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Abstract
The current work aims to make a numerical model for an engineering design of an
industrial cyclone gasifier at the Hortlax plant with capacity of providing 2.4 (MWth) of
district heating as well as 1.3 (MW) of electricity. The model is needed to be able not only to
predict the gasifier flow field with a suitable accuracy but also to investigate a large number
of design alternatives with limited computer resources.
The time-dependent single-phase flow field in a cyclone was simulated at first by using
several popular turbulence models including standard k-epsilon and SST models with
curvature correction, SSG-RSM and LES Smagorinsky models. The goal was to find the most
appropriate turbulence modeling as a foundation for the further works. Averaged and
fluctuating parts of the simulated velocity component profiles from different turbulence
models were compared with each other and LDA measurements available from the literature.
Comparison showed that the SSG-RSM can be the best alternative for the future simulations.
An isothermal time-dependent Eulerian-Lagrangian particle modeling was implemented as
the second step for simulating particle-laden cold flow in the Hortlax gasifier. The impacts of
particle-to-gas coupling on the pressure and velocity of the flow and particles motion inside
the gasifier were studied. The model could reasonably well predict the particle tracking as
presented in the experimental results from the literature. High temperature of the gas flow
inside the gasifier had quite important effects on the reduction of swirl and turbulence
intensity especially in the core region, pressure and particle behaviors. However, the presence
of solid particles did not influence the turbulent gas flow field significantly.
The Hortlax gasifier was moreover experimentally studied in order to optimize the
gasification plant efficiency, and understand the effect of operating. The air stoichiometric
ratio was varied to find the optimal condition for the plant. Moreover, the gasification process
was modeled using adiabatic thermodynamic equilibrium to see how far the process is from
equilibrium condition. Five different commercially available fuels were also studied using
equilibrium calculations. It was found that the gasifier is needed to work under the process
temperature of 1000 °C and stoichiometric ratio of 0.3, since at higher temperature the ash is
melted that is seriously avoided in the cyclone gasifier. Accordingly, the amount of undesired
methane in the produced gas is quite high and the gasification efficiency is relatively low
around 56%. Although the process does not reach equilibrium, it was seen that
thermodynamic equilibrium could compare the fuels performance almost close to the
experiments.
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1. Introduction
The energy demand in the world is steadily rising at a high speed, and environmental
concerns are becoming increasingly important. These make the world to expand the use of
renewable and climate neutral fuels such as wood or biomass in general. One of the most
effective ways to utilize biofuels is combined heat and power (CHP). In Sweden, since there
is a serious requirement for domestic heating during most of the year, CHP distribution
networks have been developed in about all population centers. The installed CHP plants are in
different sizes from about 25 (MW) up to 600 (MW) based on the capacity of the city.
Furthermore, CHP plants can be also built-up in small scales to provide heat demands higher
than 1 (MW) for small urban areas or industrial locations [1]. However, the disadvantage is
that the cost of investment, maintenance and operation for small scale CHP plants goes high
and electrical efficiency decreases [2]. A possible solution to deal with these difficulties is the
technology of cyclone-shaped gasifier combined with an internal combustion gas engine
which can be connected to a generator and equipped with a heat recovery system using the
exhaust gases of engine. The main advantages of cyclone gasifier configuration is fuel
flexibility and working with high-ash content biofuels (up to 20%) [3], since it is designed to
operate at a temperature lower than the ash melting temperature and so the solid ash is
collected into the char bin.
Numerous experimental works have been performed so far regarding the cyclone
gasification [3–9]. One of first investigations about an air-blown cyclone gasification
technology was performed by Cousins and Robinson [10] in New Zealand. They gasified
sawdust to produce gas for burning in old gas-fired boilers. They observed that the cyclone
gasifier was simply operated and responded quite fast to changes in demand of gas.
Furthermore, several experimental studies have been recently carried out at Harbin Institute of
Technology in China regarding a laboratory-scale cyclone gasifier using wood powder and
rice husk as the feedstocks [5,6]. Air staging was also studied by this group to improve the
carbon conversion and gasification efficiency in the cyclone gasifier [11]. However, since
building or modifying laboratory gasifiers is very costly, it is of interest to design the gasifiers
using a computer. Only very few numerical studies, however, can be found in respect to the
cyclone gasifier. As an example, Gao et al. [12] simulated the Harbin cyclone gasifier using
commercial Fluent CFD code and implemented submodels of pyrolysis, oxidation and
reduction of biomass.
In Sweden, at the current time, there are two operating air blown entrained-flow cyclone
gasification plants which are both located in Piteå, one 500 (kWth) pilot plant and one 2.4
(MWth) full-scale commercial plant in the nearby community of Hortlax which is called as the
Hortlax plant. A number of studies regarding these cyclone gasifiers have been conducted at
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Luleå University of Technology with the aim of producing electricity [4,7,8,13,14].
Generally, most of the investigations were experimental and have shown that the amount of
submicron particles in the uncleaned product gas was larger than the target values
recommended by a gas engine manufacturer. Therefore, the produced gas needs to be cleaned
in different stages before being used in an engine. The latest work has been done by Risberg
[14] who studied experimentally and numerically on the 500 (kWth) pilot plant and a 4.4
(MWth) demonstration plant (that was already operated in Hortlax before 2015) as a part of
his PhD thesis. As one of objectives of his work, he performed several experiments for
different biomass fuels including torrefied spruce, peat, rice husk, bark and stemwood powder
in the 500 (kWth) pilot plant to assess fuel flexibility [3]. He found that all of these fuels can
be used safely as the feedstock in the gasifier to produce a qualified syngas by applying
different cleaning steps in order to use in a gas engine. The other aim of his work was to
numerically model the cyclone gasification process of stemwood powder in the 500 (kWth)
pilot plant using ANSYS CFX commercial CFD code and to compare the results with the
associated experimental data [15]. The purpose of creating the computational fluid dynamics
(CFD) model was to understand the details of the gasification process for being able to
optimize the operating parameters in an existing gasifier, and also to design different scales of
the gasifier. Risberg’s model could predict the main components of the product gas and the
mass of unconverted biomass properly with a good agreement compared to the experiments.
Also, as another goal of his project, the same model was used to simulate a scaled-up cyclone
gasifier both in size and power.
Although the agreement between the Risberg’s model and experiments has been
promising, one cannot rule this possibility out if this is an impact of cancellation errors in the
submodels or not. Therefore, there is still a need for a more detailed study on the accuracy of
different submodels to better find out different features and peculiarities of the cyclone
gasifier flow field. In the current project, the aim is to build a CFD model using ANSYS CFX
software for the commercial Hortlax cyclone gasifier. This time the model is created step by
step for being able to assess the errors for each sub-model. These steps include simulations of:
1) turbulent and transient single-phase flow, 2) isothermal two-way coupled gas-solid flow, 3)
gasification of biomass particles in the chemically reactive turbulent gas flow. The two first
steps of simulation have been studied in the papers (A) and (B), respectively. Moreover, the
gasification process in the cyclone gasifier has been studied in paper (C) using
thermodynamic equilibrium and compared with the experimental data from the 2.4 (MWth)
Hortlax gasifier. The CFD model will be completed as the future goal of the project.
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2. Study of Turbulence Models
Fluid dynamics of the cold flow in a cyclone gasifier is quite similar to the fluid dynamics
in a cyclone separator. A cyclone separator is a stationary mechanical apparatus to separate
solid or liquid particles from a carrier gas by utilizing centrifugal force. In a cyclone-shaped
gasifier, pulverized biomass fuel is fed together with air tangentially along the inside surface
of a cyclone. The biomass powders spirally move downwards and are transferred towards the
char bin. Partial combustion inside a cyclone gasifier generates high temperature leading to
conversion of the biomass particles to a gas with medium heating value and possibly small
unconverted char residues. Therefore, cold flow field in a cyclone gasifier without chemical
reactions, heat and mass transfer equations can be modeled comparable to the flow field
inside a cyclone separator.
In Risberg’s global model [15], the fluid dynamics sub-model is designed using the
standard k-epsilon turbulence model which is although a rather simple eddy-viscosity
turbulence model, it is numerically stable and frequently used for common flow fields
modeling [16]. However, the main limitation with the standard k-epsilon turbulence model is
its incapability to predict flows with strong streamline curvatures. The gas flow in a cyclone is
three dimensional and highly turbulent with strong streamline curvature. Risberg applied
curvature correction for compensating for deficiency in the standard k-epsilon. However,
most of the published works for cyclone separators showed that eddy viscosity turbulence
models are insufficient to predicts flows with strong swirls [16]. In the recent papers, more
complicated turbulence models like Reynolds Stress model (RSM) or large eddy simulations
(LES) have been suggested for appropriately modeling the highly swirling gas flow in a
cyclone [17,18].
Actually, since direct numerical turbulence modeling is still not possible, it is required to
resemble the turbulence effects using models. Therefore, as the first step of the current project
that is presented in paper (A), the first aim was to study the main characteristics of the singlephase gas flow field in a cyclone geometry that can have significant effects on the particles
motion and therefore gasification process. Next, the most popular turbulence models were
considered to investigate their capability for predicting different phenomena in cyclone
geometry. These turbulence models include: 1) standard k-epsilon with curvature correction;
2) Shear Stress Transport (SST) with curvature correction; 3) SSG Reynolds Stress Models
(SSG-RSM); and 4) large eddy simulation (LES) with Smagorinsky sub-grid model.
The first three models are among the Reynolds-Averaged Navier-Stokes (RANS)
turbulence models. The k-epsilon and SST turbulence models are eddy viscosity models in
which the isotropic turbulence stresses are related to the mean flow to close the system. In the
RSM models, all the six individual components of Reynolds stress transport equations which
3

is an equation for transport of Reynolds stress tensors and the dissipation rate are directly
solved. The transport equation is obtained from the time-averaged Navier-Stokes. The LES
approach is accounted for as an intermediate step towards direct numerical modeling by
ignoring small length scales which are the most costly to resolve. In this technique, larger
eddies which are mostly significant for turbulence anisotropy, are directly simulated, whereas
the effects of the smaller eddies are captured with simple models [19].
In fact, the target is to find a turbulence model that can be applied in combination with the
particle-laden reacting flow in the complete model of a cyclone gasifier, while the
computational time is affordable and the results can be sufficiently reasonable in comparison
with the experiments. The cost performance therefore is a critical parameter for being able to
investigate numerous simulations in the shortest time as possible with restricted computer
resources.
For pursuing this goal, the 3D geometry of a laboratory-scale reverse flow cyclone
separator with tangential rectangular inlet from literature [20] with available Laser Doppler
Anemometry (LDA) velocity measurements was considered (see Figure 1). The
computational grid was generated using ICEM CFD 14.5. At first, five different grids for
mesh sensitivity study using Richardson extrapolation method were created to be sure that if
the error of simulations due to the grid can be ignored. Thus, the most suitable grid that gave
relatively good predictions while was not such crucial regarding the computational overheads,
was selected. However, one of the criteria for the SST model and the LES is that the first grid
in the boundary layer should be resolved at a position of y   2 [19]. This causes a larger
number of elements for the SST model, and even more for the LES in comparison with two
other models (More details are described in the paper (A)).
Next, for transient simulations with the selected turbulence models, the solver and
boundary conditions were set. The details are presented in the section of “Numerical setup” in
paper (A).The simulations were carried out using ANSYS CFX 14.5 on a cluster with 32
cores. Several points at different locations were specified to monitor axial velocities as
representative quantities. For each simulation, when the flow reached fully developed
statistically steady state, the process of averaging was initiated to obtain the averaged features
of the flow.
The simulated time-averaged and fluctuating tangential and axial velocity profiles were
compared with the mean and root-mean-squared velocity distributions from the LDA
measurements. The time-averaged results from simulations with all turbulence models except
k-epsilon model showed good agreement against the experiments. In fact, the shape of the
mean tangential velocity profiles all over the cyclone could be predicted with a good accuracy
almost by all turbulence models. Regarding the mean axial velocity profiles, k-epsilon model
4

even with curvature correction failed to capture the M-shaped profiles. However, the other
three models could predict the mean axial velocity distributions with much better accuracy.

Figure 1. Geometry and computational domain: D = 0.4 (m), body diameter; a = 0.44 D, inlet height; b = 0.22
D, inlet width; Dx = 0.38 D, vortex finder diameter; Dd = 0.45 D, drop tube diameter; Db = 0.74 D, dust bin
diameter; H = 2.48 D, total cyclone height; Hc = 1.23 D, cone height; Hd = 1.25 D, drop tube height; Hb = 0.74
D, dust bin height; Lv = 0.44 D, vortex finder length; W = 1.25 D, inlet length.

One of the critical phenomena that can affect the cyclone performance is the precession of
vortex core (or PVC). Because of this phenomenon, levels of fluctuations are enhanced in the
core region (see Figure 2(a)). The root-mean-square (RMS) of the velocity fluctuations can
show the turbulence intensity in the centerline. Comparison between the rms values of
velocity fluctuations from the simulations and experiments indicated that all of the RANS
turbulence models are incapable of predicting the PVC. However, the LES simulation showed
very good prediction compared to the LDA measurements. Another well-known phenomenon
in a cyclone that occurs just under the vortex finder entry due to the sudden rise in radial
velocity is called as lip-leakage. Since radial velocity is the smallest component, it is almost
impractical to measure this phenomenon even by LDA technique. However, CFD simulations
5

could predict this region even by using simple turbulence models. Figure 2(b) indicates an
instantaneous flow filed close to this region from the LES simulation.
Accordingly, turbulence is an inherent feature of a cyclone gasifier which can definitely
influence the heat and mass transfer modeling in an Eulerian-Lagrangian frame work. Among
the turbulence simulations, the LES has been the most precise technique but the most
computationally costly. The averaged and rms results of the SST and the SSG-RSM models
are almost comparable, but since a finer grid was used for the SST model, it was more timeconsuming than the SSG-RSM model. Therefore, the SSG-RSM has been proposed to be the
most appropriate alternative for a cost-effective engineering CFD modeling.

Figure 2. Flow field from the LES simulation in two cut planes: (a) Instantaneous flow field in the X-Z midplane (at Y = 0), (b) Details of the instantaneous flow in the entry region of the vortex finder tube (shows the
phenomena of the lip leakage and he Taylor-Görtler vortices), (c) Instantaneous realization of the flow field in a
X-Y cut-plane (at Z = 2.47 D).
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3. Modeling of Particle-Laden Flow Filed
Tracking of particles in an isothermal condition without chemical reactions inside the
Hortlax cyclone gasifier has been studied in the paper (B). At first, interaction of gas and solid
particles in the same experimental configuration of cyclone separator that tested by Obermair
et al. (Figure 1) [20,21] was simulated using a three dimensional (3D) Lagrangian particle
tracking model (PTM) in order to validate the model for further investigation of the cyclone
gasifier. The simulated results of the cyclone separator has been compared with the available
experimental data of Phase Doppler Anemometry (PDA) from the literature [21]. Therefore,
the validated model has been used for simulating the isothermal gas-solid flow field in the
Hortlax cyclone gasifier.
3.1

Model Validation

A Lagrangian-Eulerian method in combination with the selected turbulence model, i.e.
SSG-RSM model, was used to model the dispersion of solid particles in the three-dimensional
incompressible turbulent flow field of the Obermair’s cyclone separator. Characteristics of the
flow and boundary conditions used for the considered cyclone have been explained in detail
in the paper (B). The mass load of particles was 0.65 (g) per kg air that corresponds to a
particle mass flow rate of 0.169 (g s-1). The simulation was implemented using 26 different
representative particle diameter sizes from 0.4 to 18 (ȝm). A discrete distribution of particle
diameters with number and volume fractions from the PDA measurements was used. The
representative particles were uniformly inserted into the cyclone with an entire rate of 10 000
number per unit time (s) through random positions. Destiny of the particles depends on their
size, entering position and the boundary that they reach. If the particles hit the wall
boundaries, i.e. vortex finder tube, side walls, cyclone roof and dust bin (see Figure 1), they
are reflected by specifying the parallel and perpendicular restitution coefficient to one. When
the particles reach the bottom of dust bin, they are collected by setting the parallel and
perpendicular restitution coefficients equal to zero. Also, the particles which reach the outlet
boundary they get lost from the simulation domain (More details of numerical setting are
described in the paper (B)).
During the simulation, one particle randomly entered the simulation domain at each
timestep. The simulation time had to be long enough to get all the particles terminated. The
residence time of each particle depends on the particle size, entering position and other
parameters. Averaged residence time W res can be determined by dividing the cyclone volume
by the volumetric flow rate (that is calculated around 0.69 (s)). In order to assess the
simulation convergence, the percentage of left, collected and non-terminated particles was
calculated. Figure 3 shows the percentage of particles during the simulation time. It is seen
that even after a long simulation time around 5 times larger than the averaged residence time,
7
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Figure 3. Percentage of the terminated and non-terminated particles during simulation time

the convergence hasn’t occurred. After the simulation time of 3.5 (s), the percentage of left
and collected particles start to become constant. Therefore, the maximum tracking time of the
particles was set to 3.5 (s). However, the percentage of non-terminated particles need longer
time to get steady. It is indicated that after 6.0 (s) the percentage of non-terminated particles
decreases to about 37%, while the percentage of left and collected particles doesn’t change.
So, this shows that particle tracking has reached a fully-developed steady condition. The long
simulation time is due to the existence of a long drop tube that can cause higher separation
efficiency since it can trap the particles in the downer section of the cyclone and keep them
from entraining by the upward swirling flow.
In Figure 4, cumulative length distribution of the collected particles with different
diameters from the simulated results within the simulation times after 3.5 (s) has been
compared to the measured data [21]. It is seen that the shape of the cumulative distribution
curve doesn’t change by increasing the simulation time. Thus, this again verifies that the
simulation time of 3.5 (s) is sufficient for convergence of the particle tracks. The results
indicate very close agreement to the PDA experiments especially for the finer particles.
However, the predicted cumulative distribution curves for larger particles are shaper than the
measured curve. This can be due to different reasons such as particle re-entrainment by the
up-going gas flow, agglomeration, break-up or attrition of particles, and so on.
Furthermore, the effect of particle load on the gas flow has been studied. Figure 5 shows a
comparison between tangential velocity profiles at different horizontal cross sections in the
drop tube for single-phase and gas-solid-phase flows from the simulation and measurements.
No remarkable difference is seen between the tangential velocity profiles of the single-phase
8
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Figure 4. Cumulative length distribution of collected particles within simulation times

and gas-solid-phase simulations. Thus, from the predicted results it can be concluded that
particles motions don’t have any considerable influence on the gas flow. This would be
already expected from the very low solid mass loading of the Obermair’s cyclone. The mass
load of particles in the studied cyclone was 0.69 (g kg-1) dust per input air which is considered
as a very low mass load (according to [16] chapter 6) that the effect of particles on the gas can
be neglected. However in the experiments, the difference between the measured tangential
velocity profiles of the pure gas flow and the particle-laden flow in the downer part of the
drop tube near the dust bin is very noticeable (Figure 5(c) and (d)). It is observed that the
particles reduce the gas momentum and dampen the velocity in the downer part of the drop
tube, while this effect is much less significant in the upper part of the drop tube. The PDA
measurements of Obermair et al. [21] indicated that the particles agglomerate in the drop tube,
and therefore interact with each other, and this slows the gas velocity down. However, such
effects of particle to particle collisions and particle agglomeration have not been considered in
the model, since interaction of particles in practice is not important in the main flow of a
cyclone [22]. Moreover, if particles collision is modeled, it is needed to use a four-way
coupling technique that makes the simulation very costly.
Furthermore, the influence of different numerical parameters including number of
elements, total number of representative particles and number of integration steps at each
element was checked for error estimation in order to find the most appropriate settings to
avoid computation overhead. In Figure 5, tangential gas velocity profiles from the gas-solid
flow simulations with 10 000 (s-1) and 50 000 (s-1) are compared. It is visible that increasing
the number rate of particles doesn’t change the predicted results. A mesh study also before
beginning the simulation was performed with four different grids using the Richardson
extrapolation technique. The flow patterns and velocity distributions were very similar. The
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(b): z D 0.575 , (c): z D 0.695 , (d): z D 1.02 ; (n is number rate)

0.1 ,

approximate relative discretization error for the last fine grids was calculated as 1.37%.
Therefore, the second mesh with 558 077 number of elements was considered for further
investigation. The number of integration steps at each element should be large enough so the
particle tracking reaches a timestep-independent solution. Misiulia et al. [23] noticed that the
number of integration steps at each element is needed to be larger than 50 in order to obtain a
timestep-independent solution. According to their work, this parameter was set to 50 in this
simulation also.

10

3.2

Modeling of the Hortlax gasifier

In this section, the validated model has been used to simulate the gas-solid flow in the
isothermal Hortlax gasifier. Figure 6 depicts a schematic of the Hortlax cyclone gasifier
geometry with normalized dimensions with respect to the internal body diameter. ANSYS
Design Modeler 14.5 was used to create the cyclone gasifier configuration. A hybrid
computational grid was generated using ICEM CFD 14.5 including around 1.262 million
hexahedral elements for the gasifier body, and about 43 thousands tetrahedral elements for the
inlets.

Figure 6. Cyclone geometry and coordinate system of the Hortlax gasifier plant; left: side view, right: tope
view. (D is gasifier body diameter = 0.750 (m); vortex finder wall thickness is 0.025 (m))
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The Hortlax gasification plant is commonly operated at the stoichiometric air-fuel ratio (Ȝ)
of 0.23, a temperature of 850-950 (°C) and a fuel mass flow rate of 540-860 (kg h-1) for both
inlets (i.e. 270-430 (kg h-1) for each inlet). The operating condition for the air flow that is
considered for this study is given in Table 1.
Table 1. Gasifier operating condition for the oxidizer (air) during measurements

Gas-phase
Temperature
Pressure
Mass flow rate
Normal inlet velocity
Density
Dynamic viscosity
Kinematic viscosity

Air
890 (°C)
105 (Pa)
0.109 (kg s-1)
130.65 (m s-1)
0.303 (kg m-3)
4.8 × 10-5 (Pa s)
15.8 × 10-5 (m2 s-1)

Reynolds number

6.19 × 105

The Hortlax gasifier has two tangential circular inlets with very small diameter of 0.06 m
(as seen in Figure 6). In the real Hortlax cyclone gasifier, when the solid particles are injected
through these inlets into the reactor, they receive heat from the hot walls. During the earliest
stages of the flow development, the devolatilization process which is the mechanism of
volatile material removal from the solid particles rapidly occurs at the entry. Water vapor and
other gaseous substances from the biomass particles are therefore released and particles of
carbon rich biochar are yielded. Due to this process, the mass of biomass particles suddenly
decreases depending on the type of the fuel and the process temperature. The driving force of
the devolatilized particles in a cyclone-shaped gasifier is the centrifugal force that is induced
by the strong swirling motion of the gas flow. The centrifugal force moves the particles
towards the wall against the drag force which is created by the inward radial flow. The
particles are then separated from the gas flow due to the gravity. Denser particles are thrown
toward the hot concave wall of the gasifier, and afterward start to gasify while spiraling
downwards toward the char bin. However, smaller particles (especially submicron particles)
may be pulled toward the center region by the drag force, and are entrained by the gas flow
exiting upwards. The motion of particles however in reality is more complex and depends on
the interaction of particles with the turbulent fluctuations and the mean flow. The particles are
dispersed by secondary flows and the PVC. In a gasifier, the particles also inherently affect
the gas flow by releasing the volatile matters during the volatilization process and then
producing the product gas after the gasification process. Moreover, some studies have shown
that in the cases with high mass loading, particles can reduce the swirl and turbulence intense.
Therefore, a two-way coupled gas-solid flow (interaction between the particles and the gas
phase is considered) in the Hortlax cyclone gasifier in an isothermal condition has been
12
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simulated. Since the particle volume concentrations are less than 0.001, the effects of particleto-particle interaction for a entrained flow cyclone gasifier can be safely neglected [24]. As
already explained, in practice the devolatilized pinewood particles are the dispersed solidphase that spirally move downwards inside the gasifier. Due to the process of devolatilization,
major weight of the particles is lost at the early stages of the flow. In order to measure the
mass decay, a thermogravimetric analysis (TGA) [25] was performed in the laboratory to
analyse the process of devolatilization (pyrolysis) of a sample of the pinewood fuel used in
the Hortlax plant at the same operating condition. In the Hortlax gasification plant, a
commercially available pinewood fuel is commonly gasified at the temperature of 850-950
(°C). The TGA method generally gives accessibility to measure mass decay and temperature
as a function of time. The tested reactor in the laboratory composed of externally heated
cylinder made by stainless steel with internal diameter of 0.1 (m) and 0.45 (m) of height.
Maximum temperature that the reactor could be reached was 900 (°C), with 2(°C) per minute
of maximum heating rate. A sample basket connected with balance was hung from the top of
the chamber, while thermocouple type K was placed inside the chamber in order to measure
the reactor temperature. Carrier gas was fed into the reactor at the bottom and left at the top
with volatiles generated during the experiment. The experiment indicated that around 90
percent of the mass of the sample was lost during the devolatilization process. Therefore, the
mass flow rate of the devolatilized pinewood particles is 10 percent of the wood particles.

0
4000

Particle diameter [ȝm]
Figure 7. Cumulative and normal volume-based distribution of particles in different diameters

Furthermore, since only the volatile matters are released, the shape and size of the
remaining solid particles almost don’t change. The process of shrinking of the particles which
leading to a reduction in the volume of particles will be begun as the gasification process
initiates. Thus, the volume and number distribution of the pinewood powders have been used
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as the discrete distribution for the volatilized particles in the simulation. The volume and
number distributions of the wood particles were measured using a CAMSIZER device which
is a state-of-art optical measuring system for particle analysis and characterization. The
cumulative and normal size distributions of the particles based on volume in percentage are
depicted in Figure 7. The particle diameters are in range of 0-3000 (ȝm). Median values (D50)
of particles for volume and number distributions are 594.0 (ȝm) and 5.1 (ȝm), respectively.
The large difference between the median diameters of particle volume and number
distributions indicates that the distribution is quite non-uniform. As expected, the
measurement shows that the shapes of particles are not spherical and symmetrical. The
measurement depicts that shapes of the fuel particles are very irregular and angular with low
sphericity. All the main characteristics of the dispersed flow, size and shape of the particles is
observed in Table 1.
Table 2. Main characteristics of the dispersed-phase flow

Particle-phase
Mass load
Mass flow rate
Particle density
Diameter range
D10 of mass distribution
D10 of number distribution
Median diameter D50 of mass distribution
Median diameter D50 of number distribution
D90 of mass distribution
D90 of number distribution
Average sphericity

Pyrolysed pinewood
0.069 (kg kg-1)
0.008 (kg s-1)
42.0 (kg m-3)
0 – 3000 (ȝm)
61.4 (ȝm)
1.0 (ȝm)
594.0 (ȝm)
5.1 (ȝm)
1579.4 (ȝm)
25.9 (ȝm)
0.57

The numerical setting for the gas-phase is similar to the Obermair’s cyclone (please see the
details in the paper (B)). Regarding the particles, similar to the Obermair’s case, a discrete
diameter distribution technique was used for 40 different representative particle diameters. A
list of particle diameter sizes in addition to their corresponding volume fractions and number
fractions from the measurement was added to the CFX solver to have a more accurate
modeling of the particles tracking. An average value of sphericity equal to 0.57 was applied
for all particles as a cross-sectional particles shape factor. Particles were injected randomly
into the inlets with a number rate of 10 000 (s-1) for each inlet.
The boundary conditions at the gas outlet and the walls are similar to the Obermair’s
cyclone and explained in the paper (B). At the bottom of the gasifier, there is a very slowlyrotating grate with several holes in the real gasifier. The particles remaining after the
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gasification process hit this grate and then stop and exit the gasifier gradually through the
holes. However, in the simulation this boundary is defined as a stationary wall with parallel
and perpendicular restitution coefficient of zero which results in collection of the particles that
that this boundary. The walls of the gasifier roof, inlet pipes, vortex finder tube, the gasifier
body and cone have a perpendicular and parallel restitution coefficient of one which causes
the collided particles to bounce completely elastically. And, the particles that arrive to the
outlet are considered as “left”.
The gas flow pattern and particle transportation inside the Hortlax cyclone gasifier have
therefore been simulated and the results of the velocity fields within it, pressure drop and
trajectories of particles with various sizes, particle residence time and the impact of the
particles on the velocity profiles are presented and described below. The dimensionless
tangential and axial velocity distributions of the single-phase gas flow at four various
horizontal positions are indicated in Figure 8. Dimensionless tangential gas velocity profiles
with respect to the inlet velocity are indicated in Figure 8(a). A similar Rankine combined
vortex profile is seen from the top to the bottom parts of the gasifier. However, a considerable
reduction in the maximum values of the dimensionless profiles can be observed compared to a
conventional cyclone. In a typical cyclone separator, tangential velocities reach three times as
high as the inlet velocity, while here the maximum tangential velocities are less than half of
the inlet velocity. In fact, the main reason is due to the high temperature of 890 (°C) inside the
gasification reactor in an isothermal condition. Due to this high temperature, the Reynolds
number of the air decreases about 90 percent compared to the ambient condition. Therefore,
z/D = 2.93
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Figure 8. Time-averaged dimensionless tangential and axial velocity profiles at four different horizontal
positions on the YZ plane (X = 0) from the single-phase simulation of the Hortlax cyclone
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the viscous forces are much higher than inertial forces of the gas that leading to dampen out
the effects of the local disturbances and then lower the peak value of the tangential velocity
profiles. Furthermore, the two offset circular inlets with relatively very small diameter (in
comparison with the length of the cyclone gasifier) may cause the capacity of the gasifier in
terms of volumetric gas flow to be quite low. This leads to a reduction in incoming angular
momentum, and thus causes a decrease in the core swirling velocity.
In Figure 8(b), the axial velocity profiles at four different horizontal positions are depicted.
The symmetric “M” shaped axial profiles (due to the parallel inlets) are identical from the top
to the bottom of the gasifier. The maximum values do not go higher than one tenth of the inlet
velocity. In the core region, there is a dip or reverse flow due to loss of the swirl and hence
adverse pressure gradient.
Figure 9 shows the typical behaviors of the calculated trajectories of particles with
different sizes in the Hortlax cyclone gasifier. The four different behaviors that have been
observed can be described as follows:
a) Particles which travel towards the sidewalls directly after entering the gasifier and
then are transferred by the boundary layer towards the char bin and so are collected
b) Particles which swirl downwardly in the cylindrical body of the gasifier and then
keep swirling at a certain axial position somewhere in the middle of the gasifier
body
c) Particles which are transported towards the char bin and are not collected, but keep
spinning at a certain axial position at the bottom of the conical section
d) Particles which are not expected to get to the sidewall or bottom of the gasifier
body, but swirl upward towards the gasifier roof, are trapped in the upper part of the
gasifier and keep swirling at a certain axial position near the top roof.
These behaviors were observed for all particle diameters. For particles with diameter
smaller than 25 (ȝm), the major behavior was similar to Figure 9(b) and (d). None of the
particles with diameter larger than 25 (ȝm) were collected. The dominant behaviors of the
particles in diameter 25-70 (ȝm) were identical to Figure 9(c) ad (d). The trajectory of Figure
9(d) that was mostly seen for the particles with diameter smaller than 70 (ȝm) is an undesired
behavior since these particles wouldn’t participate in the gasification process in the gasifier
body. Particles with diameter larger than 70 (ȝm), the only observed behavior for almost all
the particles was similar to Figure 9(c). However, in practice particles with behaviors of
Figure 9(b) and (c) are finally collected after a longer time through the char bin especially due
to the particle interactions.
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Figure 9. Typical behaviors of the predicted particle trajectories for different diameters

It is visible that none of the particles left the gasifier. At first, it is due to the low energy of
the up-going gas which is insufficient to convey the particles with diameter larger than 3.08
(ȝm). Also, it can be related to the extended length of vortex finder tube inside the gasifier
which prevents from the lip leakage phenomenon. In a real cyclone gasifier, however, a
considerable amount of submicron particles has been witnessed in the exiting producer gas
[3]. These very fine particles consist of soot, tar and ash which are released from the surface
of the solid devolatilized pinewood particles. These produced submicron particles due to the
gasification process are simply re-entrained by the vortex core and exit the gasifier.
The particles have shown quite indiscernible effects on the velocity distributions of the gas
flow. However, some effects can be seen in the axial velocity profiles especially in the higher
levels of the gasifier. The local minimum protrudes near the core region. This is likely related
to the swirl reduction due to the particles loads that is induced by the pressure gradient in
axial direction.
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4. Thermochemical Quasi-Equilibrium
In paper (C), the Hortlax gasifier has been studied experimentally to understand the
influence of operating conditions. In order to optimize the gasification plant performance, the
effect of stoichiometric ratio (Ȝ) has been investigated. The air stoichiometric ratio (Ȝ) has
been systematically varied for being able to establish knowledge for predicting behavior of
the gasifier in different operating conditions. The process has been characterized by the
process temperature, product gas yield, fuel conversion and the gasification process
efficiency. Moreover, the gasification process of the air-blown Hortlax cyclone gasifier has
been modeled using thermodynamic equilibrium to make a theoretical window for the optimal
operating conditions. Five different biomass fuels including stem wood, peat, rice husk, bark
and torrefied spruce which were investigated by Risberg et al. [3] have been assessed by
equilibrium module of the Factsage 7.0 software from GTT Technologies. The lambda (Ȝ) as
the most theoretically important operating parameter in entrained flow gasification process
has been changed for each biomass fuel by assuming adiabatic condition. Thus, the resulting
gasification temperature, syngas yield and the cold gas efficiency regarding all fuels have
been compared.
The Hortlax gasifier consists of a fuel hopper where fuel pellets are stored. The pellets are
grinded to fine wood powders in a disc mill. The powders are transported pneumatically i.e.
with gasification air to the gasifier. Then, the fuel powders are gasified inside the reactor,
while char and ash are separated at the bottom of the gasifier, and the produced gas leaves the
reactor from the top. The produced gas is then cooled in a water quench from the gasification
temperature about 950 °C to around 80 °C. In order to remove the tars and other suspending
particles in the produced gas, a cleaning system is operated using: (i) a venturi-scrubber for

Figure 10. Schematic of the Hortlax cyclone gasification plant with the gas cleaning system (taken from
MEVA ENERGY AB)
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collecting particles, (ii) a water scrubber as the scrubbing liquid to remove the tars, (iii) a wet
electrostatic precipitator to separate the remaining aerosols and small oil droplets. Eventually,
the cleaned produced gas is used in a gas engine connected to an electrical generator.
The gasifier is operated with air at atmospheric pressure that leads to produce a gas
including CO, CO2, H2, H2O, and N2. The large amount of nitrogen in air as an inert gas
reduces the quality of the produced synthesis gas. Exploiting air as the oxidizer makes the
process less efficient comparing to an oxygen-blown gasification, and therefore causes extra
cost for heating and cooling inside the plant and the internal combustion engine. However, in
general, using air is more beneficial in comparison with pure oxygen.
Figure 11 shows results of the product gas yields, the gasification temperature, and the fuel
and power cold gas efficiencies as a function of stoichiometric ratio (Ȝ) assuming adiabatic
condition. It is seen that for Ȝ < 0.3 still some amount of solid carbon is remained.
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Figure 11. Results of adiabatic thermodynamic equilibrium calculations for stem wood
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At Ȝ < 0.3 the solid carbon is converted completely, the cold gas efficiencies (CGE) are
negatively affected and thus reach their maximum. By slightly increasing Ȝ, the remaining
CH4 is entirely converted to CO and H2 at Ȝ= 0.35. Further increase in Ȝ leads to higher
temperature but decrease in CGEs. Although thermodynamic equilibrium can roughly predict
the yield of the major product gas components and the CGEs for the research aiming, for
different reasons an entrained flow gasification process hardly reaches equilibrium. First of
all, in reality, adiabatic condition is not possible in an entrained flow gasifier and there is
thermal lost to the surrounding around 5-10% of the entire fuel load. Most importantly,
methane (CH4) is a highly stable component of the produced gas that its conversion rate
during gasification is quite slow even at relatively high temperatures. In an entrained flow
cyclone gasifier, the residence time of solid particles inside the gasifier is too short to develop
a complete heat and mass transfer. Therefore, the concentration of CH4 (as an undesirable
component) obtained from a real gasification process is often higher than the predicted one by
equilibrium.
From the measurements, it was observed that the process temperature was a direct
influence of Ȝ, and hence the Ȝ and the process temperature are completely dependent to each
other. In Figure 12, yields of the main product gas components including CO, H2 and CO2 and
CH4 as a function of Ȝ are depicted. The predicted curves assuming adiabatic thermodynamic
equilibrium and with 5% heat losses are also shown for comparison. It can be noticed that the
optimal yield of the product gas components cannot be determined in the range of Ȝ=0.2-0.3,
and higher Ȝ is thus needed to reach the maximum values. However, Ȝ higher than 0.3 leads to
a process temperature larger than 1000 °C which is risky for the cyclone gasifier, since the
gasifier can only operate at “dry ash” mode and so the temperature has to be relatively low to
avoid ash melting. Moreover, the methane (CH4) and other undesired combustible gases like
C2H2, C2H4, C6H6 that should be minimized can be reduced by increase in the process
temperature. However, sine a higher temperature than 1000 °C is practically impossible for
this gasifier, the temperature of 980 °C corresponding to a Ȝ = 0.28 can be considered as an
optimal condition.
Furthermore, it was also observed from the measurements that increasing Ȝ resulted in a
slightly increase in the CGEpower (which considers the heating value of all combustible gases
in the product gas) and was estimated around 56% in maximum at Ȝ = 0.27 (see the details in
the paper (c)). The carbon conversion from the experiments for operating conditions within
the range 0.22 < Ȝ < 0.28 was calculated around 91.6%. However, the real carbon conversion
is lower than this value due to the losses of carbon in other undesirable byproducts such as tar,
soot, and the char that leaves the gasifier with the produced gas which were not included in
the calculations. The relatively low value of carbon conversion is because of the incomplete
char gasification.
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Figure 12. Effect of Ȝ on the yields (mol/kg fuel) of major components of the product gas: CO, CO2, H2,
CH4. (The thermodynamic equilibrium lines from adiabatic conditions and when 5% heat losses are considered, are
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Figure 13 exhibits the predicted main components of the produced gas for different fuels as
a function of Ȝ. The ultimate and proximate analysis of the fuels was obtained by Risberg et
al. [3]. This evaluation using thermodynamic equilibrium has indicated that at Ȝ < 0.3 highest
yields of CO and H2 was for the torrefied spruce which was also confirmed by the
experimental data of Risberg et al. [3]. The lowest contents of CO and H2 however were for
the rice husk that had the lowest amount of fixed carbon and highest amount of ash among the
fuels, while this was not similar to the experiments. It is visible form Figure 13 that he largest
amount of produced CH4 has been calculated for bark and peat.
The lowest process temperature for each Ȝ was calculated for peat and bark, while Risberg
et al. reported that the lowest overall temperature belonged to bark. The rice husk and the
stem wood were predicted to have the highest gasification efficiencies, whereas the bark and
the peat had the lowest which was almost confirmed by the experiments.
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Moreover, it was seen that higher amounts of fixed carbon in the bark and the peat resulted
in higher yields of remained solid carbon which means a lower carbon conversion in the fuel.
However, high amount of char yield was only obtained for bark in the experiments.
Overall, although thermodynamic equilibrium hardly can be reached in an entrained flow
cyclone gasifier, it is a simple tool that can be used for estimating and comparing performance
of different fuels. And also, the calculated results from the thermodynamic equilibrium can be
compared with the final predicted results from the CFD modeling in the future to notice how
much improvement can be obtained by using CFD.
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5. Conclusions
The objective of the current project is to develop a numerical model for a commercial
entrained-flow biomass-based cyclone gasification plant called the Hortlax gasifier. The
model can be used for design and scale-up the plant. The numerical model consists of
transient turbulence modeling, two-way coupled Lagrangian particle transport modeling in
conjunction with momentum, energy, and species transfer models for biomass gasification
process in ANSYS CFX commercial CFD code. The model has been validated step by step to
estimate the error for each sub-model and obtain the most effective set-up. As the first step,
the aim was to create a proper single-phase flow model as a foundation for further
simulations. The results showed that SSG-RSM was the best alternative for an engineering
design with limited computer resources and acceptable accuracy. As the second step, an
isothermal transient Lagrangian-Eulerian particle transport modeling for turbulent gas-solid
flow field in the Hortlax cyclone gasifier was implemented. The particle transport model was
first validated by the experimental data from Phase Doppler Anemometry (PDA)
measurements. The validated model was used to simulate the cold flow turbulent particleladen flow in the Hortlax gasifier. It was observed that due to high temperature, turbulence
intensity and components of velocity profiles were reduced significantly. Particles were seen
hardly to get dispersed by the upward flow in the core region to exit the gasifier. Moreover,
typical behaviors of all representative particles with different sizes were studied. It was visible
that effects of particles on the gas flow could be neglected. At last, the Hortlax gasification
plant was experimentally and thermodynamically studied in order to understand the influence
of operating conditions. The air stoichiometric was varied to observe how the process
temperature, product gas yields, fuel conversion and cold gas efficiency would be affected.
Furthermore, five different fuels were evaluated by the equilibrium model to compare the fuel
performance. It was perceived that thermodynamic equilibrium hardly can be reached in an
entrained flow cyclone gasifier due the too short residence time of the particles inside the
reactor and the kinetically limited conversion of CH4. However, it can be useful as a simple
tool to compare the performance of fuels.
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6. Future work
Future extension of this project involves CFD simulation of gas-solid phase flow using
two-way coupling in combination with biomass gasification heat and mass transfer submodels. For that case, isothermal two-way coupled simulation will be used as the initial value
to reach quasi-steady distribution of the heat and mass transfer in the cyclone gasifier.
Therefore, the final model will be validated by the experimental data from the Hortlax
gasifier. If the CFD model can achieve the goals of the project to be cost effective and
reliable, it will be used for further modeling in order to optimize design and scale up the
gasifier.
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Abstract
The current work aims to make a foundation for an engineering design of a
cyclone gasifier to be able not only to predict its flow field with a suitable accuracy but also to investigate a large number of design alternatives with limited computer resources. A good single-phase flow model that can form the
basis in an Euler-Lagrange model for multi-phase flow is also necessary for
modelling the reacting flow inside a cyclone gasifier. The present paper provides an objective comparison between several popular turbulence modelling
options including standard k-ε and SST with curvature corrections, SSG-RSM
and LES Smagorinsky models, for the single-phase flow inside cyclone separators/gasifiers that can serve as a guide for further work on the reacting multi-phase flow inside cyclone gasifiers and similar devices. A detailed comparison between the models and experimental data for the mean velocity and
fluctuating parts of the velocity profiles are presented. Furthermore, the capabilities of the turbulence models to capture the physical phenomena present in
a cyclone gasifier that affects the design process are investigated.

Keywords
Cyclone Gasifier, Turbulence Modelling, Swirling Flow Pattern, Secondary
Flow

1. Introduction
Cyclone is a stationary mechanical apparatus to separate solid or liquid particles
from a carrier gas by utilizing the centrifugal force. One of the recent advanced
applications of this device is to use it for biomass gasification, i.e. cyclone gasifier.
In a cyclone gasifier, pulverized biomass fuel is fed together with air tangentially
DOI: 10.4236/eng.2017.99047
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along the inside surface of a cyclone geometry [1] [2] [3]. Partial combustion
inside the cyclone gasifier generates a high temperature that results in conversion
of the powder to a medium heating value gas and possibly also a small char
residue. So far, several laboratory-scale studies have been carried out to
understand the key concepts of this device [4] [5] [6]. Some attempts have also
been done to simulate the flow, heat transfer and chemical reactions [7] [8]. The
main 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 individual sub-models. For instance, in the
recently published papers [7] [8], the models are based on relatively simple
eddy-viscosity turbulence models. Although the agreement between these gasifier
models and experiments has been encouraging, one cannot rule out the possibility
whether this is an effect of cancellation of errors in the different sub models or
not. Therefore, it is the purpose of the present paper to focus on the fluid
dynamics modeling of the cold single-phase flow in a cyclone gasifier separately
in order to develop a better foundation for continued modeling of the reactant
multi-phase flow with particle tracking and phase change, but also to have a
better understanding of peculiarities in the gas flow of a cyclone geometry.
The flow pattern inside abiomass cyclone gasifier is quite similar to a cyclone
separator. However, since the temperature of walls is quite high (around 900˚C),
the solid wood particles are converted into char and ash. Cyclone separator
modeling was pioneered by Barth [9] and was later improved significantly by
Muschelknautz [10]. These semi-empirical models can predict the core swirling
velocity, pressure drop and separation efficiency in cyclone separators based on
geometrical parameters and frictional factors. However, some of the assumptions
in these models about the flow pattern are contradicted by experiments [11].
Boysan et al. [12] were among the first to present numerical simulations of the
flow field in a cyclone separator. Since then, computational fluid dynamics
(CFD) has been frequently used as a tool to predict more geometrical details and
performance estimations of cyclone separators. The earliest works showed that
eddy viscosity turbulence models such as standard k-ε were incapable of
accurate prediction of the swirling flow in cyclones [13] [14]. Others later
reported an appropriate agreement with experimental data using a more complex
Reynolds Stress turbulence model [15] [16]. Moreover, more demanding modeling
with large eddy simulations (LES) was found to give an improved agreement
with LDA measurements [17] [18] [19] [20] [21].
Viscous flow in a typical reverse-flow cyclone can be divided into two types:
primary flows, which include the flow through the inlet, the swirling flow in the
cyclone, the boundary layers on the vertical walls, and the exit flow in the vortex
finder tube; furthermore, secondary flows, which include a boundary layer at the
lid of the cyclone with radial inflow, lip leakage at the entrance to the vortex
finder, Görtler vortices superimposed on the primary flow and a precessing
vortex core (PVC) [11] [19] [22] [23].
DOI: 10.4236/eng.2017.99047
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The main swirling flow in the cyclone is highly turbulent and three-dimensional.
Velocity distributions in the near-wall regions and in the shear region between
the downward flow near the wall and the upward flow near the centerline are the
most challenging features for the modeler. Typically, the tangential velocity is
the largest velocity component, and its profile does not change much with axial
position in the cyclone. The tangential velocity profiles are similar to a Rankin
vortex: a near loss-free vortex surrounding a core of forced solid body rotation,
with its maximum value almost at the radius of the vortex finder tube. The
maximum tangential velocity is typically thrice the inlet velocity [11] [23] [24].
The axial velocity is of the same order of magnitude as the superficial inlet
velocity. The axial flow is directed downward towards the dust bin in the near
wall region, and upwards to the vortex finder tube in the core of the cyclone.
The radial velocity is generally the smallest component, and is more difficult
to measure accurately. This component is uniform over the height of the cyclone,
except for the greatest inward velocity on the edge of the vortex finder tube
opening, generally referred to as “lip leakage”. This peak in radial velocity is due
to the effect of the secondary flows in the boundary layer of the cyclone lid
which can cause slip at the lid leading to non-ideal separation of particles [11].
Apart from the primary flows, secondary flows in the cyclone are produced
due to imbalances between the radial pressure gradient from the rapidly rotating
flow and inertial forces. There are two phenomena that are of particular
importance; the first is the thin boundary layer on the lid of the cyclone that is
caused by the no-slip condition at the surface, which means that the centrifugal
force diminishes close to the wall while the radial pressure gradient is the same
as in the free stream. This in its turn means that there is a net force on the fluid
elements that will accelerate the flow inwards in a thin boundary layer [22].
When the boundary layer flow reaches the vortex finder tube it will be forced to
flow in the axial direction until it comes to the lip of the vortex finder where it
will be entrained by the fast flow going into the vortex finder. The second
phenomenon is the possibility for “Taylor-Görtler” flow instabilities caused by
the swirling flow in the cylindrical part of the cyclone [22]. Both of these
phenomena are unwanted since they will lead to reduced separation efficiency
due to carry-over of particles.
Another significant secondary flow phenomenon is the PVC that has been
observed in experimental studies [15] [25] [26] [27]. The PVC is a quasi-periodic
motion of the main vortex core around the geometrical centerline of the cyclone.
Based on numerous experiments, it has been found that cyclones exhibit a
distinctly non-axisymmetric and low frequency unstable behavior. Moreover, the
vortex core precession about the centerline which is caused by the hydrodynamic
instabilities of the flow, enhances velocity fluctuations, and hence, turbulence
fluctuations. Therefore, close to the center where the gas goes out through the
vortex finder, velocity fluctuation levels are very high. This means that
simulations should not only be calculated in terms of average velocities, but also
fluctuating velocities are very important. Thus, a high spatial and temporal
DOI: 10.4236/eng.2017.99047
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resolution is necessary to adequately resolve the single-phase flow field of the
cyclone [28].
Accordingly, turbulence is an inherent characteristic of a cyclone gasifier which
has a significant effect on the heat and mass transfer in an Eulerian-Lagrangian
frame work. However, in the present work, the aim is to choose a model being able
to investigate a large number of design alternatives in as short time as possible
with limited computer resources. Hence, the cost-performance is a crucial
parameter especially since the turbulence model will be applied to predict the
multi-phase reacting flow inside of a cyclone gasifier. Tracking particle paths
and solving additional equations for the heterogeneous and homogeneous
chemical reactions will considerably lengthen the computational time. An essential
pre-requisite of an appropriate turbulence model for the reacting flow inside the
cyclone geometry is first to have capability to simulate the single-phase flow. The
current work aims to model single-phase turbulent gas flow inside isothermal
cyclone separator/gasifier using a number of popular turbulence models and to
compare the obtained results with each other and with detailed Laser Doppler
Anemometry (LDA) velocity measurements, in the literature [29], which can be
considered as a benchmark for future modeling of the reactant multi-phase flow.
The turbulence models that have been selected are: 1) standard k-ε with
curvature correction; 2) Shear stress transport (SST) with curvature correction; 3)
SSG Reynolds stress model (SSG-RSM); and 4) large eddy simulation (LES). The
comparison between the mean and root-mean-squared simulated velocity
profiles and the experimental data is presented here. However, computational
cost and the ability of the models to capture the significant phenomenon in a
cyclone will be the main focus.

2. Governing Equations
The gas flow in a cold flow cyclone gasifier can be treated as incompressible and
isothermal. Therefore, the Reynolds-averaged Navier-Stokes (RANS) equations
can be written in the following form [30]:

wui
wxi
wui
wu
 ui i
wt
wx j



0

w 2 ui
w
1 wp
Q

uicu cj
wx j wx j wxi
U wxi

(1)

(2)

where u and uc are defined as the mean (time-averaged) and fluctuating
components of the fluid velocity, respectively, i.e. u u  uc . Over barred term,
uicu cj , is known as the Reynolds stress tensor that accounts for turbulent
fluctuation in fluid momentum1. The objective of RANS-based turbulence
models is to calculate the Reynolds stresses. In eddy viscosity based models, the
Reynolds stresses are linearly associated to the mean velocity gradients and eddy
(turbulent) viscosity as follows [31]:
1

List of symbols at the end of the paper.
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where G ij is the Kronecker delta and P t is the eddy viscosity that has to be
modeled. For the widely used k-ε models, it is linked to the turbulent kinetic
energy (k) and rate of dissipation (ε) through the relation [31]:

Pt

CP U

k2

(4)

H

where CP is an empirical constant (=0.09). The SST turbulence model is
another two-equation eddy viscosity model used here, which utilizes the k-ω
formulation in the boundary layers of the wall, while it switches to a k-ε
behavior to model the free stream [32]. In the k-ω models, the turbulent
viscosity is defined based on the turbulent kinetic energy (k) and turbulent
frequency (ω):
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The drawback of the eddy-viscosity models, when considering cyclone flows,
is that they are insensitive to swirling flows. Hence, to account for swirling
effects, Spalart and Shur [33] derived an empirical modification of eddy-viscosity
turbulence models. The empirical function is used as a multiplier of the
turbulent production term as follows [33]:
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where Pk is the turbulent production term due to the viscous forces, and f r is
the empirical function applied to stabilize the rotating flow [33] [34].
The RSM models are based on directly solving the transport equations to
obtain all individual stress components [35]. Since the SSG-RSM developed by
Speziale et al. [36] has been shown to be more accurate than the other versions
of RSM models for most flows, and particularly for swirling flows, it was selected
for this study (based on recommendation of [34]). A detailed explanation of
both eddy viscosity and RSM models can be found in [37].
An alternative approach to RANS modeling is the LES technique that directly
solves for large-scale fluctuating motions with characteristic size greater than the
grid size; and implicitly models sub-grid scales (SGS) for eddies that are smaller
than the grid size [38]. For this technique, the time-dependent Navier-Stokes
equations are filtered and used as the governing equations. For an incompressible
flow, the filtered Navier-Stokes equations can be written in the following way:
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where u is the filtered fluid velocity; p is the filtered static pressure; and the
W ijsgs term is the SGS stress tensor that is defined by:

W ijsgs

ui u j  ui u j

(10)

By using the Boussinesq hypothesis [39], the SGS stress is calculated:

G ij
§
·
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3
©
¹
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(11)

where Q sgs is the SGS turbulent viscosity; and sijsgs is the rate of strain tensor
for the large scale defined by:
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Among three commonly used SGS models, the Smagorinsky model [40], the
dynamic Smagorinsky-Lilly [41] [42], and the wall-adapted local eddy-viscosity
(WALE), the Smagorinsky model was selected for the present study, since the
Smagorinsky model compared to the other models is more simple and stable,
and less time-consuming. More details about LES models can be found in [43].

3. Numerical Setup
A cylinder-on-cone reverse-flow gas cyclone with tangential inlet, drop tube and
dust bin (see Figure 1, Table 1), used in the experimental study by Obermair et

al. [29], is considered as the case study.
The 3D-geometry of the considered cyclone was created using ANSYS Design
Modeler 14.5. The hexahedral computational grids were generated in ICEM
CFD 14.5, using a number of blocks to sub-divide the geometry and mesh the
blocks separately. The near wall mesh was optimized depending on the type of
wall boundary condition (i.e. wall function or resolved boundary layer) in each
case. The simulations were performed using the ANSYS CFX 14.5 commercial
solver on a 64-bit cluster computer with 32 cores.
Five grids were produced (Table 2) and used for a grid sensitivity study, using
a Richardson extrapolation (RE) method [44] to estimate the errors, using the
pressure drop over the cyclone as the evaluation parameter. The mesh convergence
study was first performed using the k-ε turbulence model for all five meshes in
Table 2. The mean tangential and axial velocities for the five cases compared to
experimental results are illustrated in Figure 2. As it can be seen from the figure,
the differences between the meshes are small, but the agreement with
experiments is poor due to the exaggerated diffusivity of the k-ε model
The pressure recovery coefficient, CP, was chosen as the goal function for a
formal mesh sensitivity study. CP is defined as follows:

Cp
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Figure 1. Geometry and computational domain: (a) 3D view; (b) nomenclature for the
simulated geometry: (a), inlet height; (b), inlet width; D, body diameter; Dx, vortex finder
diameter; Dd, drop tube diameter; Db, dust bin diameter; H, total cyclone height; Hc, cone
height; Hd, drop tube height; Hb, dust bin height; Lv, vortex finder length; W, inlet length.
Table 1. Geometrical dimensions of the cyclone, normalized by the cyclone body
diameter D = 0.4 m (vortex finder wall thickness is 0.01 m).
a/D

b/D

W/D

Dx/D

Dd/D

Db/D

Lv/D

H/D

Hc/D

Hd/D

Hb/D

0.44

0.22

1.25

0.38

0.45

0.74

0.44

2.48

1.23

1.25

0.74

where U g is the gas density; and the subscripts in and out denotes values at the
inlet and outlet, respectively. The change of CP with mesh size is shown in
Figure 3. It can be seen from Figure 3 that the convergence is monotonic but
that the solutions for the two coarsest grids (meshes (1) and (2)) seem to be
outside the so called “asymptotic region” where a simple power law will give a
good fit to the data. In order to quantify the error, the grid convergence index
(GCI) method [44], which is based on Richardson extrapolation, was used. The
local apparent order of accuracy p in the fine-grid solution is 4.18, and the
numerical uncertainty is 0.47%. Assuming that the relative error in CP is
representative of the errors in the rest of the variables, this implies that the
medium mesh gives an acceptable error for further investigations of other
turbulence models.
For the SSG-RSM model also, the three last fine grids were checked, and the
results showed the same trend of convergence. However, note that for other
DOI: 10.4236/eng.2017.99047
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(a)

(b)

Figure 2. Comparison of the simulated tangential and axial velocities by the k-ε
turbulence model for five different grids along two different diameters corresponding to:
(a) section I-I, (b) section II-II. The experimental values measured with LDA (from [29])
are shown for comparison.

Figure 3. Change of pressure recovery coefficient (Cp) values in different grid resolutions
and a power law curve fit to the grids (3, 4 and 5) using Richardson extrapolation.
Table 2. Characteristics of the CFD grids.

DOI: 10.4236/eng.2017.99047

Mesh
Characteristics

Mesh 1
(Coarsest)

Mesh 2
(Coarse)

Mesh 3
(Medium)

Mesh 4
(Fine)

Mesh 5
(Finest)

Total number of
nodes

190,095

541,059

1,043,022

2,297,118

5856,489

Total number of
elements

181,568

524,168

1,016,307

2,252,504

5,773,232

Representative
grid size (m)

0.011

0.008

0.006

0.005

0.004
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turbulence models the choice of grid size is somewhat not straightforward, and
due to the time limitations it is not possible to check all the turbulence models
with all grids. Therefore, the medium grid system is a good choice to start for all
simulations.
For the unsteady RANS models, i.e. k-ε, SST and SSG-RSM, the high resolution,
and for LES simulation, the unbounded central difference advection scheme was
applied; however, first-order upwind was used for solving the turbulence
equations in all simulations (as suggested by [45]). The second-order backward
Euler transient scheme was selected for all simulations, since it was difficult to
get a good converged solution using a direct stationary solution approach. It is
most likely that the root cause of it comes from the PVC phenomenon that
generates continuously fluctuating forces on the flow field near the center [19].
For the convergence criteria, the residual target was set to 1 × 10−6 rootmean-square (RMS) in all cases. To determine the timestep size, an adaptive
time stepping technique was used for all simulations by which the timestep is
calculated automatically, using a Courant number criterion. This method was
necessary, since specifying a fixed size for the timestep created convergence
problems; especially for the RANS models (see details in Table 3). At the same
time, as shown in Table 3, 3 - 5 iterations within each timestep were
implemented for all simulations which means that the applied time stepping
method can control the transient behavior of the flow appropriately in all
simulations [45].
Furthermore, another important criterion is the dimensionless distance from
the first mesh node to the wall (the y  value of the first node). The wall
function approach and the required y  value depend on the flow behavior and
the turbulence model being used. Since k-ε and SSG models use a wall function
approach for the near wall region, a maximum distance of the first grid point for
all meshes off the wall was adjusted to the range of y  = 40 − 80, and a scalable
wall function [45] was applied. However, for the SST and LES models, which
solve the transport equations also for the inner parts of the boundary layer, the
first grid point should be at a position of y   2 [37] and wall function is
automatically determined by the software.
At the inlet, a plug flow profile with a normal-direction speed equal to 12.68
(m∙s−1) was used as the boundary condition. Also, for all RANS models, a
Table 3. Timestep settings for all simulations.
Turbulence Models

DOI: 10.4236/eng.2017.99047

Timestep Adaption

Max.
Timestep

Min.
Timestep

Max. Coeff.
Loops

k-ε model

Max Courant No.:

8.0

0.01

1e-05

4-5

SST model

RMS Courant No.:

1.0

0.01

1e-05

4-5

SSG-RSM model

Max Courant No.:

8.0

0.01

1e-05

4-5

LES Smagorinsky model

RMS Courant No.:

0.6

0.01

1e-06

3
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medium turbulence level at the inlet with an intensity of 5% was applied.
Additionally, the cyclone was operated with an air density of 1.17 (kg∙m−3), and a
dynamic viscosity of 1.8 × 10−5 (Pa∙s), corresponding to a temperature of 20 (˚C).
At the gas outlet, the boundary condition for all RANS simulations was set to
“opening” type boundary condition. This boundary condition is a Neumann
type boundary condition that specifies the normal derivative at the outlet for all
variables except the pressure, and therefore, the gas can both exit and enter
through the outlet. However, for the LES simulation, the “outlet” boundary
condition, in which the code makes artificial walls at the outlet as a barrier for
the flow to prevent inflow, was used. In fact, since the flow at the outlet tries to
return to the computational domain and some recirculation will occur that
causes destabilization of the solution for LES simulation, using an outlet
boundary condition therefore increases the robustness of the calculation [45].
During the simulations, some representative quantities such as axial and
tangential velocities at certain points in the cyclone body, drop tube and dust bin
were monitored. After the flow field became periodic and statistically steady-state
(quasi steady), a time-averaging process would be performed over 10,000 time
steps. In arithmetic average, timestep-weighted simulated values from the latest
timestep are added recursively to the accumulating statistics. Finally, the
time-averaged velocity values are compared the LDA measurements.

4. Results and Discussion
4.1. General Impressions of the Flow Field
A snapshot of the flow-fields from the LES simulation in the x-z cut plane
through the center and the x-y plane at a location very close to the cyclone lid is
presented in Figure 4. In Figure 4(a), an instantaneous view of the internal
flow-field in the cyclone body, conical part and entrance region of the vortex
finder is shown. A close inspection of the results shows that there is a thin
boundary layer with radial flow towards the vortex finder at the top of the
cyclone (see Figure 4(b)), as is to be expected from a local boundary layer
analysis [22]. The boundary layer is deflected in the axial direction when it meets
the vortex finder wall and the resulting flow is eventually entrained in the main
flow leaving the cyclone at the lip of the vortex finder. Another flow detail that
can be observed in Figure 4(a) and Figure 4 (b) is the presence of Taylor-Görtler
vortices [23] close to the cyclone body wall. These secondary vortices are
generated by a centrifugal instability near the concave wall of the cyclone [22].
Notice that the Taylor-Görtler vortices are superimposed on the much faster
tangential flow in the cyclone but at the same time they will have a significant
effect on the separation efficiency of the cyclone. From Figure 4(c), it can be
seen that vortex core is slightly off-axis within the vortex finder which means
that the point of zero circumferential velocity at the top of the cyclone is not
exactly on the centerline of the cyclone geometry. This is a sign of the existence
of a PVC in the simulations.
DOI: 10.4236/eng.2017.99047
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(a)

(b)

(c)

Figure 4. Flow field from the LES in two cut planes: (a) Instantaneous flow field in the
(vertical) X-Z cut plane through the center of the cyclone geometry (at Y = 0), (b) detail
of the instantaneous flow in the entry region of the vortex finder tube, (c) instantaneous
realization of the flow field in a (horizontal) X-Y cut plane at Z = 2.47 D.

In Figure 5, contour plots of instantaneous velocity values are shown in six
cross sections of the body cyclone and conical portion. The results confirm that
with increasing the distance from the centerline, the velocity is rising to a
maximum value and then decreases towards the wall. Furthermore, signs of the
off-axis movement of the core through the centerline can be noticed, which is
another proof of the existence of a quasi-periodic motion of the vortex core that
is well captured by the LES.

4.2. Comparison of Turbulence Models
In order to assess the capability of the turbulence models to represent the
peculiarities of the flow field in the cyclone, the mean and RMS values of
tangential and axial velocity profiles of single phase CFD simulations and LDA
measurement data of [29] have been compared along two diameters in the
conical part of the cyclone (shown in Figure 1).
DOI: 10.4236/eng.2017.99047
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Figure 5. Contour plots of the LES velocity magnitude in six horizontal cross sections:
(a) Z = 1.875 D, (b) Z = 1.5 D, (c) Z = 1.125 D, (d) Z = 0.75 D, (e) Z = 0.375 D, and (f)
Z = 0.

The simulated results of mean and fluctuating tangential and axial
velocities from four turbulence models are compared with experiments. The
non-dimensional velocity profiles are scaled with the inlet velocity (Uin = 12.68
(m∙s−1)). Based on the mesh convergence study, the medium mesh was first used
for the SST and SSG-RSM models. However, since the position of the first node
for the SST model should be set at a location of y   2 , the simulations with the
medium grid led to divergence due to the large aspect factor in the mesh. Hence,
the fine grid (or mesh (4)) was instead applied for the SST model to obtain a
converged solution. Furthermore, as adequately high resolution is a necessity for
LES, the finest mesh (mesh (5)) was used in this case to exclude uncertainties
connected to the mesh.
The experimental and simulated velocity profiles with different turbulence
models are illustrated in Figure 6. The experimental mean tangential velocity
profiles are generally captured well by all of the turbulence models. The peak of
average tangential velocity and the width of the vortex core region agree
properly.
However, as expected, the k-ε model predicts a too wide vortex core, and so it
has trouble to predict the location of peak tangential velocity (esp. more clear in
the section II-II). In addition, this model fails to reproduce the mean axial
velocity in all positions. In particular, it predicts mean axial velocities to be
uniform in the inner region of the flow where the other models and LDA shows
that the mean axial velocity profile has a significant dip creating a central part of
DOI: 10.4236/eng.2017.99047
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Figure 6. Comparison between velocity profiles for LDA measurement and the simulated
time-averaged tangential and axial velocities at two sections on the X-Z plane (Y = 0): (a)
section I-I, (b) section II-II.

the profile that resembles a flattened “M”. The asymmetric M-shape of axial
velocity profiles is caused by axial pressure gradients that are dictated by axial
development of the tangential velocity. Therefore, prediction of axial velocity is
more complex and harder than tangential velocity. However, for the two other
RANS models and the LES approach, mean axial velocity results agrees well with
measurements with a clearly visible M-profile.
The SST model also predicts the asymmetry of the profiles well. This implies
that the boundary layer flow close to the wall has a significant effect on the core
region of the flow, since the main difference between the two eddy viscosity
models lies in the treatment of the near wall region. The SSG-RSM simulation
with the medium mesh also yields an impressive agreement of mean axial
velocity profiles with experimental data. To start the LES simulation, the solution
from the SST simulation was interpolated on the grid of the LES simulation and
used as the initial condition to save computational time. However, the LES
predicts mean tangential and axial velocities not much better than the RANS
models in the two considered positions.
The experimental data from the other important locations of the cyclone, e.g.
the cylindrical portion or vortex finder, was not available. Hence, the simulated
results cannot be assessed at those locations to give additional information about
DOI: 10.4236/eng.2017.99047
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the performance of the models.
On the other hand, as already mentioned, velocity fluctuation levels and the
related turbulence dispersion are as significant as mean velocities for the
separation process. Turbulent fluctuations enhance particle dispersion, while
mean velocities (especially tangential velocity) determine the centrifugal force
and the average residence time of the particle in the cyclone. Root-mean square
(RMS) values of the tangential and axial velocities from all simulations except
the results of k-ε model are shown and compared to LDA results in Figure 7.
The eddy viscosity models do not predict the fluctuations directly; therefore, the
fluctuation levels are evaluated based on the diagonal components (normal
stresses). The measurements show a peak in the fluctuation levels in the core
region due to the PVC and relatively low RMS values in the outer region.
Very large gradients of tangential velocity near the center lead to the high
fluctuation levels. They typically are twice or thrice as high as the fluctuations in
the outer region. In this respect, the LES distinguishes itself from the RANS
models and gives a much better prediction of the velocity fluctuations than these
models. The SST model totally fails to predict the peak in the center region,
whereas the SSG-RSM agrees qualitatively well with the measurements except in
the narrow peak region. Similar comments can be applied to the axial RMS
velocities. Overall, the LES performs well while the RANS models are incapable
to predict the fluctuations correctly.

Figure 7. Comparison between velocity profiles for LDA measurement and the
simulated RMS values of tangential and axial velocities at two sections on the
X-Z plane (Y = 0): (a) section I-I, (b) section II-II.
DOI: 10.4236/eng.2017.99047
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In conclusion, as expected, the LES approach is the best to represent the
effects of turbulent dispersion from the velocity fluctuations. The motions of
large eddies in the vicinity of the centerline, which are mainly responsible for
anisotropic behavior of the flow, can be simulated directly in LES, while the
effect of the smaller eddies are captured by SGS models. Thus, since the flow is
predominantly governed by the large eddies rather than small eddies, especially
in the central region, a large eddy approach can reveal more of the flow physics
in the cyclone geometry. Nevertheless, the negative feature of the LES simulations
is the requirement of a much finer computational grid, leading to a higher
computational effort. Therefore, based on the results in the conical section, the
time-averaged results of SST and RSM-SSG models agree well with the
experimental results and are very similar to those in the LES, while they are
unable to predict the fluctuations due to the PVC. However, the SSG-RSM
model showed that it could work even with coarse grids, so it took less time to
accomplish a simulation relative to the SST model. A larger number of mesh
elements had to be used for the SST model, so it was more time consuming than
the SSG-RSM model. Hence, the SSG-RSM model seems to be the model with
the best cost-performance ratio.
For modeling a cyclone gasifier including reactant particles, although the SST
and the SSG-RSM models are incapable of capturing the PVC phenomenon in
the core region, they both can be used for an engineering modeling. In a cyclone
gasifier, there is a hypothesis that the gasification process occurs at the wall and
smaller unconverted solid particles in addition to soot and tar moves toward the
outlet at the top [8]. Thus, it is likely that the PVC phenomenon doesn’t influence
the gasification process substantially. The SSG-RSM can be used as a first
priority due to its ability to work with the coarser grids which results in less
computational time. The SST model due to its sensitivity to the near wall grid
point needs a finer grid compared to the SSG-RSM leading to a higher
computational time. However, adding heat and mass transfer will definitely
change the situation, and probably creates new problems. However, based on the
recent studies, the SST model is more popular for combustive and thermal flows
than the SSG-RSM [46] [47]. On the other hand, the SSG-RSM is the most used
industrial model for simulating a cyclone separator [19] [48]. Accordingly,
determination of the suitable turbulence model for the final design depends on
the adaptability of the reactant and heat transfer equations to the turbulence
models.

5. Conclusions
The single phase flow of a gas cyclone separator with tangential inlet was
simulated with four different turbulence models and all but the k-ε model could
be validated against LDA measurement from literature [29]. The four turbulence
models are 1) standard k-ε model with curvature correction; 2) SST model with
curvature correction; 3) SSG Reynolds stress model and 4) LES with Smagorinsky
sub-grid model.
DOI: 10.4236/eng.2017.99047
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For the mean tangential velocities, all RANS models and the LES captured the
shape of the tangential velocity profiles with good accuracy; nevertheless, the k-ε
model predicted a much wider central region than the experiments and the other
simulated results. For the mean axial velocity the situation is more complicated.
The SST model with its integration through the boundary layer all the way to

y   2 agrees much better with the results than the k-ε model, which was
unable to predict the M-shaped axial velocity profile. The mean axial velocity
results with the SSG-RSM model were also capable of capturing the quasi-periodic
fluctuating asymmetric results from the LDA experiments. However, for the
results from the LES simulations, no significant difference in comparison to the
RANS-based simulations was observed.
Due to the precessing vortex core, velocity fluctuation levels are quite high
near the central region. The RMS values of fluctuations from the experiments
were compared to the velocity fluctuations of the simulations. While the RANS
models are incapable to predict this phenomenon accurately, the LES simulation
gives an excellent agreement with the experiments.
Moreover, the simulations demonstrated a peak in radial velocity just beneath
the vortex finder entrance, caused by the lip leakage flow. There are no LDA
measurements from this region but lip leakage is a well-known phenomenon in
industrial cyclones and it is important that the models can predict it.
Overall, the LES approach was the most accurate one, but also the most
time-consuming. However, the SST model required a grid with a larger number
of elements to resolve the boundary layers close to the walls while the SSG-RSM
model uses a wall function that requires less grid points close to the wall. For this
reason, the SST model became more time-consuming and the SSG-RSM model
seems to be the best alternative for engineering design where computational
cost/performance is of primary importance. However, making a decision for
choosing the most appropriate turbulence model for the final design of a
gasification process in a cyclone depends on the behavior of the reactant and
heat transfer equations against the turbulence models.
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Symbols Used
a

[m]

cyclone inlet height

Ain

[m2]

area of the cyclone inlet surface

Aout

[m2]

area of the cyclone outlet surface

b

[m]

cyclone inlet width

CP

[-]

pressure loss coefficient

Cμ

[-]

k-ε based model constant

D

[m]

cyclone body diameter

Db

[m]

cyclone dust bin diameter

Dd

[m]

cyclone drop tube diameter

Dx

[m]

cyclone vortex finder diameter

fr

[-]

rotation function as a multiplier of eddy viscosity turbulent
production term

H

[m]

total cyclone height

Hb

[m]

cyclone dust bin height

Hc

[m]

cyclone cone height

Hd

[m]

cyclone drop tube height

k

[m2∙s−2]

Lv

[m]

cyclone vortex finder length

p

[Pa]

time-averaged static pressure

p

[Pa]

filtered static pressure

'p

[Pa]

pressure drop

Pin

[Pa]

pk

[Pa∙s−1]

Pout
sgs

s ij

turbulent kinetic energy

cyclone inlet pressure
turbulent production term in eddy viscosity models

[Pa]

cyclone outlet pressure

[s−1]

large-scale strain rate tensor

t

[s]

u

[m∙s−1]

fluid velocity

uƍ

[m∙s−1]

fluctuating fluid velocity

u

[m∙s−1]

mean (time-averaged) fluid velocity

u

[m∙s−1]

filtered fluid velocity

Uin

[m∙s−1]

cyclone inlet normal speed

time

Greek Letters
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G

[-]

Kronecker delta

H

[m2∙s−3]

dissipation rate

Pt

[Pa∙s]

eddy viscosity

Q

[m2∙s−1]

kinematic viscosity

Q sgs

[m2∙s−1]

SGS viscosity

U

[kg∙m−3]

fluid density

Ug

[kg∙m−3]

gas density

W ijsgs

[m2∙s−2]

SGS stress

Z

[s−1]

specific dissipation rate
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Abbreviations
LES

large eddy simulation

PVC

precessing vortex core

RANS

Reynolds-averaged Navier-Stokes

RSM

Reynolds stress model

SGS

subgrid-scale

SST

shear stress transport

WALE

wall-adapted local eddy viscosity
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1

Modeling of Particle-Laden Cold
Flow in a Cyclone Gasifier
Isothermal transient Eulerian–Lagrangian simulation of the turbulent gas–solid ﬂow in a
cyclone gasiﬁer with two inlet tubes at 890  C has been performed. The single-phase gas
ﬂow is modeled using SSG Reynolds stress turbulence model. Ten thousand representative solid particles of different sizes are injected from each inlet continuously at every
second of simulation time. Particles are ﬁnally stopped as soon as they arrive at the outlet or reach the bottom plate of the gasiﬁer. The effect of particle-to-gas coupling on the
pressure and velocity of the ﬂow and particles motion inside the gasiﬁer is studied. The
numerical approach can reasonably predict the impact of particle load on the gas ﬂow as
presented in the experimental results. Single particles are traveled throughout the transient gas ﬂow ﬁeld by using Lagrangian approach. High temperature of the gas ﬂow
inside the gasiﬁer has signiﬁcant effects on the swirl intensity reduction, damping the turbulence in the core region, pressure, and particle behaviors. However, the presence of
solid particles does not have a notable inﬂuence on the swirl intensity and turbulence.
[DOI: 10.1115/1.4040929]
Keywords: cyclone gasiﬁer, computational ﬂuid dynamics, gas–solid ﬂow pattern, particle trajectories

Introduction

Cyclone gasiﬁcation is a technology to effectively gasify biomass
fuels for utilization in small-scale cogeneration plants. A cyclone
gasiﬁer is often applied due to its robustness and simplicity. Moreover, this gasiﬁer can achieve satisfactory ash separation and remove
considerable amounts of alkalis, since the raw syngas and the char/
ash residues are separated from each other already in the gasiﬁer.
Additionally, experience has shown that the cyclone conﬁguration is
“fuel ﬂexible” and enables to work properly with a variety of high
ash fuels with size distribution ranging up to 3 mm [1,2].
The two-phase ﬂow pattern in a cyclone-shaped gasiﬁer is comparable to a cyclone separator. At the very beginning of the ﬂow
ﬁeld in the cyclone gasiﬁer, solid particles are quickly heated and
devolatilized (or pyrolyzed) during which water vapor and different gaseous compounds are released. As a result, mass of the
wood particles decreases majorly and only carbon-rich char particles are remained. The devolatilized particles are driven by centrifugal force against the wall that is caused by strong rotating
motion of the gas ﬂow. The centrifugal force moves the dispersed
ﬂow toward the wall opposed to the drag force induced by the
inward radial ﬂow, thereby separating them according to speciﬁc
gravity in the gas. Therefore, the more dense particles are thrown
toward the hot wall of the cyclone while they stay there to gasify,
and then move spirally downward along the cyclone wall until
they exit through the bottom of the conical section, toward the ash
bin. However, the inward drag force may be adequate to move
1
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small particles toward the central region of the cyclone. If the particles reach the core area where the gas ﬂow is ascending, they
will most likely follow the gas ﬂow and escape through the outlet.
Furthermore, the particles can be dispersed by secondary ﬂows
and vortex core precession. At the bottom of the cone, a reverse
ﬂow begins to form a low-pressure area moving upward along the
cyclone center line, and exits through the vortex ﬁnder.
Fluid dynamics and related particle motions in the cyclone are
very complex. High turbulence and strong swirl are one of the
most signiﬁcant characteristics of the ﬂow ﬁeld. Swirling conditions can show phenomena like vortex breakdown and a precessing vortex core occurring, which makes the ﬂow strongly
anisotropic and unsteady. In a previous paper [3], the capability of
different turbulence models, in order to capture these phenomena
for the single-phase gas ﬂow, was evaluated. It was shown that the
SSG Reynolds stress model (RSM) can be a suitable choice in
terms of computational cost and accuracy when comparing with
other Reynolds-averaged Navier–Stokes models (such as kepsilon, SST and others) and validated against laser Doppler anemometry (LDA) measurements from literature [4]. In the present
study, the aim is to simulate the particle-laden cold ﬂow in a
cyclone gasiﬁer using the Eulerian–Lagrangian approach and the
SSG-RSM. In various studies before, it has been experimentally
and numerically conﬁrmed that the particles affect the gas ﬂow
leading to a reduction of the swirl and the turbulence intensity
[4,5]. Most important, the particles inherently inﬂuence the gas
ﬂow in the volatilization and gasiﬁcation processes by releasing
volatile matters and then converting to producer gas. Hence, the
impact of particles on the turbulent gas ﬂow is considered here.
Experimental conﬁguration from the measurements of Obermair et al. [4,6] has been simulated for further validating the
numerical model for the cyclone gasiﬁer. Obermaier et al.
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evaluated the impacts of particles on the velocity proﬁles in the
drop tube of the tested cyclone separator. In the simulations, the
parameters that might inﬂuence the accuracy of the results, to the
furthest extent, are the number of elements and the particle number rate, which both have been checked for error estimation. However, the main aim of the current work is to model the isothermal
gas–solid ﬂow inside a commercial cyclone gasiﬁer, operated at
the power plant in Hortlax, Piteå (Sweden), which is referred to as
the Hortlax gasiﬁer hereafter. For this system, tracks of particles
in various sizes, particle residence time in the cyclone gasiﬁer,
and the effect of particles on the velocity proﬁles are investigated.

2

Governing Equations

The gas phase in a cyclone gasiﬁer is ruled by the timedependent mass, momentum, and energy laws. However, the Mach
number is below one; hence, the ﬂow is regarded as incompressible.
Moreover, in this study, since the cold ﬂow is investigated, the temperature is constant and the ﬂow is considered as isothermal. So,
the unsteady Reynolds-averaged Navier–Stokes equations for mass
and momentum conservations are then solved for the gas ﬂow.
Regarding the Reynolds stress models, the Reynolds stress tensor is directly calculated based on the transport equations [7], one
for each of the six components in the symmetric stress tensor.
Using the transport equation, all individual Reynolds stresses and
the dissipation rate are determined, and therefore used to achieve
closure of the Reynolds-averaged momentum equation. As
already mentioned, the SSG-RSM determined by Speziale et al.
[8] has been used for this study because of its rather good accuracy in modeling of the gas ﬂow in a cyclone, and since it can
work with a relatively coarse mesh, it requires reasonable computational effort, when compared to other models [3].
The dispersed phase ﬂow was modeled with a Lagrangian
approach where the Newton’s second law is applied for each individual particle and expresses position and velocity of the particles
as a function of time.
In the cyclone separator of Obermair et al. [4], the feed material
is a limestone powder, while in the Hortlax cyclone gasiﬁer, devolatilized wood powder is the dispersed particles of interest, since
wood particles are pyrolyzed very fast after entering into the
cyclone environment [1,2]. Sphericity deviation of the limestone
particles was reported to be 2% in maximum [4]; hence, the particles can be considered to be spherical in shape. However, devolatilized wood particles are nonspherical; thus, a cross-sectional
area factor measured by a particle analysis instrument, CAMSIZER, which is a state-of-art optical measuring system for particle analysis and characterization,2 is used to modify the cross
section area. This parameter can be explained as follows:
up ¼

surface area of spherical particle
surface area of particle with the same volume of spherical one
(1)

Since the particle density is very larger than that of the continuous
gas, and also inertia of the carrier gas is relatively small, the virtual mass (or added mass term) and the Basset (or history term)
forces are neglected [9]. Turbulent dispersion force is also not
considered, since this force is only important when the aim is to
see the dispersion of the small particles. Hence, only the drag
force and the buoyancy force because of the gravity are taken into
account. Accordingly, the general equation of motion of a single
particle in a Cartesian reference frame is expressed as
mp

dup
¼ FD þ FB
dt

(2)

where mp and up are the particle mass and velocity vector relative
to the gas, respectively; FD is the drag force acting on an
2
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individual particle and FB is the buoyancy force because of gravity. mp is given by (dp and qp are the particle diameter and the particle density, respectively)
p
mp ¼ dp3 qp
6

(3)

The aerodynamic drag force on a particle is determined as
1
FD ¼ CD q Af j us j us
2

(4)

where CD is the dimensionless drag coefﬁcient; q is the gas density; Af ¼ up Ap is the effective particle cross section in which
Ap ¼ 0:25p dp2 is the area of a single spherical particle projected
in the ﬂow direction; and up is the cross-sectional area factor (for
spherical particles it is equal to 1, and for nonspherical particles it
is less than 1); us ¼ u  up is the slip velocity of the particles
where u ¼ u þ u0 is the gas velocity in which u represents the
mean gas velocity, and u0 is representative of the ﬂuctuating gas
velocity (Reynolds decomposition).
The drag coefﬁcient CD of a spherical particle submerged in a
Newtonian ﬂuid ﬂow is only dependent on the particle Reynolds
number (see Eq. (5)). The model available to calculate the drag
coefﬁcient in ANSYS CFX SOLVER is a modiﬁed correlation of the
Schiller–Naumann, which considers the transitional region
between the viscous and inertial regimes as well [10]
Rep ¼

q dp jus j
l




24 
CD ¼ max
1 þ 0:15 Re0:687
; 0:44
p
Rep

(5)

(6)

The Schiller–Naumann drag model is valid for sparsely distributed solid particles in a dilute environment; thus, it is appropriate
for both cases of the Obermair’s cyclone and the Hortlax gasiﬁer.
The buoyancy force of a particle submerged in a ﬂuid ﬂow is
deﬁned by (g is gravity)
p
FB ¼ dp3 ðqp  qÞg
6

(7)

There are clear experimental and computational evidences
[5,11] that particle loading inﬂuences the gas ﬂow behavior in a
cyclone separator. Furthermore, because of the mass transfer of
particles during the gasiﬁcation process in a cyclone gasiﬁer, particles have signiﬁcant inﬂuence on the gas ﬂow. The interaction
between the particles and the gas phase is therefore considered
here, which is termed as two-way coupling. Hence, it is required
that the source terms for particles are involved in the ﬂuid
momentum equations. The momentum sources can be because of
the turbulent dispersion or drag forces. Since turbulent dispersion
is ignored, the particle momentum is only calculated due to the
drag force [10]
dSp
1
¼ FD ¼  CD qAf j us j us
dt
2

(8)

The particle source terms are created for every individual particle as it is traveled throughout the ﬂow. Particle sources are therefore employed in the control volume in which the particle is
within the time-step.
The calculated source term, Sp , is added to the gas phase, and
thus multiplied by the particle number ﬂow rate, which is deﬁned
as the particle mass ﬂow rate divided by the particle mass. In
ANSYS CFX, the particle source terms are calculated at each timestep when a particle is inserted. Then, they are applied to calculate
the ﬂuid coefﬁcients [10].
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It is furthermore assumed that the effect of particle–particle collisions can be negligible for both cases, since the particle volume
concentrations are less than 0.001 [5,12].

3

Experimental Validation

Experimental data from Obermair et al. [4,6] were used to validate the choice of turbulence model and the numerical settings.
Obermaier et al. provided experimental velocity proﬁles for the
gas, with and without particle loading, in various geometries by
using LDA. The cyclone geometry used in this study is given in
Fig. 1. The main focus in the measurements was on the lower
section of the cyclone.
3.1 Numerical Setup. Results regarding the single-phase gas
ﬂow with different turbulence models validated by LDA measurements were presented in the previous paper [3] that was already
described. The geometry was made using ANSYS DESIGN MODELER
14.5, and then been divided into a number of blocks and the hexahedral mesh was created by using ICEM CFD 14.5. ANSYS CFX 14.5
commercial solver was used to run the simulations on a 32 core
cluster. The solver setup for the gas ﬂow is shown in Table 1.
The gas ﬂow enters to the cyclone with an inlet velocity
of 12.68 m s1 correspondents to a volumetric ﬂow rate of 800 m3
1
h . The cyclone works with an air density and a dynamic viscosity of 1.17 kg m3 and 1.83  105 Pas, respectively, that corresponds to an air temperature equal to 20  C. The boundary at the
outlet was assumed to be an opening condition with pressure gradient of zero, which means that the gas may both go into and out

of the outlet. A no-slip smooth condition was applied as the
boundary at the wall.
The particle mass loading was 0.65 g dusts per kg air corresponding to a total particle mass ﬂow rate of 0.169 g s1. The particle material used is limestone with a density of 2770 kg m3.
The simulations were performed for 26 varied particle diameter
sizes ranging from 0.4 to 18 lm. A discrete diameter distribution
of particles was applied by using the experimental data of number
and volume fraction of particles from the phase Doppler anemometry (PDA) measurements (see Fig. 6.8 of Ref. [13]). To ensure
that each particle type receives at least one representative particle,
the inverse of the smallest number fraction of 1  104 (corresponding to large particles, e.g., 17.14 lm) was taken as a minimum required total number of particles. Thus, an entire number of
10,000 representative particles per unit time (s) with random
entering locations were uniformly inserted into the gasiﬁer as a
ﬁrst guess. The particles enter the cyclone with a velocity equal to
the inlet velocity of the air.
The destiny of particles after reaching the cells related to one of
the boundaries of the cyclone domain, i.e., outlet, walls and bottom of the dust bin, are discussed as follows. The standard
particle-wall interaction model was used. After collision with the
wall boundaries including vortex ﬁnder, side walls as well as top
walls of the cyclone and the dust bin, the particles are reﬂected
due to the speciﬁcation of parallel and perpendicular restitution
coefﬁcients of 1. It has been seen that the simulated grade efﬁciencies are not inﬂuenced by changing the values of restitution
coefﬁcients [5,14–16]. Even, it was observed that by varying the
restitution coefﬁcient from elastic to a fully inelastic manner, the
calculated grade efﬁciency was slightly affected [17]. The particles are collected after collision with the bottom of the dust bin
by using the parallel and perpendicular restitution coefﬁcients
equal to zero. And, if the particles get to the outlet boundary, they
are considered lost.
In order to reach a time-step-independent solution for particle
tracking, the number of integration steps at each element is a
determining parameter. Misiulia et al. [18] stated that the number
of integration steps at each element of 50 and larger can lead to a
time-step independent solution and a predicted grade efﬁciency
with the same accuracy. Therefore, this parameter was set to 50
here as well.
3.2 Results and Discussion
3.2.1 Grid Convergence. The grid resolution used here was
determined based on a corresponding grid independence study. In
order to estimate the error, Richardson extrapolation was used as
a well-established procedure. To seek an appropriate grid, four
different grid systems of 321,371 elements (grid 1), 558,077 elements (grid 2), 886,578 elements (grid 3), and 1,264,964 elements
(grid 4) are investigated. In the study, single-phase turbulent ﬂows
are only tested, since some recent studies [18] have shown that the
number of integrations per element and the particle number rate
are the only parameters that have signiﬁcant effects on the results
of particle transport modeling.
Differences in velocity values are very small, and the ﬂow patterns are very similar, like the previous study with k-epsilon
model (Figs. 2 and 3 in Ref. [3]). The time-averaged nondimensional pressure drop (or Euler number) was employed as a global
parameter to assess the error using the procedure of grid
Table 1 Solver settings for air ﬂow in all simulations

Fig. 1 Cyclone conﬁguration scheme studied by Obermair
et al. [6]; left: side view, right: top view (D is cyclone body diameter 5 0.4 m; vortex ﬁnder wall thickness is 0.01 m)
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Advection scheme
Transient scheme
Turbulence numerics
Time step size (s)
Average RMS Courant number
RMS residuals

High resolution
Second-order backward Euler
First-order upwind
1  104
0.8–1.3
1  104
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convergence index (according to Richardson extrapolation).
Results show that except the grid 1, which is the coarsest mesh,
the values of Euler number for the other three grids have a converged trend. The local apparent order of accuracy p value was
calculated as 2.29. The approximate relative discretization error
and the ﬁne grid convergence index are 1.37% and 5.61%, respectively. This implies that the second mesh (grid 2) can satisfy the
requirement of grid independence for the following studies, while
the entire number of elements is also not that risky concerning the
computation overhead.
3.2.2 Particle Tracking Convergence. To reach a converged
solution, all particles have to be collected in the dust bin or exit
from the cyclone through the outlet during the simulation time.
The simulation time should be larger enough than the residence
time of all particles to get them terminated. The average ﬂow residence time sres in a cyclone is determined by dividing the cyclone
volume by the volumetric ﬂow rate. However, residence time of
the particles is varied dependent on the particle diameter, entrance
location, and other parameters.
In Fig. 2, percentage of particles during different simulation
times is shown. It is visible that even after the simulation time of
3.5 s, which corresponds to approximately 5.0 sres , the percentage
of nonterminated particles is 64.73%. However, percentages of
left particles (relatively ﬁne particles) and collected particles start
to get constant about 22.01% and 13.26%, respectively. It can be
explained by the long drop tube between the dust bin and the conical section that caused a considerable increase in the particles residence time and led to a higher collection efﬁciency compared to a
cyclone without drop tube (emphasized by Obermair et al. [4]). In
this cyclone, particles have to move through the long drop tube
before being collected in the dust bin; thus, the particle tracking
distance is longer. The sharp drop in the nonterminated curve at
3.5 s (5.0 sres ) is because the maximum tracking time for all particles was set to 3.5 s. This time was found to be long enough for
any particles to be tracked through the cyclone but not too large
that the computational cost became extremely high due to the
tracking particles that might be trapped in recirculation zones.
However, it can be seen at simulation time of 6.0 s (corresponds
to 8.7 sres ) that only 37.91% of particles are nonterminated, while
24.26% and 17.8% of total particles are collected and leave the
cyclone, respectively. This shows that the main part, more than
90% of the particles, which exit from the cyclone arrive at the outlet in less than 3.5 s, but more time is necessary for collection of
particles due to the long drop tube.
Figure 3 shows the nonterminated particles percentage for various diameters in simulation times after 3.5 s. All particles larger
than 8 lm have almost longer residence time whereas, the shortest
residence time is for the particles for which diameter is near the
median diameter of mass distribution around 5 lm [4]. Among the
particles with dp < 8 lm in all simulation times, particles in diameter dp ¼ 1:68 lm have the largest residence time.
Finally, in Fig. 4, cumulative length distribution of the collected
particles in various diameters from the simulated results within
different simulation times is compared with the data of Obermair
et al. measurements [4]. It is observed that increasing the simulation time after 3.5 s does not have any considerable effect on the
results. The lower tail of the cumulative distribution curves from
the numerical simulation has a very close agreement to the experiments, i.e., fractional cumulative distribution of ﬁne particles.
However, the numerical results of larger particles are overrated,
which means that the predicted cumulative distribution curves are
sharper than the measured cumulative distribution by PDA. This
was quite expected because of different reasons such as
re-entraining the particles by upward gas stream, particle agglomerate, break-up, attrition, and so on that can take place in the
cyclone especially due to the long drop tube (see Ref. [4]).
Actually, Fig. 4 shows that the predicted particle tracking is in a
proper agreement with the measured results, and also it conﬁrms
021302-4 / Vol. 141, FEBRUARY 2019

Fig. 2 Percentage of the terminated and nonterminated particles during simulation time

that the simulation time of 3.5 s enables appropriately exhibition
of the collected particles distribution in Obermair’s cyclone.
3.2.3 Effect of the Particle Load. According to experiments
carried out before [9], the effect of particles mass load on the gas
velocity is quite remarkable when a cyclone operates at high
solid-loaded conditions. Generally, at solid concentrations larger
than 0.2 kg kg1, cyclones operate on the condition of high mass
loading [9]. For the current case study, the solid loading is 0.69 g
dust per kg input gas (mass load ratio of around 0.0007 kg kg1).
Therefore, it would be expected that the impact of particles on the
gas velocity is safely neglected.
The PDA measurements in the drop tube provided by Obermair
et al. [4], however, show a suppression of tangential velocity proﬁles in comparison with the single-phase ﬂow pattern (see Fig. 8
of Obermair et al. [4]). This difference between the single-phase
and gas–solid ﬂows becomes more signiﬁcant in the deeper part
of the drop tube so that eventually in the lowest part of the drop
tube the tangential velocity proﬁle has changed to a weak solid
body rotation. However, Obermair et al. conﬁrmed that this

Fig. 3 Percentage of nonterminated particles of different sizes
for the simulation times after 3.5 s
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phenomenon is due to the agglomeration of particles in the
cyclone. In fact, high swirling ﬂow in the drop tube causes rotation of particles in the drop tube and dust bin. This rotation results
in a high particle concentration and agglomeration at the bottom
of the drop tube and dust bin; hence, probability of the
particle–particle collision increases. However, in the top third of
the drop tube, the tangential velocity proﬁles of gas–solid ﬂow are
quite similar to the single-phase ﬂow and stand for a potential
swirl, whether particles exist or not. Coming downward toward
the dust bin, the particles start to agglomerate and cause the turbulence of the gas ﬂow, to be attenuated due to the friction. This
phenomenon that is due to the presence of the drop tube raises
separation efﬁciency in a cyclone (according to the experimental
results of Ref. [6]).
Figure 5 depicts radial proﬁles of tangential gas velocities for
both single-phase and gas–solid ﬂows at various cross sections in
the drop tube from experimental data (Fig. 8 of Ref. [4]) in comparison with the simulated results of single and gas–solid ﬂows. It
is clear that no remarkable difference can be observed between
the tangential velocity proﬁles of single and gas–solid ﬂow simulations, which means that particle motions did not have inﬂuence
on the gas ﬂow. In Fig. 5(a), the simulated and experimental gas
velocity proﬁles from both single and gas–solid ﬂows are very
similar, while further down in the drop tube which is shown in
Figs. 5(b)–5(d), the gas–solid ﬂow from experimental data tends
to go slower. However, since the particle–particle collisions and
particles agglomeration effects on the gas velocity were not considered in the current simulations, changing the velocity proﬁles
from a potential swirl to a solid body rotation in the downer part
of the drop tube and dust bin was not captured. Actually, as
already explained, not only particle–particle interaction effects do
not play a role in the main ﬂow of a cyclone, but also it needs an
incorporation of four-way coupling technique which increases the
cost of simulations exponentially in total.
Another question is whether the total number of representative
particles is sufﬁcient or not. For checking the sensitivity of the
mean tangential velocity proﬁles respecting the total number of
particles, larger particle number rate equal to 50,000 s1, i.e., the
same mass load with differing numerical parameter, was also
studied. As seen in Fig. 5, tangential gas velocity proﬁles from
gas–solid ﬂow simulations with 10,000 s1 and 50,000 s1 are
quite overlapped. Of course, since in this ﬂow, particles did not
inﬂuence the gas ﬂow, any noticeable changes would not be
expected.
By comparing with Obermair et al.’s experimental case study
[4,6], it can be concluded that this way of representation of the

Fig. 4 Cumulative length distribution of collected particles
within simulation times
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particle transport modeling in combination with the turbulent gas
ﬂow creates a moderately reasonable modulation of the ﬂow in a
cyclone. Henceforth, the paper turns to the isothermal Hortlax
cyclone gasiﬁer and investigates the impact of the ﬂow modulation on the gas–solid ﬂow.

4

Hortlax Gasifier

4.1 Numerical Setup. A model of a commercial biomass gasiﬁcation reactor in shape of a cyclone with an internal body diameter of 0.75 m is studied here (see Fig. 6). It is seen that the
geometry has two inlets with a very small diameter equal to 0.06
m. Also, in reality at the bottom of the cyclone, there is a very
slowly rotating grate with several holes where if the gasiﬁed particles are collided, they are stopped and exit the gasiﬁer through
the holes. However, due to the very small speed of rotation of this
grate, it was considered stationary in the simulations. ANSYS DESIGN
MODELER 14.5 was used to produce the cyclone conﬁguration. The
normalized dimensions of the cyclone gasiﬁer with the internal
body diameter are given in Fig. 6.
A hybrid computational grid was used including hexahedral
mesh for the main body and tetrahedral mesh for both inlets (see
Fig. 7). Since the inlets are quite tangential to the cyclone body,
hexahedral grid exhibits damaged elements particularly at the corners. However, the quality of mesh has been improved signiﬁcantly by generating a tetrahedral grid, as is shown in Fig. 7. The
connection between two types of meshes has been established
automatically in which the solver chooses whether the connection
should be directly (one-to-one) or not depending on the location
of the nodes, if they are coincident, and the selection of regions on
side 1 and side 2 [19].
Around 1.262 million hexahedral elements for the gasiﬁer body
and about 43,000 tetrahedral elements for both inlets have been
generated which the entire number of mesh points was 1.295 million and not that critical regarding the computational resources.
As it was concluded, since the coarsest grid resulted in fairly good
predictions, this amount of elements seems appropriate for the
cyclone gasiﬁer. Moreover, since a scalable wall function is set
for the SSG-RSM, resolving the boundary layers is not necessary
and the ﬁrst mesh point is resolved at a location of approximately
yþ < 80:0 [19].
The numerical setting for the gas phase is the same as the
cyclone of Obermair. The high-resolution advection scheme and a
second-order backward Euler transient scheme were used. Turbulence numerics are obtained using the ﬁrst-order upwind advection scheme for solving the equations (suggested by [19]). The
root-mean-square residual type was set to 1  104 as the convergence criteria. It has been noticed that decrease in the root-meansquare (RMS) residuals to 5  105 or 5  106 does not inﬂuence
the results [18]. The time-step was 1  104 s that leads to a RMS
Courant number around 0.25 and a max Courant number of
0.5–0.7. Courant number is deﬁned based on the relationship
between spatial and temporal discretization, which is of signiﬁcance for transient ﬂows. For accurately resolving the transient
details, small time-steps are required particularly for highly unstable ﬂows like cyclones.
In the gasiﬁcation plant, the length of both inlets is quite long,
at least 5 m; thus, a regular pipe corresponding to cyclone inlet
dimensions (diameter and length) was simulated separately to
obtain the velocity proﬁle for fully developed ﬂow using the SSG
Reynolds stress model. As seen in Fig. 7, length of the tangential
inlets in the simulations is quite short for reducing the computational time, and then the obtained velocity proﬁles is applied as
the boundary condition.
The Hortlax cyclone gasiﬁcation plant was operated at rather
stoichiometric air–fuel ratio (k) of 0.23, temperature of
850–950  C and a fuel mass ﬂow rate of 540–860 kg h1 for both
inlets. The operating conditions considered for this study are a temperature of 890  C and a total fuel mass ﬂow rate of 540 kg h1,
FEBRUARY 2019, Vol. 141 / 021302-5
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i.e., 270 kg h1 for each inlet. This corresponds to an air mass ﬂow
rate equal to 0.109 kg s1 at operating conditions given in Table 2.
The ﬂow direction is normal to the inlet plane with a turbulence
intensity of 5%. The slip velocity at the inlet was set to zero, i.e.,
the particles are injected into the cyclone gasiﬁer with a velocity
equal to the local mean velocity of the gas ﬂow.
As already explained, pinewood fuel particles are quickly pyrolyzed at the inlets and the volatile materials are released, which
means the major weight of the particles are lost at the early stages
of the ﬂow. In order to measure the mass decay after devolatilization process, a thermogravimetric analysis was performed in the
laboratory to study the pyrolysis of a sample of the pinewood fuel
(more details in Ref. [20]). According to this experiment, around
90% of the weight of the sample is lost during a pyrolysis process
at a temperature of 890  C. Therefore, the mass ﬂow rate of the
devolatilized wood particles is 10% of the wood particles, i.e.,
27 kg h1 correspondents to 0.008 kg s1 (see Table 3).
Distribution of volume and number of the fuel particles were
measured using a CAMSIZER.2 In Fig. 8, cumulative and normal
size distributions of particles based on volume in percentage are
shown. Also, all the main characteristics of the particle-phase
ﬂow, particle sizes, and shape can be seen in Table 3. Accordingly, the particle diameters in the tested sample are in range of
0–3000 lm. Around 10% of the volumes of the particles in the
tested sample are smaller than 61.4 lm, and 10% of the volumes
are larger than 1579.4 lm. Median values (D50) of particles for

volume and number distributions are 594.0 lm and 5.1 lm,
respectively. Such large difference between the median diameters
of particle volume and number distributions indicates that the distribution is quite nonuniform. Although half of the numbers of
particles are quite tiny and smaller than 5.1 lm, some massive
particles, bigger than the size of 594.0 lm, were found in the sample that disturb uniformity of the particles size distribution. As
expected, the measurement shows that the shapes of particles are
not spherical and symmetrical. The sphericity factor of smaller
particles less than 30 lm is between 0.6 and 0.8, particles with
diameter of 30–150 lm is in range of 0.5–0.6, and for particles
larger than 150 lm is in average 0.48. The measurement depicts
that shapes of the fuel particles are very irregular and angular with
low sphericity.
Similar to the Obermair’s case, a discrete diameter distribution technique was used for 40 different particle diameters. A
list of particle diameter sizes in addition to their corresponding
volume fractions and number fractions from the measurement
was added to the CFX solver to have a more accurate modeling
of the particles tracking. An average value of sphericity equal
to 0.57 was applied for all particles as a cross-sectional particles
shape factor. As a result of the previous study, particles were
injected at inlet with a number rate of 10,000 s1 and random
initial positions.
The boundary conditions at the gas outlet and walls are also
quite similar to the previous case study. For a migrating particle

Fig. 5 Tangential gas velocity proﬁles for four various axial positions in the drop tube: (a)
z/D 5 20:1, (b) z/D 5 20:575, (c) z/D 5 20:695, and (d) z/D 5 21:02 (n is number rate)

021302-6 / Vol. 141, FEBRUARY 2019

Transactions of the ASME

Downloaded From: http://fluidsengineering.asmedigitalcollection.asme.org/ on 08/17/2018 Terms of Use: http://www.asme.org/about-asme/terms-of-use

Table 2 Gasiﬁer operating condition for the oxidizer (air) during measurements
Gas-phase

Air

Temperature
Pressure
Mass ﬂow rate
Normal velocity (at the entry of the inlet pipes)
Normal inlet velocity
(Uin at the entry of the cyclone gasiﬁer)
Density
Dynamic viscosity
Kinematic viscosity
Reynolds number

Fig. 6 Cyclone geometry and coordinate system of the Hortlax
gasiﬁer plant; left: side view, right: tope view (D is gasiﬁer body
diameter 5 0.750 m; vortex ﬁnder wall thickness is 0.025 m)

toward a cell near one of the boundaries in the simulation domain,
i.e., side walls, outlet or dust bin, one of the following destinies
has been applied:
(i) Collision with the walls of roof, inlets, vortex tube,
cyclone body, and conical part leads to a completely elastic bouncing behavior with a perpendicular and parallel
coefﬁcient of restitution of one.
(ii) Collision with the plane at bottom of the cyclone (char
bin) results in collection of the particle by using the perpendicular and parallel coefﬁcient of restitution of zero.
(iii) Particles that arrive to the outlet are considered as “left.”

890  C
105 Pa
0.109 kg s1
130.65 m s1
32.57 m s1
0.303 kg m3
4.8  105 Pas
15.8  105 m2 s1
6.19  105

Fig. 8 Cumulative and normal volume-based distribution of
particles in different diameters

The simulation was performed on a 64-bit Linux cluster with
32 cores and results in an entire central processing unit time of
124 h (4.5 days) for the derivation of single-phase continuous
ﬂow and almost 85 days for particle transport modeling. Including
particle tracking in the simulation increased the total computational time per time-step very much, then hard convergence
achieved. At a number of points inside the cyclone body, conical
section and vortex ﬁnder several representative quantities like
pressure drop and axial velocities have been monitored for convergence. The single-phase gas ﬂow reached a fully developed
periodic oscillating state after 30,000–35,000 iterations. This
behavior is due to the transient effects of the cyclonic ﬂow, which
is probably generated from the continuously ﬂuctuations of the
precessing vortex core phenomena. After that, an arithmetic
Table 3 Particle-phase characterization
Particle-phase

Fig. 7 The hexahedral surface mesh and tetrahedral inlets
mesh for Hortlax gasiﬁer geometry
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Pyrolyzed pinewood

Mass load
Mass ﬂow rate
Particle density
Diameter range
D10 of mass distribution
D10 of number distribution
Median diameter D50 of mass distribution
Median diameter D50 of number distribution
D90 of mass distribution
D90 of number distribution
Average sphericity

0.069 kg kg1
0.008 kg s1
42.0 kg m3
0–3000 lm
61.4 lm
1.0 lm
594.0 lm
5.1 lm
1579.4 lm
25.9 lm
0.57
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averaging process with respect to time started and was done for
around 10,000 time-steps so that all average characteristics of the
gas ﬂow have been obtained. However, for the particle tracking
simulation, about 20,000 iterations (2.0 s of simulation time) were
needed to yield statistically convergence. Then, arithmetic averaging process was initiated and accomplished for about 5000
iterations.
4.2 Results and Discussion. The gas ﬂow pattern and particle
transportation inside the cyclone gasiﬁer of Hortlax gasiﬁcation
plant in an isothermal condition have been simulated and the
results of the velocity ﬁelds within it, pressure drop, and trajectories of particles with different diameter are presented and
described in details below.
4.2.1 Particle-Free Gas Flow. The radial distributions of
dimensionless tangential and axial velocity at four various axial
positions are indicated in Fig. 9. As expected, Fig. 9(a) shows a
similar Rankine combined vortex proﬁle for dimensionless tangential gas velocity at all horizontal positions, even in deep parts
of the conical section. Actually, the tangential velocity distribution comprises a quasi-forced vortex in the center zone and a
quasi-free vortex in the outward zone. The tangential velocity
reaches its peak at the edge of the core region. However, it is
observed that value of the maximum tangential velocity is quite
different from typical cyclones with tangential and rectangular
shaped inlets, like Obermair’s case. In conventional cyclones, tangential component of the velocity distribution reaches around
three times as large as the inlet velocity roughly at radius of the
vortex tube, while Fig. 9(a) shows the maximum tangential velocity for the Hortlax cyclone relatively half of the inlet velocity. In
fact, the main reason is due to the high temperature inside the gasiﬁcation reactor in an isothermal condition, which means that
energy equation and chemical reactions are not considered for this
simulation. The air enters the cyclone gasiﬁer at environmental
condition, whereas the walls and thereby inside the cyclone gasifier are at high temperature of 890  C. The impact of temperature
is introduced by means of the density and viscosity in the Reynolds number. At this temperature, the density of air decreases
from 1.18 kg m3 to 0.30 kg m3 and the dynamic viscosity
increases from 18.48  106 Pas to 47.92  106 Pas (see
Table 2), which leads to a 90% reduction in the gas Reynolds
number. As the Reynolds number is the ratio of gas inertial to viscous forces, the gas ﬂow within the cyclone becomes less

turbulent at low Reynolds numbers, because the viscosity of the
gas can dampen out the impacts of any local disturbance. Hence,
this lowers the maximum value of the tangential velocity component with the same inlet velocity compared to a case with ambient
temperature.
Furthermore, another reason can be associated with the size and
shape of the inlets. In this geometry, there are two offset inlets
with simple circular cross section areas having relatively very
small diameter equal to 0.06 m compared to the length of the
cyclone around 3 m. If the inlet cross section area of a cyclone is
rather small, the capacity of the cyclone in terms of volumetric
gas ﬂow is then quite low. In other words, this decrease in inlet
area leads to a reduction in incoming angular momentum, which
causes a decrease in the core swirling velocity and, therefore, an
associated decrease in overall pressure loss. Hence, it can be
stated that such low tangential velocity in the vortex core region
and a consequent reduction in pressure loss can be due to the
fairly small value of pipe-type inlet diameter as well.
The axial velocity proﬁles in different cut sections in the
cyclone body and conical section indicated in Fig. 9(b) have symmetric “M” shape. The axial velocity distributions show two ﬂow
streams, i.e., a descending ﬂow close to the wall toward the lowest
part of the cyclone with negative axial velocity, and an upward
ﬂow toward the outlet in the inner region with positive axial
velocity. Similar to the tangential velocities, the shapes of the
axial velocity proﬁles are identical from the cyclone body to the
bottom of the cyclone, and are quite symmetric, which is because
of the existence of the other parallel inlet. The maximum value of
axial velocity that corresponds to the edge of the core region is
almost the same at different cut sections. However, its value does
not go higher than one tenth of the inlet velocity, while in a conventional cyclone, the axial velocity is of the same order of magnitude as the velocity at the inlet. Moreover, as expected, the
vortex core exhibits a dip or reverse ﬂow in the axial velocity,
which is because of the loss of swirl and the consequent adverse
pressure gradient at the centerline.
Figure 10 presents the time-averaged static pressure, tangential,
axial, and radial velocities contour plots at the midplane of the
Hortlax cyclone. The pressure pattern in Fig. 10(a) is indicated
that in maximum it has a rather very low value in comparison
with normal cyclones operating at similar condition. The pressure
reduces radially from the wall toward the central region. There is
a rather weak negative pressure gradient zone in the forced vortex
area along the radial direction. This means that less static pressure

Fig. 9 Dimensionless radial proﬁle of the time-averaged tangential and axial velocities at four
different axial positions on the YZ plane (X 5 0) from the single-phase simulation of the Hortlax
cyclone
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is transformed into the dynamic pressure. This conversion is much
higher in a typical cyclone operating at ambient temperature compared to the Hortlax cyclone at the same inlet velocity. In other
words, in the Hortlax cyclone geometry working at such high temperature, the absolute quantities of static pressure near the wall
and in the core area decrease a great deal. In fact, the Hortlax
cyclone creates much less intense vortex and therefore lower pressure gradient in the core region.
Figure 10(d) depicts that the radial velocities are not uniform
along the height of the cyclone and is known as the smallest
velocity component. The radial velocity in the region exactly
beneath the vortex tube, where the gas is pulled toward the outlet
instead of swirling downward to the conical section, has the maximum absolute value. This short-cutting ﬂow is usually mentioned
as “lip leakage,” which affects the particle bypass and thereby
deteriorates cyclone efﬁciency in particle collection. However,
this peak value in the Hortlax cyclone is much smaller than the
one in a common cyclone with tangential inlet with an identical
dimension, inlet velocity, and working at ambient temperature.
4.2.2 Particle-Laden Flow. The quality of the single-phase
gas ﬂow predictions of the Hortlax cyclone geometry was
assessed thoroughly. This section investigates the particle trajectories and modiﬁcation of velocity proﬁles due to particles in a twoway coupled simulation. As an initial distribution, the gas–solid
ﬂow simulation using two-way coupling was begun with the fully
developed single-phase gas ﬂow. As already said, particles were
fed to the gasiﬁer at a rate of 10,000 number per second for each
inlet. To reach a steady-state, the simulation was allowed to
develop to a quasi-steady-state for both gas and solid phase
throughout the cyclone geometry. The average particles residence
time in the Hortlax cyclone gasiﬁer was estimated around 2 s of

the simulation time. After this time, the destiny of the ﬁrst entered
pyrolyzed particles to the cyclone was determined.
The particles motion has a stochastic nature that is affected by
the particle size, shape, position, and surface physical and chemical characteristics. The calculated trajectories for different particle
diameters in the Hortlax cyclone showed four different types of
behaviors that are illustrated in Fig. 11. These behaviors can be
explained as follows:
(a) Particles which travel toward the side wall directly after
entering the gasiﬁer and then are transferred by the boundary layer toward the char bin.
(b) Particles which swirl downwardly in the cylindrical body
of the gasiﬁer and then keep swirling at a deﬁnite axial
position somewhere in the middle of the gasiﬁer body.
(c) Particles which are transported toward the char bin and are
not collected, but keep spinning at a deﬁnite axial position
at the bottom of the conical section.
(d) Particles which are not expected to get to the sidewall or
bottom of the gasiﬁer body, but swirl upward toward the
gasiﬁer roof, are trapped in the upper part of the gasiﬁer
and keep swirling at a deﬁnite axial position near the top
roof.
The described behaviors were observed in all particle diameters
of 3.08–2029 lm; however, the predominant behavior of the small
particles is different from the large ones. Majority of the calculated trajectories for particles smaller than 25 lm in diameter were
similar to Figs. 11(b) and 11(d). Only less than 10% of the small
particles (<25 lm in diameter) were transferred directly toward
the char bin by the wall-boundary layer and then collected
(Fig. 11(a)). However, none of the particles larger than 25 lm in
diameter were collected. For the particle with diameter between

Fig. 10 The contour plots for the times-averaged: (a) static pressure, (b) tangential velocity, (c) axial velocity, and (d) radial
velocity at YZ plane (X 5 0)
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25 lm and 70 lm, the dominant behaviors were identical to the
trajectories of Figs. 11(c) and 11(d).
The trajectory of Fig. 11(d) is one of the signiﬁcant behaviors
(around 30–40%) for the particles smaller than 70 lm, while it
can be rarely found for the particles larger than this diameter. This
behavior is undesired for the gasiﬁer efﬁciency, since part of the
particles is trapped at the top of gasiﬁer immediately after
entrance without participating in the gasiﬁcation process. Furthermore, this phenomenon can cause other damages, since they may
be stagnant on the top roof during the process.
It was also seen that the small particles (less than 25 lm in
diameter) had tendency to move downward but not going deep
into the conical part and kept swirling at an axial position in the
middle of the gasiﬁer. Similar particle behavior in a cyclone separator was also reported by Misiulia et al. [18]. Because of the light
weight of the particles, they hardly conquered the centrifugal
force and thus stayed swirling in a position. In reality, these particles need more residence time than the others to get collected.
Such particles will be swirling in a longer time than 2.0 s and then
be ﬁnally collected. However, the particles larger than 25 lm in
diameter did not wait that much in the middle of the cyclone and
spun downward much fast toward the bottom. In practice, all these
particles will be collected after a while especially due to their
interaction with other particles. However, it can be risky, because
some of them may be stuck on the wall of the gasiﬁer near the bottom plate during the process, which can result in a clogging of
streams or a blockage of the passage. The physical experiments
obtained by Wang et al. [21] veriﬁed this numerical observation
as well.
For particles larger than 70 lm in diameter, the only observed
behavior for almost all the particles was identical to Fig. 11(c). It
was visible that nearly all the large particles in this range spun
downward toward the char bin but kept spinning in a certain

position close to the bottom plate of the gasiﬁer. Practically, as
already mentioned, such particles will be ultimately collected
through the char bin especially due to the particle interactions.
Moreover, it can be seen that none of the particles are entrained
by the up-going gas stream to leave the gasiﬁer. The injected
pyrolyzed wood particles into the gasiﬁer with the size of
d  3:08 lm and mass load of around 0.07 kg kg1 are heavier to
be carried by the rather very low upward gas motion into the vortex ﬁnder. In a common cyclone separator, some particles are
even smaller than 1 lm in diameter, so their trajectories can be
easily affected by the upward central vortex. For instance, Misiulia et al. [18] found that particles smaller than 1.5 lm in diameter
have tendency to move along with the upward gas ﬂow to exit the
cyclone even if they are transferred into the dust hopper. Importantly, as already discussed completely, much less static pressure
is transformed to the dynamic pressure compared to a common
cyclone, which means that the Hortlax cyclone produces much
less intense vortex in the core region that hardly can move particles upward. Another reason also can be related to the extended
length of vortex ﬁnder tube, which prevents some fractions of the
gas–solids mixture from passing immediately from the inlet
toward the vortex ﬁnder, thereby short cutting the gasiﬁer (lip
leakage).
In reality, when gasiﬁcation process is performed, numbers of
very ﬁne particles of soot, tar, and ash are released to a high extent
from the solid surface of the pyrolyzed particles [22]. Mostly, the
size of these particles is quite smaller than 1 micron that can be
simply dispersed throughout the gasiﬁer and then entrained by the
turbulent produced gas in the core region to go out the gasiﬁer.
Risberg et al. [23] investigated that almost all the particulates
present in the exited gas from the cyclone gasiﬁer were the submicron. This indicates that particle tracking in a real cyclone gasiﬁer
is much more complex to be modeled by computational ﬂuid

Fig. 11 Typical behaviors of the predicted particle trajectories for different diameters
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dynamics simulations, since a validated model to depict the formation of soot and tar particulates has not been made yet.
In Fig. 12, impact of the particle loads on the gas velocity proﬁles in the Hortlax gasiﬁer can be witnessed. The ﬁgure depicts

gas velocities at various axial positions in the gasiﬁer. The trends
regarding the tangential velocity are quite indiscernible; nevertheless, a slightly reduction in the velocity ﬁelds due to the presence
of particles can be observed. This slightly swirl reduction is

Fig. 12 Radial proﬁles of the time-averaged gas ﬂow for single-phase and two-way coupled
gas–solid ﬂows (from left to right: tangential velocity, axial velocity. From top to bottom: the
horizontal levels are z/D 5 2.93, 2.13, 1.33, 0.67).
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mainly seen in the free-vortex region of the velocity proﬁle, i.e.,
the particle concentration in the outer area of the gasiﬁer is
higher than in the core region. However, it is clear that this
amount of particle rate cannot weaken the swirl penetration into
the gasiﬁer.
The axial component of the velocity proﬁle is largely slaved to
the tangential velocity. The axial velocity is determined by the
pressure gradient in axial direction, which itself is determined by
the way the swirl axially evolves. Therefore, the axial velocity
ﬁelds react to the swirl reduction because of the particle effects.
In Fig. 12, it is seen that the reduction in swirl protrudes the local
minimal in the axial velocity proﬁles near the central region. In
the top levels of the cyclone gasiﬁer, the axial velocity proﬁles
respond rather notably. These effects on the axial velocity proﬁles
are more distinct than they are for the tangential velocity proﬁles.
However, this has no important inﬂuence on the particles behavior, because these impacts are only limited to a rather narrow area
near the central zone of the gasiﬁer where hardly any particles
exist.
Another check is regarded to the time-averaged pressure drop.
The swirl reduction results in lower wall friction, and therefore
decreased pressure drop is anticipated. The pressure drop here is
deﬁned as the pressure averaged over the inlet cross section area
minus the pressure averaged over the cross section area close to
the outlet in the vortex tube. This pressure drop will be signiﬁcant
since it is relevant to the power consumed by the cyclone gasiﬁer.
The pressure over the inlet area is almost uniform. However, the
time-averaged pressure over the vortex ﬁnder area ﬂuctuates due
to the turbulence. Figure 13 shows the trend of monitored pressure
drop during the simulation. The single-phase simulation was used
as the initial value. It is observed that ﬂuctuation is gradually
damped during the two-way coupled simulation. As a comparison,
the value of the averaged pressure drop gets lower to some extent
(around 12.5 Pa) because of the particle effects. Therefore, it can
be stated that the average value of the pressure drop over the
cyclone was not affected noticeably, although the turbulence
intense was attenuated.

Fig. 13 The difference between the monitored time-averaged
pressure over the cross-sectional area in the inlet tube and the
cross-sectional area close to the outlet in the vortex ﬁnder tube
from the two-way coupled gas–solid simulation
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Conclusion

In the current work, the industrial cyclone gasiﬁer with two cylindrical inlet tubes called as Hortlax has been computationally studied
in an isothermal condition. For the validation, a gas–solid phase
cyclone separator that experimentally tested by Obermair et al. [4]
was simulated to investigate the impact of the particles on the gas
stream. The SSG Reynolds stress model using a rather coarse mesh
has been selected as a suitable model for predicting ﬂow ﬁeld [3].
In order to reach statistically converged collected particle distribution in a proper way, it was required to develop quasi-steady condition of the gas–solid ﬂow distributions. The same trends regarding
the tangential gas velocity proﬁles and the particle collection distributions were reproduced by the simulation here. However, regarding the tangential velocity proﬁles, a remarkable reduction was
observed between the single- and two-phase ﬂow cases from the
experiments in the downer parts of the drop tube near the dust bin.
While according to the simulations, the impact of particles on the
gas velocity ﬁeld could be neglected due to the very low particle
mass load. Obermair et al. [4] also conﬁrmed that this phenomenon
was observed in the experimental results because of the particle
agglomeration close to the dust bin, whereas particle collision
effects were not included in the two-phase numerical model in this
study. For reasonably simulating particle loading, the number rate
of particles can be safely of the order of 10,000 s1 for each inlet.
In the calculations of the cyclone gasiﬁer, the predicted values
of swirl, turbulence intense, and pressure are much lower than they
are supposed to be in a typical cyclone separator. The maximum
value of tangential velocity is estimated around half of the inlet
velocity that is mainly related to the high temperature of the gasifier, and thus leads to dampen out turbulence. Due to the axisymmetric geometry of the gasiﬁer, axial velocity proﬁles are more or
less symmetric, and their maximum values do not go higher than
one tenth of the inlet velocity magnitude. Overall, the isothermal
cyclone gasiﬁer at 890  C produces quite less intense vortex and
thus lower pressure gradient in the central region comparing to a
common cyclone separator working at ambient temperature.
Therefore, particles can hardly be dispersed and then entrained by
the vortex core to go upward toward the vortex ﬁnder.
From the two-way coupled simulation, the average residence
time of particles is predicted about 2 s. It is noticed that none of
the particles can be mounted on the up-going gas ﬂow to exit the
gasiﬁer, which is mainly due to the low intense vortex in the core
region and rather large size of particles. Unfortunately, around
one third of the particle with d < 70 lm spins upward toward the
cyclone roof and keeps swirling at a certain horizontal position
near the top roof. Such particles can negatively affect the gasiﬁer
efﬁciency. The rest of the particles with d < 25 lm mostly spins
downward and then in the cylindrical part of the cyclone gasiﬁer
keeps spinning at a certain level, while the rest of particles with
25 < d < 70 lm go deeper down toward the char bin but not collected, and keep swirling at a deﬁnite axial position near the bottom of the gasiﬁer. However, almost all the particles with
diameter larger than 70 lm show the similar trajectories of which
particles swirl deep down in the gasiﬁer and keep spinning at a
speciﬁc level near the char bin.
It can be also concluded that the presence of particles slightly
affects swirl and turbulence in the gasiﬁer. The tangential velocity
decreases to a small degree in the free-vortex region by the particle load. In the axial velocity proﬁle, the local minimal near the
core region is taken away. The turbulent ﬂuctuations are reduced
with particle motions as well. But, these impacts are only conﬁned
to a narrow region in the core area where rarely any particles are
present; therefore, no signiﬁcant effect is observed.
Future continuation of this project involves numerical model of
gas–solid ﬂow using two-way coupling in combination with biomass gasiﬁcation heat and mass transfer submodels. For that case,
isothermal two-way coupled simulation will be used as the initial
value to reach quasi-steady distribution of the heat and mass transfer in the cyclone gasiﬁer.
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Nomenclature
Af ¼
CD ¼
D¼
dp ¼
FB ¼
FD ¼
g¼
mp ¼
Rep ¼
Sp ¼
t¼
u¼
u0 ¼
u ¼
up ¼
us ¼
k¼
q¼
qp ¼
sres ¼
up ¼

effective cross-sectional area of particle
drag force
cyclone body diameter
particle diameter
buoyancy force
drag force acting on a particle
gravity
particle mass
particle Reynolds number
particle source term
time
ﬂuid velocity
ﬂuctuating ﬂuid velocity
mean ﬂuid velocity
particle velocity
slip velocity between particles and ﬂuid
stoichiometric air–fuel ratio
gas density
particle density
average ﬂow residence time
cross-sectional area shape factor of a particle
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Abstract:
Air blown entrained flow gasification of biomass residues in a cyclone
gasification power plant is one of the preferred routes for production of electrical
power in the Nordic countries. In order to optimize the gasification plant
efficiency, understanding the influence of operating conditions is of importance.
In the present work, a commercial air blown entrained flow biomass cyclone
gasification power plant was experimentally studied to investigate the effect of
the air stoichiometric ratio. Moreover, five different types of fuels including
commercially available stem wood, torrefied spruce, peat, bark and rice husk
were studied using adiabatic thermodynamic equilibrium calculations. The
process is characterized concerning the process temperature, the producer gas
yield, the fuel conversion and the gasification process efficiency. It was found
that methane (CH4) formed a significant fraction of the syngas heating value at
temperature below 1000 °C. However, since the molten ash is seriously avoided
in this type of gasifier, it can be concluded that the gasifier should work at an
equivalence ratio around Ȝ = 0.3 to achieve a process temperature less than 1000
°C. This resulted in a cold gas efficiency of 56% in the experiments. Comparison
between different fuels using thermodynamic equilibrium shows that the
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torrefied spruce and the stem wood produce the highest yields of CO and H2 and
gasification efficiency. The maximum production of CH4 is for peat and bark
among the studied fuels. Also, a higher amount of fixed carbon in the fuel
reduces the carbon conversion of the fuel.
Keywords: Cyclone gasification, Air-blown, Biomass, Cold gas efficiency, process
performance
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1 Introduction
One of most efficient techniques to utilize the energy of any fuels such as biofuels is
combined heat and power (CHP) in large-scale with an overall efficiency above 90% [1]. For
domestic heating during most months of a year, Sweden has built up different CHP
distribution networks in almost all population centers of each city. Depending on the
population of a city, size of the CHP plants is varied between 25 MW to 600 MW. However,
there are many industrial sites or smaller cities where their heating demand is around 1 MW
(less than 5 MW) which can be also provided from a CHP plant as well [2]. The main
problem with small-scale CHP production is relatively high cost of investment, operation and
maintenance and reduction in power efficiency. One of the best ways to potentially overcome
these problems and meet the requirements in small-scale applications is to switch to biomass
gasification technologies combined with a gas engine that followed by heat recovery from the
engine exhaust gases [1]. Several biomass-based entrained flow gasification commercial or
pilot plants have been built around the world for generating power and heat. However, these
installations are still under developments for scaling up, optimization, variety of solid
feedstock and other operating parameters.
For optimizing the performance of biomass gasification plants, it is important to
understand the influence of various operating conditions of the gasifier on the process yield,
the syngas composition and the plant efficiency. As an example, the effect of temperature on
the solid biomass gasification behavior was already investigated in a lab-scale entrained flow
gasifier with the capacity of 5 kW by Qin et al. [3]. It was concluded that a tar free syngas
with high quality is obtained at the gasification temperature higher than 1350 °C.
In this work, a commercial entrained flow cyclone gasifiers located in Hortlax, Sweden,
that operates like a cyclone separator was studied that has a capacity of providing 2.4 MW(th)
district heating, as well as 1.3 MW of electricity. The gasifier was operated with air at
atmospheric pressure that leads to produce a gas including CO, CO2, H2, H2O, and N2. The
large amount of nitrogen in air as an inert gas reduces the quality of the produced synthesis
gas. Moreover, this makes the process less efficient comparing to an oxygen-blown
gasification, and brings more cost for the energy consumption of heating and cooling inside
both the plant and the internal combustion engine. However, in general, using air is more
beneficial in comparison with pure oxygen.
One of the main characteristics of cyclone gasifiers compared to other types of biomass
gasifiers is to tolerate a broad range of fuels [4–10]. The cost of the fuel is a crucial factor that
influences overall costs. Hence, a fuel-flexible gasifier like cyclone gasifier is more preferred
and easier to optimize the overall process. Earlier work performed by Risberg et al. [1,11,12]
was focused on the experimental study of a 500 kW(th) pilot cyclone gasifier performance for
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different types of solid fuels and characterization with respect to product gas composition. In
the current work, the air stoichiometric ratio (Ȝ) of the studied commercial cyclone gasifier
has been varied systematically to be able to establish knowledge for the behavior of the
gasifier in different operating conditions. Therefore, it is the aim with the current paper to
figure out how the syngas yield, the fuel conversion and the process cold gas efficiency will
be affected by varying different operating conditions in typical ranges for biomass
gasification.
In addition, for a better understanding of the gasification process and finding a theoretical
way to optimize the gasifier operation, thermodynamic equilibrium was used as a tool. The
equilibrium assessment for an air-blown gasification process with five different types of fuels
(stem wood, peat, rice husk, bark and torrefied spruce) was performed using the FactSageTM
7.0 software from GTT Technologies. The air stoichiometric ratio (Ȝ) as the most theoretically
significant operating parameter in entrained flow gasification has been changed for each fuel
assuming adiabatic condition. Therefore, the resulting gasification temperature, the syngas
yield and the cold gas efficiency are compared. In the following section further explanation
about the process parameters will be presented.
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2 Theory
The entrained flow gasifier used in this work operates with the fuel feed and oxidant in cocurrent flow in a cyclone. The residence time is of the order of a few seconds inside the
gasifier. Therefore, in order to reach a full fuel conversion, the fuel particle size must be very
small compared to other types of gasification reactors. The fuel ash is already separated from
the raw syngas inside the gasifier and goes downward towards the char bin that is one of the
advantages of the system. However, the gasification temperature, in comparison with other
types of entrained-flow gasifiers, is relatively low that results in a quite a bit of non-converted
hydrocarbons (e.g. tars). This high amount of tar needs to be cleaned in several steps which
cause an extra cost. In this section, a description of the physical and chemical processes
during entrained-flow gasification phenomena is provided.
Solid fuel particles are fed through the two tangential inlets of the cyclone gasifier in
combination with air as the oxidant (see Figure 1). As the fuel particles are introduced to the
cyclone gasifier, they are spirally moved downwards and due to the hot environment (8001000 °C) they are quickly heated and moisture at first is released. Subsequently, the
devolatilization step (or pyrolysis) occurs during which different gaseous compounds and
carbon rich char particles are produced (see Table 1, R1). In this process, the gaseous
compounds contain CO, CO2, H2, H2O, light hydrocarbons like CH4, and heavier
hydrocarbons that presented by CaHbOc (see Figure 1 and Table 1). The pyrolysis process
begins already at temperatures higher than 350 °C, and takes place simultaneously with the
heating of the fuel particles [13]. The fuel particle heating rate has influence on both gas
yields and reaction rate of pyrolysis [13–16]. Higher aromatic hydrocarbons and soot can be
produced according to the actual gasification conditions [17,18].
The oxidant (air), which is fed together with the fuel particles through the inlets, forms a
strongly spiraling motion downwards (Figure 1). During this motion, the substoichiometric
amount of oxygen of air is therefore quickly consumed through the reactions R2-R5 shown in
Table 1. These exothermic combustion reactions produce the required amount of heat for the
gasification process. The air stoichiometric ratio (Ȝ) in the gasifier is defined as the ratio of the
supplied air mass flow to the necessary air mass flow for a stoichiometric combustion.
Moreover, the fast water-gas shift reaction (R6) and the slower steam-methane reforming
reaction (R7) are presumed to be determining for the composition of the produced bulk gas
inside the gasifier.
After the flash pyrolysis step, the particles of char and soot (shown here by solid C(s))
react with the surrounding gases (i.e. R8-R12 in table 1) that are called as the gasification
reactions. The endothermic reactions including R8 and R9 are aided by high temperatures in
the reactor. Mass transfer between the solid surface of the particles and the surrounding gases
5

plays a crucial role as the slowest heterogeneous gasification step that can determine the
overall conversion rate [13]. The reactions of R11 and R12 are unlikely to take place in the
lower section of the cyclone gasifier, since most of the O2 in air is used up in the upper
section of the gasifier.
In this gasifier, the producer gas, after exiting the gasifier, passes through a complete gas
cleaning system in order to get cleaned enough for usage in a gas engine, which means that
the heating value and particle content of the produced gas are controlled based on the targets
that specified by the engine manufacturers. Thus, the amount and the composition of the
submicron particles in the cleaned product gas are quite important factor that affects the cost
of gas engines maintenance (studied by Risberg et al. [12]).
The type of applied fuel has influence on the heating value of the product gas, the
gasification efficiency, the amount of unconverted fuel, and the submicron particles and their
composition in the syngas [12]. Different kinds of fuels (including stem wood, peat, rice husk,
bark and torrefied spruce) were selected to study which are quite available for small scale
CHP in Sweden and elsewhere, and have a wide variation of properties. Torrefied biomass is
a relatively new fuel of great interest in the energy sector as an alternative to fossil fuels.
Torrefaction is a thermal treatment of biomass at 200-300 °C to increase the energy density
and enhance its physical and chemical characteristics for gasification process [19]. Peat is
another biofuel of potential interest and available at low cost which is classified in a category
between fossil and renewable fuels according to the report of Intergovernmental Panel on
Climate Change (IPCC) [12]. In Sweden, bark is a considerable residue from the wood
industries that can be used to supply heating plants. In Asian countries, rice husk is available
in large quantities for using in CHP plants [20]. However, rice husk is a problematic fuel
because of its low bulk density and high ash content.
The local temperature also has effect on the physical and chemical properties of the char,
soot and the producer gas. The process temperature influences the nanostructure and therefore
the reactivity of the particles of char and soot during gasification [13,21,22]. Moreover, at
higher pyrolysis temperatures, the produced char can exhibit a structure with higher
graphitization degree that has a negative effect on the gasification reactivity.
Besides the process parameters, fluid dynamics of the particle-gas mixture and fuel particle
sizes play very important role in the cyclone gasifier. The swirling motion of the gas flow
creates a centrifugal force that pushes the char and soot particles towards the hot wall. The
denser particles are more easily conveyed to the wall than the smaller ones, while the fuel
particles in much small sizes have more tendencies to get dispersed at the core area and
exiting the gasifier upwards together with the producer gas. The particles that are already
separated from the main flow and reach the wall move swirly downwards while gasifying.
The produced gas, in the conical part of the gasifier, is slowly pushed into the core region and
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directed to an upward motion. Accordingly, the producer gas goes out the gasifier through a
tube called as ‘vortex finder’ that is suspended from the center of the roof and extends
downwards [23].
If the gasification of char particle proceeds to completion, a residual ash particle exits the
cyclone gasifier through the bottom of the conical part towards the char bin. However, if the
gasification process for a particle is not completed, the collected particle will be a mixture of
non-converted char and ash. Inside the cyclone gasifier, the ash exists in solid form due to the
low temperature, and thereby the ash does not leave the gasifier as a molten slag opposed to
the majority of entrained flow gasifiers. However, low temperature in this type of gasifier
causes a high yield of tar and soot. Furthermore, increasing the temperature high enough to
reduce this amount of tar and soot comes with the disadvantage of high oxidant consumption.
One of the frequently used measures for the gasification process efficiency is the cold gas
efficiency (CGE) [13]. It is described as the ratio of the cooled produced syngas energy to the
input corresponding fuel energy. The chemical energy values of the fuel and the syngas used
in the CGE formula can be in form of either the high heating value (HHV) or the lower
heating value (LHV). In this paper, the CGE values are calculated based on LHV which
means that the water vapor in the fuels was included in the calculation of heating value:
CGE (%)

m g LHVg
u 100
m f LHV f

(1)

where m g and m f are the mass flow rate of the product gas and the fuel, respectively. And
also, LHVg and LHV f are the lower heating values of the product gas and the fuel,
respectively.
Two different types of CGE are commonly used: CGEpower and CGEfuel. The earlier one is
calculated using all the combustible gas species in the produced syngas, while the later one is
only based on the concentrations of CO and H2 [24,25]. Depending on where the produced
syngas is intended to use for a complete combustion to generate power like in a gas engine or
for a synthetic fuel production, the CGEpower or CGEfuel is a representative measure for the
gasification efficiency, respectively. In the current study only CGEpower is used, and the
CGEfuel was not calculated separately since the product gas was burned in a gas engine.
The major gasification process parameter in this study is the air stoichiometric ratio (Ȝ)
since it influences both the stoichiometry and the temperature in the gasifier. The process
temperature is a significant parameter since the product yields are governed by the
gasification temperature to some extent. The fuel load during the operations is fixed and about
60%. In theory, the fuel load cannot affect the process temperature from adiabatic equilibrium
calculations. However, in practice, varying the fuel load is a way of controlling the
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gasification residence time and the relative heat loss to the surroundings, as well as governing
the syngas production capacity.
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3 Experiments
3.1

The gasifier

The air-blown entrained flow cyclone gasifier consists of a fuel hopper where fuel pellets
were stored. The pellets were grinded to fine wood powders in a disc mill. The powder was
transported pneumatically i.e. with gasification air to the gasifier. Then, the fuel powder was
gasified inside the reactor, while char and ash were separated at the bottom of the gasifier, and
the produced gas left the reactor from the top. The produced gas was then cooled in a water
quench from the gasification temperature about 950 °C to around 80 °C. In order to remove
the tars and other suspending particles in the produced gas, a cleaning system was operated
using: (i) a venturi-scrubber for collecting particles, (ii) a water scrubber as the scrubbing
liquid to remove the tars, (iii) a wet electrostatic precipitator to separate the remaining
aerosols and small oil droplets. Eventually, the cleaned produced gas can be used in a gas
engine connected to an electrical generator or it can be flared. In this commercial gasification
plant, the product gas is used to provide around 1.3 MW of electricity as well as 2.4 MW(th)
of district heating.
3.2

Fuel and operating conditions

The powder of wood pellet from Stenvalls Trä AB (ST, Sweden) was evaluated in the
experiments. A disc mill was used to crush the stem wood fuel to suitable particle sizes. The
fuel particle size affects plant performance. Fine particles are more quickly converted in the
gasifier in comparison with larger particles, and hence show a higher fuel conversion [12].
However, the cost for fine fuel powders will be increased due to higher energy demand for
milling. In this experiment, a CAMSIZER from Retsch Technology which is an optical
particle size and shape analyzer was used to measure the particle size distribution. The
cumulative and normal particle size distribution of the tested wood powder is indicated in
Figure 2. Accordingly, the distribution of particles in the cyclone gasifier commercial plant is
quite non-uniform. The particle diameters are measured in the range of 0 to 3 mm. The
characteristic size distribution values of d50 and d90 are correspondent to the mass median
particle sizes under which 50% and 90% of the particles lie, respectively. These values of d50
and d90 were evaluated around 0.59 and 1.57 mm, respectively. This indicates that 10% of the
particles are between 1.5 to 3.0 mm, and half of the mass of particles is less than 0.59 mm.
The experiment was begun with a cold gasifier that was heated up during night to reach a
temperature around 800 °C using an oil burner that was inserted in the middle of the reactor.
Then, the oil burner was taken out and a ceramic plug (the same material as the reactor
refractory lining) was replaced. After, the gasification process was initiated by feeding the
fuel powders into the gasifier leading to an ignition of a steady flam at the top of the reactor.
The gasifier was first operated with an equivalence ratio of 0.22. In the mid-section and
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bottom of the gasifier, secondary air was added into the reactor. This resulted in increasing the
lambda (Ȝ) until around 0.3 and the temperature to about 1000 °C. The total gasification
process was continued for about 2-3 hours in order to achieve a steady state condition before
starting gas sampling. The reactor temperature was measured at different operating points of
the cyclone reactor with thermocouples mounted inside the gasifier wall. Although after 2
hours the gasifier internal wall temperature was still changing, 90% of any considerable
change in the temperature was accomplished. Therefore, it is expected that error in the
temperature with this method is small.
3.3

Gas sampling, mass and energy balance

A slipstream of the cleaned product gas was sampled from the exit pipe. The sampled
produced gas was cooled to a temperature of 40 °C. The gas composition was analyzed
regarding CO, CO2, H2, N2, O2, CH4, C2H2 and C2H4 using a micro-GC (Varian 490 GC with
two thermal conductivity detectors (TCD)). A trace flow of Helium was added into the
gasifier as an internal standard to allow for mass balance analysis. The tracer element of
Helium was measured accurately by a gas flow meter. The low concentration of CO in the
flue gas and the absence of other hydrocarbons in accordance with the micro-GC
measurements showed that the gasification process was performed efficiently. Therefore, the
assumption of complete carbon conversion supported by the results was reasonably
acceptable.
The residues collected in the char bin contained a mixture of char and ash. The char was
assumed to be composed of base carbon, and the ash contained different metal elements. The
char + ash yield was calculated based on the char content of the residues collected in the char
bin. Since the residues were collected during the experiment, the content of unconverted char
and ash is a time-average measurement over the whole time of gasification.
The carbon conversion is a measure for the fuel conversion in the gasification experiments.
It is defined here based on the ratio of carbon content in the residues collected in the char bin
to the amount of carbon in the input fuel as depicted in the calculation from Higman et al. [26]
as follows:

§ m
Z
carbon convresion (%) ¨1  residue Cr
¨

m
Z
fuel Cf
©

·
¸ u 100
¸
¹

(2)

where ZCr and ZCf are the mass fraction of carbon in the residues and the fuel, respectively;
and, m residue and m fuel are the mass flow rates of residue into the char bin and fuel into the
gasifier, respectively. The carbon conversion can also be calculated based on the carbon
content in the product gas as defined by Weiland et al. [26]. However, in this study the carbon
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conversion was calculated in accordance with Higman et al. [26], since the flow rate of the
product gas could only be estimated.
The energy input into the gasifier was determined using the higher heating value and the
sensible heat of the fuel and the ingoing air. The energy output from the gasification process
was determined as the sum of the higher heating value and the sensible heat of the product
gas, the cooling water sensible heat to the burner, and also the heat losses by radiation and
convection to the surroundings. The thermal equilibrium in the gasifier is not possible to reach
due to the short time of experiment to achieve a stable temperature. Hence, the energy balance
is hardly closed due to the transient conditions of the process. Moreover, the energy of the
heating up or cooling down the gasifier was not included in the calculations of the thermal
energy balance.
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4 Results and discussion
4.1

Thermodynamic equilibrium of stem wood

Thermodynamic equilibrium can be used to give a better understanding of the gasification
process and to make a theoretical window for the optimal operating condition. FactsageTM 7.0
software was used to perform the equilibrium calculations for air-blown gasification of stem
wood. In theory, the air stoichiometric ratio (Ȝ) is the most significant operating parameter in
the entrained-flow gasifiers. In Figure 3, results of the product gas yields, the gasification
temperature, and the fuel and power cold gas efficiencies as a function of stoichiometric ratio
(Ȝ) are indicated assuming adiabatic condition. The nitrogen content as the inert gas is not
shown, since its amount is linearly increased by Ȝ.
The resulting equilibrium temperature at low Ȝ less than 0.3 is approximately below 730
°C. At this temperature, the carbon conversion and the cold gas efficiency are negatively
affected which results in some amount of remaining solid carbon (C(s) in Figure 3). By
increasing Ȝ higher than 0.3, the combustion reactions (R2-R5 in Table 1) are promoted
resulting in a rise in process temperature and thus complete conversion of solid carbon. At
this Ȝ, the power and fuel cold gas efficiencies reach their maximum values of 0.87 and 0.85,
respectively. However, the equilibrium calculations showed that at approximately Ȝ = 0.35,
the content of CH4 is entirely converted to CO and H2. Further increase in Ȝ leads to even
higher temperature and thus more promotion in the combustion reactions of R2-R5 that result
in decreasing cold gas efficiencies. At roughly Ȝ = 0.95, the adiabatic temperature is at its
highest value around 1975 °C which leads to the dissociation of CO2 and H2O and forming
free O2 and radicals like OH as seen in Figure 3. It can be seen also that beyond complete
combustion (Ȝ > 0.95) the adiabatic temperature begins to decrease again.
In reality, a gasifier cannot be operated in an adiabatic condition due to the thermal losses
to the surroundings. The heat losses from the commercial cyclone gasifier used in this work
have been estimated to be 5-10% of the entire fuel load. If heat losses are considered in the
thermodynamic equilibrium calculations, the achieved temperature at a certain Ȝ will become
less than the temperature obtained in the adiabatic condition. This means that reaching a
certain temperature in the gasifier needs higher Ȝ or more amount of air compared to an
adiabatic case. Also similarly, a higher Ȝ is needed to obtain complete carbon and CH4
conversion in comparison with the case in adiabatic condition. Accordingly, the maximum for
cold gas efficiencies will be shifted up to higher Ȝ values. Additionally, since the combustion
reaction of energetic gases in R2-R5 are promoted for higher Ȝ values, the cold gas efficiencies
are reduced compared to the adiabatic case. Therefore, the optimal values of CGEs will be
shifted down to the right in Figure 3 after adding heat losses to the calculations.

12

Another significant reality about the entrained flow gasifiers is the slow conversion of CH4
during gasification even at relatively high temperatures [27]. Therefore, the concentration of
CH4 obtained from a real gasification process is often higher than predicted concentration by
equilibrium [27–29]. Moreover, as the heterogeneous reactions of solid particles (i.e. char or
soot) are limited by the heat and mass transport to and from the solid surface, incomplete
carbon conversion can be caused by short residence time. Thus, at inadequate residence time,
the yield of product gas decreases, since a fraction of carbon in the fuel is still bound to the
solid particles of char or soot. Hence, the gas phase produced inside the gasifier will meet a
higher Ȝ than predicted by thermodynamic equilibrium, and so the exothermic gas-phase
combustion reactions R2-R5 are promoted. Also, due to the limited amount of fuel carbon, the
endothermic reactions R8-R9 will release higher energy to the gasifier compared to the
equilibrium case. Eventually, the gasification temperature in a real gasifier will be higher and
composition of the product gas will be different in comparison with the values expected by
thermodynamic equilibrium calculations.
4.2

Influence of parameter variations on the cyclone gasifier performance

The process temperature, product gas yield and cold gas efficiencies were measured in
different Ȝ values during the gasification process of stem wood and then the results were
compared with the thermodynamic equilibrium calculations. In Figure 4, process temperature
from the measurement and the thermodynamic equilibrium predictions are shown. From the
experiments, it can be seen that an increase in Ȝ from 0.2 to about 0.3 leads to a temperature
increase of about 135 °C. Thus, the process temperature reaches about 980 °C at Ȝ§0.28.
However, the predicted results by adiabatic thermodynamic equilibrium shows the process
temperature around 150-250 °C lower than the experimental results at the same Ȝ. The
equilibrium calculations indicates a small increase in the temperature in Ȝ = 0.2-0.3, while
after that an increase in Ȝ of about 0.6 results in a sudden increase of about 215 °C in
temperature due to the complete conversion of carbon (C(s) in Figure 4). This clearly depicts
that the process cannot be described by adiabatic thermodynamic equilibrium. The heat losses
to the surroundings that were estimated to be approximately 5% of the fuel load definitely
cannot be the only main reason. As seen in Figure 4, considering 5% heat loss in the
thermodynamic equilibrium calculations reduces the predicted gasification temperature
compared to the adiabatic case. Thus, the difference between the calculated and measured
results is likely due to the short residence time of the particles in the gasifier which does not
allow the process temperature to reach equilibrium.
In Figure 5, the yield of principal product gas components (CO, H2 and CO2) and CH4 as a
function of Ȝ is indicated. The predicted curves assuming adiabatic thermodynamic
equilibrium and with 5% heat losses are also shown for comparison. It is seen that the
experimentally determined product gas yield of CO decreased when Ȝ increased from 0.2 to
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around 0.3, while the yield of H2 increased. Also, the experimental yield of CO2 slightly
reduced and showed a rather constant value by increasing Ȝ. According to these available
experimental data, the optimal yield of the product gas components cannot be determined in
the range of Ȝ=0.2-0.3, and higher Ȝ is therefore required for reaching the maximum values of
the yields. However, increase in Ȝ higher than 0.3 is risky for the cyclone gasifier, since the
reactor can only operate at “dry ash” mode which means that the temperature has to be
relatively low to avoid ash melting. The methane (CH4) in the entrained-flow cyclone gasifier
is an undesirable compound due to its high stability and thus slow conversion rate. The
amount of CH4 should be minimized especially if the product gas is supposed to be used as
synthetic motor fuels or chemicals. Increasing Ȝ until 0.3 that corresponds to a higher process
temperature around 980 °C, would provide an improved product gas quality with less amount
of CH4. However, a complete conversion of CH4 requires higher Ȝ and thus process
temperature over 1000 °C that will affect the gasifier performance by producing undesired
molten ash.
Compared to the experimentally determined yields, the yields of CO and H2 predicted by
adiabatic thermodynamic equilibrium (Figure 5) were higher, whereas the yields of CO2 and
CH4 were lower. In contrast to the experimental line for CO that has a reduction trend by Ȝ,
the predicted yield increases by increasing Ȝ. Thus as already discussed, thermodynamic
equilibrium could not be achieved in the gasifier that is probably associated to the insufficient
residence time. By accounting for 5% heat losses in the equilibrium calculations, it is seen in
Figure 5 that the product gas yields of CO2 and CH4 increases to some extent as a result of
decreased temperature while the yields of CO and H2 reduce in comparison with the adiabatic
curves. The predicted yields with consideration of 5% heat losses are not also in a perfect
match with the experimental yields, although they are rather improved compared to the
adiabatic case.
The values of CGEpower determined by the experiments were in the range of 0.53-0.56 (see
Figure 6). The experimental CGEpower was calculated based on the yields of H2, CO, CH4 and
other larger energetic gases such as C2H2, C2H4 and C6H6 (C2H6 was very low). Increase in Ȝ
promotes combustion of the energetic gases, and thus leads to a slight increase in CGEpower. It
can be seen that the CGEpower calculated by adiabatic thermodynamic equilibrium is much
higher that experimentally determined values and reaches around 84% at Ȝ = 0.28, and when
5% heat losses are accounted for it becomes about 77% at the same Ȝ. Practically, one of the
main factors that can significantly affect the gasification efficiency is the particle size, while
theoretically from thermodynamic equilibrium calculations this parameter cannot influence
the gasification process. For instance, Guo et al. [30] found that gasification efficiency was
increased from 39.11% to 52.99% when the average size of particles was reduced around 4
times. Therefore, it is expected that CGEpower of the tested cyclone gasifier will be increased if
the particle size is decreased.
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Carbon conversion is influenced by several parameters including process temperature
during gasification. The carbon conversion from the experiments for operating conditions
within the range 0.22<Ȝ<0.28 was calculated around 91.6%. The carbon content in the char +
ash residues collected from the char bin corresponded to less than 4.5% of the total carbon
input in the range 0.22<Ȝ<0.28. However, the real carbon conversion is lower than this value,
since the losses of carbon in other undesirable byproducts such as tar, soot, and the char that
leaves the gasifier with the produced gas were not included in the calculations. These losses
are quite substantial in the studied cyclone gasifier. The relatively low value of carbon
conversion is due the incomplete char gasification and the production of soot at Ȝ<0.28. This
was also predicted by thermodynamic equilibrium calculations that solid carbon was remained
stable at Ȝ<0.3.
The experimentally determined yields of CH4 and unwanted products including C2H2,
C2H4 and C6H6 are plotted against the measured process temperature in Figure 7. It can be
seen that the conversion of CH4 was enhanced by a higher process temperature. The process
temperature inside the studied entrained flow cyclone gasifier is a direct effect of Ȝ, since this
gasifier is an auto-thermal gasifier inside which the heat is provided by the exothermic
reactions. Therefore, the process temperature and the Ȝ could not be independently controlled
without having any effect on each other. Hence, the influence on the CH4 yield can be
attributed to both process temperature and stoichiometry.
The yields of acetylene (C2H2) and benzene (C6H6) showed an ascending trend by
elevating the process temperature dissimilar to the CH4, while the yield of ethylene (C2H4) has
the same descending trend as the CH4. However, the yield of benzene decreased suddenly at
the temperature 980 °C. Thus, it seems that if it is required to reduce the amounts of these
undesired products and improve the product gas quality, the gasifier should be operated in
higher temperatures above 980 °C while concerning about avoiding melting fuel ash. Overall,
the yields of these unwanted gases can be valuable for the plant design in order to establish a
proper level of gas cleaning.
Although thermodynamic equilibrium is a simple tool to study the behavior of the
gasification process, an entrained flow cyclone gasifier hardly reaches equilibrium due the too
short residence time of the particles inside the reactor and especially for the kinetically limited
conversion of CH4. Thus, as an opportunity, computational fluid dynamics (CFD) can be
applied to perform better predictions of the gasification process.
4.3

Comparison of different fuels using thermodynamic equilibrium

The cyclone gasifier studied here has shown potentials of fuel-flexibility and working well
with even high ash fuels. Therefore, it was worth to evaluate other fuels using thermodynamic
equilibrium in adiabatic condition and compare with the results of the tested stem wood. Four
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fuels were investigated which their compositions are presented in Table 2. The fuels were
torrefied (Bioendev, Sweden), peat (Överkalix, Sweden), bark (Södra, Sweden) and rice husk
(An Giang Province, Vietnam). In Figure 8, the resulting main gas components including CO,
CO2, H2, and CH4 for different fuels are shown as a function of Ȝ. It can be seen that
gasification of the torrefied spruce resulted in a product gas with the highest contents of CO
and H2 at different Ȝ. This is probably due to the higher amount of fixed carbon in comparison
with the stem wood. After the torrefied material, the contents of CO and H2 for the stem wood
were higher than the same components for peat, bark and rice husk. It is seen that the CO
content of the stem wood became lower than the one for the torrefied at Ȝ > 0.3, while the H2
contents of both fuels were almost the same at different Ȝ. For comparison, the experiments
performed by Risberg et al. [12] in the 500 kW(th) pilot gasifier showed also higher contents
of H2 and CO for the torrefied which led to the higher LHV of the product gas and higher
gasification efficiency in comparison with the stem wood and the other fuels. Based on the
predicted results by adiabatic thermodynamic equilibrium, the rice husk had the lowest
amounts of product gas yields with a significant difference compared to the other fuels. This
can be associated to the value of LHV of the rice husk that is the lowest among the all fuels
and is due to the high amount of ash in this fuel. The predicted results of peat and bark
indicted almost similar yields of CO and H2 with a rather close level to the stem wood.
However, the experimental results of Risberg et al. [12] showed that at Ȝ = 0.27, the rice husk
and the bark had the lowest amounts of H2, while the H2 concentration for the peat is even
higher than the stem wood. Also, from the experiments, the lowest contents of CO were for
the rice husk and then the peat at Ȝ = 0.27, whereas the amount of produced CO from the bark
was higher than the others at the same equivalence ratio.
The yields of CH4 for the fuels from the thermodynamic equilibrium predictions are
indicated in Figure 8 as well. It is noticed that the peat and the bark produced larger amounts
of methane than any other fuels, whereas level of the produced methane from the rice husk
was predicted as the lowest at different Ȝ. However, the experiments done by Risberg et al.
[12] showed quite different results. The yield of CH4 was the lowest for the peat among the
other fuels at Ȝ = 0.27. At the same Ȝ, the rice husk and the bark produced the highest amount
of methane. In the same experiments, it was seen that at lower Ȝ = 0.2, the stem wood
produced quite larger content CH4 (methane) in comparison with Ȝ = 0.27.
Figure 9 compares the predicted process temperatures and CGEpower for different fuels. It is
seen that predicted lines of temperature for the torrefied, the rice husk and the stem wood
were quite close to each other in general and had a higher value than the bark and the peat at
each Ȝ. At Ȝ = 0.35, a sudden increase in the temperature around 150-180 °C is observed for
the torrefied, the stem wood and the rice husk, whereas the similar behavior for the bark and
the peat is seen at further Ȝ around 0.4. The process temperatures at Ȝ = 0.3 were calculated to
be about 680-730 °C for all fuels, where the lowest temperature was related to the bark and
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highest one belonged to the rice husk. As a comparison, in the experiments performed by
Risberg et al. [12], the process temperature measured by thermocouples located at the wall in
three different heights for each fuel. Hence, the measured temperature was lower than the
process temperature inside the gasifier. Moreover, the measured temperatures at different
levels of the gasifier had various values and behavior for each fuel. In general at Ȝ = 0.27 from
the experiments, the bark had the lowest overall temperature compared to the other fuels. At
lower equivalence ratio of Ȝ = 0.2, a decrease in the gasification temperature was observed
[12].
The calculated CGEpower using adiabatic thermodynamic equilibrium for the five fuels are
compared in Figure 9. At low Ȝ (below approximately 0.35), the peat has the lowest CGEpower,
while the rice husk and then the stem wood have the highest values. The maximum CGEpower
for the stem wood and the rice husk reached at Ȝ = 0.3, and for the other fuels were predicted
to be in further Ȝ between 0.35 and 0.4. In the experiments by Risberg et al. [12], as expected
the cold gas efficiencies were much lower than the predicted CGEs by thermodynamic
equilibrium. The CGEs had a rather large uncertainty and also the amount of formed tar was
not considered. One possible source of inaccuracies could be related to the errors of
measurements by air flow controller. Therefore, it was very likely that the product gas flow
and then the CGE were underestimated. However, at Ȝ = 0.27 the tested stem wood showed
the highest cold gas efficiency about 52%, whereas the lowest ones around 43% were
observed for the peat and the bark.
In Figure 10, the predicted solid carbon (C(s)) remained after the gasification process for
each fuel is shown as a function of Ȝ. In general, it is seen that at lower equivalence ratios the
carbon conversion was significantly reduced for all fuels, and the char gasification was
incomplete. However, at Ȝ > 0.4 there was no remained char (C(s)) almost for all fuels. The
highest and the lowest solid carbon yields at each Ȝ were for the peat and the rice husk,
respectively. This is probably associated to the amount of fixed carbon (see Table 2) which is
converted by heterogeneous reactions during gasification process. In the experimental data by
Risberg et al. [12], the highest amount of char yield at Ȝ = 0.27 was obtained for the bark
compared to the other fuels which had approximately the same fixed carbon as the peat, while
the lowest one at the same equivalence ratio was related to the stem wood.
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5 Conclusions
In this work, the process gasification in a commercial air-blown cyclone gasifier with a
capacity of 1.3 MWe (2.4 MW(th)) was investigated. It was shown that how the process
temperature, the product gas yields, the fuel conversion and the gasification process efficiency
could be influenced by systematic variation of stoichiometry. Thermodynamic equilibrium
also as a simple tool was used to find an approximate prediction of the general behavior of the
gasification process. In addition to the stoichiometric ratio (Ȝ), gasification of some
commonly used fuels including torrefied spruce, stem wood, peat, bark and rice husk were
studied using thermodynamic equilibrium, and then the predicted results were compared to
the experimental data by Risberg et al. [12].
From the measurements, it was observed that increasing Ȝ resulted in a slightly increase in
the CGEpower (which considers the heating value of all combustible gases in the product gas)
and was estimated around 56% in maximum at Ȝ = 0.27. The process temperature inside the
studied gasifier was a direct influence of Ȝ, and thus the Ȝ and the process temperature were
completely dependent to each other. The yield of methane (CH4) and other undesired
combustible gases like C2H2, C2H4, C6H6 were considerably reduced by increase in Ȝ and
consequently by process temperature. In order to eliminate these unwanted gases from the
product gas, a process temperature higher than 1000 °C was required. However, the cyclone
gasifier should operate in “dry ash mode” (which means that the molten ash is avoided), thus
an elevated process temperature higher than 1000 °C can be quite risky.
It was found that thermodynamic equilibrium can be used for the research aiming to
roughly predict the yield of the major product gas components and the CGEs, especially after
consideration of heat losses. However, there was a poor agreement with the experiments that
shows that the process gasification in the entrained flow gasifier is a non-equilibrium process.
This is due to the too short residence time inside the gasifier for the gas to reach equilibrium,
and kinetically limitations of CH4 conversion.
Evaluation of different fuels using thermodynamic equilibrium showed that at Ȝ < 0.3
highest yields of CO and H2 was for the torrefied spruce, while the lowest contents were for
the rice husk that had the lowest amount of fixed carbon and highest amount of ash among the
fuels. The torrefied spruce and the stem wood had the highest gasification efficiencies,
whereas the bark and the peat had the lowest. And, the largest amounts of produced CH4 were
for the bark and the peat. Moreover, it was seen that higher amounts of fixed carbon in the
bark and the peat resulted in higher yields of remained solid carbon which means a lower
carbon conversion in the fuel.
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6 Tables
Table 1. The critical chemical reactions in the gasifier
Heat of reaction
( 'H r ) [kJ/mol]

Reaction

No.

Pyrolysis :

CxHyOz  CO, CO2, CH4, H2, H2O, CaHbOc, C(s)

Combustion:

H2 + ½O2 ֖ H2O

-242

R2

CO + ½O2 ֖ CO2

-283

R3

R1

CH4 + ½O2 ֖ CO + 2H2

-36

R4

CH4 + 2O2 ֖ CO2 + 2 H2O

-803

R5

Water-gas shift:

CO + H2O ֖ CO2 + H2

-41

R6

Steam-methane reforming :

CH4 + H2O ֖ CO + 3H2

+206

R7

Gasification:

C(s) + CO2 ֖ 2CO

+172

R8

C(s) + H2O ֖ H2 + CO

+131

R9

-75

R10

C(s) + 2H2 ֖ CH4
C(s) + O2 ֖ CO2

-394

R11

C(s) + ½O2 ֖ CO

-111

R12
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Table 2. Proximate and ultimate analysis of the fuels
Fuel

Wood

Torrefied spruce

Bark

Rice Husk

Peat

Volatile
Fixed C
Ash

82.9
16.4
0.6

77.9
21.8
0.3

70.7
26.3
3.0

66.0
14.7
19.3

67.9
26.1
6.0

Ultimate analysis (wt % dry Ash free)
C
H
N
S
O (calculated)
LHV (MJ/kg dry basis)

51.8
6.1
0.12
0.051
41.3
19.65

54.9
6.0
0.1
N.D
38.7
20.7

53.1
6.0
0.4
0.0
40.5
18.7

49.2
6.1
0.4
0.0
43.9
14.9

56.9
6.0
2.6
0.3
34.1
19.6

Proximate analysis (wt % as received)
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7 Figures

Figure 1. Schematic overview of the cyclone gasification reactor and the principal chemical processes
during gasification
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