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ABSTRACT
To evaluate the wall heat losses in combustion vessel, an alternative to existing macroscopic models of 
heat transfer is suggested. This study aims to provide a physical approach for wall heat transfer based 
on kinetic theory of gases to describe the conduction phenomena between gas particles and the cold 
wall in short scales. The model mentioned is implemented in a code simulating combustion in a con-
stant volume spherical chamber.
Keywords: ballistic regime, combustion, kinetic theory of gases, unsteady heat transfer.

1 INTRODUCTION
The study of wall heat losses in internal combustion engines is of crucial importance as they 
affect engine performances. However, the presence of high temperatures and high pressures 
in combustion chambers creates a competition between the performance improvement and 
the heat losses increasing. Estimating the heat losses is, then, required to help the process of 
engine design and to set the boundary conditions. For this purpose, the evaluation of wall heat 
losses must be based on a better modeling of involved physical phenomena, as the amount 
of the wall heat losses in a combustion chamber represents about one third of the chemical 
energy of combustion in conventional engines.

Numerical simulations of wall heat losses in a combustion chamber must take into account 
the flame-wall interaction and thus, the reactive aspect of the flow, which is important for the 
understanding of near wall combustion [1]. In this work, a spherical combustion chamber at 
constant volume for a stoichiometric methane-air mixture is chosen. These conditions are 
representative of piston engine conditions where both thermal and aerodynamic behaviors of 
the flame-wall interaction are described in a simplified manner. Our approach consists in the 
modeling of the parietal flow by introducing a ballistic heat transfer model, which represents 
the novelty of this work.

2 STATE OF THE ART OF HEAT LOSS MODELING

2.1 Theoretical aspects of flame-wall interaction and burnt gases-wall interaction in a 
closed combustion vessel at constant volume

Modeling of the wall heat losses requires distinction between two phenomena: the flame-wall 
interaction and the burnt gases wall interaction. The flame-wall interaction involves several 
factors that depend on the nature of the flow regime. For the combustion in a constant volume 
chamber, the flame stops propagating at a distance from the wall, δq. This extinction, called 
the quenching phenomenon, is due to the presence of parietal thermal losses coupled or not 
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to the stretching flame front or the radical de-excitation by the wall. It depends on many 
parameters such as the surface state and the burning medium. Among them, we can include 
the Peclet number Peq relative to quenching. It represents the ratio between the quenching 
distance and the thickness of unstretched laminar flame δl defined as: δl =λ/ρuCpSI, where λ 
is the thermal conductivity of fresh gas [W.m−1.K−1], ρu  is the fresh gases density [kg.m−3], 
Cp  is the thermal capacitance of fresh gases [J.kg−1.K−1] and Sl is the non-stretched laminar 
flame velocity [m.s−1]. Huang et al. [2] found that the Peclet number in laminar flow toward 
a wall, maintained at low temperature (25°C), is about 3–4 for a head-on quenching where 
the flow is perpendicular to the wall. Another important parameter is represented by the 
dimensionless heat flux j defined as following:

 ϕ =
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where Qw is the parietal heat flow and Ql is the heat power of an unstretched laminar flame 
defined as: Q S Y Hl u l fuel= ρ ∆ , where Yfuel is the fuel mass fraction and DH is the reaction heat 
[J.kg−1].

2.2 Previous works of parietal heat flux modeling in combustion chambers

In the past decade, many theoretical and experimental works studied the quenching phenom-
enon in different geometric configurations. For example, Popp and Baum [3] analyzed the 
wall heat flux during the head-on quenching of a laminar methane-air flame.

2.2.1 The quenching distance modeling
Potter and Berlad [4] proposed a formulation of δq based on the reaction rate and compared 
the results to experiments. This model predicts the quenching distance according to the fol-
lowing expression:
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with k2 is an empirical coefficient, Xfuel is the molar fraction of the fuel in fresh gases and w 
is the reaction rate. This modeling requires the knowledge of the preheated zone temperature 
and an empirical coefficient whose interpretation remains difficult.

Boust et al. [5] established another formulation of the quenching distance based on the 
energy balance at the wall. It is an analytical relation between the Peclet number at the 
quenching moment and the non-dimensional heat flux, eqn (3):
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This model remains available only in low-fresh gas compression.

2.2.2 The parietal heat flux modeling
In the literature, many theoretical studies have estimated heat losses in combustion chambers. 
Most of the corresponding formulations considered only the conduction mode in a parietal 
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thermal boundary layer. Heat transfer models usually provide either the wall heat flux, Qw, or 
a heat transfer coefficient, h, which are related by Newton’s law:

 Q h T Tw g w= −.( ) (4)

with Tg is the hot gas temperature and Tw is the wall temperature.
Another model established by [6, 7] predicts the stationary heat flux. It is valid only at low 

pressures, less than 1 atm [8]:

 Q T Tw g w q= −l d( ) /  (5)

2.2.2.1 Empirical correlations 
Numerous empirical models have been established in the past to compute wall heat losses. 
One of them is based on the assumption of convective heat transfer of Nusselt [9]. This for-
mulation quantifies the heat transfer coefficient from experiments of laminar combustion in a 
spherical vessel which takes into account the mean gas temperature Tg, the pressure P (MPa) 
and the mean piston speed Cm. The heat transfer coefficient is expressed in two different cases 
as follows:

Spherical bomb: h P Tg= 1 15 23.  (6-a)

Engine cylinders: h C P Tm g= +1 15 1 1 24 23. ( . )   (6-b)
This model underestimates heat losses and involves the mean gas temperature, which does 

not account for the gap on local temperature due to combustion.
In order to take into account the global aerodynamic phenomena, other formulations have 

been proposed. Among them, Woschni [10] used the forced convection assumption and 
involved a characteristic velocity, w:

 h D P T w=
− −130 0 2 0 8 0 53 0 8. . . .  (7-a)
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with P (bar), Vcyl is the cylinder volume, P0 is the reference pressure the index 1 refers to the 
BDC conditions and D is the cylinder bore.

Unlike most correlations that are based on convective heat transfer, most of them have 
major drawbacks and requires experimental data for each configuration.

2.2.2.2 Laws of the wall 
In order to improve the heat loss modeling, local formulations of heat transfer have been 
developed. They are based on physical phenomena occurring near the wall. The model devel-
oped by Han et al. [11] is based on the kinematic boundary layer and estimates heat losses in 
stationary and compressible flows.

Other formulations, such as the model derived by Rivère and Mechkor [12], come from an 
atomic-scale interpretation of gas-wall collisions and take into account the presence of the ther-
mal boundary layer near the wall. Wall heat flux is considered as the statistical result of collisions 
between gas molecules and the wall. The heat transfer coefficient is expressed as follows:
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with ρg is the gas density (kg.m−3), M is the gas molar mass (kg.mol−1), Tg is the fresh gas 
temperature and Tw is the wall temperature. Empirical parameters such as λ and κ refer to the 
wall properties among which density, thermal conductivity and specific heat. η depends on 
flow motion.

Built on a physical basis, this model accounts for wall heat losses by integrating the one-di-
mensional heat transfer equation in laminar combustion. Nevertheless, it still has some 
shortcomings as it requires empirical parameters.

State-of-the-art models still have major drawbacks, as none of them is universally applica-
ble and do not reproduce experimental results with good accuracy. In this study, another 
model is, hence, used. Heat losses are then investigated following an original approach based 
on the kinetic theory of gases where collisions between gas particles in the ballistic regime 
play a major role.

3 NUMERICAL SIMULATION: FLAME-WALL INTERACTION  
AND BURNT GAS-WALL INTERACTION

In this part, we present a numerical study developed to simulate the thermodynamic aspects 
in a spherical combustion chamber at constant volume. Numerical results are then compared 
to experimental measurements of wall heat flux to validate the model.

3.1 Experimental data of reference

The experimental device consists in measuring the heat transfer flux in a fundamental shape of the 
combustion chamber. Data are provided by Boust [1] and experiments are carried in a constant 
volume spherical vessel as it represents local engine conditions where the volume remains nearly 
constant. The time evolution of pressure is recorded with a piezoelectric transducer and a heat flux 
gauge based on a thin film thermocouple (TFT) records the wall heat losses. The combustion 
chamber is operated with stoichiometric methane–air mixtures of initial pressure of 0.4 MPa and 
initial temperature of 300 K. The spherical vessel is made of steel of 82 mm of diameter.

3.2 Expression of wall heat flux

The parietal heat flux model used in this study is based on the kinetic theory of gases. It 
includes the concept of the distribution function, f(r,v,t), which describes the particle veloci-
ties in idealized gases and gives the probability, per unit velocity, of the particle number, 
dn (r,v,t), having at time t, a position in the volume element dr3 and a speed centered in the 
volume element dv3. It uses also, the Boltzmann equation which describes the evolution of 
the distribution function [13].

Our model describes the thermal conduction at microscopic scales, in a regime where the 
distance considered are smaller than the molecules mean free path. We are therefore in a 
regime where there are no interactions between particles and where molecules carry ballisti-
cally heat from the gas to the wall. Note that consideration of the boundary conditions with 
the wall is essential. For non-thermodynamic local equilibrium systems, conductive heat flux 
in the ballistic regime calculated between two walls separated by a short distance (less than 
the mean free path), is described below:
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With n is the gas density near the wall (m−3), kb is the Boltzmann constant and m is the fresh 
gas molecule mass (kg).

3.3 Description of the numerical code

The model mentioned is implemented in a FORTRAN code simulating combustion in a con-
stant volume spherical chamber. Numerical simulations consist in modeling combustion 
phenomena by taking into account the resolution of the one-dimensional transient heat equa-
tion in the gas in spherical coordinates. As the laminar flame propagates from the center of 
the chamber, combustion is simulated by a thermal network, which is built with analogy with 
(R, C) electric circuits. Therefore, flame propagation is approximated by the virtual combus-
tion of discrete gas slices. Near the wall, the N-1 slices of fresh gases are defined at equal 
volume and the thickness of the last slice is equal to the mean free path to apply the heat 
transfer model in ballistic regime.

Computations take into account a sequence of thermodynamic transformations: an isobaric 
combustion, heat losses by conduction and radiation and an isentropic re-compression of all 
fluid slices to obtain a constant volume combustion. As the flame approaches the wall, the 
combustion phase stops according to the quenching criterion. The cooling phase is then initi-
ated and simulated by the same steps, except isobaric combustion.

3.3.1 Isobaric combustion
During combustion phase and at each time step, the unstretched laminar flame propagates in 
fresh gases at a constant speed defined by Metghalchi and Keck [14] as following:

 ( , ) ( ) ( )S T P S
T
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Pu u= 0
0 0

α β  (10)

with Su0 is the value of flame velocity at standard conditions: P0 = 1 atm and T0 = 298 K. α et 
β are two parameters characterizing the dependence of flame velocity on temperature and 
pressure.

3.3.2 Conductive heat losses
The conductive heat transfer is derived from wall surface temperature and is modelled in the 
transient regime by resolving the one-dimensional heat equation in spherical coordinates for 
all gas slices. The temperature of the last slice is determined by applying flux equality: At each 
time step, the conductive heat flux is equal to the convective heat flux transferred to the wall.

The unsteady model of heat diffusion is modelled by a nodal approach (see Fig. 1). For 
each gas slice of radius ri [i = 1, N], the thermal conductance, Gi, is defined as follows:

 G
r r

i Ni
i

i i

=

−

− 

−

4

1 1
2 1

1

. .

/ /
, ,

π λ
  

 G
epsilon r

epsilon m1
1

1

44

1 1
10=

−

=
−

. .

/ /
,

π λ
 (11)

 G h SN chamber= .  

Where, λi is the thermal conductivity of fluid slices (w.m−1.K−1), h is the wall heat transfer 
coefficient (w.m−2.K−1) and Schamber is the chamber surface (m²).

The unsteady resolution of heat equation is described by a time-explicit system:
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For the numerical scheme, the stability criterion is taken into account by introducing the 
Freidrich-Lewy condition. The time step should assess the following inequality: 

0 1
2

2
≤ ≤α∆ ∆t r/ . α is the thermal diffusivity (m². s−1).

3.3.3 Radiative heat transfer
The heat transferred to the wall through radiation comes from the hot, burnt gases. Radiative 
heat losses are simulated using the Stephan-Boltzmann law considering burnt gas as a grey 
body with a uniform temperature equal to the mean temperature of burnt gases, Tgb and an 
emissivity equal to ε. The wall is considered as a black body with a constant temperature, Tw 
and absorptivity α �1. Only CO2 and H2O radiations are taken into account. For a given 
position of the flame front r<R (radius of the chamber), the radiative heat flux received by the 
wall is expressed as follows:
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3.3.4 Quenching distance
The quenching distance is chosen as a simple criterion to stop the propagation of the flame 
approaching the wall. In the computation process, the quenching criterion is simulated by 
using the formulation mentioned in [5]:

Figure 1: Heat conduction network in the vessel.
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where ϕ  and Pe were previously defined (see §.2.1).

4 NUMERICAL RESULTS

4.1 Comparison between experimental and numerical results

Numerical simulations are reported for the same experimental conditions mentioned previ-
ously (see §3.1). Results of simulations are then, compared to experimental measurements to 
validate our approach and to prove the extended validity of this model to other thermal con-
figurations such as the internal combustion engines.

Figure 2 shows the simulation for a stoichiometric methane-air mixture of initial pressure 
of 0,4 MPa and initial temperature of 300 K in the steel vessel of 82 mm of diameter. Com-
bustion stops according to the quenching criterion based on the Peclet number and where the 
quenching distance is less than 100 µm.

The evolution of wall heat flux is well simulated by the present model. The results show 
two major phases of heat transfer: for t<tpic = 48 ms (the experimental time peak), the heat 
flux is low and does not exceed 0.4 MW/m². This phase represents essentially the pressure 
rise effects on fresh gas temperature. As the flame propagates towards the wall, wall heat 
flux increases slightly to 2.2 MW/m². The steep increase of heat flux is due to the flame 
quenching on the cold wall. Afterwards, heat transfer starts decreasing due to the gas  
cooling.

Overall, the combustion and the cooling phases are correctly simulated as regards heat 
flux. Nevertheless, a difference in the pressure during the peak of flame quenching is observed. 
During combustion, the quenching phenomenon happens because of the heat losses, essen-
tially, which are large enough to slow down chemical reactions. In fact, all combustion power 
supposed to heat the preheated zone slightly goes to the wall by conduction through the fresh 

Figure 2: Comparison between experiments and simulations.
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gases. This is the large heat transfer, which takes place near the wall and which is finely 
described in this study.

After the heat losses peak, heat flux starts decreasing due to the cooling of hot gases. It is 
worth noting that we observe simultaneous maxima of wall heat flux and pressure reproduced 
by experiments and simulations. This feature enables to validate the spherical propagation of 
the flame whose modeling does not take into account of several disruptive phenomena such 
as the Archimedes’ forces or the Darrieus-Landau instabilities.

One can see that comparison between experiments and simulations shows good agree-
ments as regards heat flux and pressure appearances. Concerning heat flux, the simulations 
give satisfactory results and the heat flux peak computed is equal to the experimental value, 
which is equal to 2.2 MW/m². Nevertheless, the pressure curve is not perfectly fitted compar-
ing to the experimental results. A gap is observed when the flame approaches the wall and the 
simulated peak pressure is equal to 3.7 MPa comparing to the experimental value of 2.9 MPa. 
This difference can be due to the thermal expansion effects in fresh gases after diffusion, 
which widen by approaching the wall. This allows increasing the temperature in the majority 
of slices and the fact that pressure must follow the temperature evolution to conserve the 
constant volume of the chamber according to the perfect gas law.

4.2 Conductive and radiative heat contributions

Figure 3 shows the time evolution of the conductive and radiative heat transfers.
One can see that conductive and radiative heat fluxes increase in combustion phase then 

start decreasing in the cooling phase, simultaneously.
The conductive heat flux curve shows the same evolution of the total heat flux curve. In 

fact, a steep peak is observed at flame-wall interaction and is equal to 1.83 MW/m² which 
represents 80% of the total heat flux at flame quenching. As far as heat radiation is concerned, 
it prevails conduction in combustion phase, especially before the flame quenching. It varies 
from 100% to 20% at quenching. During the cooling period, conduction remains greater than 

Figure 3: Comparison between conductive and radiative heat flux.
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radiation until the end of the cooling phase where conduction and radiation remain equal to 
55% and 45%, respectively.

4.3 Temperature profile

In our study, the time evolution of the temperature in the vessel, shown in Fig. 4, follows the 
heat flux and the pressure evolutions. According to Fergusson and Keck [6], the temperature 
profile in fresh gases is supposed to be linear. Simulations show that since the beginning of 
combustion, the fresh gas temperature seems to be linear and slightly increases during the 
whole quenching process. For different radius positions in the chamber, temperature evolu-
tion seems to be in accordance with the flame propagation. In fact, as the flame propagates 
through the wall, thermal expansion due to the increase of burnt gas slices causes the increase 

Figure 4: Temporal profiles of temperature in the combustion chamber.

Figure 5: Comparison of the present model to the literature.
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of temperature during the combustion period. In addition, in Fig. 4 a higher temperature 
 gradient is evident. The quenching temperature at the highest gradient of the heat release rate 
is 1350 K for the fresh gases and 2816 K for the burnt gases.

4.4 Comparison of the literature models

In this work, other existing models were implemented in the code to estimate the heat release. 
As we can see in Fig. 5, the evolution of wall heat flux is better simulated by the present 
model. In fact, the steep increase in heat flux is only simulated by models coming from an 
atomic-scale approach. Nevertheless, the Rivère model’s [12] does not perfectly reproduce the 
heat flux peak and the instant of quenching. The heat losses computed by Woshni [10] are not 
suited to computing local unsteady heat losses as it does not take into account the reactive flow 
feature. The model stated by Nusselt [9] is also inadequate as it is based on a global approach.

5 CONCLUSION
In this work, a short review of wall heat losses in a spherical combustion vessel at constant 
volume has been presented. In the literature, no physical model is able to well reproduce the 
heat flux peak at the flame-wall interaction. The results of the present study show the ability 
of the atomic-scale model in rarefied regime to reproduce the behavior of the flame front 
during its interaction with the wall and give satisfactory results in the combustion and the 
cooling gas periods.

To sum up, the present model is well suited to correctly model the time-resolved and local 
heat losses. Nevertheless, it needs to take into account a fine spatial and temporal discretiza-
tion to ensure a good numerical convergence.
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