Influence of geometry on the position and the intensity of maximum
kinetic energy in a combustion chamber
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Abstract. We analyzed the hydrodynamics of the flow into an axis-symmetrical combustion chamber
with a central bluff body. Using an axis-symmetrical turbulent flow model we determined the extent
of the recirculation region behind the bluff body as well as the location and intensity of maximum
kinetic energy as a function of the cone angle of the chamber wall. We showed that by shortening the
convergent conical section of the chamber we obtain a compact recirculation with higher turbulence
intensity, with positive influence on gas mixing. We used the software FLUENT 6.3 for the
numerical simulation of the gas flow inside the combustion chamber. The simplified geometry of the
two types of combustion chambers was built using the pre-processor GAMBIT 2.4. Two structured
meshes were obtained for the domains of numerical analysis with approximately 170,000 cells each.
For modelling the turbulence of the flow we used three different turbulence models which were
implemented in FLUENT 6.3.
Introduction
In most industrial turbo motors, the Reynolds number of the fluid flow in the region of the
flame is high enough so that the combustion process takes place in a turbulent flow. The effects of
the turbulence, in general, have a positive impact on the efficiency of the burning process, because
the turbulence substantially improves both the mixing process of the chemical species which
compose the fluid mixture and the heat transfer from the combustion chamber, [1]. A complete
comprehension of the combustion process which takes place in a combustion chamber requires a
detailed comprehension of the interaction and interdependence between the combustion and
turbulence. Research of turbulent combustion remains open and represents for scientists the most
important unsolved problem in classic physics, [2]. In this paper we study only the turbulent flow
inside a micro- combustor which is used in coproduction equipment which uses a post combustion
process. The chosen axial symmetrical geometry has the advantage of allowing the development of
the recirculation region only behind the conical shape bluff body, determining a localization of the
turbulences induced by the bluff body. The characterization of the turbulent flow over an obstacle,
even without some frontiers for the limitation of the flow, depends significantly on the chosen
turbulence model, [3].
Numerical method
A steady 2D axis-symmetrical incompressible turbulent flow is calculated in the computational
domains, using the continuity equation, Eq. 1, and Navier-Stokes equation, Eq. 2 and Eq. 3, [4]:
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The numerical solution of flow Eq. 1, Eq. 2 and Eq. 3 is obtained with the expert code FLUENT
6.3, using a Reynolds-averaged Navier-Stokes (RANS) solver.
For modelling the turbulent flow we used three different turbulence models: k-ε realizable, k-ω
Shear-Stress Transport and Reynolds Stress Model.
The realizable k-ε model is a relatively recent development and differs from the standard k-ε
model in two important ways, [4]:
 The realizable k-ε model contains a new formulation for the turbulent viscosity.
 A new transport equation for the dissipation rate, ε, has been derived from an exact equation
for the transport of the mean-square vorticity fluctuation.
The term "realizable'' means that the model satisfies certain mathematical constraints on the
Reynolds stresses, consistent with the physics of turbulent flows. An immediate benefit of the
realizable k-ε model is that it more accurately predicts the spreading rate of both planar and round
jets. It is also likely to provide superior performance for flows involving rotation, boundary layers
under strong adverse pressure gradients, separation, and recirculation.
The k-ε realizable model has shown substantial improvements over the standard k-ε model where
the flow features include strong streamline curvature, vortices, and rotation. Since the model is still
relatively new, it is not clear in exactly which instances the realizable k-ε model consistently
outperforms other k-ε models. However, initial studies have shown that the realizable model
provides the best performance of all the k-ε model versions for several validations of separated flows
and flows with complex secondary flow features. One of the weaknesses of the standard k-ε model
or other traditional k-ε models lies with the modeled equation for the dissipation rate (ε). The wellknown round-jet anomaly (named based on the finding that the spreading rate in planar jets is
predicted reasonably well, but prediction of the spreading rate for axisymmetric jets is unexpectedly
poor) is considered to be mainly due to the modeled dissipation equation.
The realizable k-ε model proposed by Shih et al., [5], was intended to address these deficiencies
of traditional k-ε models.
The shear-stress transport (SST) k-ω model was developed by Menter, [6], to effectively blend
the robust and accurate formulation of the k-ω model in the near-wall region with the free-stream
independence of the k-ε model in the far field. To achieve this, the k-ε model is converted into a k-ω
formulation. The SST k-ω model is similar to the standard k-ω model, but includes the following
refinements:
 The standard k-ω model and the transformed k-ε model are both multiplied by a blending
function and both models are added together. The blending function is designed to be one in
the near-wall region, which activates the standard k-ω model, and zero away from the
surface, which activates the transformed k-ε model.
 The SST model incorporates a damped cross-diffusion derivative term in the ω equation.
 The definition of the turbulent viscosity is modified to account for the transport of the
turbulent shear stress.
 The modeling constants are different.

These features make the SST k-ω model more accurate and reliable for a wider class of flows
(e.g., adverse pressure gradient flows, airfoils, transonic shock waves) than the standard k-ω model.
Other modifications include the addition of a cross-diffusion term in the ω equation and a blending
function to ensure that the model equations behave appropriately in both the near-wall and far-field
zones.
The Reynolds Stress Model (RSM) is the most elaborate turbulence model that FLUENT
provides. Abandoning the isotropic eddy-viscosity hypothesis, the RSM closes the Reynoldsaveraged Navier-Stokes equations by solving transport equations for the Reynolds stresses, together
with an equation for the dissipation rate. This means that five additional transport equations are
required in 2D flows, [1]. Since the RSM accounts for the effects of streamline curvature, swirl,
rotation, and rapid changes in strain rate in a more rigorous manner than one-equation and twoequation models, it has greater potential to give accurate predictions for complex flows. The RSM
might not always yield results that are clearly superior to the simpler models in all classes of flows to
warrant the additional computational expense. However, use of the RSM is a must when the flow
features of interest are the result of anisotropy in the Reynolds stresses. Among the examples are
highly swirling flows in combustors.
Computational domains and boundary conditions
The computational domains were generated using the pre-processor GAMBIT from FLUENT.
The geometric characteristics of the two investigated combustion chambers and information about
the operating point are given in Table 1.
Table 1. Characteristics of the two combustion chambers.
Outlet
Angle of the Length of the
diameter
Inlet
Total
Type of
convergent
convergent
[m]
diameter
length
chamber
section
section
[m]
[m]
[°]
[m]
1
2

0.1
0.1

0.05
0.05

1
1

8.3
15.4

0.17
0.09

Bluff body
dimensions
Height
[m]
0.07
0.07

Edge
[m]

Flow
rate
[m3/s]

0.0457 0.07854
0.0457 0.07854

Because the geometry of the two combustion chambers is axial symmetric, only half of the
domains are generated, Fig. 1 and Fig. 2. The generated meshes for the two computational domains
are structured and consist of 172,000 cells the first one and 152,000 cells the second one.
We imposed on the inlet section of the 2D computational domains a uniform velocity magnitude,
Eq. 4, corresponding to the prescribed flow rate, together with the turbulence parameters, a
turbulent intensity of 3% and a hydraulic diameter of 0.05 m, [7], [8].
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On the outlet section of the domains a pressure outlet condition is imposed with constant pressure
equal with the atmospheric pressure.
On the chamber walls of the domains we imposed the no-slip boundary condition, and we specify
axis-symmetric boundary conditions along the central axis of the combustion chambers as shown in
Fig. 1 and Fig. 2, [9].

Figure 1. Computational domain with boundary conditions for combustion chamber 1

Figure 2. Computational domain with boundary conditions for combustion chamber 2
For these two computational domains we considered that the fluid which is flowing inside is air
with a density of 1.225 kg/m3.
Numerical results
We have numerically simulated the turbulent flow of air in these two types of combustion
chamber with three different turbulence models and then we analyzed the results. Because the
recirculation region plays an important role in the mixing process of the gases we investigated the
extent of that region. In order to determine the extent of the recirculation region behind the bluff
body we plotted the distribution of the axial velocity along the axis of the domain, Fig. 3. The
recirculation region is placed between the 0 values of the axial velocity. It results in the second type
of combustion chamber the recirculation region being smaller and more compact than in the first type
of combustion chamber, having a positive impact on the mixing process of gases. The results
obtained with the three turbulence models are very much alike, regarding the prediction of the extent
of the recirculation region. The only difference is for the second type of combustion chamber
regarding the minimum value of the axial velocity, which is 26% higher for the RSM turbulence
model than the value predicted by the k-ε realizable model.
From Fig. 3, knowing the minimum velocity in the recirculation region, one could determine the
minimum required velocity for the carburant gas which has to be injected in the combustion chamber.

Figure 3. Axial velocity distribution along the axis
From Fig. 4 one can observe that, for combustion chamber 1, the higher value s of the turbulent
kinetic energy are present in the area of recirculation, which has a positive impact on the mixing
process. The maximum value of the turbulent kinetic energy is 43 m2/s2, it appears near the bluff
body and is obtained by using the RSM model. The lower maximum value of the turbulent kinetic
energy is 28 m2 /s2 and is derived from the use of the k-ω SST model.
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Figure 4. Kinetic energy and streamlines
distribution for combustion chamber 1,
a) k-ε realizable model, b) k-ω SST model
and c) RSM model

a)
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Figure 5. Kinetic energy and streamlines
distribution for combustion chamber 2,
a) k-ε realizable model, b) k-ω SST model and
c) RSM model

Analyzing Fig. 5, results, show for combustion chamber 2, the higher value
of the turbulent
kinetic energy are also present in the area of recirculation. The maximum value of the turbulent
kinetic energy is 70 m2/s2, it appears again near the bluff body and it is also obtained by using the
RSM model. The k-ω SST model leads, in this case also, to the lower maximum value of the
turbulent kinetic energy of 39 m2/s2 . Fig. 4 and Fig. 5 underline the fact that the RSM model provides
the larger region with high values for the turbulent kinetic energy.
Conclusions
In this paper the results of a 2D axis-symmetrical numerical simulation of the turbulent flow inside
two types of combustion chambers are presented. For modeling the turbulence we used three
different turbulence models, k-ε realizable, k-ω SST and RSM.
The numerical results underlined that for the combustion chamber 2, which has a larger angle for
the conical section, the recirculation region is more compact and the turbulence kinetic energy has
the maximum value. Those characteristics of the gas flow have a positive impact on the mixing
process inside the combustion chamber. The RSM turbulence model predicts with much more
accuracy the structure of the hydrodynamic field in comparison with the other two turbulence models
used. Although the RSM model demands more computational effort and more calculation time, the
use of this model is suited for obtaining the most accurate results.
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