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INTRODUCTION
Air-blown cyclone gasification is an entrained flow gasification process in
which biomass powder fuel is burnt in a gasifier that operates similarly to a
cyclone separator [1]. Cyclone separators are widely used in industry to
separate a dispersed solid phase (e.g. particles) from a continuous flow of
gas based on density differences. Due to its simple design, the cyclone is a
reliable apparatus with low cost for manufacture and maintenance.
The performance of an isothermal cyclone separator can be predicted
satisfactorily with the model developed by Muschelknautz et al. [2].
However, the flow in a non-isothermal cyclone gasifier has additional
complexities, e.g. the production of gas from the fuel particles, that are
outside the scope of the Muschelknautz model. In order to incorporate
these effects more advanced modeling based on Computational Fluid
Dynamics is needed. One problem with the CFD approach in combination
with turbulent heat transfer and chemical reactions is that the complexity
of the global model makes it difficult to assess the accuracy of the submodels. Recently published models [3] are based on relatively simple
eddy-viscosity turbulence models. The agreement between these models
and experiments has been encouraging but one cannot rule out the
possibility that the apparently good performance of the model is a lucky
coincidence due to cancellation of errors in the different sub models.
The present paper is focusing on the fluid dynamics modeling of the flow
in a cyclone gasifier in order to develop a better foundation for continued
modeling. Since simulation of dispersed phase behavior is based on a
precise modeling of the continuous phase flow field, it is valuable to assess
different numerical approaches to find the most promising one for
simulating the turbulent gas phase flow. Due to the complexity of turbulent
swirling flow in a cyclone gasifier, a careful selection of turbulence models
is needed to fulfill accurate numerical calculations of flow parameters.
Two families of turbulence models are supposed to be tested: the twoequation eddy viscosity models including 𝑘 − 𝜀 and 𝑘 − 𝜔 , and the
Reynolds stress model. For the 𝑘 − 𝜀 model, steady-state and transient
simulations are implemented.
The gas cyclone of Obermair et al. [4] with relevant operating conditions
was chosen as a benchmark. The simulation results are compared to the
Laser Doppler Anemometry (LDA) velocity measurements of the gas
cyclone. The simulations are implemented in the commercial CFD
(computational fluid dynamics) code ANSYS CFX 14.5; which uses an
element-based finite volume approach. The method involves discretization
of the spatial domain using a three-dimensional mesh to build up finite
volumes over which relevant quantities like mass, momentum, and energy
are conserved. In all, the capability of the mentioned approaches for
representing the flow field in general and the precessing vortex core and its
related fluctuations in particular will be discussed.

OBJECTIVES OF THE PROJECT
 Design optimisation of a 4 MW commercial cyclone gasifier
 Validation experiments in a 4 MW commercial cyclone
gasifier
 Estimation of numerical errors and the effect of gas phase
turbulence modeling in Euler-Lagrange models of multi-phase
strongly swirling flows
 Careful assessment of mass, energy and element conservation
in the in-house CFD-model
 Revision of the particle conversion sub model in the in-house
CFD model
 Revision of the gas phase sub model with respect to methane
conversion
 Development of scaling laws and approximate rules of thumb
for the design of cyclone gasifiers
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METHODOLOGY
Cyclone geometry and LDA results
The measurements by Obemair et al. [4] of flow fields in a laboratoryscale cyclone using a two dimensional (LDA) system has been considered
as the best benchmark for the present study and the numerical results have
been compared to its measurements.

In Fig.1, a sketch of the cyclone geometry involving the origin of the
coordinate system used in this research work is depicted. Table 1 shows a
summary of operating laboratory conditions. Mean axial and mean
tangential velocities are the results of this experimental configuration by
which an error smaller than 1% has been reached. The measurement is
fulfilled every 5 mm in the core area and every 10 mm outside of it. The
main measurement plane was in parallel with the tangential inlet of the
cyclone, as shown in Fig. 2. The locations for comparisons with the
modeling results are indicated in Fig. 2.

Turbulence Modeling
Eddy-viscosity models: The two first turbulence models two widely

used two-equation eddy viscosity models: standard (k-ε) and standard (kω). However, one drawback to the eddy-viscosity models is they often give
rise to erroneous results in flows with strong streamline curvature.
However, by using the empirical function offered by Spalart and Shur [5]
to account for streamline curvature and system rotation effects, it is
possible to sensitize the mentioned models to these effects.

Reynolds stress model: For this turbulence model, the numerical
results of Gronald et al. [6] simulation have been used to compare with the
eddy viscosity results. Some details about the three models and the
numerical solution techniques are summarized in Table 2. As a future work
of the current project, ANSYS CFX will be used to repeat this simulation
to enable a more direct comparison with the eddy viscosity results and
experiments.

RESULTS AND DISCUSSION

SUMMARY and CONCLUSION

The mean tangential and axial velocities of three turbulence modeling
approaches are compared among each other and with the LDA velocity
measurements.
The first problem encountered was poor convergence when attempting
steady-state, k-ε based simulation. As shown in Fig. 3, after a certain
amount of iterations the Cartesian velocity profiles in different points keep
periodically fluctuating in an unstable state. These problems probably
originate from the physical phenomenon that develops a precessing vortex
core. The strongly swirling nature of the flow has a very prominent effect
on the structure of the turbulent fluctuations resulting in vortex breakdown
and vortex core precession. Under this strong swirling condition, the flow
behaves unstably and turbulence becomes strongly anisotropic. As a result,
this quasi-periodic instability cannot be captured by a steady-state
approach.

Cyclone gasification is a robust gasification process that can work with a
variety of low grade fuels and has the potential to be profitable in
relatively small scale (1 – 20 MW). At the same time, the varying fuel
properties and the range of scales presents a challenge to the process
designer. A validated process simulation tool that is based on sound
scientific principles would make it possible to meet this challenge without
having to resort to costly experiments in large prototype gasifiers. The goal
of the current project is to develop a process model based on a detailed
CFD model that accounts for multi-phase flow with turbulent heat transfer
and chemical reactions. The model shall be able to predict cold gas
efficiency and the amount of unconverted char from the gasifier as well as
the detailed composition of the syngas.
In order to ascertain the best CFD model, in the present study, three
different URANS turbulence modeling approaches were applied for
simulating the single phase turbulent swirling flow in a gas cyclone and
the results were compared to the results of high quality LDA
measurements from literature (Obermair et al. [4]). The three approaches
are (1) standard k-ε; (2) standard k-ω and (3) Reynolds Stress model. The
former two approaches are implemented in commercial CFD code ANSYS
CFX and the last one taken from literature [6] which was performed in
Fluent 6.3.26.
Since the steady-state k-ε model did not lead to convergence, a transient
approach was implemented for k-ε and used for other models as well.
Several velocity profiles have been extracted from the measurements and
used for evaluations. The mean tangential velocity which is mainly
responsible for cyclone’s separation performance is roughly well predicted
by RSM model, while the two eddy-viscosity models are incapable of
capturing the intensive vortex core in a reasonable way. As k-ω is majorly
used for near wall problems, by moving away from the wall it turns out to
be the same as k-ε. For the mean axial velocity, eddy viscosity models
were observed insufficient as well. RSM model, however, leads to
qualitatively better results, although the agreement to the experimental
data is not as good as it is for mean tangential velocity.
In all, URANS equations coupled to a Reynolds stress closure model can
provide more reasonable and much more industrially relevant results
compared to eddy-viscosity models.

In order to solve this problem, an alternative approach, using the unsteady
Reynolds Averaged Navier-Stokes (URANS) equations, was used for both
the k-ε and k-ω models. The profiles of the simulations with URANS and
measured velocities are shown in Figs 4 and 5. The both eddy-viscosity
models that can behave reasonably well for simple turbulent flows seem
insufficient for modeling strongly swirling flows. As it is clear in Fig 4,
tangential velocity profiles obtained based on these turbulence models are
much like solid-body rotation, far different from the measured LDA
tangential velocity profiles. In fact, eddy-viscosity models cannot capture
the width of the vortex cores in the tangential velocity extremes, besides
the incapability of showing central vortex core precession (description of
“M-shaped”) in the axial velocity profiles. However, it is interesting that it
can approximately represent the asymmetric behavior of velocity profiles.
The standard Reynolds stress (RSM) model, however, is generally able to
well capture the experimental results. The peak tangential velocities and
the width of the vortex cores agree well. This model also describes the
mean axial velocity of the upper five profiles qualitatively well. But, for
the lowest plane, the axial velocity profile is agreed poorly with
experimental data, such as eddy viscosity models. The reason is that the
axial velocity is a function of the axial pressure gradients and, therefore
axial development of tangential velocity, that making its prediction more
complex.
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