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Abstract
The turbulent flow field within a fan-stirred combustion vessel is numerically
calculated by means of large eddy simulation (LES). Objective of the work is to
explore application of high fidelity numerical methods for a more detailed insight
into the turbulence characteristics prevailing prior to ignition of fuel/air mixtures,
which lead to turbulent flame propagation due to flame-turbulence interactions.
The LES have been preformed with the code OpenFOAM for a laboratory-scale
test rig, along with the moving mesh technique for considering the rotational
motion of fans. Totally 8 fans are considered at varying rotating speeds. The
calculated root mean square flow velocities showed a reasonably good agreement
with measured data and exhibit a linear increase with the rotating speed of the fans.
The integral length scale evaluated from the LES agrees well with the measured
value too, which increases slightly with the rotation speed of the fans. The
proposed method in this work is able to reproduce the essential characteristics of
the turbulent flow field prevailing in a fan-stirred bomb.
1. Introduction
The mutual interaction between flame propagation and turbulent flow plays a key
role for the efficiency, stability and emission characteristics of energy conversion
through combustion [1]. One of the commonly applied experimental configurations
for studying this effect is the constant-volume, fan-stirred combustion bomb [2, 3,
4]. Homogeneous, isotropic turbulence conditions can be generated by applying a
number of symmetrically arranged fans mounted within the vessel. Moreover, the
setup can be operated at varying thermodynamic conditions like elevated pressure,
temperature and mixture composition, which are of significant importance for
industrial applications [5, 6, 7]. The overall consumption rate in terms of the
turbulent burning velocity and the wrinkling rate of the flame surface depend on
the underlying turbulence characteristics, such as the turbulence intensity and the
turbulent length scales. The initial flame kernel is small compared to the integral
length, and hence the initial flame kernel is not exposed to the full spectrum of
turbulence in the early stage after ignition, and, therefore remains laminar. As the
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flame surface grows, it is wrinkled by larger, energy-containing vortices. Thus, a
thorough characterization of the turbulent flow represents a prerequisite for the
subsequent analysis of the flame-turbulence interaction in this setup.
Although a number of experimental works have been performed to study the
turbulent flow field in such explosion vessel, for example in [2, 8, 9], the flow
velocities can only be measured on a 2D plane with limited ranges and resolutions,
so that temporal and spatial fluctuations of small-scale motions cannot be captured
correctly. The objective of the present work is the detailed analysis of the
underlying turbulence characteristics by the application of high fidelity numerical
simulations for the turbulent flow generated in a fan-stirred combustion vessel.
Highlight of the work lies in considering the rotational movement of several fans
for this commonly used experimental configuration by employing moving
numerical grids for the fans. The reliability of the results are validated by
comparison with corresponding measured data [2].
2. Numerical Setups
The test rig consists of an explosion vessel with 8 fans mounted on the inner wall
of the vessel, which generate an almost homogeneous and isotropic turbulent flow
field in the core region [2]. The fans are located at the corners of a cube inscribed
into the spherical vessel; the axes of the fans are collinear to the diagonals of the
cube. The vessel is assumed as a sphere with a diameter of 16 cm, the axial
distance from one single fan to the opposite one is 133 mm. Each fan has a
diameter of 45 mm and consists of 6 blades of 6 mm depth and 3.6 mm thickness;
the surfaces of the blades are flat (without curvature), having a slanted angle of
22.5°. The computational domain covers the internal volume of the vessel along
with the 8 fans. Tetrahedral elements have been used to build up the grid cells. As
shown in Fig.1 on the left, the average cell length in the zones I, II, III are specified
to 0.5 mm, 1 mm and 2 mm respectively. The regions enclosing the fans has an
average resolution of 1 mm, see Fig.1 on the right. In total, the computational mesh
consists of 8.6 million cells.
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Figure 1. Surface meshes used for the LES of a fan-stirred bomb.
The open-source code OpenFOAM [11] has been used to solve the Navier-Stokes
equations in the incompressible formulation by means of the finite volume method
[12]. A constant kinematic viscosity of 1.58e-5 m2/s for air at the condition of 298
K and 1 bar is assigned. The dynamic mesh implementation available in
OpenFOAM has been applied to represent the rotational motion of the fans. The
arbitrary mesh interface is used for exchanging data across adjacent mesh domains,
in this case between the rotational zones including the fans and the remaining
sphere volume. The motion of the mesh is accomplished by an automatic mesh
motion solver, which is based on solving a mesh motion equation with prescribed
boundary motion [12].
The solution procedure employs a fully implicit scheme of second order for the
time derivative (three point backward) and a second order discretization scheme for
the convective and diffusive terms [12]. A transport equation for the SGS turbulent
kinetic energy [14] is applied in order to calculate the sub-grid scale (SGS)
Reynolds stresses. The LES have been performed for four rotating speeds of the
fans: ω = 2500, 5000, 7500, 10000 rpm (rounds per minute). The surface of the
spherical vessel is set as no-slip wall. All simulations have been run for different
physical times of 4.8 s, 2.4 s, 1.8 s, 1.2 s for ω = 2500, 5000, 7500, 10000 rpm
(approx. 400,000 time steps) to gather time mean and rms (root mean square)
statistics.
3. Simulation Results
3.1. Instantaneous Flow Field
Figure 2 shows instantaneous contours of the magnitude of flow velocity u for the
cases with ω = 5000 rpm (left) and ω = 10000 rpm (right), for a slice through the
center point of the vessel. For all cases, the highest flow velocities are given by the
moving speed of the fan blades at their maximum radii. Therefore, the maximum
value of u almost increases linearly with ω. It is largest near the fans and smallest
at the axes of symmetry and in the core region of the vessel, because the flow the
ventilators generate the flow in opposite directions.
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Figure 2. Instantaneous contours of the magnitude of flow velocity u for different
fan rotating speed: ω = 5000 rpm (left) and 10000 rpm (right).
3.2. Mean and RMS Velocities
Figure 3 depicts contours of the time mean (left) and rms (right) values of the
magnitude of flow velocity 𝑢� and 𝑢′ for the case of ω = 10,000 rpm, which
increase from the center of the vessel towards the fans. 𝑢� is zero in the center point,
whereas 𝑢′ is non-zero there due to the turbulent fluctuations. In addition, 𝑢� and 𝑢′
are not evenly distributed along the circumferential direction, they are larger in the
diagonal planes across the fans (white lines) compared to the vertical and
horizontal symmetric planes (black lines). Contours of 𝑢� and 𝑢′ are not mirrored
perfectly regarding the symmetry axes, because the simulated physical time of 1.2 s
may not be sufficient to smooth out long-term turbulent fluctuations. Results for
other rotation speeds are qualitatively similar, 𝑢� and 𝑢′ however vary linearly with
ω.

Figure 3. Contours of time-mean (left) and rms (right) velocities calculated by
LES for the rotation speed of fan at ω = 10000 rpm.
In Fig. 4 on the left, the calculated and measured profiles of 𝑢′ along the horizontal
axis are compared for different ω, which increase with the radius from the center to
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a maximum value and decreases while approaching the vessel wall. A larger ω
leads to an increase in 𝑢′, so that the turbulent kinetic energy increases with ω too.
On the right hand side of Fig.4, 𝑢′ shows a quasi-linear increase with ω at different
radial positions. The calculated data (solid line) and the slopes of the curves are
slightly lower than the data from LDA measurement (circles). The coarse grid
resolution used for LES may lead to a higher numerical diffusion and hence, an
attenuated turbulent fluctuation. In addition, the k-Eqn SGS model used in this
work is strictly dissipative and suffers from the eddy viscosity assumption. The
deviations of geometrical setups as well as the experimental uncertainties may also
contribute to this difference. For instance, the shape of the vessel is assumed to be
spherical, whereas other installations such as holders for the fans and windows (for
the optical measurement) are present in the experiment. Despite these differences
in the simulation and the measurement, the achieved results may be regarded as
satisfactory, due to the complexity of the configuration by considering the full
scale of the explosion vessel and including 8 rotating fans.

Figure 4. Comparison of calculated and measured profiles of rms velocity against
the radial direction (left) and the rotation speed of the fan (right).
Based on the simulation results, the turbulent kinetic energy and eddy dissipation
rate 𝑘 and 𝜀 are evaluated by
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with the strain rate tensor
[15]. ∙̅ and ∙ indicate time mean and instantaneus
fluctuations. By using these parameters the integral length scale 𝐿𝑡 is calculated
⁄
with 𝐿𝑡 = 𝐶𝜇3 4 𝑘 3⁄2⁄𝜀 , which shows a homogenous distribution in the core region
and compares well with the measured data of 𝐿𝑡 ≈ 4 𝑚𝑚 [2]. 𝐿𝑡 from LES has
been found to be slightly increasing with ω, whereas it was found to be
independent of ω in previous experimental studies [2, 8, 9]. The turbulent Reynolds
number 𝑅𝑅𝑡 = 𝑢′𝐿𝑡 ⁄𝜈 consequently increases with ω or 𝑢′, leading to a smaller
⁄
Kolmogorov length due to 𝜂 ∝ 𝑅𝑅𝑡−3 4. The decrease of 𝜂 with increasing 𝑅𝑅𝑡 has
been verified by evaluating 𝜂 from LES by 𝜂 = (𝜈 3⁄𝜀 )1⁄4 . Results for 𝐿𝑡 and 𝜂, as
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well as the spectra of turbulent kinetic energy will be shown in the final
presentation.
4. Conclusion
This work presents large eddy simulations (LES) of the turbulent flow in a fanstirred explosion vessel, including several rotating fans using a moving mesh
approach. The predicted turbulence field is nearly homogeneous and isotropic in
the core region. The calculated rms velocities agree well with the measured data,
which increase linearly with the rotation speed of the fans. The calculated integral
length scale compares well with the measured value, which increases slightly with
the rotation speed of the fans. Therefore, the proposed method is able to reproduce
the turbulence characteristics generated in the fan-stirred bomb. The influence of
turbulent flows on the flame propagation will be studied in future work.
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