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Abstract

District heating networks are commonly addressed in the literature as one of the most effective solutions for decreasing the 
greenhouse gas emissions from the building sector. These systems require high investments which are returned through the heat
sales. Due to the changed climate conditions and building renovation policies, heat demand in the future could decrease, 
prolonging the investment return period. 
The main scope of this paper is to assess the feasibility of using the heat demand – outdoor temperature function for heat demand 
forecast. The district of Alvalade, located in Lisbon (Portugal), was used as a case study. The district is consisted of 665 
buildings that vary in both construction period and typology. Three weather scenarios (low, medium, high) and three district 
renovation scenarios were developed (shallow, intermediate, deep). To estimate the error, obtained heat demand values were 
compared with results from a dynamic heat demand model, previously developed and validated by the authors.
The results showed that when only weather change is considered, the margin of error could be acceptable for some applications
(the error in annual demand was lower than 20% for all weather scenarios considered). However, after introducing renovation 
scenarios, the error value increased up to 59.5% (depending on the weather and renovation scenarios combination considered). 
The value of slope coefficient increased on average within the range of 3.8% up to 8% per decade, that corresponds to the 
decrease in the number of heating hours of 22-139h during the heating season (depending on the combination of weather and 
renovation scenarios considered). On the other hand, function intercept increased for 7.8-12.7% per decade (depending on the 
coupled scenarios). The values suggested could be used to modify the function parameters for the scenarios considered, and 
improve the accuracy of heat demand estimations.
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Abstract

The reliable prediction of the turbulent combustion processes in lean flames is nowadays of crucial importance in the design of gas
turbine combustors. This work presents an assessment of the capabilities of Flamelet Generated Manifold (FGM) in the framework
of Large-Eddy Simulation (LES), as implemented in the commercial CFD solver CONVERGE. One of the main characteristic of
the code is the Adaptive Mesh Refinement (AMR) technique, namely the use of a dynamic mesh where elements size varies during
the simulation. For validation purposes, the TECFLAM swirl burner, consisting of a strongly swirling, unconfined natural gas
flame, has been chosen. Results highlight the advantages of AMR in describing turbulent flames, leading to a successful prediction
of the main characteristics of the reacting flow field.
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1. Introduction

Lean swirling flames are widely used in technical applications such as power generation systems and heavy-duty
gas turbines. The main aim of such technology is to provide a consistent reduction of the nitrogen oxides (NOx) emis-
sions by strictly controlling the equivalence ratio and therefore the combustion temperature. As an alternative to very
expensive and time consuming experimental investigations, computational methods can be used to predict burner per-
formances and investigate flame behavior. Nowadays, Large-Eddy Simulation (LES) is achieving a growing attention
for its accuracy in reproducing the turbulent flowfield and has been already widely employed for the simulation of
both premixed and non-premixed gaseous flames [5]. Regarding the combustion modelling, approaches characterized
by a detailed description [5] of the chemical kinetics are required. In this framework, the Flamelet Generated Manifold
(FGM) model has proven to be able of accurately reproducing the complex topology and the stabilization mechanism
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of lean burn flames [18, 17], despite the low computational costs. In the present work, the TECFLAM swirl burner,
a natural gas swirling unconfined flame, has been studied employing the FGM to model turbulent combustion in a
LES framework. The presented simulation has been performed employing the commercial CFD solver CONVERGE
developed by Convergent Science [11]. One of the main characteristic of such code is the Adaptive Mesh Refinement
(AMR) technique: it aims at overcoming all the problems linked to the use of a static grid by introducing a dynamic
mesh where elements size varies during the simulation. Firstly, an orthogonal hexahedral base grid is automatically
generated based on a few user-defined control parameters and fixed embedding is possible in the regions of interest,
for instance inside the nozzle or close to the walls. During the simulation, the mesh is automatically refined in the
regions where the second derivative of user defined variables is higher than a certain threshold. Such technique allows
a strong reduction of the computational cost while keeping a high-fidelity prediction of the main flow quantities. The
objective of this work is to preliminary validate the numerical setup and show the capabilities of AMR in describing
turbulent swirling partially-premixed flames.

Nomenclature

S Grid sizing
φ General scalar
AMR Adaptive Mesh Refinement
CFD Computational Fluid Dynamics
FGM Flamelet Generated Manifold
LES Large-Eddy Simulation

2. Experimental test case

The test case presented here is a further development of the configurations defined within the TECFLAM (TECh-
nical FLAMes) project of the Institute of Combustion and Power Plant Technology and consists of a strongly swirled
unconfined gaseous flame [13, 6]. The aim of such effort was to define a standard natural gas swirl burner and per-
form high-level quantitative measurements to achieve a complete characterization of the flame. Measurements of
the velocity (mean and standard deviation) were performed in [13] using Laser Doppler Anemometry while in [6]
Raman/Rayleigh scattering has been used to estimate the major species and the temperature distribution.

Moveable swirler ducts

Fig. 1. Schematic view of the TECFLAM burner (adapted from [7])

Swirl number has been set to 0.75 by adjusting the moveable geometry of the swirler ducts (Figure 1). Swirl
number is high enough to establishing a central recirculation zone due to vortex breakdown. In reactive conditions,
it enforces the backflow of hot gases towards the nozzle and is responsible for flame stabilisation. In Figure 1 the air
enters from the bottom and natural gas is injected using a pressurized perforated ring line. The produced mixture (air
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of lean burn flames [18, 17], despite the low computational costs. In the present work, the TECFLAM swirl burner,
a natural gas swirling unconfined flame, has been studied employing the FGM to model turbulent combustion in a
LES framework. The presented simulation has been performed employing the commercial CFD solver CONVERGE
developed by Convergent Science [11]. One of the main characteristic of such code is the Adaptive Mesh Refinement
(AMR) technique: it aims at overcoming all the problems linked to the use of a static grid by introducing a dynamic
mesh where elements size varies during the simulation. Firstly, an orthogonal hexahedral base grid is automatically
generated based on a few user-defined control parameters and fixed embedding is possible in the regions of interest,
for instance inside the nozzle or close to the walls. During the simulation, the mesh is automatically refined in the
regions where the second derivative of user defined variables is higher than a certain threshold. Such technique allows
a strong reduction of the computational cost while keeping a high-fidelity prediction of the main flow quantities. The
objective of this work is to preliminary validate the numerical setup and show the capabilities of AMR in describing
turbulent swirling partially-premixed flames.
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2. Experimental test case

The test case presented here is a further development of the configurations defined within the TECFLAM (TECh-
nical FLAMes) project of the Institute of Combustion and Power Plant Technology and consists of a strongly swirled
unconfined gaseous flame [13, 6]. The aim of such effort was to define a standard natural gas swirl burner and per-
form high-level quantitative measurements to achieve a complete characterization of the flame. Measurements of
the velocity (mean and standard deviation) were performed in [13] using Laser Doppler Anemometry while in [6]
Raman/Rayleigh scattering has been used to estimate the major species and the temperature distribution.

Moveable swirler ducts

Fig. 1. Schematic view of the TECFLAM burner (adapted from [7])

Swirl number has been set to 0.75 by adjusting the moveable geometry of the swirler ducts (Figure 1). Swirl
number is high enough to establishing a central recirculation zone due to vortex breakdown. In reactive conditions,
it enforces the backflow of hot gases towards the nozzle and is responsible for flame stabilisation. In Figure 1 the air
enters from the bottom and natural gas is injected using a pressurized perforated ring line. The produced mixture (air
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and methane with equivalence ratio of 0.83) is then deflected by 90 and splitted through radial and tangential channels.
Then, it flows inside the annulus around the bluff body, which is water-cooled in order to maintain a temperature of
353 K, and finally enters the unconfined section. Here, it is surrounded by a slow co-axial air flow (0.5 m/s), injected
from a concentric annular orifice. Experimental investigations were carried out in three different operating conditions,
corresponding to three level of thermal power, namely 30, 90, 150 kW [3]. In this work the lower level has been
investigated and the most relevant conditions are summarised in Table 1. It should be noticed that Reynolds number
is calculated based on the flow conditions at the exit plane of the nozzle using the diameter of central bluff body.

Table 1. Investigated flow conditions

Data Unit Value

Swirl number [-] 0.75
Thermal power [kW] 30
Equivalence ratio [-] 0.83
Reynolds number [-] 10.000

3. Meshing strategy

Most of the CFD software require time-consuming manual mesh generation and, when available, a tricky setup
of their automated meshing features. As result of that, the time required by the user to generate the computational
grid is often a large part of the overall amount employed to set up the case. To overcome this issue, CONVERGE
integrates a tool that automatically generates an orthogonal grid at runtime, based on a few user-defined grid control
parameters, allowing a consistent speed up of the case setup. A modified cut-cell cartesian method is implemented
[14] which eliminates the need to shape the computational grid over the geometry of interest, while the true boundary
morphology is still precisely described. To completely take advantage of such automatic meshing feature a run time
adaptive mesh refinement is available in CONVERGE. In fact, thanks to the hexahedral shape of the elements, AMR
is of straightforward application: given an element with an certain initial size (S pre) the grid is embedded by splitting
it into smaller elements, characterized by a size of S post (Equation 1) where n is an integer.

S post =
S pre

2n (1)

The main aim of such algorithm is to increase the grid resolution in the regions where the flow is particularly complex,
whereas leaving the mesh relatively coarse in less critical sections. Since it is difficult to determine a priori where a lo-
cal refinement is required, considering that in unsteady simulations these zones may vary due to turbulent instabilities,
a general criterion is required to determine whether the grid must be embedded or not. In CONVERGE, such criterion
is based on the estimation of the magnitude of the sub-grid field of a certain user-specified variable (e.g. temperature
and velocity magnitude in Figure 2. Considering a general scalar φ, the sub-grid field (φ

′
) is defined as the difference

between the actual and the resolved field (φ), φ
′
= φ − φ. According to [2, 4] the sub-grid field can be expressed as an

infinite series:

φ
′
= −α[k]

∂2φ

∂xk∂xk
+

1
2!
α[k]α[l]

∂4φ

∂xk∂xk∂xl∂xl
− 1

3!
α[k]α[l]α[m]

∂6φ

∂xk∂xk∂xl∂xl∂xm∂xm
+ ... (2)

where α[k] = dx2
k/24 for a rectangular cell and the brackets [ ] indicate no summation. Since it is not possible to

evaluate the entire series, only the first term (the second-order term) of the series is used to approximate the scale of
the sub-grid, namely:

φ
′
� −α[k]

∂2φ

∂xk∂xk
(3)

From the expression above it is clear that the AMR is based on the second derivative of the involved scalar. The same
approach has been extended to vector fields, in order to allow AMR on velocity also.
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Fig. 2. Example of adaptive mesh refinement in CONVERGE driven by temperature and velocity variation respectively

Finally, a threshold value is required to establish if the element will be embedded or not: a cell is embedded if
the absolute value of the sub-grid field is above it. The choice of such value is based on user experience, available
computational resources and the adopted turbulence model. In fact, the lower the value of the threshold, the higher the
mesh resolution and therefore the number of elements. For instance, it is obvious that LES will require higher mesh
resolution with respect to RANS and therefore a lower value of AMR threshold. Typical ranges of such parameter for
standard variables are reported in Table 2.

Table 2. Recommended ranges for sub-grid criterion [12]

Field Recommended value

Velocity 0.1% to 10% of characteristic velocity in the domain.
Temperature 0.1% to 10% of characteristic temperature in the domain.

In order to save computational resources, AMR is normally applied only when the flow is completely developed
in the domain (i.e. when the initialization has been completely flushed). To achieve a proper mesh resolution in
critical regions, such as the narrow channels of the swirler, fixed embedding has been introduced. Similarly to other
CFD solvers, it allows a local refinement of the mesh, independent from flow characteristics, to guarantee a more
appropriate flow and geometry description, while keeping low the number of elements in regions of less interest.

4. Numerical setup

The Smagorinsky model [15] has been employed to model the sub-grid stress tensor wich appears from the filtered
system of Navier-Stokes equations of a turbulent flow field. A Werner Wengle wall model [20] has been used to re-
produce fluid-wall interactions and boundary layers. The combustion process has been modeled through a Flamelet
Generated Manifold (FGM) approach [8] where the mean source term of the reaction progress has been closed with
the turbulent flame speed closure proposed by Zimont [21]. GRI Mech 3.0 chemistry [16] for methane combustion
has been employed to generate the manifold data. The tabulated chemistry has been sampled from a set of 1D freely
propagating premixed flames solved in physical space over the entire range of equivalence ratios. The results from the
flamelets solution have been then stored in a look-up table to be used during the CFD computation. The computational
domain used in the reported simulation is composed by the combustion chamber, the swirler and an annular plenum
chamber which feeds the entire device with fresh mixture (Figure 3). Such plenum has been included in the numerical
domain, as already done in other works [19, 1] in order to fully evaluate the automatic meshing features of CON-
VERGE and its capability of reproducing the effective flow field. On the other hand, directly impose the air flow split
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cal refinement is required, considering that in unsteady simulations these zones may vary due to turbulent instabilities,
a general criterion is required to determine whether the grid must be embedded or not. In CONVERGE, such criterion
is based on the estimation of the magnitude of the sub-grid field of a certain user-specified variable (e.g. temperature
and velocity magnitude in Figure 2. Considering a general scalar φ, the sub-grid field (φ

′
) is defined as the difference

between the actual and the resolved field (φ), φ
′
= φ − φ. According to [2, 4] the sub-grid field can be expressed as an

infinite series:

φ
′
= −α[k]

∂2φ

∂xk∂xk
+

1
2!
α[k]α[l]

∂4φ

∂xk∂xk∂xl∂xl
− 1

3!
α[k]α[l]α[m]

∂6φ

∂xk∂xk∂xl∂xl∂xm∂xm
+ ... (2)

where α[k] = dx2
k/24 for a rectangular cell and the brackets [ ] indicate no summation. Since it is not possible to

evaluate the entire series, only the first term (the second-order term) of the series is used to approximate the scale of
the sub-grid, namely:

φ
′
� −α[k]

∂2φ
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(3)

From the expression above it is clear that the AMR is based on the second derivative of the involved scalar. The same
approach has been extended to vector fields, in order to allow AMR on velocity also.
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Fig. 2. Example of adaptive mesh refinement in CONVERGE driven by temperature and velocity variation respectively

Finally, a threshold value is required to establish if the element will be embedded or not: a cell is embedded if
the absolute value of the sub-grid field is above it. The choice of such value is based on user experience, available
computational resources and the adopted turbulence model. In fact, the lower the value of the threshold, the higher the
mesh resolution and therefore the number of elements. For instance, it is obvious that LES will require higher mesh
resolution with respect to RANS and therefore a lower value of AMR threshold. Typical ranges of such parameter for
standard variables are reported in Table 2.

Table 2. Recommended ranges for sub-grid criterion [12]

Field Recommended value

Velocity 0.1% to 10% of characteristic velocity in the domain.
Temperature 0.1% to 10% of characteristic temperature in the domain.

In order to save computational resources, AMR is normally applied only when the flow is completely developed
in the domain (i.e. when the initialization has been completely flushed). To achieve a proper mesh resolution in
critical regions, such as the narrow channels of the swirler, fixed embedding has been introduced. Similarly to other
CFD solvers, it allows a local refinement of the mesh, independent from flow characteristics, to guarantee a more
appropriate flow and geometry description, while keeping low the number of elements in regions of less interest.

4. Numerical setup

The Smagorinsky model [15] has been employed to model the sub-grid stress tensor wich appears from the filtered
system of Navier-Stokes equations of a turbulent flow field. A Werner Wengle wall model [20] has been used to re-
produce fluid-wall interactions and boundary layers. The combustion process has been modeled through a Flamelet
Generated Manifold (FGM) approach [8] where the mean source term of the reaction progress has been closed with
the turbulent flame speed closure proposed by Zimont [21]. GRI Mech 3.0 chemistry [16] for methane combustion
has been employed to generate the manifold data. The tabulated chemistry has been sampled from a set of 1D freely
propagating premixed flames solved in physical space over the entire range of equivalence ratios. The results from the
flamelets solution have been then stored in a look-up table to be used during the CFD computation. The computational
domain used in the reported simulation is composed by the combustion chamber, the swirler and an annular plenum
chamber which feeds the entire device with fresh mixture (Figure 3). Such plenum has been included in the numerical
domain, as already done in other works [19, 1] in order to fully evaluate the automatic meshing features of CON-
VERGE and its capability of reproducing the effective flow field. On the other hand, directly impose the air flow split
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in tangential and radial channels provide a tighter control on the swirl number [10] and ensure the aforementioned
experimental conditions to be matched.

Fig. 3. Computational domain tested in this work

Regarding the inlet boundary condition, the main assumptions are listed in Table 3. It should be highlighted that
no artificial turbulence has been added at the inlet, since the main eddies are normally generated across the swirler.

Table 3. Relevant boundary conditions

Data Unit Inlet Co-flow

Mass flow rate [kg/s] 0.1313 -
Axial velocity [m/s] - 0.5
Temperature [K] 300 300
Mean progress variable [-] 0 0
Mean mixture fraction [-] 1 0
Variance of the mixture fraction [-] 0 0

At the outlet surfaces, a fixed pressure of 101325 [Pa] has been set to mimic ambient conditions. No-slip condition
and imposed temperature (353 K) have been imposed on all the walls of the domain. A second order central differenc-
ing approximation scheme has been used for momentum, energy, density, mixture fraction (mean and variance) and
mean progress variable. Transport equations have been solved using the PISO algorithm [9]: throughout this work the
simulation time step has been automatically set according to a maximum value of Courant-Friedrichs-Lewy number,
placed equal to one. A base grid size of 8 mm has been employed with a maximum embedding level of 4: the resulting
minimum element size is 500 µm. AMR has been based on velocity and temperature sub-grid fields, with a threshold
value of 0.09 m/s and 50 K respectively.

5. Results and discussion

In combustion applications the use of LES generally leads to a drastic improvement in the predicted results with
respect to RANS (for instance in [10]). Preliminary RANS simulations have been performed but for the sake of
brevity they are not reported here. Moreover, an interesting feature of the automatic meshing method implemented in
CONVERGE is that preliminary simulation are no longer required to initialize the LES flow field. In fact, the initial
solution can be flushed out with a coarser mesh which can be refined on the fly during the same run. In present study for
instance, a first coarser grid has been generated to allow the methane to quickly fill the combustion chamber. Then, the
mixture has been ignited using a volumetric energy and mean progress variable source term. After flame propagation
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and stabilization, AMR has been activated, together with a further embedding in the near field of the nozzle, leading
to an average number of elements of about 7 M. This strategy allows to strongly reduce the computational effort
required to initialize unsteady simulations, achieving at the same time a very high mesh resolution at the end of the
simulation. Results shown hereby are obtained by averaging in time the turbulent unsteady flow field. Comparisons
with experiments have been carried out over some planes, highlighted in Figure 4.

Averaged Instantaneous

30 mm

20 mm

10 mm

1 mm

Fig. 4. Averaged and istantaneous temperature field superimposed with employed sampling planes

By defining x as the axial distance from swirler nozzle, the velocity flow field has been investigated at x = 1, 10,
20, 30 mm. Instead, temperature has been compared, using a reduced number of planes, placed at x = 10, 20, 30 mm.

  

x = 1 mm x = 10 mm x = 20 mm x = 30 mm

Fig. 5. Comparison of axial, radial and tangential velocity with experimental data

A general good agreement can be observed in the profiles of velocity reported in Figure 5. At the nozzle exit (x
= 1 mm) all the velocity components are well matched, demonstrating that the selected setup is capable of correctly
reproduce the flow field inside the nozzle. Moving downstream the combustion chamber, the swirled flow starts to
spread outwards and, as effect of this, the axial velocity peak starts to move towards higher radii. Tangential velocity,
which is higher for x = 1 mm, rapidly decays as it is converted into radial one, allowing the flow spreading mentioned
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20, 30 mm. Instead, temperature has been compared, using a reduced number of planes, placed at x = 10, 20, 30 mm.
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A general good agreement can be observed in the profiles of velocity reported in Figure 5. At the nozzle exit (x
= 1 mm) all the velocity components are well matched, demonstrating that the selected setup is capable of correctly
reproduce the flow field inside the nozzle. Moving downstream the combustion chamber, the swirled flow starts to
spread outwards and, as effect of this, the axial velocity peak starts to move towards higher radii. Tangential velocity,
which is higher for x = 1 mm, rapidly decays as it is converted into radial one, allowing the flow spreading mentioned
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above. This behaviour is well matched by the simulation. At x = 30 mm the axial velocity peak is slightly overestimated
but it decay more rapidly moving inward and outward. This could be due to a poor representation of the mixing
promoted by turbulence which can be enhanced by a further refinement of the grid to allow more turbulent structures
to be resolved.

  

x = 10 mm x = 20 mm x = 30 mm

Fig. 6. Comparison of temperature with experimental data

Regarding the comparison of the temperature profiles, at x = 10 mm the maximum peak and the steep drop are
well represented by the simulation. Nevertheless, the temperature on the swirler axis is well over predicted. This is
probably the effect of a poor description of intermittent nature of the turbulent flow and the heat losses promoted by
long residence times inside the inner recirculation zone. At x = 20 mm and x = 30 mm the same behaviour can be
identified. Moreover, for what concerns experimental results, the temperature gradient is flattened as the width of the
flame brush is increased by turbulence in axial direction [6]. Such thickening is not recovered in simulation, as the
temperature profile has the same slope in all the three sampling planes. As stated for before, a better description of
turbulent structures in such zone can be achieved by locally refining the mesh or by imposing a lower threshold value
for the AMR. Furthermore, these discrepancies can probably be overcome by a finer tuning of the prefactor coefficient
used in Zimont correlation, but this analysis was out of the scope of this work.

6. Conclusions

LES calculation of a swirler stabilized lean-burn flame has been performed using AMR techiques. The comparison
with experimental data shows the improvements that can be obtained in describing turbulent flames modifying the
grid size during the simulation in order to achieve the required accuracy only in the regions of interest while keeping
low the overall computational effort.
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