

Fig.9 at various wind speeds. It is seen that during the flame spread period, the mass loss rate 

increases quickly when an actively burning region over the surface of composite material is 

present, and is generally higher at strong wind velocity. An increase of wind speed from 2 to 5 

m/s strengthens significantly degradation of the composite-type fuselage due to the enhanced 

impact of the flame on the fuselage skin. The resulting burning rate becomes tightly coupled 

to fire environment only at a medium wind speed of 5 m/s due to an impingement of the 

buoyant plume on the fuselage skin. At a high wind speed of 10 m/s, the magnitude of the 

burning rate in excess of 20 g/m
2
s exists due to a large flame base drag (cf. Fig.12e, f). During 

the steady state period, the burning rate per unit area of composite material increases with a 

wind speed up to 2 m/s, beyond which it becomes largely independent of wind intensity. This 

dependence is related to the burning regime which becomes increasingly dominated by 

radiation as soot levels rise up to a value where the fire is effectively optically thick and 



saturated. For a wind speed below 2 m/s, the burning rate decreases to a magnitude of 8 g/m
2
s 

because the buoyancy-controlled flame stands up into a plume in front of aircraft; the burning 

of composite material occurs as a result of attachment of the actively combusting region only 

under the wing adjacent to the pool fire. For a wind velocity above 5 m/s, only 10 s is 

sufficient for starting degradation of the composite material. With a low wind speed of 2 m/s, 

about 80 s are required to starting degradation of such composite material.  

 

 
Figure 9. History of the mass loss rate of the composite material at various wind speeds 

 

This analyses consider a liquid pool fire burning at steady-state after the initial stages of a fire 

during about 20 s. The heat feedback from the flame to the liquid pool surface affects directly 

the liquid heating rate to its boiling point of about 220°C and consequently, its vaporization 

rate. History of the mass loss rate of liquid fuel at various wind intensities is presented in 

Fig.10(a,b). For a composite-type aircraft (cf. Fig.10a), the average regression rate is found to 

increase from about 80 g/m
2
s under a quiescent condition to 100 g/m

2
s with a rise of wind 

velocity to 5 m/s. This is attributed to the fact that a crosswind strengths the heat feedback 

from flame to liquid surface, and as a result, induces the most rapid regression of the liquid 

fuel. However, a further increase of wind speed to 10 m/s greatly attenuates radiation 

feedback to the liquid fuel surface due to reduction in the flame temperature beneath belly of 

composite-type fuselage (cf. Fig.12e), thereby depressing the mass burning rate. Besides, the 

oxygen under the fuselage is particularly low due to the accumulated fuel inside the gap due 

to pyrolysis of the composite material, resulting in a decrease of the mass transfer number B 

(cf. Eq.6), and consequently, of the regression rate (cf. Fig.10a). For an aluminium-type 

aircraft (cf. Fig.10b), the mass loss rate of the liquid fuel is about 80 g/m
2
s regardless of wind 

speed, which represents a decrease by a factor of about 30% in comparison with that for a 

composite-type aircraft at a medium speed of 5 m/s. The average fuel recession rate is in an 

order of about 6.5–7 mm/min as a function of wind speed, which follows closely the fuel 

recession rate measured during the course of the experiment in a large-scale liquid pool [34].  

 

Time(s)

M
as

s
lo

ss
ra

te
(g

/m
2 s)

0 50 100 150
0

5

10

15

U
0
=0 m/s

U
0
=2 m/s, =270°

U
0
=5 m/s, =270°

U
0
=10 m/s, =270°



Time(s)

M
a

s
s

lo
s

s
ra

te
(g

/m
2
s

)

20 40 60 80 100 120 140 160 180
0

20

40

60

80

100

120

U
0
=0 m/s

U
0
=2 m/s, =270°

U
0
=5 m/s, =270°

U
0
=10 m/s, =270°

 
(a) composite-type aircraft  
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(b) aluminium-type aircraft 

 Figure 10. History of the mass loss rate of the liquid fuel during the fire propagation at 

various wind speeds 

 

History of the heat release rate (HRR) generated from an aviation-fuel fire engulfing a full 

scale aluminium- or composite-type aircraft for different wind speeds is shown in Fig.11(a, 

b). Globally, the total supply of energy is elevated or depressed depending on the local air-to-

fuel ratios and efficiency of mixing, affected by the wind conditions. Regardless of aircraft 

type, a high wind speed brings fuel to the outside pyrolysis zone where it can be combusted 

more efficiently due to large amount of oxygen, to release pluses of much more powerful 

energy from the flames. For the quiescent pool fire engulfing a composite-type aircraft (cf. 

Fig.11a), the buoyancy-induced air entrainment provides a mixing of fuel to air, and 

contribution of the pyrolysis gases from the composite material to the total heat generation is 

practically negligible in comparison with that from the liquid fuel, exhibiting the lowest HRR 



of about 1000 MW.  A high wind speed above 5 m/s can alter the flame shape as well as 

pyrolysis zone over the fuselage and wing skins, and entrainment phenomena. When the 

wind-assisted fire propagation is fully developed over surface of the composite material, the 

heat release rate reaches its maximum value in a range of 1200 MW to 1500 MW with an 

increase of wind speed from 2 to 10 m/s due to a large contribution of the pyrolysis gases 

from the composite material over the fuselage and wing skins (cf. Fig.7a). For an aluminium-

type aircraft (cf. Fig.11b), the heat release rate is closely correlated with the trend of the 

regression rate of liquid fuel (cf. Fig.10b). The heat release rate for a composite type aircraft 

becomes the more intensive in comparison with that for an aluminium-type one for a wind 

speed above 5 m/s. The fire power from a composite-type aircraft represents an increase of 

about 30% in comparison with that from an aluminium-type one when a wind speed increases 

to 5 m/s, mainly due to contribution of the pyrolysis gases from the composite material. The 

heat release rate for a composite type aircraft becomes the more intensive in comparison with 

that for an aluminium-type one for a wind speed above 5 m/s. The fire power from a 

composite-type aircraft represents an increase of about 30% in comparison with that from an 

aluminium-type one when a wind speed increases to 5 m/s, mainly due to contribution of the 

pyrolysis gases from the composite material. 

 

                     a)   composite-type aircraft  
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b) aluminium-type aircraft 

Figure 11. Effects of wind speed on history of the heat release rate during fire propagation  

 

3.4 Time averaged thermal plume 

 

The time-averaged temperature field on a wind-assisted liquid pool fire engulfing an 

aluminium- or composite-type aircraft is presented in Fig.12(a-f). The time period over which 

the computation outputs were averaged from the last 60 seconds is considered as a quasi-

steady period. Under a variety of wind conditions, the prediction suggests three main 

behaviors, consistent to the experimental observation [17]. 

 

1) At a low wind speed of 2 m/s (cf. Fig.12a, b), the main part of the flame is practically 

insensitive to the material type of aircraft skin. The primary flame zone is essentially vertical 

and buoyancy dominated with a peak temperature of 1400°C, located near the fuel source and 

far away from the aircraft. Indeed, for a composite-type aircraft, there is an excess of fuel 

from degradation of the composite material over the wing skin, inducing an increase in the 

thermal plume volume with time during the fire growth stage. Note that under a quiescent 

condition, the main behaviors of the flame are rather similar to these observed for a low wind 

speed of 2 m/s because air entrainment flow velocity can be of the same order of magnitude of 

2 m/s. A weak cross-flow is significantly deflected near the fire source as a result of an 

enhanced thermal blockage by the buoyancy forces. Nevertheless, the wind restricts the flow 

of entrained air and produces highly-mixed, and therefore highly combusting regions below 

the wing adjacent to the pool of the liquid fuel.  

 

2)For a medium wind speed of 5 m/s (cf. Fig.12c, d), the flame is elongated in the 

downstream direction, and the region directly surrounding just in front of the aircraft is 

immersed in a highly combusting zone with a peak temperature of 1300°C due to complex 

wind/vorticity interactions. Flow is moving over the top of the aircraft creating streamwise 

vortices while fuel-rich air is forced below the fuselage. On the upper leeward side of the 

aircraft, the presence of a composite-type aircraft induces an increase of the flame cover with 



a temperature level of about 700°C instead of approximately 500°C for an aluminium type 

one. Moreover, on the leeward side of the composite-type aircraft, the enhanced convective 

transport, as a whole, leads to a significant amplitude of temperature with a peak value of 

1300°C. The length of flame base drag (T>500°C) is approximately two time the pool size 

with this wind speed regardless of aircraft type.  

 

3) A high wind speed of 10 m/s enhances the interaction between cross-flow and aircraft, and 

consequently, facilitates the global flame shape alterations (cf. Fig.12e, f). Such situation is 

combined with global enhancements in turbulent mixing by the presence of the vortices in the 

wake behind the aircraft. The magnitude of wind speed is sufficient to direct the flame to the 

bottom surface of the fuselage, causing an excess of the pyrolysis gases there from the 

composite-type fuselage. For the composite-type aircraft, oxygen beneath belly of fuselage is 

probably insufficient to consume the fuel gas accumulated inside the gap, and the combustion 

within a vitiated gap is close to rich limit of flammability. Consequently, the presence of a 

composite-type aircraft (cf. Fig.12e) instead of an aluminium type one (cf. Fig.12f) results in 

a flame temperature of about 1200°C instead of approximately 1400°C for an aluminium type 

one, i.e. a reduction in temperature of about 200°C beneath belly of fuselage. Regardless of 

the aircraft type, the length of visible flame (T>500°C) base drag is up to 3.5 times the pool 

size in presence of a strong wind.     
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Downwind Position (m)

H
e

ig
h

t
(m

)

-20 -15 -10 -5 0 5 10 15 20 25 30 35 40 45
0

5

10

15

20

25

30

35

40

100 200 300 400 500 600 700 800 900 1000 1100 1200 1300 1400T(°C)

 
           e) composite-type at U0=10 m/s      f) aluminium type at U0=10 m/s 

 

Figure 12. Contours of the time averaged temperature for fires containing a composite- or 

aluminium-type aircraft  

 

The time-averaged CO molar fraction on a wind-assisted liquid fire engulfing an aircraft at 

various wind speeds is presented in Fig.13(a-f). Obviously, a low wind speed of 2 m/s (cf. 

Fig.13a, b) is insufficient to direct the smoke towards the fuselage, and only the vertical 

primary flame zone contains large CO with a peak value of 5% regardless of aircraft type. For 

a medium wind speed of 5 m/s (cf. Fig.13c, d), aircraft is immersed within the flame with a 

remarkable CO production over the top of the aircraft. In comparison with the aluminium-

type aircraft, the composite-type aircraft in fire change slightly the distribution of the toxic 

product as CO with a difference 2% in the peak value on the upper leeward side of the 

fuselage. At a high wind speed of 10 m/s (cf. Fig.13e, f), the smoke is ejected from 

underneath of aircraft, and this creates a second large smoke zone with a peak in toxic product 

as CO of 3% behind the fuselage. Nevertheless, on the leeward side of the composite-type 

aircraft, the enhanced convective transport, as a whole, leads to a larger smoke zone with a 

significant amplitude of CO molar fraction of 3%. A windward flow at U0=10 m/s is strongly 

accelerated over the top of the aircraft, allowing to the suppression of smoke there thanks to 

an increased convective transport.  
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c) composite-type at U0=5 m/s    
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                  d) aluminium type at U0=5 m/s 
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        e) composite-type at U0=10 m/s    
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                           f) aluminium type at U0=10 m/s  

 

Figure 13. Contours of the time averaged CO molar fraction for fires containing a composite 

or aluminium-type aircraft 

It is desirable to know soot levels in a wind-assisted liquid fire engulfing an aircraft as it 

reduces visibility, enhances radiation flux and causes soot environmental pollution [35]. The 

time-averaged soot mass fraction is illustrated at various wind speeds in Fig.14(a-f). Note that 

soot formation is usually conjugated with CO production with a similar behavior between 

them. At a low wind speed of 2 m/s, the smoke containing large soot appears only in the 

primary flame zone far away from the fuselage (cf. Fig.14a, b) in spite of aircraft type. Note 

that presence of a composite-type aircraft in fire change significantly the distribution of toxic 

product as soot only for a medium wind speed of 5 m/s (cf. Fig.14c, d). It is found that the 

composite-type aircraft at U0=5 m/s induces an increase of soot production by a factor of 20% 

on the upper leeward side of the aircraft in comparison with an aluminium-type one. At a high 

wind speed of 10 m/s (cf. Fig.14e, f), regardless of aircraft type, a large soot production with a 

peak value of 5% occurs beneath belly of fuselage via the ejected flame.  
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d) aluminium type at U0=5 m/s 
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f) aluminium type at U0=10 m/s 

 

Figure 14. Contours of the time averaged soot mass fraction for fires containing a composite- 

or aluminium-type aircraft 

 

4. Conclusions 

 

A numerical study was conducted to supply information about the thermal exposure of a 

composite-type aircraft immersed in a fire environment. Heat flux and temperature fields have 

been studied in a variety of ways and the largest factor affecting the thermal environment is 

identified as wind conditions. The CFD approach seems much more realistic, when dealing 

with the characteristics of the wind-induced interaction of fires and large objects as aircraft, 

than the simpler alternatives regarding the temperature field and toxic products. The 

importance of considering the presence of an aircraft in fire is due to the coupling that occurs 

between the object size, shape, location, orientation and the fire environment.  

 

Influence of the wind speed and the positioning of an aircraft in luminous flames on the 

heat flux to the fuselage skin is analysed. The peak in heat flux to the composite fuselage skin 

ranges from 50-240 kW/m
2 

as a function of the wind conditions, and contribution of the 

radiation is higher than 95% of the total heat flux. The peak in heat flux to a medium or high 

wind is about a factor of 4 increases of that to a low wind speed. As a consequence, the fire 

spread assisted by a strong wind is the most devastating mode of propagation in particular 

with a substitution of aluminium-type fuselage by flammable composite material. For a 

composite-type aircraft, ratio of the pyrolysis area to the fuselage skin area reaches to a value 

of about 30%, accompanied by a more important thermal plume. As a result, the fire power 

from a composite-type aircraft represents an increase of about 30% in comparison with that 



from aluminium-type one when a wind speed increases to 5 m/s. Transition from the unsteady 

to the steady mode occurs earlier at wind velocity above 5 m/s due to the flame impingement 

on the fuselage. The flame spread rate over a composite material surface is amplified with an 

increase in wind speed from 2 to 5 m/s. Increasing the wind intensity leads to a shallower 

smoke plume, but does not help to suppress soot and CO around the engulfed aircraft. The 

difference in the peak of the toxic products as CO/soot between an aluminium- and a 

composite-type aircraft in fire is below 2%. 

 

The wind deviations in speed and direction are erratic in nature and contribute to the large 

spatial and temporal variations of the flame shape and heat flux in a real aircraft fire situation. 

A negligence of the unavoidable deviations of wind speed/direction from their average values 

in the numerical simulation may induce large difference from the real aircraft fire. More 

comprehensive pyrolysis model in addition to evaporation, charring and internal heating of 

composite material should be further investigated. Measurements of temperature, heat flux 

and toxic products from a real aircraft fire test would consolidate the insight provided by the 

CFD activity. 
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