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ABSTRACT
This work presents an overview of the influence of heat

losses on combustions systems featured by confined turbulent
flames. It describes the modelling approach, which is based on
non-adiabatic steady flamelets and results for three different con-
figurations are discussed. The results indicate that the addition
of heat losses on the chemical kinetics of the flamelet database
is essential to obtain accurate temperature fields and good cor-
relation with the experiments. It also shows the influence of the
thermal boundary conditions on the reacting flow field as well
as the superior behaviour of conjugate fluid/solid approaches to
obatain more accurate mean and fluctuating quantities.

INTRODUCTION

The increasing energy demand and the yet more restrictive
emissions regulations are leading to the design of combustion
systems operating in lean conditions and with wider flexiblity
of operation [1]. In this situation, the use of numerical simula-
tions for design and analysis is becoming very attractive as the

∗Address all correspondence to this author: daniel.mira@bsc.es

computing power is continously increasing. The use of advance
numerical simuations is making an important contribution to the
design process of GT engines. There are still many modelling
issues associated to the simulation of full combustion systems.
Fundamental processes as turbulence/chemistry interaction, local
extinction, re-ignition, flame curvature or strain, heat losses can
influence the prediction of the numerical simulations [2–4], but
also technological aspects such as thermal or inlet conditions [5]
need to be correctly imposed on the simulations to obtain ac-
curate predictions when modelling full systems. However, the
modelling of complex physical phenomena taking place in com-
bustion systems usually require the use of high-fidelity numerical
simulations such as large-eddy simulation (LES) along with large
number of computational resources, so the use of HPC platforms
and codes that can run efficiently on them becomes mandatory.

The existence of heat losses is an important aspect that has
to be considered when modelling confined flames in combustion
systems [6–8]. The effects of convective heat losses and radiation
have an impact on the enthapy state of the flow that depending
on the residence time in the combustor can lead to large changes
in peak temperatures [5] or even on the stabilization mechanism
of the flames [9]. The variation in fluid enthalpy associated to



the heat losses also impacts on the chemical pathways influenc-
ing the chemical reactions and the emission characteristics of the
combustion systems. While modelling the heat losses from the
fluid becomes straightforward through the enthalpy equation, the
interaction of the flow with the surrounding walls is not that sim-
ple and depends on the fluid and solid properties [10–12]. The
thermal interaction between fluid and solid does not only affect
the fluid part, but also the solid structure and can induce thermo-
mechanical problems [13, 14].

The characterization of the thermal fluid/structure interaction
can be modelled using a conjugate heat transfer (CHT) approach,
where both fluid and solid domains are solved simulatenously
exchanging information at the boundaries. A widely used al-
gorithm for CHT problems is based on Dirichlet/Neumann cou-
pling [10,15], though more advance approaches based on Robin-
type boundary conditions can also be used [16]. The use of cou-
pling algorithms allows to obatin more accurate representation
of the thermal boundary conditions and better predictions of the
reacting flow field such as flame length, flame shape or pollutant
emissions [5].

The main purpose of this study is to examine the influence of
heat losses on the combustion characteristics of several confined
turbulent flames in practical combustion systems. The article in-
troduces the modelling approach and the strategy to take into ac-
count the heat loss in the parallel multiphysics code Alya [17]
and presents some practical cases where the impact of heat loss
on the predicting capabilities of the models is discussed.

MODELLING APPROACH

Governing equations for fluid mechanics

The reacting flow field is described by the equations of fluid
mechanics (continuity, momentum and enthalpy) along with the
equations describing the multispecies reacting flow, two control-
ling variables representing the evolution of the chemical reac-
tions and the fuel/air mixing with their corresponding variances.
These variables are the reaction progress variable c and the mix-
ture fraction f . The governing equations after Favre- and spatial-
averaging for LES reads:

∂ρ

∂ t
+∇ · (ρ ũ) = 0 (1)

ρ
∂ ũ
∂ t

+ρ ũ ·∇ũ =−∇p+∇ · τ +∇ · τ∗ (2)

ρ
∂ h̃
∂ t

+ρ ũ ·∇h̃ = ∇ ·
(

λ

cp
∇h̃
)
+∇ ·h∗−∇ · q̇R (3)

where the physical variables are represented by the standard no-
tation and the superscript ∗ stands for the unclosed terms com-
ing from the filtering operation. The term qR represents the heat
losses due to radiation and is modelled assuming an optically
thin flame [18]. The heat production due to viscous forces is
neglected in the enthalpy equation. The unclosed term in the
momentum equation is modelled using the Wall-Adapting Local
Eddy-viscosity model (WALE) [19]. The unresolved heat flux is
modelled using a gradient diffusion approach [20]:

h∗ =
µt

Sct
∇h̃ (4)

where Sct is the turbulent Schmidt number assumed to be contant
and set as 0.9.

The enthalpy is defined as the sum of the sensible and chemical
enthalpy for each species hk, while the enthalpy of the mixture h
is given as function of individual mass fractions Yk by:

h̃k =

T∫
T0

cp,kdT +∆h0
k with h̃ =

K

∑
k=1

Ỹkh̃k (5)

The temperature is computed implicitly by inversion of Eq. 5 and
using the NASA coefficients [21] in an iterative procedure based
on Newton’s method. In addition to the thermodynamic coeffi-
cients and the reaction source term, mixture-averaged transport
properties are tabulated for the thermal conductivity and the lam-
inar viscosity. For the tabulation of these properties, deviations
of the local CFD temperature from the flamelet temperature are
neglected.

Turbulent combustion model

The combustion model is based on the filtered reaction
progress variable c̃ defined on basis of the species concentration
as:

c̃ =
Yk−Y u

k

Y eq
k −Y u

k
with Yk =

N

∑
j=1

b jYj (6)

where the superscripts u and eq refer to the unburnt and equilib-
rium composition, respectively. b j is a weight factor indicating
the contribution of the mass fraction of species j to the composed
mass fraction k (for further details see [22]). Consequently, the



reaction progress is zero in the limit of unburnt gases and unity
for gases reacted to chemical equilibrium.
Transport equations are solved for the reaction progress variable
c̃ and to account for turbulence interaction also for its variance
c̃′′2:

ρ
∂ c̃
∂ t

+ρ ũ ·∇c̃ = ∇ · [(ρD+Dt)∇c̃]+ S̃c (7)

ρ
∂ c̃”2

∂ t
+ρ ũ ·∇c̃”2 =∇ ·

[
(ρD+Dt)∇c̃”2

]
+2
(

S̃c c− S̃c c̃
)
+Pc+Dc

(8)

For non-premixed combustion, the mixing between fuel and
oxidizer is described by the mixture fraction f̃ and its variance
f̃ ′′2. The definition of the mixture fraction is similar to the defi-
nition of the reaction progress and reads:

f =
Y −Y ox

Y f −Y ox (9)

The superscripts f and ox refer to the fuel and oxidizer stream,
respectively. Therefore, the mixture fraction varies within the
limits of zero for pure oxidizer and unity for pure fuel. Transport
equations are solved for f̃ and f̃ ′′2:

ρ
∂ f̃
∂ t

+ρ ũ ·∇ f̃ = ∇ ·
[
(ρD+Dt)∇ f̃

]
(10)

ρ
∂ f̃ ”2

∂ t
+ρ ũ ·∇ f̃ ”2 = ∇ ·

[
(ρD+Dt)∇ f̃ ”2

]
+P f +D f (11)

The turbulent diffusion coefficient Dt originated from the un-
closed term of the averaging or filtering operation (RANS or LES
respectively) is modelled using the eddy diffusivity hypothesis:

D =
λ

ρcp
, Dt =

µt

Sct
(12)

where µt = ρνt is the turbulent viscosity and Sct is the turbu-
lent Schmidt number and is set to Sct = 0.9 for the current case.
Pk and Dk are the production and dissipation terms of the two
equations, respectively. The production and dissipation terms for
the reaction progress and the mixture fraction are given by the
closure proposed by Domingo et al [23] and read:

Pc = 2
µt

Sct
|∇c̃|2 , Dc =−2

µt

∆2Sct
c̃v (13)

P f = 2
µt

Sct

∣∣∇ f̃
∣∣2 , D f =−2

µt

∆2Sct
f̃v (14)

where the linear relaxation hypothesis is used to model the sub-
grid scale part of the scalar dissipation rate and uses a filter width
∆ computed as a length scale given by the mesh size.

The combustion model is based on laminar premixed flamelets
and a β -PDF is used to take into account turbulence-flame inter-
actions. To take into account the heat losses in the database,
several flamelets at varying enthalpy level are computed and tab-
ulated as function of the controlling variables and integrated with
a joint-PDF. Details of the tabulation procedure can be found in a
previous work [3]. The detailed chemical sheme used for chem-
istry tabulation is the GRI 3.0 mechanism [24], which is known
to represent fairly well the chemical state of low-order hydrocar-
bon fuels such as the ones used here: methane and propane.

RESULTS AND DISCUSSION

This section introduces the computational cases where the ef-
fects of heat loss are examined on different confined geometries.
The first test case corresponds to a turbulent jet flame on a con-
fined cylindrical combustion chamber, while the second case the
jet enters into a squared domain instead. Despite the differences
in fuel composition and Reynolds number, the effects of heat loss
are clear in both configurations. The third case also corresponds
to premixed flame, but it is a swirling flame discharging into a
squared domain. Details of the test cases and results are given
below.

Numerical details

All three cases presented below were solved using the parallel
multiphysics code Alya [17]. The discretization of the govern-
ing equations is based on finite elements using the Variational
Multiscale Stabilization (VMS) method [25]. The effects of the
subgrid scale are accounted for by adding an eddy viscosity com-
puted from Nicoud and Ducros [19]. The time discretization is a
second order backward Euler scheme (BDF2) with constant time
step. The resolution near the wall is maintained in all cases at
y+ = 1 except at downstream locations of the combustors where
all grids are coarsened in order to reduce the computational cost.
Preliminary studies have been done to assess the computational
grid sensitivity on the results, but this has been omitted here for
brevity and only results of the final meshes are presented. The
number of cells of the final computational grids are given below
for each case.
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FIGURE 1: Comparison of simulation results with experimental
data at x/r =1.0, 3.0 and 5.0 for mean axial velocity (left) and
mean temperature (right).

Turbulent premixed jet flame in cylindrical domain

The test case corresponds to a lean premixed turbulent propane
flame in an axisymmetric dump combustor investigated exper-
imentally by Gould et al. [26] and numerically by Fedina and
Fureby [27]. The operating conditions of the combustor corre-
spond to a lean propane/air mixture at equivalence ratio φ = 0.5
and T=298K issuing from circular nozzle on a dump plane at
Re=55800. The flow conditions place the flame in the corrugated
flamelet regime and the Damköler and Karlovitz number are es-
timated to be Da=167 and Ka=0.15 [27]. The configuration con-
tains an inlet section of diameter 0.17 m with a 5:1 contraction
of diameter 0.076 m entering into the combustion chamber with
0.152 m diameter. The mesh employed for this case contains 8
million cells (tetrahedrons and prisms).

The flame in this configuration features a long flame along
the tube with a weak recirculation zone generated by the dump
plane that separates the reacting shear layer from the wall. Two
simulations with and without heat losses in the thermochemical
database were compared against the experimental data. Note that
both cases use the same wall temperature Tw=700K and the dif-
ference is only in the database. Simulation results for the mean
temperature and axial velocity respect to reference values at three
axial locations are shown in Fig. 1 for comparison. The results
evidence that the velocity field remains almost unaltered, while
the temperature profiles are only captured when the heat losses
are included in both the CFD and the thermochemical database.
Interestingly, the temperature peaks are rather similar between
the two cases, but the correct spreading of the flame can only be
captured by the non-adiabatic simulation.

FIGURE 2: Instantaneous contour plots of temperature (left) and
axial velocity (right) for the CHT case.

Turbulent premixed jet flame in squared domain

The test case corresponds to a premixed turbulent jet flame
confined in a rectangular combustion chamber and operated at
atmospheric pressure [6]. A methane/air mixture at an equiva-
lence ratio of φ = 0.71 is injected into the combustion chamber
through a circular pipe. The jet nozzle is positioned off-centred
to achieve a pronounced lateral recirculation zone and the flame
is stabilized by the recirculation of hot combustion products. At
the inlet, the mixture is preheated up to T=573K and injected
with an inlet velocity of u = 90 m/s. The walls of the combus-
tion chamber are made of quartz glass to allow for optical access
required for laser-based measurements. This case was fully in-
vestigated in the work by Gövert et al. [3, 5]. Sample results are
included here for completeness in Fig. 2. The mesh employed
for this case contains 12 million cells (tetrahedrons and prisms).

This configuration creates a large recirculation zone on the
widest section of the chamber that preheats the incoming mix-
ture by mixing the fuel with the hot combustion products. The
increase in fuel dilution and the existence of the flow reversal
induces lower peak temperatures and large residence times. In
this type of burners, the aerodynamic recirculation is crucial to
guarantee flame stability and combustion at relatively low tem-
perature, so that the burner can operate stable at lean conditions
with low emissions. As occurs with the previous case, the addi-
tion of the heat loss into the thermochemical database becomes
mandatory as shown by Gövert et al. [3]. The main heat transfer
mechanism inducing heat losses in this combustor at the operat-
ing point investigated was the convective heat transfer, since radi-



ation only plays a minor role due to the large residence time. This
is evidenced in the work by Gövert et al. [5] and some profiles
are also included here for comparison. In order to evaluate the
effect of heat losses on flame temperature and fluctuations, sim-
ulation results using different thermal treatment of the chamber
walls are shown in Fig. 3. The different cases use the same non-
adiabatic flamelet database, but differ on the wall temperature.
The comparison includes a reference case with fixed temperature
at the walls (Tw=1000K), a dual heat transfer (DHT) case where
a non-uniform, but constant temperature distribution at the wall
is obtained combining RANS with a steady state solver for the
structure [5] and a fully coupled CHT case, where both fluid and
solid are solved simultaneously.

The results indicate that the use of a fixed wall temperature
for the entire combustion chamber can lead to wrong predictions
of the flame temperature and more specially, large deviations in
temperature fluctuations as the temperature does not remain con-
stant over the walls. The mean values agree reasonably well in
all cases, and for y/d < 1 the fixed Tw case agrees even better
with the experiments, although large discrepancies exist at down-
stream locations. These differences are of the order of 100K in
regions near the reacting layer and even larger downstream. The
use of fully a coupled approach is only justified in this case when
the correct prediction of turbulent fluctuations is essential, since
the DHT approach already provides good estimation of mean val-
ues without running two solvers at the same time, with savings
in computing time of the order of 5-10%. The largest impact of
the wall heat transfer model is visible for the temperature RMS
values. The best results are visible for CHT, followed by DHT
and then at fixed wall temperature model. The main reason for
this behaviour is the numerical treatment of the wall chamber
temperature that influences the heat losses and the existance of
fluctuations near the wall. The DHT and CHT cases have a sim-
ilar global heat loss across the chamber, which is given by us-
ing a rather similar non-uniform temperature distribution at the
walls. However, the CHT case also allows fluctuations to take
place near the wall and this makes the difference between the
two cases. These two effects are missing in the fixed wall tem-
perature case and justifies the lower predicting capabilities of this
model. While the influence of heat losses is evident on the tem-
perature field, the velocity field remains almost unaltered.

Turbulent swirling flame

A swirling combustor operated at atmospheric conditions and
burning methane at lean conditions φ = 0.83 is presented here.
This combustor has been investigated experimentally by Lartigue
et al. [28] and the geometry includes a plenum, a swirl injector
and a squared combustion chamber. This combustor has been
investigated numerically by several groups [29–32] and is gen-
erally used for validation for purposes. The combustor can be
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FIGURE 3: Mean temperature (left) and temperature fluctuations
(right) using different thermal conditions at y/d = 1, 2 and 4.

operated at premixed, non-premixed and partially premixed con-
ditions and has good quality experimental and numerical data to
aid comparisons. The mesh employed for this case contains 26
million cells (tetrahedrons and prisms). Sample results of the
instantaneous fields of the partially premixed case are shown in
Fig. 4.

As occurs in the previous cases, the temperature field is the
most sensitive parameter to evaluate the influence of the heat
losses, so only the plots of the mean temperature and its fluc-
tuations are shown in Figs. 5 and 6 for discussion. The cases pre-
sented here include simulations assuming a perfectly premixed
mixture, with different modelling approaches. The first case is
an adiabatic simulation, the second uses a non-adiabatic flamelet
database with a constant wall temperature of Tw = 1000K and the
last case includes a radiative source term in the enthalpy equation
using the optically thin radiation model with the same Dirichlet
condition for the temperature at the walls Tw = 1000K. In gen-
eral, the simulation results are in good agreement with the ex-
perimental data and show the potentials of the presented model
to predict turbulent combustion applications in confined geome-
tries. One importnat feature of this configuration is that the flame
is more compact and shorter than the presented jet flames, there-
fore the effects of heat losses have a small influence on flame
shape and length. The main discrepancy occurrs as the flow ap-
proaches the wall, where the enthalpy level on the corner recir-
culation zone is reduced substantially lowering the temperature
near 300K compared to the adiabatic case, see Fig. 5. The effects
of radiation are not severe in this case, and the convective heat
transfer overcomes the radiative losses, so the differences be-
tween the two cases are minor. The prediction of the temperature
fluctuations are overall in good agreement with the experimental
data as shown in Fig. 6. The three cases tend to underpredict the



FIGURE 4: Instantaneous iso-surface of stoichiometric mixture
fraction cloured by temperature (top) and temperature field (bot-
tom).

fluctuations at the center of the combustor, although this might be
related to the fuel air mixing through the injectors that has been
neglected. The three approaches lead to similar distributions and
peak values and the adiabatic case tends to underpredict the fluc-
tuations near the wall, as no temperature variations are expected
there.

CONCLUSIONS

The study introduces the modelling approach included in the
code Alya to study heat losses in combustion systems using a
turbulent combustion model based on steady flamelets generated
from 1D premixed laminar flames in the low Mach regime. The
model is described for premixed and partially premixed condi-
tions using the mixture fraction, progress variable, their vari-
ances and the definition of a normalized enthalpy generated from
the local enthalpy transported by the CFD. The paper shows the
influence of the heat losses on three different combustions sys-
tems, and the impact of the thermal boundary conditions and
enthalpy level on the predicting capabilities of the code. The
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FIGURE 5: Mean temperature profiles using different modelling
approaches at z = 6, 10, 15, 20, 30, 40, 60 and 80 mm.
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FIGURE 6: Temperature fluctuations using different modelling
approaches at z = 6, 10, 15, 20, 30, 40, 60 and 80 mm.

cases include a jet flame discharging on a circular domain, a
FLOX R©-type combustor, and swirling flame from an aeronau-
tical combustor. The results indicate that including heat losses is
essential to ensure a correct prediction of the temperature fields
in confined geometries and is specially critical in the case of jet
flames where the flame is usually longer and stabilized close to
the chamber walls. In most cases, the treatment of the wall con-
dition has an influence on the flow field and using non-uniform
temperature distributions with a Dirichlet-type condition can im-
prove the predictions and the correlation with the experiments.
If accurate predictions of temperature fluctuations are expected,
the use of a coupling CHT approach ensures an appropiate level
of fluctuations in the near wall region.



NOMENCLATURE

CHT Conjugate heat transfer

CFD Computational Fluid Dynamics

Da Damköler

DHT Dual heat transfer

FLOX R© Flameless oxidation

GT Gas turbine

HPC High-Performance Computing

Ka Karlovitz

LES Large-eddy simulation

PDF Probability density function

HPC High-Performance Computing

Re Reynolds

RPV Reaction progress variable

WALE Wall-Adapting Local Eddy-viscosity

φ Equivalence ratio
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